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Abstract
The preparation (aqueous chemistry and the thermal activation of polyoxometalates) and the
structures of promoted molybdenum oxide catalysts are investigated under the condition of
selective propene oxidation by in situ Raman spectroscopy. The influences of V and/or Wpromoters on the structures of mixed MoVW oxides and their catalytic properties are investigated by XRD, TEM, SEM, in situ Raman spectroscopy and TPRS. V addition causes high
propene conversions and the formation of an oxide with Mo 5 O14 structure is observed. Minor amounts of W in the molybdenum oxides matrix inhibit structural reorganisation processes
which is explained by preferred octahedral coordination of the redox stable W. The combined
XRD, TEM and Raman spectroscopic identification of the oxide of Mo 5 O14 structure points to
its relevant role for the selective propene oxidation.
A resonance Raman effect is proven to be operative in oxygen defective molybdenum oxides.
For an excitation wavelength of 632 nm (1.96 eV), the observed Raman cross section varies as a
function of the degree of reduction of five different MoO3
transitions in MoO 3

x

x

samples. A model of the electronic

based on crystal field theory explains the electronic transitions observed

by DR-UV/VIS spectroscopy. The observed resonant Raman scattering is coupled to the IVCT
transition at about 2 eV arising from oxygen vacancies present in the materials. Due to the
local nature of the absorption process, the developed model is valid for intermediate oxides too.
Resonant Raman scattering was proven for Mo4 O11 and MoO2 too.
Hence, the experimentally observed Raman intensity bears information about the degree of reduction of the molybdenum oxide. In situ Raman spectroscopy of MoO 3

x

catalysts during

propene partial oxidation indicates that the propene conversions and the selectivities are a function of the degree of reduction of the catalyst.
It is attempted to control the spatial elemental distribution within the polyoxometalate catalyst
precursor by the formation of molecularly defined species in solution by addition of acetate, oxalate or tartrate. Due to the low stability of the acetate complexes, the addition of acetate only
leads to minor amounts of monomeric species beside mixed and pure polyoxometalates. The
formation of stable monomeric oxometalate oxalate and tartrate complexes is observed, which
are expected to lead to the formation of a catalyst precursor with a homogeneous elemental
distribution.
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Introduction
Catalytic selective oxidation reactions belong to the most important industrial processes. About
one quarter of the value produced world-wide via catalytic reactions stems from partial oxidation reactions and considerably contribute to the gross national products of industrialised
countries.1 Thus, it is highly important to further develop not only the performance of such
industrial processes but also the fundamental understanding of such multielement and multiphasic catalysts, e.g. the role of each phase and their interaction under catalytic action. This
information is prerequisite for future material science tailoring of molecularly defined selective
catalysts.
Molybdenum oxides generally are of great technical interest. The interesting optical and electronic properties of molybdenum oxides 2-6 make them attractive as electrochromic devices for
information displays. 7, 8 Molybdenum oxide based materials are highly important compounds
in selective oxidation catalysis. 9-14 Such catalysts are industrially used for partial oxidation
of hydrocarbons e.g. unsaturated aldehydes to carbon acids.15, 16 The production of industrially valuable products like acrylonitrile and acrylic acid are performed over molybdenum oxide
based catalysts.16, 17 The world production of acrylic acid is about 2 bill. tons/a which are used
as intermediates in the chemical industry. 18 The main products formed from acrylic acid are
acrylic esters and polyacrylic acid based superabsorbers.19 The modern industrial production of
acrylic acid is a two-step selective oxidation of propene. In the first step, the propene oxidation
to acrolein is carried out over Bi-Mo catalysts at 603-673 K. In the second step V and W promoted molybdenum oxide based catalysts are employed for the selective oxidation of acrolein
to acrylic acid.
The use of in situ techniques for the characterisation of catalysts and the development of these
techniques has gained remarkable interest in the last decade.20-25 In situ studies assure that the
observed time dependent, structural changes are related to the changes of the catalytic activity.
1

Therefore, direct correlations can be established between the structural and chemical features
and the performances of catalysts under different process conditions.
Photon in/out techniques are particularly suitable for in situ characterisations. In situ Raman
spectroscopy provides many advantages (many catalytic active transition oxides are Raman active, extreme pressure or high temperature in situ conditions are possible and a simple in situ
cell setup can be used). Therefore, Raman spectroscopy serves as a unique tool to investigate
catalysts based on molybdenum oxide and to get structural information about molybdenum
oxides.10, 26 However, several disadvantages of in situ Raman spectroscopy like sensitivity limitations due to the small Raman cross section of the materials under investigation, impossibility
of quantification due to unknown Raman cross sections may limit the application of in situ
Raman spectroscopy.27
The structural chemistry of molybdenum oxides MoO x with 2<x<3 was studied by Magéli and
Kihlborg.28 They determined the crystal structures of MoO 2 and MoO3 and the intermediate
oxides Mo4 O11 (monoclinic), Mo4O11 (orthorhombic), Mo17 O47 , Mo5O14 , Mo8 O23 , Mo9 O26 .
None of the oxides has an extended homogeneity range as can be seen in Figure 1 from the
formation temperature versus oxygen/metal ratio diagram (taken from Ref. 29).

A correlation has not been re-

ported so far of the structure of catalyti-
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Fig. 1: Formation temperature v. composition diagram
of known molybdenum oxides.

determined by in situ Raman spectroscopy
and their catalytic behaviour. One reason for this may be the often reported small Raman
scattering efficiency of intermediate molybdenum oxides. 36 Therefore, a relation of in situ
Raman spectroscopic results and catalytic activities may not unambiguously deducible because
phases or compounds present in the catalyst may escape Raman detection. Especially in case of
molybdenum intermediate oxide phases with their estimated small Raman cross sections, in situ

2

Raman detection may be limited. Therefore, experimental solutions have to be found for in situ
Raman spectroscopy to overcome this problem. One way to increase the efficiency of the Raman scattering process is resonant coupling of the Raman scattering to electronic transitions of
the material investigated. Resonance Raman spectroscopy makes use of an excitation frequency
close to an electronic absorption. Under these conditions the Raman scattering cross section
may be enhanced by several orders of magnitude.37-39 Because not all electronic transitions of a
material do lead to a resonance enhancement of the Raman scattering, a detailed knowledge of
its electronic properties is necessary for resonant coupling of the Raman scattering by a proper
choice of the excitation wavelength with respect to electronic transitions present in the material.
The first Chapter of this thesis is focused on the question, how to invoke resonant Raman scattering in molybdenum oxides by a proper choice of the excitation wavelength and how to prove
such a resonance enhancement. The influence of the degree of reduction of MoO3

x

samples on

structural and electronic properties and, thus on their Raman spectra are investigated by SEM,
XRD, diffuse reflectance UV/VIS and Raman spectroscopy in order to develop a model to explain the nature of the observed electronic transitions in MoO 3 x . This model explains resonant
enhancement of Raman scattering in catalytically important intermediate oxide like Mo 4 O11 ,
which is the objective of the second part of the first Chapter.
Catalyst optimisation often produces complex mixtures of many elements. Doping is a fundamental method to modify the physico-chemical and, hence, catalytic properties of a transition
metal oxide catalyst. The influence of minor quantities - i.e. promoters - of additional transition
metals in the main catalyst material is manifold. Promoters may act as structural promoters
(for example extend the surface area of the catalyst material) and/or may directly be involved in
the catalytic cycle due to their different redox or acid/base properties as compared to the major
component. The catalytic properties of a mixed transition metal oxide catalyst are a function
of its structure and the compositional range tolerated by that structure. Therefore, the catalytic
properties of such multielement mixed oxide catalysts are a complex function of the added
elements.
Already the binary oxides of molybdenum, vanadium or tungsten have a broad structural
variability.40, 41 It is known for molybdenum oxides that they tolerate different amounts of other
transition metal oxides like V 42 , W43, 44, 45, 46 , Nb47 or Ta48 within their structure. The addition
of such transition metal promoters to molybdenum oxide based catalysts leads to phases which

3

persist of a wide range of composition. A deeper understanding of the principal role and effect
of each single element on the geometric structure of the catalyst and its physical-chemical properties, or its influence on the activation process of the catalyst or on its catalytic performance
are usually unknown.
Promoters with a lower formal charge as compared to Mo6+ induces oxygen non-stoichiometry.
Therefore, such promoted catalysts are usually poorly crystallised and have a high degree of
defects. Therefore, a wide range of analytical methods is used to characterise especially the
physico-chemical properties of such catalysts. Such a multidisciplinary concept builds the
frame of the second Chapter of this thesis.
The catalytic and physico-chemical properties of a mixed Mo/V/W oxide, with a composition
close to industrial catalysts are investigated by SEM/EDX, XRD and Raman spectroscopy. Of
all possible oxides there may only be one single structurally defined oxide which exhibits the
highest catalytic selectivity and activity. The identification of such a the target structure, which
presence is strongly related to high catalytic activity and selectivity, is the centre of the second
Chapter. Thermal activation is used to invoke changes of the catalytic and physico-chemical
properties of the catalyst in order to develop a model of the structural properties of the catalyst
under operation. The results of the investigation of this complex, multielement catalyst invokes
questions which are the objectives of Chapters 3-5.

AMW

ammonium
metawolframat

AHM

ammonium
heptamolybdate

AMV

ammonium
metavanadate

-spraydrying
-evaproation
-precipitation

-shaping
-supporting

precursor

solution
-pH
-concentration
-complexing anions

catalyst

thermal activation
-temperature
-gas atmosphere

Fig. 2: General preparation Scheme for molybdenum oxide based catalysts.

Catalyst precursor preparation and activation of the precursors definitely is of importance for
the final structure of the catalyst, its degree of reduction and its elemental and structural homogeneity. The synthesis of active catalysts typically involves a complex series of chemical and
physical transformations, such as precipitation, drying and activation. Most Mo-oxide based
catalysts are prepared from aqueous mixed ammonium metalate solutions. After drying, these
4

precursors are activated by well-defined thermal procedures under well-defined gas atmospheres
(see the Scheme in Figure 2). The influence of added promoters on such preparation steps and
their elemental distribution in the catalyst material are usually unknown.
In order to deeper understand V- and W- promoter effects it is necessary to study separately the
influence of added V and W. Therefore, polyoxometalate catalyst precursors with V and/or W
promoters have been prepared. The dynamic influence of V- and W- promoters on the thermal
activation process of such pure and mixed Mo-oxide catalysts is investigated in Chapter 3 by
thermoanalytical methods, in situ XRD and Raman spectroscopy.
Chapter 4 is dedicated to the question about the role of V- and W promoters on the catalytic and
structural properties of molybdenum oxide catalysts. The catalytic properties of these catalysts
are investigated as a function of the added transition metal by combined TPRS/in situ Raman
spectroscopy experiments. Results obtained in Chapter 1 are used to obtain information about
the degree of the reduction of the catalysts as a function of their activities and selectivities by in
situ Raman spectroscopy.
In order to improve the elemental homogeneity of the final activated catalyst, a deeper understanding is needed of the species in solution of concentrated pure and mixed polyoxometalate
solutions. Especially group IV, V, VI transition cations exhibit a unique and complex aqueous
polyoxometalate chemistry. 41, 49, 50 In Chapter 5 the catalyst preparation, e.g. the chemistry in
aqueous solutions of pure and mixed molybdate, vanadate and tungstate solutions are investigated by in situ Raman spectroscopy in order to control the formation of a defined species in
solution and, hence, a molecularly well defined polyoxometalate catalyst precursor.

5

Chapter 1

Resonance Raman Spectroscopy
of molybdenum oxides
Raman spectroscopy is especially suited for the characterisation of molybdenum oxides. 20, 51
The Raman cross section generally depends on properties as crystallinity or the concentration
of oxygen defects present in the material. Most catalysts based on molybdenum oxides are
poorly crystallised on one hand and on the other have a high degree of oxygen defects. As a
consequence these materials are dark coloured and strongly absorbing. Strong absorption leads
in generally to low Raman efficiencies. Therefore, conditions have to be found to increase the
Raman cross section. The proper choice of the excitation wavelength may induce a resonant
coupling of the Raman scattering which leads to a drastic increase of the Raman cross section.
In this Chapter two ways to prove a Resonance Raman effect operative in molybdenum oxides
will be presented. Further, a model of the electronic transitions in MoO 3

x

will be developed,

which will serve as the base to explain resonant Raman effects in molybdenum oxides.

1.1 Structural Characterisation of Oxygen Defects in MoO3

x

1.1.1 Introduction
The oxygen defect concentration of molybdenum oxides is thermodynamically determined by
the oxygen partial pressure and temperatures of the preparation method. 52-54 Further, the crystal
 Parts of this Chapter will be published in M. Dieterle, G. Weinberg, G. Mestl, Raman spectroscopy of
molybdenum oxides (Part I): Structural Characterisation of oxygen defects in MoO 3 x by DRUV/VIS-, Raman
Spectroscopy and X-ray Diffraction and M. Dieterle and G. Mestl, Raman spectroscopy of molybdenum oxides
(Part II): Resonance Raman spectroscopic characterisation of the molybdenum oxides Mo 4 O11 and MoO2 (both
submitted to Phys. Chem. Chem. Phys.)
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morphology is a function of the preparation temperature and the oxygen partial pressure too. 55
As a consequence, both, crystal morphology and the amount of oxygen vacancies cannot be
altered independently at the same time.
Samples which exhibited different relative areas of the exposed surface planes have been used
to investigate the structure sensitivity of catalytic reactions over MoO 3 . These samples were
prepared under different temperatures, oxygen or water partial pressures.56-66 Due to thermodynamics, it is expected that these different MoO 3

x

samples also contained different oxygen

defect concentrations. However, these probably varying degrees of reduction were not taken
into account in interpretations to deduce structure-activity relations for MoO 3 . Future structureactivity investigations should, therefore, consider different oxygen vacancy concentration in
materials with different ratios of exposed surfaces.
MoO3

x

can readily exchange lattice oxygen with gas phase oxygen and provide lattice oxygen

for catalytic oxidation reactions.67 Thermal treatment under low oxygen partial pressures or
mechanical activation of MoO3 induces oxygen deficiency defects and leads to MoO3 x .68-70
Gay-Boys et al.70 showed that surface oxygen defects are induced upon reduction with propene
or H2 up to 670 K. At temperatures around 670 K, the temperature at which many of the molybdenum oxide based catalysts operate,34, 71 , these oxygen defects nucleate. Defined intermediate
oxides with crystallographic shear planes like Mo 4 O11 are formed by reduction at temperatures
higher than 773 K.72, 73, 74
The geometric basis for the shear structures is the structure of MoO 3. Orthorhombic MoO3
may be interpreted as a layered structure build up by two layers of chains of MoO 4 tetrahedra
running along the c-axis (Figure 1.1).75 Following Kihlborg’s XRD analysis of MoO 3 (Pbmn,

a=3.964 Å, b=13.863 Å, c=3.699 Å, β =120.9 Æ ) five different Mo-O bond distances are observed in MoO3 .75 The terminal Mo=O bonds have bond lengths of 1.671 Å and 1.734 Å, while
the Mo-O bond distances of the bridging oxygens in c-direction is 1.948 Å. Within the model
of the chains of MoO4 tetrahedra in the c-direction, the two remaining oxygen distances of
2.332 Å and 2.251 Å to neighbour tetrahedra chains form a distorted octahedron (Figure 1.1).
Thus, the structure may alternatively be described as being build up by heavily distorted octahedra as shown in Figure 1.1. However, it should be noted that both descriptions the sixfold or
the fourfold coordination of the Mo cation are each idealised. The Mo–O–Mo angles in MoO 3

deviate from the values found in a symmetric octahedron (180 Æ and 90Æ ) and their values of 98Æ ,
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104Æ and 143Æ reflect the transitional stage between the octahedral and tetrahedral coordination.
The fourfold coordination of the Mo cations was found to be in good agreement by vibrational
spectroscopy data.30, 76 In contrast but not in contradiction to vibrational spectroscopy, ESR
results have led to the assumption of a sixfold coordinated Mo cation. 77, 78 Therefore, both descriptions, the sixfold or the fourfold coordination may be seen as the attempt to describe the
structure of MoO3 from the point of two idealised atom arrangements.

A

B

104°

104°

98°

143°

a
c
b

2.25

1.95
73

2.33

1.95

1.

Fig. 1.1: A. Chains of corner sharing tetrahedra which
built a double layer of the MoO3 x structure according
to Kihlborg.75 B. Octahedral and tetrahedral coordination environment for the MoO3 x structure.

1.67

The electronic structure is probably as important for the catalytic activity of MoO 3 as the geometric structure. Valence and conduction electrons determine the electronic properties of solids.
Transition energies can be precisely determined by optical absorption/reflection spectroscopy
between the valence and the conduction band, between defect states, between the valence band
and defect states or between defect states and the conduction band, respectively. 79, 80
The optical properties of molybdenum oxides strongly change as a function of the oxygen
vacancy concentration.81 Even MoO3

x

prepared at elevated temperatures under atmospheric

oxygen pressure always contains some oxygen defects. 3 Deb estimated the oxygen vacancy concentration to be 3*10

19 /mol

resulting in a formal stoichiometry of 2.999. 82 Therefore, MoO3

is a n-type semiconductor with indirect band gaps 83 that have reported widths between 2.9 eV
and 3.15 eV.84, 85 The introduction of oxygen vacancies in MoO 3 even gives rise to electric
conductivity.5 Thus, substoichiometric MoO 3

x

is a semiconductor, while MoO 2 has metallic

properties. The valence band is generated by oxygen 2p-π orbitals, while the conduction band
is formed by overlapping metal 4d and 5s bands. 86 Electron hole pairs are formed upon absorption. These electron-hole pairs may form excitons, which have absorptions in the UV regime
themselves. MoO3

x

is reported to have three bands at 3.7 eV, 4.3 eV and 4.5 eV which were at-
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tributed to exciton formation. 3 Upon reduction of MoO3 , Mo6+ ions are reduced to Mo5+ (e.g.

in Mo4 O11 ) or Mo4+ (e.g. in MoO2 ). Mo5+ –O–Mo6+ interactions form additional conduction
bands in the reduced material with respect to MoO 3.70, 87-92
The additional charge carriers formed during the reduction process are injected into these bands
and distort the lattice in their surroundings. This coupled electron-lattice distortion is called

polaron. Porter et al.4 observed these polaron or intervalence charge transfer (IVCT) bands
at 2.48 eV and at 2.13, 2.42 and 1.3(sh) eV for MoO 2 and Mo4 O11 , respectively. Therefore,
the sample colour of MoO3

x

changes as a function of the degree of reduction e.g. yellow

(MoO3 x ) or grayish/blue (MoO3 y ) with x < y. The number of charge carriers injected into
this additional bands influence the position and intensity of this absorption band. The systematic blue shift of the absorption band between 2-2.5 eV with decreasing metal-oxygen ratio can
directly be correlated to the degree of reduction of the molybdenum oxide. 4, 78, 92
Another characterisation method for reduced Mo oxides is electron spin resonance spectroscopy
(ESR). Łabanowska explained ESR results on different types of oxygen defects which were
formed in MoO3

x

depending on the oxygen partial pressure and the temperatures employed

using crystal field theory.77 Pentacoordinated Mo5+ with an oxygen vacancy and hexacoordinated Mo5+ were observed upon reduction /oxidation of MoO 3 x . The crystal field splittings
of these centres were calculated to be E1 = Ez2 -Eyz = 2.65 eV, E2 =Exy -Eyz =3.83 eV and E3 =Exz Eyz =5.08 eV in case of the hexacoordinated Mo5+ centre and E1 = Ez2 -Eyz = 3.4 eV, E2 =Exy -

Eyz =1.5 eV and E3 =Exz -Eyz =1.0 eV in case of the hexacoordinated Mo5+ centre, respectively.
However, a quantification of the amount of oxygen vacancies was not possible, due to suggested
ESR silent defect centres.
Raman spectroscopy serves as a unique tool to investigate molybdenum oxides, and to obtain structural information about molybdenum oxides. 10, 20, 25, 36, 51 Raman spectroscopy is
a sensitive tool to investigate metal ligand distances, coordination and symmetry of metal
centres.26, 93, 94 The choice of the excitation wavelength may dramatically influence the observed Raman cross section especially when characterising strongly absorbing materials as
shown in the following Section of this Chapter. Based on a normal mode analysis and a valence force field calculation, the observed Raman spectrum of orthorhombic MoO 3 is well
understood.30 Julien and Nazri showed that the intensities and positions of IR/Raman spectra
of MoO3 * (H2 O)x are extremely sensible to small structural changes of the Mo-O polyhedra. 95
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1.1.1.1 Theory of Raman Scattering
The Raman process is a inelastic scattering process which produces secondary light quanta
with different energies different to that of the excitation frequency. 37-39 During the interaction
of the primary light quantum with a molecule or crystal, the energy of vibrational states may
be exchanged and a secondary light quantum of lower or higher energy is emitted. The energy
difference is equal to the generated or destroyed vibrational energy E vib . The inelastic interaction of a primary light quantum with a crystal in its vibrational ground state produces the Stokes
Raman spectrum, a red-shifted spectrum. If a molecule or crystal are not in their vibrational
ground state, the interaction of the primary light may produce a blue-shifted Raman spectrum,
the anti-Stokes Raman spectrum.
Raman spectra have their origin in the electronic polarisation caused by the incident electromagnetic radiation. Lasers are normally used as exciting source in the ultraviolet (UV), visible
(VIS; e.g. HeNe (632 nm), frequency doubled NdYag (532 nm)), or near-infrared (NIR, e.g.
NdYag (1064 nm)).
Other exciting light quanta are elastically scattered to give the Rayleigh scattering (of frequency

ν0 ) of unscattered energy. The intensity of the Rayleigh line is several orders of magnitude
higher than that of the Raman lines and may dominate the Raman spectrum of a weak Raman
scatterer at low energies.

A

B

C
excited state

excited state
virtual state

ground state

Energy E

ground state

Energy E

Energy E

Stokes

Stokes
ground state

distance r

distance r

distance r

Dr

Dr

Fig. 1.2: Schematic representation of the transition for Raman scattering (A), pre-resonance Raman (B)
and resonance Raman (C).

When a molecule or crystal is exposed to an electric field, electrons and nuclei are forced to
move in opposite directions. A dipole moment is induced which is proportional to the electric
field strength and to the molecular polarisability α . A vibration described by the normal coordi10

nate qk can be observed in the Raman spectrum only if it modulates the molecular polarisability.



(1.1)

∂α
∂q



6= 0

If the symmetry of a molecule or a crystal is such that this condition is fulfilled, then the transition is said to be allowed or Raman active; if it is not fulfilled, it is said to be forbidden or
Raman inactive.
A normal vibration is described by the normal coordinate q k and the normal frequency νk :

(1.2)

q k = qK
0 cos 2πυk t



If a molecule or a crystal interacts with an oscillating of frequency ν 0 a dipole moment, P,
with alternating polarity of the frequency, ν0 , is induced. The components of the vector of the
electric field with respect to Cartesian coordinates are described by E x , Ey and Ez . The induced
dipole moment pi can be described by its components:

px = αxx Ex + αxy Ex + αxz Ez
(1.3)

py = αyx Ex + αyy Ey + αyz Ez
pz = αzx Ex + αzy Ez + αzz Ez

where αi j are components of the polarisability tensor α a :
(1.4)
2
6
6
4

αxx αxy α xz

3
7
7
5

αa = 6 αyx αyy αyz 7
αzx αzy αzz
which projects the electric field vector ~E to the induced dipole moment vector ~P. This can be
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written in matrix notation as:

p = α~E

(1.5)

~



(1.6)

α k = α0 +

∂α
∂ qK



qK
0 cos (2πυt ) + :::
o

Equations 1.5 and 1.6 can be combined to give:



1 ∂α
(1.7) pK = αo E0 cos 2πυ0t +
2 ∂ qK






qK
0 E0 cos 2π υ0

 

υK t

+ cos

 

2π υ0 + υK t

o

This oscillating Hertzian dipole ~pk , produces the scattered electromagnetic radiation. The first
term in Eq. 1.7 describes the Rayleigh scattering, the second term Stokes Raman scattering, and
the third anti-Stokes Raman scattering. This classical equation, however, is not suitable for the
derivation of the intensities of Stokes and anti-Stokes Raman lines. Only a quantum mechanical treatment of the Raman scattering process reveals information about the intensities of the
Raman lines.37-39, 96
The Raman cross section in general is small due to the small transition probability to the virtual state. Resonance Raman spectroscopy (RRS) or pre-resonance Raman scattering makes
use of an excitation source of a frequency close to a molecular electronic absorption frequency
as shown in Figure 1.1.1.1. Under these conditions, resonance occurs which may enhance the
intensities of the Raman lines by several orders of magnitude, especially those arising from
totally symmetric vibrations. Such a resonance Raman effect may be of crucial importance for
the detection of strongly absorbing materials and/or materials with a inherent low Raman cross
section. An electronic absorption, plus a displaced excited electronic state with respect to the
ground state are the prerequisites for a resonance Raman effect.97 If the excited electronic state
is not displaced, one of the involved Franck-Condon factors for the absorption or the emission
of the inelastic scattered photon is very small and the resonance Raman effect is very weak or
does not occur.38
12

The bonding in MoO3 may be described as a mixture of ionic and covalent bonding. 86-99 Perturbations of the MoO3 lattice due to oxygen vacancies thus cannot be screened as in the case
of metallic bonding.100 Minor relaxation effects of the lattice are expected. This relaxation affects the local distortion of the M-O polyhedra which in turn is expected to influence the lattice
vibrations of the Raman spectra. The effects of minor coordination or symmetry changes of the
Mo-O polyhedra on the Raman spectra of MoOx compounds may be used to gain information
about the concentration of oxygen vacancies in MoO 3 x .
When resonant coupling to electronic states occurs during Raman excitation the observed Raman cross section is expected to be altered as a function of the oxy-

Raman

absorption
re-absorption

gen vacancies concentration, because the resonant Raman cross section is always a superposition of absorption
and re-absorption processes. The absorption and the reabsorption efficiencies strongly depend on the exact posi-

Energy

tion of the electronic transition with respect to the excitation wavelength and the detected Raman band as shown
in Figure 1.3. Because the position of the electronic transition in MoO3

x

changes as a function of the oxygen va-

cancy concentration, the observed Raman cross section
should be a function of the oxygen stoichiometry for a

Fig. 1.3: The exact position of the excitation wavelength and the wavelength
of the emitted Raman light with respect to the electronic absorption determines the overall efficiency of the
Raman scattering process. Dark arrows indicate the position of the excitation wavelength, while the grey arrows
indicate the re-absorption of the scattered Raman light.

given resonant excitation frequency.
However, the characterisation and quantification of oxygen vacancies in molybdenum oxides
is rather difficult. ESR or UV/VIS spectroscopies have been used to characterise point and
extended defects in MoO3 x .3, 4, 77, 78 UV/VIS spectroscopy is extremely sensitive to oxygen
vacancies in MoO3

x

and has been used to determine the concentration of oxygen vacancies

in MoO3 x .4, 92 However the analysis of the broad, strongly overlapping band positions of the
UV/VIS spectrum is complicated and not straightforward. Extended defect structures have
been investigated by TEM and EXAFS.54, 74, 101-104 The influence of different amounts of oxygen vacancies on the Raman spectra of MoO3

x

samples with MoO3 structure has not been

investigated yet. The objective of the study reported in this Chapter is to investigate the influence of the concentration of oxygen vacancies on the Raman spectra of MoO3 x . A correlation
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of the spectroscopic features of the Raman spectra of MoO3

x

with the oxygen/metal ratio of

the samples as determined by UV/VIS spectroscopy would offer a straightforward possibility
to determine minor changes of the oxygen/metal ratio by in situ Raman characterisation during
catalytic action. However, the Raman spectra may also be influenced by the particle size and
the morphology of MoO3 x . Therefore, particle size and morphology has to be characterised
to exclude effects on the observed Raman spectra. Therefore, a method has to be developed to
determine the oxygen/metal ratio of MoO 3

x

samples which can be used easily.

Other techniques which were often used for the determination of the oxidation state of the
sample under investigation, like XPS or UPS, cannot be used for the characterisation of such
low concentration of oxygen defects, because the vacuum conditions and the X-ray irradiation
may already induce substoichiometry in molybdenum oxides 70, 105-107 and therefore change the
sample properties.

1.1.2 Experimental
Polycrystalline greenish, well crystallised MoO 3 powder was prepared by tempering commercial MoO3 (Merck) in synthetic air at 923 K (sample A) for 48 h. The formed big MoO 3

x

crystals still had a light green colour, although stoichiometric MoO 3 should be colourless. Pale
yellow MoO3

x

powder was obtained by oxidation in pure oxygen at 823 K for 2h (sample B).

Yellow MoO3 was obtained by oxidising MoO 3

x

(Merck) at 673 K in N2 /O2 (80vol% / 20

vol%) for 20 h (sample C). Sample D had a gray colour and was MoO3

x

as received (Merck).

Deep gray/blue MoO3 was prepared from ammonium heptamolybdate by heating in N 2 and
subsequent oxidation at 670 K in synthetic air for 1h (sample E).
Scanning electron micrographs (SEM) of the samples were taken on a Hitachi S-4000 microscope with an accelerating voltage of 5 kV to study the sample morphology.
All XRD measurements were made at RT with a STOE STADI-P (Ge primary monochromator,
Cu-Kα1 radiation) in focussing transmission diffractometer equipped with position sensitive
detector (PSD).
Diffuse reflection UV/VIS (DR-UV/VIS) spectra were taken on a Perkin Elmer Lambda 9 spectrometer with a scan speed of 240 nm/min, a slit with of 5.0 nm and a response time of 0.5 s
with SiO2 as a reflectance standard. Within this MoO3
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x

sample series, the DR-UV/VIS spec-

confocal
pinhole

detektor
(CCD, 1024x298 pixel)

slit
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interferenz
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grating
(1800 1/mm)

spatial
filter
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objective
sample
motorized x-y-stage

Fig. 1.4: Optical setup of the Dilor LABRAM B microscope.

tra were fitted in the energy range between 0.55 eV and 4.8 eV with Gaussian functions and
the error function for the band gap to deconvolute the overlapping absorption bands. Such a
decomposition step was necessary because the deconvolution cannot be done by visual inspection due to the rather broad superimposed peaks. Furthermore, the strong overlapping, broad
absorption bands made it necessary to use a randomised search minimisation method implemented in the spectrahandler software108 which searches for the global minimum of the fitting
parameter function instead of the usually used least-square minimisation method which may
find only local minima. The fitting solution strongly depends on the starting parameters employed due to the rather flat global minimum of the fitting parameter function. The iteratively
mutual evaluation of the DR-UV/VIS spectra of five different oxygen defective MoO3 samples
was used to optimise the band positions, intensities and shapes of the Gaussian fitting curves
within the set of DR-UV/VIS spectra.
All Raman spectra were recorded with DILOR LABRAM I spectrometer equipped with a
confocal microscope (Olympus) and a computerised XY-table. Modern Raman spectrometers
equipped with confocal microscopes as shown in Figure 1.4 offer the possibility to obtain Raman images with a submicron lateral resolution. Evaluation of structural inhomogeneities or
the analysis of complex mixtures within the micron scale are feasible. The entrance slits were
set to 200 µ m, giving a spectral resolution of 2 cm

1.

A notch filter was applied, to cut off the

laser line and the Rayleigh scattering up to ca. 150 cm
15

1.

The spectrometer is equipped with

a CCD camera (1024*298 diodes), which is peltier-cooled to 243 K to reduce thermal noise.
A He-laser (632.8 nm, Melles Griot, 14 mW) was used for excitation. The laser power is estimated to be 0.12 mW at the sample location. The laser light was focussed onto the sample using
a 100x objective lens (Olympus). All Raman spectra were recorded in backscattering geometry
on a line of about 40 µ m length across the manually pressed powder. Fifty Raman spectra were
recorded for each sample with a spatial resolution of ca. 0.7 µ m to improve the statistics and to
detect even small changes in the MoO3

x

spectra.

1.1.3 Results and Discussion
1.1.3.1 SEM and XRD
The SEM micrographs in Figure 1.5 illustrate
sample

a-axis

b-axis

c-axis

A

396.2  0.1

1385.7  0.1

369.8  0.1

the influence of the different preparation con-

B

396.2  0.1

1385.8  0.1

369.7  0.1

ditions on the particle size and morphology of

C

396.2  0.1

1386.1  0.1

369.7  0.1

D

396.2  0.1

1386.4  0.1

369.6  0.1

E

396.1  0.1

1386.6  0.1

369.6  0.1

the prepared samples. In general, the higher
the preparation temperature the more often
an oriented and platelet-like morphology is

Table 1.1: Refined lattice parameters [pm] of the
MoO3 x samples.
found. Sample A, which has been prepared

at 923 K exhibits long, well developed
sample

110

200

020

A







platelets of MoO3 crystals. The particle size

B

0.08 0.02

0.07  0.02

0.05  0.02

is in the range of some 100 µ m. In contrast

C

0.05 0.02

0.08  0.02

0.17  0.02

D

0.08 0.02

0.07  0.02

0.22  0.02

E

0.09 0.02

0.05  0.02

0.43  0.02

Table 1.2: Stress/strain as determined by XRD [%]
(internal standard).

to sample A, the particle sizes of sample B,
which has been prepared at 823 K, is found
to be in the 10 micron range, but the plateletlike orientation of the crystals is still retained.

When the preparation temperature is lower than 773 K (sample C-E), the particle size of the fine
powdered samples C and D are in the few micron to submicron range. The morphology of the
particles resembles more spherical particles in contrast to samples A and B. The absence of distinct
edges (samples C to E) indicates a termination of the crystallites by strongly terraced surfaces.
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The X-ray diffraction patterns of the five different samples are shown in Figure 1.6 on page 18. All
X-ray diffraction patterns are similar to the pattern of orthorhombic MoO 3 reported in the JC-PDF2
database (No. 35076).
The platelet-like shape of the MoO3 oxide particles leads to a high

Sample

-110

-200

-020

A

*

*

*

intensity of the (0k0) diffraction peaks associated with the basal

B

559

202

247

planes of the MoO3 platelets especially in case of sample A due

C

41

154

144

to preferential orientation. The refined crystallographic data 109 of

D

34

80

119

E

34

60

136

Table 1.3: Particle sizes as determined by XRD [nm] (*internal standard).

all samples are listed in Table 1.1. A contraction of the c-axis of
0.2 pm combined with a elongation of the b-axis of 0.9 pm is observed from sample A to E according to literature. 110 Therefore,

it may be assumed that oxygen vacancies mainly replace bridging oxygen atoms in c-direction. 111
As a consequence of the changing bonding situation due to these oxygen vacancies, the bonds in bdirection are slightly elongated. A stress/strain and particle size analysis further supports this interpretation (Table 1.2 and Table 1.3). Sample A was used as an internal standard for this evaluation.

Fig. 1.5: SEM micrographs of
samples A-E.

A stress/strain and particle size analysis of the 110, 200 and 020 reflections revealed an increase of
the stress/strain along the b-direction from 0.05 to 0.43% and a decrease in the particle size in this
direction from 247 to 136 nm from sample B to E. A stress/strain and particle size analysis with
(00l) reflections was not possible due to preferential orientation of the internal standard (sample A).
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The XRD and SEM characterisation, thus, separates the investigated samples into two groups. The
samples A and B form the first group, whereas samples C to E having more spherical particles of
smaller size form the second group. Particle size effects on vibrational spectra, which cannot be

(060)

(021)

(110)
(040)

(020)

ruled out a priori, should reflect this grouping in their data sets.

Absorption 1-R(sample)/R(SiO2 )

Intensity [a.u.]

A

A

B
C
D

B
C
D
E

E
10

20

2q

1

30

Fig. 1.6: XRD patterns of the samples
A to E. All samples show the typical
MoO3 reflections. The XRD patterns are vertically shifted for better visualisation.

2
3
Energy [eV]

4

Fig. 1.7: DR-UV/VIS spectra and their deconvoluted electronic transitions of the samples A to E. The DR-UV/VIS spectra are vertically shifted for better visualisation.

1.1.3.2 UV/VIS Spectroscopy
The UV/VIS spectra of the samples and the fitted Gaussian curves are shown in Figure 1.7. The
positions and intensities of the fitted Gaussian absorption bands are listed in Table 1.4 and 1.5. Eight
Gaussian functions and the error function were found to be necessary to fit the five observed DRUV/VIS spectra. As an example, the spectrum of the sample C (Figure 1.8) is discussed in detail.
The positions of the fitted absorption bands were determined to be 3.88, 3.09, 2.94 (bandgap), 2.48,
2.03, 1.57, 1.28, 0.82 and 0.55 eV.
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For a defect free molybdenum trioxide, only the optical bandgap and excitons should be observed
in the UV-VIS spectra. Therefore, all other absorption bands are due to lower valent Mo cations,
e.g. Mo5+ or Mo4+ . According to Goodenough, 86, 98 there are two limiting descriptions of the valence electrons in MoO3 . Crystal field theory applies if the intraatomic interactions are stronger
than the interatomic interactions. The electrons can be treated as being localised to an individual
atom or a Mo-O polyhedra. Band theory applies if the interatomic interactions are stronger than the
intraatomic interactions. In this limit, the electrons are itinerant, occupying a delocalised electron
state. However, for MoO3 intra- and interatomic interactions are comparably strong. 3, 86
Collective ordering of electronic states observed

traatomic forces and the need for crystal field theory to interpret the experimental results. 77 Therefore, band structure and crystal field theory, may
be used to interpret the observed properties of
MoO3

x

632 nm

description. ESR results accentuate the strong in-

Absorption 1-R(sample)/R(SiO2)

underline the importance of a the band structure

532 nm

IVCT
A
B

in MoOx compounds, like CDW transitions, 112-115

compounds. The observed DR-UV/VIS

spectra are discussed in the following using both
models.

1

2

3

4

Energy [eV]

Within the band structure picture, the two absorption bands at 3.85 and 3.15 eV are attributed according to literature 4, 3 to exciton bands due to
Mo5+ and Mo4+ cations. The remaining six, low
energy absorption bands at 2.47, 2.03, 1.57, 1.28,

Fig. 1.8: DR-UV/VIS spectra of MoO3 x and its
deconvolution by Gaussian bands. The thick
solid lines are assigned to IVCT transitions.
Bands denoted with A (dashed lines) are attributed to d-d transitions of the [MoO6 ]5+ defect state, while group of bands denoted with B
(dotted lines) are assigned to d–d transitions of
the [MoO5 ]5+ defect state.

0.84 and 0.55 eV are attributed to absorptions from the valence band to three defect states within
the band gap and absorptions from the defect states to the conduction band as shown in Figure 1.9.
Two Mo5+ defect states are found at 1.28 and 2.03 eV above the valence band. The energetically
less favoured defect state at 2.03 eV may be attributed to a Mo 5+ defect state in the vicinity an
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oxygen vacancy while the defect state at 1.28 eV is caused by an additional charge at the Mo centre.
All Mo4+ defect states, if present, are suggested in the vicinity of oxygen vacancies.
The interpretation of the DR-UV/VIS spectra within the assumption of molecular absorptions of
weakly interacting Mo-O polyhedra leads to the picture of the crystal field theory. The absorption
bands at 3.88, 3.09, 2.48, 1.57 and 0.82 eV are interpreted as Mo 5+ d-d band transitions of a heavily
distorted polyhedron in an octahedral crystal field as shown in Figure 1.9 according to ESR results
of Łabanowska77 (vide infra). Absorption bands at 2.03 and 1.28 eV are assigned to IVCT transitions of the type Mo 5+ -O-Mo6+ ! Mo6+ -O-Mo5+. The absorption band at 2.03 eV is attributed to
an oxygen vacancy defect state, e.g. [MoO5]5+ , while the band at 1.28 eV is due to a IVCT transition of a hexacoordinated defect state, e.g. [MoO 6 ]5+ . When comparing the energetic positions
of the [MoO5 ]5+ and the [MoO6 ]5+ defect state within the band gap, the higher symmetry of the
[MoO6 ]5+ state should lead to an energetically more favourable state than that of [MoO 5 ]5+ due to
a better charge compensation.
sample

polaron

d 1yz -d1xz

IVCT1

d1yz -d1xy

IVCT2

d2yz -d2xz

bg

d1yz -d1xy

d2yz -d2z2

A

0.68

0.94

1.18

1.53

1.920

2.41

2.76

3.04

3.82

B

0.68

0.84

1.23

1.53

1.990

2.46

2.90

2.97

3.80

C

0.55

0.82

1.28

1.57

2.028

2.48

2.94

3.09

3.88

D

0.56

0.85

1.27

1.59

2.045

2.55

2.94

3.12

3.82

E

0.54

0.84

1.26

1.64

2.069

2.61

2.97

3.21

3.89

Table 1.4: Band positions in eV of the DR-UV/VIS spectra.

sample

polaron

d 1yz -d1xz

IVCT1

d1yz -d1xy

IVCT2

d2yz -d2xz

bg

d1yz -d1xy

d2yz -d2z2

A

0.01

0.01

0.20

0.03

0.15

0.07

0.45

0.05

0.04

B

0.00

0.05

0.12

0.06

0.10

0.05

0.59

0.01

0.02

C

0.06

0.04

0.18

0.02

0.10

0.04

0.44

0.04

0.07

D

0.14

0.04

0.12

0.03

0.20

0.02

0.33

0.04

0.08

E

0.17

0.02

0.19

0.02

0.18

0.05

0.34

0.01

0.01

Table 1.5: Relative integral intensities of the absorption bands I r normalised to the sum of intensities.

Łabanowska77 has explained ESR results, using the crystal field model by different types of oxygen
defects which are formed depending on the oxygen partial pressure and the preparation tempera-
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tures employed. Accordingly, the Mo-O bonding in MoO 3 may be described as mainly ionic, which
should result in d-d transitions due to an octahedral crystal field splitting. Upon reduction/oxidation
of MoO3 a pentacoordinated Mo5+ with an oxygen vacancy and a hexacoordinated Mo5+ were characterised. The crystal field splittings of these centres were calculated to be E1 = Ez2 -Eyz = 2.65 eV,
E2 =Exy -Eyz =3.83 eV and E3 =Exz -Eyz =5.08 eV in case of the hexacoordinated Mo5+ centre and E1 =
Ez2 -Eyz = 3.4 eV, E2 =Exy -Eyz =1.5 eV and E3 =Exz -Eyz =1.0 eV in case of the hexacoordinated Mo5+
centre. The calculated crystal field splittings of Łabanowska support the presented interpretation of
the nature of the UV/VIS absorption bands. The differences between the energetic states obtained
by Łabanowska and the band positions determined by DR-UV/VIS spectroscopy may be caused by
a different degree of reduction of the samples investigated in both studies.
dz2
dz

Mo5+

2

dxy

5+

Mo

dxz

dxz

5+

Mo

0.82 eV
1.57 eV
3.09 eV

0.55 eV

1.57 eV

0.82 eV

Mo4+

B

Mo5+d2

Mo5+

dyz
Mo5+

A
2.03 eV

Fig. 1.9: Electronic states as obtained by fitting
of the DR-UV/VIS spectrum of MoO3 x under
the assumption of a band theory model to be
valid for the description of the electronic structure of MoO3 x .

1.28 eV

2.48 eV

1.28 eV

2.03 eV

3.09 eV
3.88 eV

2.94 eV

2.94 eV

Mo5+ d1

dyz

2.48 eV

dxy

3.88 eV
(5.2 eV)

Mo4+

Fig. 1.10: Electronic states as obtained by fitting of the DR-UV/VIS spectrum of MoO3 x under the assumption of a crystal field model to be
valid for the description of the electronic structure of MoO3 x .

The relative integral intensities (I r = Ii /ΣIa) of the absorption bands being 0.08 (3.88 eV) 0.04
(3.09 eV) 0.45 (2.94 eV), 0.04 (2.48 eV), 0.10 (2.03 eV), 0.18 (1.28 eV), 0.02 (1.57 eV), 0.04
(0.82 eV), and 0.06 (0.55 eV), further support this interpretation. Two groups of absorption bands
are found (Figure 1.10). The group of absorption bands at 2.94, 2.03 and 1.28 eV have relative
integral intensities between 0.10 and 0.45. The second group of bands with positions at 3.88, 3.09,
2,48, 1.57 and 0.55 eV have relative integral intensities smaller than 0.08. The first group is formed
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by the bandgap and IVCT transitions, while the second group of absorptions is caused by d-d transitions. However, the low energy absorption band which is observed at 0.55 eV cannot be assigned
to a d-d transition according to Łabanowskas results. Because of its low integral intensity it may be
assigned to an bipolaron. Such absorptions have been reported for WO 3 to be located at 0.54 eV.116
The shift of its position to lower energies with increasing number of oxygen vacancies further support this view, because the difference between the local distortions around the bipolaron and the
strain within the lattice decreases as well.
Porter et al.4 correlated the systematic blue shift of the absorption band between 2-2.5 eV with
increasing oxygen/metal ratio to the degree of reduction of the molybdenum oxides. 4, 78 This correlation was established from the UV/VIS spectra of Mo 4 O11 , Mo9 O26 , MoO2 and H0 34 MoO3 117
:

by applying Meyer0 s rule118 which is valid under the assumption that the band structure and the
mobility of the electronic carriers does not change. This correlation of Porter et al. 4 is used to gain
information on the electronic properties and, hence, the stoichiometries of the MoO 3

electron /Mo-atom

stoichiometry MoOx

2.75

1.00
0.50
0.25

B

0.13
0.06
0.03

C

D

2.50

Mo4O11

E

samples.

3.00

MoO2

2.00

x

H0.34MoO3

2.25

A

Fig. 1.11: The number of electrons per
Mo atom as a function
of the position of the
[MoO5 ]5+ -IVCT transition for the different MoO3 x samples
(squares). The values
of Porter4 and Tinet117
are also shown (circles).

2.00
1.95

2.05

2.15
2.25
2.35
IVCT position [eV]

2.45

When comparing the UV/VIS spectra of samples A to E, a blue shift of the IVCT absorption transition at 2 eV, which has been attributed to a [MoO 5 ]5+ defect centre, is observed (see Table 1.4).
This blue shift can directly be correlated to an increasing number of electrons per Mo centre or
indirectly to a decreasing oxygen/metal ratio of the molybdenum oxide (Figure 1.11). 4 The calculated oxygen/metal ratios decrease from sample A to E, as expected from the preparation method
employed. The oxygen/metal ratios of the different MoO 3
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x

samples, were determined to be 2.977

(A), 2.963 (B), 2.952 (C), 2.946 (D) and 2.937 (E), respectively. All this obtained oxygen/metal
ratios are higher than the corresponding values of reported intermediate oxides like Mo 4 O11 (2.75),
Mo5 O14 (2.8) or Mo9 O26 (2.89).28 Due to the low number of oxygen vacancies in the oxygen/metal
ratio range between 2.9 and 3, the MoO3 crystal structure is retained.
An oxygen vacancy was said to lead to a displacement of the Mo atom in direction of the terminal oxygens.119 The lattice perturbations which are induced by this displacement of the Mo cation
leading to a stronger deformed MoO polyhedra may be screened on a longer scale distance due
to coulombic interaction. The strong local distortion of the defective Mo-O polyhedra due to the
changed bonding and charge situation thus results in overall small lattice relaxations as detected by
XRD. In addition to these strong local distortions, each polyhedron is also affected by the lattice
deformation exerted by the other oxygen vacancies. This distortion which is experienced by Mo-O
polyhedra determines the energetic position of the defect state with respect to the valence band and
the conduction band, while the total number of the lattice defects determines the intensity of the
absorption. Therefore, the observed increase of the IVCT absorption band position from 1.92 eV
(Sample A) to 2.07 eV (sample E) may be explained by the increase of the additional distortion of
the Mo-O polyhedra due to the increasing concentration of additional oxygen vacancies. Under the
assumption of a random oxygen vacancy distribution throughout the crystal one oxygen vacancy
may be estimated per 43 MoO3 units in sample A, per 23 MoO3 units in sample B, per 21 MoO 3
units C, per 19 MoO3 units in sample D, and one per 16 MoO 3 units in sample E.
In addition to the above described blue shift of the IVCT band from 1.93 to 2.13 eV, a less pronounced blue shift of the second IVCT band is observed from 1.21 to 1.29 eV. The smaller blue
shift of this IVCT band is explained by a less pronounced distortional effect of hexacoordinated
[MoO6 ]5+ defect centres on the MoO3 lattice as compared to pentacoordinated [MoO5 ]5+ defect
centres because of their higher coordination number. The observed shift of the d yz -dxz transition of
the pentacoordinated [MoO5 ]5+ centre from 2.40 to 2.64 eV further supports the above described
model, because the stronger the repulsive interactions between [MoO 5 ]5+ defect centres the more
energetically unfavoured the dxz orbital should be. For the d yz -dxz transition of the hexacoordinated
[MoO6 ]5+ a shift was not observed as expected.
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1.1.3.3 Raman Micro-Spectroscopy
In Figure 1.12-1.14 the Raman spectra of the five different MoO 3

x

samples are shown normalised

with respect to the band at 823 cm 1 . All samples show the characteristic Raman bands of MoO3
(Figure 1.12). Sample A most closely resembles the single crystal Raman spectrum reported by
Py and Maschke with characteristic Raman bands at 996 (Ag , νas M=O stretch), 822 (Ag , νs M=O
stretch), 667 (B2g , B3g , νas M-O-M stretch), 473 (Ag , νas O-M-O stretch and bend), 380 (B 1g , δ
O-M-O scissor), 376 (B1g ), 366 (A1g , δ O-M-O scissor), 334 (Ag , B1g , δ O-M-O bend), 293 (B3g , δ
O=M=O wagging), 285 (B 2g , δ O=M=O wagging), 247 (B 3g , τ O=Mo=O twist), 216 (A g , rotational
rigid MoO4 chain mode, Rc ), 197 (B2g , τ O=Mo=O twist), 159 (A g /B1g , translational rigid MoO 4
chain mode, Tb ), 129 (B3g , translational rigid MoO 4 chain mode, Tc ), 116 (B2g , translational rigid
MoO4 chain mode, Tc ), 100 (B2g , translational rigid MoO 4 chain mode, Ta ) and 89 cm

b
c

b
c

d

d

e
200

400 600 800
Raman shift [cm -1]

e
200 250 300 350
Raman shift [cm -1]

1000

Fig. 1.12: Averaged Raman spectra of the data
set of 100 Raman spectra of samples A to E in
the energy range 150 to 1050 cm 1 . Spectra
are vertically shifted for better visualisation.

(Ag ,

a
intensity [a.u.]

intensity [a.u.]

a

1

400

Fig. 1.13: Averaged Raman spectra of the data
set of 100 Raman spectra of samples A to E in
the energy range 150 to 400 cm 1 . Spectra are
vertically shifted for better visualisation.

translational rigid MoO 4 chain mode, Ta ). The observed bands are assigned according to the single
crystal study of Py et al30, 31 and summarised in Table 1.6.
The MoO3 -lattice compensates the distortions exerted by oxygen vacancies via minor structural
changes all over the crystal as suggested by UV/VIS and XRD results, i.e. a compression in the
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c-direction and a expansion along the b-axis.
The Mo=O bond distances along the a- and b- axis (167 and 173 pm) are shorter than the Mo-O
bond distance along the c-axis (195 pm). The Raman bands at 995 cm

1

and 823 cm

1

can be as-

signed to the stretching vibration of the terminal Mo=O bonds along the a and b axis. The bridging
oxygens (longer bond distances) along the c-axis are the most weakly bound oxygens as shown by
Mestl et al.68 The generation of oxygen vacancies should therefore lead to anion vacancies along
the c-axis. Therefore, a displacement of the Mo atom toward the terminal oxygen in b-direction can
be expected upon loss of bridging oxygen, thus weakening the bond to the terminal O atom along
the a-axis.
Because the variation of the stoichiometry within the sample series is rather small, only minor variations of the Raman bands of localised vibrations, e.g. the 666, 823 or 995 cm

1

band are expected.

Because of the different degree of crystallisation of the samples and the lower oxygen/metal ratios,
a broadening of the intense bands at 823 and 995 cm

1

should be expected. The higher the con-

centration of oxygen vacancies the shorter the lifetime of the excited state should be and should,
therefore, lead to a broadening of the Raman bands. Exactly this is experimentally found (Figure
1.14). Moreover, Raman bands are observed at 1004 and 1008 cm

1

and identified as the stretch-

ing vibrations of newly formed terminal Mo=O bond in b-direction of tetrahedra with an anion
deficiency, in accordance with Raman studies of Mestl et al.68 With increasing oxygen vacancy
concentration, these Raman bands broaden and increase in intensities (Figure 1.14). The intense
Raman bands at 995 cm

1

are asymmetrically broadened to lower energies, which is explained by

a superposition of at least two different Mo=O species present in deeper reduced MoO 3 x . Further,
a loss of the translational symmetry is expected because of the oxygen vacancies in the lattice. The
broad background in the lattice phonon region which is most pronounced in sample E can be explained by a multitude of combination modes of acoustic and acoustic plus optical modes due the
relaxation of the k-selection rule (Figure 1.13).
Lattice phonons which are polarised in the c-direction should be more sensitive to the structural
changes of the lattice which were introduced by the different oxygen vacancy concentrations, because the perturbations which are caused by the oxygen vacancies are expected to be most
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Raman

IR
TO

LO

1002
962

1002
1010

Sym.

calc.

A

B

C

D

E

B3u
B2u

999
997

1011

1006

1006

1007

997
985
966
956
823
747
669
474

998

998

1009
1004
997

958
823

958
823
781
669
473
581

823

823

668
472
577

668
472

530

531

531

Ag
B1g

995
995
818
814

974
825

819
666
473
545

851

500
441
388
363

525
505
390

379
365
353
348

363
352

338
337
291
283
268
260

343
260

246
217
198
228
192

228
192

158
154
129
116
99
83
53

53

44

44

as

B3u
B2u
s
Ag , B1g
B2g , B3g
Ag , B1g
B1u , Au
B3u
B2u
B2u
B3u
B1g
Ag
B2u
B3u
B1g
Ag
B3g
B2g
Au
B1g
B1u
B2u
B3g , Au
Ag
Rc
B2g
B3u
B1u
Ag
Tb
B1g
B3g
Tc
B2g
Tc
B1g
Ag
Tc
B2u
Au
B3u

stretch

stretch
stretch

998
996
822
822
822
668
473
671

507
507
380
358
scissor 386
scissor 365
334
333
329
bend
327
wagging 290
wagging 285
281
270
276
267
257
RCM
230
twist
200
227
192
RCM
162
155
RCM
138
RCM
118
102
RCM
84
53
49
44

669
473
580
561
533

997

382
368

382
368

382
368

381
368

380
368

294
286

294
287

294
286

340?
292
285

291
285

248
220
201

241
248
220
201

241
248
220
200

245
218
199

245
218
199

183
161

161

160

157

157

127

132

131

130

127

Table 1.6: Raman and IR position as reported by 30, 95 and the positions of the Raman bands of
the samples A to E.[cm 1 ]

pronounced in c-direction. Translational or rigid chain Raman modes should be sensitive to the particle sizes of the samples. However, the rigid chain modes along the b direction (band at 159 cm

1

)

are not experimentally resolved and the rigid chain modes along the a direction (A g , 82 cm 1 , B1g ,
98 cm 1 ) are only weakly observed due to the notch filter employed (not shown). Hence, changes
in the band profiles of these rigid chain modes cannot be discussed.
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The positions of the rigid chain modes along the c-direction (B 2g , 117, B3g , 130 cm 1 ) were determined to be 117 and 130 cm

1

(A and B) and 118 and 130 cm

1

(C, D and E) (not shown). For

sample A and B the observed intensity ratio I 116 /I129 is 1.1 and 0.6, while samples C to E show all
ratios of 0.3. This change of the I 116 /I129 ratio resembles the trend found for the crystallite sizes of
the samples. Hence, the observed changing intensity ratios are attributed to the altered crystallite
sizes as shown in Figure 1.15.

Raman intensity ratio I130 /I117

1.25
1.00

Intensity [a.u.]

0.75
0.50
0.25

0

2

4

6
8
10 12
particle size x 103 [Å]

14

16

Fig. 1.14: (left side) Averaged Raman spectra of the
data set of 100 Raman A to E in the energy range
950 to 1050 cm 1 . Spectra are vertically shifted for
better visualisation.

980

990
1000 1010
Raman shift [cm-1]

1020

Fig. 1.15: The intensity ratios of the rigid chain
modes at 117 and 130 cm 1 as a function the normalised particle size as determined by XRD and
SEM.

In Figure 1.16, the intensity of the wagging modes of the terminal M=O groups at 283 (B 2g ) and
293 cm 1 (B3g ) which are polarised parallel to the c-direction are shown as a function of the oxygen/metal ratio. The ratio I283 /I290 of sample A resembles the value found in the single crystal
spectrum of Py and Maschke, where the B2g has three times the intensity of the B 3g mode. With
increasing oxygen vacancy concentrations, a shift of the B 3g mode position is observed by 3 cm

1

to

lower energy. In sample E, these two wagging modes are hardly resolved any more. Because these
wagging modes are both polarised parallel to the c-direction but belong to different symmetry races,
the intensity ratios reflect symmetry changes due to the distortions along the c-axis introduced by
the oxygen vacancies.
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The ratio I283 /I290 decreases from sample A to E

3.5

(Figure 1.16) as a function of the sample stoi-

lated with the oxygen vacancy concentration of

ratio I285/I295

chiometry. The ratio I283 /I290 is linearly corre-

3.0
2.5
2.0
1.5
1.0

the samples. Therefore, the intensity ratio of the
wagging modes at 283 and 290 cm

1

0.5
0.0
2.93

can eas-

2.94

2.95
2.96
x of MoO x

ily be used to determine the stoichiometry of the
sample. However, if the oxygen/metal ratio is
smaller than 2.94 these two Raman bands cannot

2.97

2.98

Fig. 1.16: Intensity ratio of the Raman bands at
285 and 295 cm 1 (I285 /I295 ) as a function of
the sample stoichiometry as determined by DRUV/VIS spectroscopy.

be clearly resolved. Hence for lower oxygen/metal ratio it cannot be used and another measure for
the oxygen/metal ratio has to be found.

determined by the integral intensity of the Raman band at 823 cm

1

is shown in Figure 1.17

as function of the stoichiometry of the samples.



The observed Raman efficiencies ( , full line)

intensity I 820 [a.u.]

The observed relative Raman cross section as

are the product of the absorption efficiency (dot2.92

ted line) and the efficiency of the Raman scattered light not to be re-absorbed (dotted line).
Of all the observed electronic transitions in the
visible observed for the MoO 3

x

samples only

2.93

2.94

2.95
2.96
x of MoOx

2.97
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Fig. 1.17: Overall Raman efficiency (, full line)
as a function of the sample stoichiometry as determined by DR-UV/VIS spectroscopy. The observed
Raman efficiencies are the product of the absorption efficiency (dotted line) and the efficiency of the
Raman scattered light not to be re-absorbed (dotted line).

the IVCT transition at 2 eV is expected to satisfy
the required conditions for a resonant coupling of the Raman scattering to the electronic transition,
because a large displacement of the normal coordinate with respect to the ground state is expected
for the [MoO5 ]5+ -[MoO6 ]6+ ! [MoO5]6+ -[MoO6]5+ -IVCT transition at 2 eV in contrast to the
[MoO6 ]5+ -[MoO6 ]6+ ! [MoO6 ]6+ -[MoO6 ]5+ -IVCT transition at 1.28 eV due the change of the coordination number of the involved polyhedra. Under the assumption of a resonant coupling of the
Raman scattering to the [MoO5 ]5+ -[MoO6 ]6+ ! [MoO5 ]6+ -[MoO6 ]5+ -IVCT transition at 2 eV the
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observed behaviour of the intensity can be explained by two factors affecting the measured intensity (Figure 1.17). These factors are the absorption of the exciting photons (see Figure 1.17 dashed
line) and the re-absorption of the Raman scattered photons within MoO 3

x

(see Figure 1.17 dotted

line). The absorption efficiency is directly correlated to the efficiency of the Raman excitation. The
re-absorption efficiency is correlated to the overall Raman scattering efficiency, because the Raman
scattered light is partly re-absorbed and annihilated. The emitted Stokes Raman light of the band at
823 cm

1

for example is red-shifted by 0.1 eV with respect to the excitation wavelength.
absorption (1.96 eV)

Raman

1.92 eV

re-absorption

Raman

emitted Raman light
2.07 eV

2.01 eV

Raman

A

B

C

Energy

Energy

Energy

Fig. 1.18: The exact position of the excitation wavelength and the wavelength of the emitted Raman light
with respect to the electronic absorption determines the overall efficiency of the Raman scattering process. Dark arrows indicate the position of the excitation wavelength, while the grey arrows indicate the
re-absorption of the scattered Raman light. A,B and C reflect the situations found for samples A,C and
E.

The exact position of the excitation wavelength with respect to the IVCT transition determines the
overall yield of Raman scattered light as shown in Figure 1.18. The overall Raman scattering efficiency is in first order the product of both efficiencies, which are described by Gaussian shapes
in analogy to the UV/VIS absorption. In Figure 1.18 the three different situations are illustrated.
First, the excitation wavelength is blue-shifted by 0.04 eV with respect to the maximum of the
IVCT transition (Figure 1.18A). The Raman light of the band at 823 cm

1

then is red-shifted by

0.06 eV with respect to the maximum of the IVCT transition. Therefore, the overall Raman cross
section is small because the absorption and re-absorption efficiency are comparably high (sample
A). In Figure 1.18B, the excitation wavelength matches the low energy wing of the IVCT transition.
The optimum match of the incoming laser light and the electronic transition leads to a resonance
Raman enhancement of the laser excitation. The re-absorption efficiency of the red-shifted Raman
light, on the other hand is dramatically smaller than the absorption efficiency of the excitation wavelength.The overall Raman scattering cross section thus becomes large (sample C). In Figure 1.18C,

29

the position of the excitation wavelength with respect to the maximum of the IVCT transition is
located on the low energy tail of the IVCT transition (sample E). Therefore, the overall Raman efficiency is again small. Because of the energy mismatch between the in going laser light and the
absorption, only a weak resonance Raman enhancement does occur.
In summary, the blue-shift of the IVCT transition, which is caused by an increasing concentration
of oxygen vacancies, is directly correlated to the overall Raman efficiency and may, therefore, be
used for in situ Raman investigations to determine the oxygen vacancy concentration of MoO 3

x

samples.

1.1.4 Conclusions
In this Chapter, UV/VIS spectroscopy has been used to characterise the electronic structure of
molybdenum trioxide samples with different oxygen defect stoichiometries. UV/VIS spectroscopy
was further used to quantify the concentration of the oxygen vacancies according to Meyer 0 s
rule.4, 118 The shift of IVCT at 2 eV is explained by minor distortions of the MoO-polyhedra caused
by lattice relaxations which are induced by coulombic interactions due to additional oxygen vacancies. A model which is based on crystal field theory is used to interpret the DR-UV/VIS spectra of
the MoO3

x

compounds. The obtained results are in good agreement with ESR investigations of

Łabanowska.77 This model obtained for MoO 3

x

samples may be extended to the other intermediate

molybdenum oxides between MoO3 and MoO2 because the reported correlation of Porter et al. was
established with experimental data of intermediate molybdenum oxides. 4
The observed Raman intensities indicated a resonant coupling of the Raman scattering to the IVCT
transition at 2 eV. The strong influence of the exact position of the excitation wavelength on the
observed intensity of the Raman band at 823 cm

1

with respect to the position of the IVCT tran-

sition was explained by the interplay of absorption and re-absorption efficiency in case of resonant
Raman scattering. The strong IVCT transition at 2 eV which has been related to a oxygen defective
[MoO5 ]5+ centre is further expected to play a key role when explaining a resonant Raman scattering of intermediate oxides with a excitation wavelength of 632.8 nm (1.96 eV) as shown in the
following Section.
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The sample stoichiometry as determined by DR-UV/VIS spectroscopy has been correlated with
intensity ratio changes of the wagging modes at 295 and 285 cm 1 observed in the Raman spectra.
This correlation may be used determine the degree of reduction of MoO 3

x

by Raman spectroscopy.

Further, is has been shown that the influence of the particle size as determined by SEM and XRD
on the obtained Raman spectra was found to be rather small and limited to rigid chain modes.
The correlation of the degree of reduction with the Raman spectral changes may be used for in situ
Raman spectroscopic investigations to determine the influence of oxygen vacancies on the catalytic
properties of MoO3 samples. This correlation is expected to help to understand in situ Raman data
of MoO3

x

during selective oxidation conditions.

1.2 Resonance Raman Spectroscopic Characterisation Mo4 O11 and MoO2
1.2.1 Introduction
Intermediate molybdenum oxides like Magnéli phases, 120 e.g. Mo4 O11 or Mo5 O14 34 are believed to
;

be catalytically active.53, 121, 103 With respect to MoO3 first ordered crystallographic shear planes,122
then block or columnar structures are subsequently formed as a function of the oxygen vacancy
concentration by the reorganisation of the initially random defects 123 prior to the crystallisation
of MoO2 . Phase characterisations by X-ray diffraction (XRD) 124, 82 and transmission electron microscopy (TEM)54, 125 have been reported of the molybdenum oxide system.
Structural properties, like the degree of polymerisation in case of polyoxo molybdenum species 126
or the degree of distortion of MoO x -polyeders can be determined by Raman spectroscopy.127 Hardcastle and Wachs93 correlated Raman shifts with the M-O bond order and bond lengths. Furthermore, LRS provides useful information about the degree of crystallisation or about structural defects
as shown in the previous section. Hence, Raman spectroscopy is suited for the characterisation of
MoOx catalysts. Although, numerous intermediate molybdenum oxide phases exist, mostly Raman
or infrared (IR) spectroscopic characterisations of the stoichiometric oxides MoO 3 30, 31 and MoO2 32
have been reported.
Olson and Schrader128 reported the Raman spectrum of a thin film of Mo 4 O11 . A similar Raman
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spectrum of a thin film was obtained by Spevack and McIntyre 32 but not identified as Mo 4 O11 .
Up to now, however, no correlation has been reported of the structure of catalytically important
reduced molybdenum oxides as determined by Raman spectroscopy and their catalytic behaviour.
One reason for this may be the often reported small Raman scattering efficiency of intermediate
molybdenum oxides.36 Due to this small efficiency a relation of in situ Raman spectroscopic results
and catalytic activities may not unambiguously deducible because phases or compounds present in
the catalyst may escape Raman detection. Especially in case of molybdenum intermediate oxide
phases with their estimated small Raman cross sections, in situ Raman detection may be limited.
Therefore, conditions have to be found for in situ Raman spectroscopy to overcome this problem.
Due to this small Raman cross sections, the sensitivity of the spectrometer determined by the optical
devices and the detector may have to be improved to detect these compounds. In cases of strongly
absorbing materials the re-adsorption of the emitted Raman light strongly reduces the observed Raman cross section, a resonant enhancement of the Raman scattering by selecting a proper excitation
wavelength, may be of crucial importance to detect the Raman spectra of such materials. The results
of the previous section indicated resonant coupling of the Raman scattering to the IVCT transition
at 2 eV to be operative in molybdenum trioxide.
The enormous structural variability of molybdenum oxides 103, 129, 130 leads to different electronic
and, therefore, optical properties 4, 81 of each intermediate oxide phase. The valence band of such
oxides is generated by oxygen 2p-π orbitals, while the conduction band is formed by overlapping
metal 4d and 5s bands.3 Low energy absorption bands in substoichiometric MoO 3 are observed
at about 2 eV due to intervalence transfer transitions (IVCT) between Mo 5+ –O–Mo6+ and Mo5+ –
Mo6+ (see previous section),78, 91, 88 which form additional conduction bands with respect to MoO 3 .
The additional charge carriers formed during the reduction process are injected into the bands and
distort the lattice in their surroundings. This coupled electron-lattice distortion is called polaron.
Porter et al.4 observed these polaron bands at 2.48 eV and at 2.13, 2.42 and 1.3(sh) eV for MoO 2
and Mo4 O11 , respectively. The number of charge carriers injected into this additional bands affect
the absorption in the visible regime according to Meyer’s rule. 118 Therefore, the systematic blue shift
of the absorption band between 2-2.4 eV with decreasing metal-oxygen ratio can directly be correlated to the degree of reduction of the molybdenum oxide as shown in the previous section. 68 These
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electronic properties of reduced molybdenum oxides may explain a possible resonance Raman effect operative in molybdenum oxides when using a He-Ne laser (632.8 nm/1.96 eV) in contrast to
the often used frequency doubled Nd-YAG (532 nm/2.33 eV) or argon lasers (514 nm/2.41 eV).
Resonant absorption due to the observed strong IVCT transition at about 2 to 2.5 eV could lead to
an enhanced Raman cross section.
The structure of MoO3 and its Raman spectrum has been described in the previous Section. In
Figure 1.19 the atomic motions are shown of the Raman vibrations for the Raman bands observed
at 285, 666, 823 and 995 cm 1 . The Raman bands in the high energy regime may be understood as
strongly localised vibrations. Therefore, the application of the Hardcastle-Wachs approach leads to
correct Mo-O bond distances, as calculated from the Raman shifts with the exception of the band at
823 cm 1 .131
823 cm-1
(Ag, s M=O stretch)

995 cm-1
(Ag as M=O stretch)

285 cm-1
(B2g, d O=M=O wagging)

667 cm-1
(B2g ,B3g , as M-O-M stretch)

Fig. 1.19: Schematic drawing of the atomic motions for the Raman bands at 285, 666, 823 and 995 cm 1 .

The structure of MoO2 is of a distorted rutile type. Along the a-axis, the MoO 6 -octahedra are joined
by sharing edges to form strings (Figure 1.20). XRD analysis of monoclinic MoO 2 (P21/c, a =
5.610 Å, b = 4.857 Å, c = 5.626 Å, β = 120.9 Æ ) gives Mo-O bond distances of 1.968 to 1.970 Å.
(Mo-O(I)) and 2.075 to 2.077 Å (Mo-O(II)). 132 Raman bands of monoclinic MoO2 were observed
at 744, 589, 571, 495, 461, 363, 345, 228 and 203 cm

1

with a broad wing of the Rayleigh scatter-

ing, due to the metallic state of MoO 2 .132 The Raman bands at 744 and 589 cm

1

may be attributed

to the Mo-O(I) and Mo-O(II) stretching vibrations.
Orthorhombic Mo4 O11 is built up by ReO 3 -slabs (layers), which can be described as being formed
by three layers of, mutually interconnected by MoO 4 -tetrahedra (Figure 1.20).133 The adjacent rows
of MoO6 -polyhedra are parallel oriented in contrast to the monoclinic form of Mo 4 O11 . Three quarters of the Mo atoms in the Mo4 O11 structure are sixfold coordinated and the remaining quarter is
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tetrahedrally coordinated. The different Mo-O bond distances in Mo 4 O11 have been determined to
be 1.743-1.764 Å for the tetrahedrally coordinated Mo. For the three short Mo-O bonds in the
sixfold coordinated Mo bond distances were found of 1.742-1.770 Å, 1.775-1.810 Å and 1.8661.924 Å, respectively. The remaining bond distances in the MoO 6 -polyhedra were determined to
be 2.110-2.15 Å, 2.056-2.097 Å and 1.983-2.023 Å, respectively. Olson and Schrader 128 reported
the Raman spectrum of a thin film supported on Si which contained monoclinic and orthorhombic
Mo4 O11 with Raman bands at 908, 880, 834, 792, 730, 451, 430, 377 and 186 cm

A

c

b

B

c

a

1

.

Fig. 1.20: A: Structure of MoO2 the
MoO6 -octahedra are joined along the aaxis by sharing edges to form strings B:
Structure of orthorhombic Mo4 O11 build
by ReO3 -slabs, which can be described
as being formed by three layers of MoO6 polyhedra, mutually interconnected by
MoO4 -polyhedra.
;

In this study, a sample was used containing orthorhombic MoO 3 , monoclinic MoO2 and Mo4 O11 as
identified by XRD. This multiphasic sample was diluted with hexagonal boron nitride as internal
standard to evaluate the relative Raman cross sections of MoO3 , MoO2 and Mo4 O11 . Boron nitride
exhibits only one active Raman mode, the transverse optical mode at ν T O at 1367cm

1

(E2g , ).134

The BN Raman band does not interfere with MoO x -Raman bands. Boron nitrate as an insulator
of white colour does not absorb visible light. Therefore, boron nitrate suits as an optimal diluent
and internal standard for proving resonant Raman enhancement as a function of the excitation wavelength in the visible regime. A resonance Raman effect in the reference compound boron nitride can
be ruled out. Therefore, a comparison of the Raman spectra and the relative intensities of characteristic Raman bands of different Mo compounds as a function of excitation frequency should reveal a
resonance Raman effect operating in oxygen defective molybdenum oxides, 135 e.g. Mo4 O11 .
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1.2.2 Experimental
The sample containing MoO3 , MoO2 and Mo4 O11 as determined by XRD was prepared by oxidation of commercially available MoO2 (Merck) at 673 K for 5h. The black colour of the starting
material MoO2 was retained after this oxidation treatment. A second sample was prepared by diluting the oxidised sample 1:10 in hexagonal boron nitride (Goodyear). The mixture was homogenised
in an agate mortar for 15 minutes.
The experimental conditions of XRD, Raman and DR-UV-VIS spectroscopy have been described
on page 14. XRD crystalline phase identification was done with the ICDD-PDF-2 database.
A frequency doubled Nd-YAG laser (532 nm) and a HeNe-laser were used for the excitation of the
Raman spectra. Notch filters for 632.8 nm and 532 nm (Kaiser optics) were applied to cut off the
laser line and the Rayleigh scattering up to ca. 150 cm 1 . Raman spectra of the undiluted sample
were recorded using a HeNe laser with ca. 0.1 mW at the sample location. The laser power at the
sample position in case of the diluted sample was about 10 mW for the Nd-YAG and 1.4 mW for the
HeNe laser. All Raman spectra were recorded in backscattering geometry and two spectra with an
accumulation time of 30 sec. (632 nm) and 200 sec. (532 nm) were averaged. Two sets of Raman
images of 100 spectra each were recorded at identical sample positions with different excitation
wavelengths. All Raman images were referenced to the internal standard boron nitride. The images
were further normalised to maximum intensity of each single image to obtain a comparable contrast
in all images.

1.2.3 Results and Discussion
1.2.3.1 XRD
In Figure 1.21, the XRD pattern of the undiluted, molybdenum oxide sample (A) is shown together
with the sum of simulated XRD 109 patterns (B) of orthorhombic MoO 3 (26%), monoclinic MoO 2
(8%) and orthorhombic Mo 4 O11 (66%). For the simulation, the JCCD-PDF2 data of orthorhombic
MoO3 (Pbnm: a=3.963 Å, b=13.855 Å c=3.696 Å, JCCD-PDF2 No. 35069) 75 monoclinic MoO2
(P21/c, a=5.610 Å, b=4.857 Å, c=5.626 Å, β =120.9 Æ , JCCD-PDF2 No. 32671) 132 and orthorhombic
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Mo4 O11 (Pnma, a=24.49 Å, b=5.457 Å, c=6.752 Å, JCCD-PDF2 No. 5337) 133 were used. The lattice constants which thus determined to be a=3.952 Å, b=13.827 Å, c=3.688 Å (MoO 3 ), a=5.610 Å,
b=4.804 Å, c=5.587 Å, β =119.7 Æ (MoO2 ) and a=24.418 Å, b=5.442 Å, c=6.734 Å (Mo 4 O11 ). The
observed small deviations of the lattice parameters of the compounds found in the oxidised sample with respect to the JCCD-PDF2 data are explained with the existence of lattice defects in all
compounds due to their low preparation temperature.

1.2.3.2 Raman Microscopy
1.2.3.2.1 Identification of Mo4 O11
In Figure 1.22, three selected Raman spectra are shown of an image of 100 spectra recorded over a
range of ca. 400 µ m2 of the undiluted oxidised sample. Three different Raman spectra were
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Fig. 1.21: A: XRD pattern of the molybdenum
oxide sample and B: Sum of simulated XRD patterns of MoO3 , Mo4 O11 and MoO2 .
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Fig. 1.22: Characteristic Raman spectra of the
undiluted sample taken with 632.8 nm excitation: A: MoO3 B: MoO2 and C: Mo4 O11 . Raman spectra are vertically shifted for better visualisation.
;

observed. Orthorhombic MoO 3 (spectrum B of Figure 1.22)was detected with Raman bands at 247,
284, 292, 339, 352, 367, 380, 469, 667, 823, 996 and 1004(sh) cm

1

, while monoclinic MoO2

(spectrum C of Figure 1.22) gave Raman bands at 207, 230, 347, 364, 458, 496, 569, 585 and
740 cm 1 . The observed Raman bands of MoO3 and MoO2 compare well with the reported litera-
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ture values and can be assigned accordingly.30-32 The third compound was identified as orthorhombic Mo4 O11 128, 136 (spectrum A in Figure 1.22) with Raman bands at 183, 206, 229, 264, 306, 340,
380, 431, 452, 498, 568, 744(sh), 790, 835, 843, 907 and 985 cm

1

.

The Raman bands at 907 and 985 of Mo4 O11 are attributed
to terminal Mo-O vibrations, while the observed Raman
bands at 835 and 843 cm

1

are ascribed to bridging Mo-O 2

vibrations. The Raman bands at 744(sh) and 790 cm

1

are

attributed to bridging Mo-O 3 vibrations. Due to the crystal structure of Mo4 O11 two sets of independent Raman
bands of terminal Mo-O and bridging Mo-O 2 vibrations
are expected. Therefore, the Raman bands at 835, 843 and
987 cm

1

are interpreted as the terminal Mo-O and the

bridging Mo-O 2 vibration, which is symmetry split, of a
distorted tetrahedra similar to those found in MoO 3 . The
second set of Raman bands at 790 and 907 cm

1

Fig. 1.23: Optical image of the diluted
sample (sample: BN 1:10). The arrows indicate the positions at which the
Raman spectra of MoO3 , MoO2 and
Mo4 O11 (Figure 1.25 and 1.26) were
recorded.

are assigned to Mo-O and Mo-O2 vibrations of the

MoO4 -tetrahedra interconnecting the slabs of the more distorted tetrahedra.
The bond distances were calculated with the Hardcastle1

2.1

1

Wachs model to be 1.69 Å (987 cm ), 1.73 Å(907 cm ),
2.0

and 1.83 Å (744 cm 1 ) respectively, and are in agreement with XRD data. However, the calculation is based
on the assumption of an isolated Mo-O bond and this
may lead to erroneous values especially in cases of sym-

d Raman [Å]

1.76 Å (843 cm 1 ), 1.76 Å (835 cm 1 ), 1.79 Å(790 cm 1 )

1.9

1.8

1.7
1.7

1.8
d

metry related vibrations.93
In Figure 1.24 the calculated bond distances of MoO 3 ,
Mo4 O11 and MoO2 according to the Hardcastle-Wachs93

1.9
[Å]

2.0

2.1

XRD

Fig. 1.24: Calculated bond distances
(MoO3 Æ, Mo4 O11  and MoO2 4) according to the Hardcastle-Wachs model as
a function of bond distances determined
by XRD.

are shown as a function of the bond distances obtained
XRD. For short bond distances the Hardcastle-Wachs model gives a good estimate of the XRD bond
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distances as expected for the model’s assumption of a localised harmonic oscillator. However, for
longer bond distances, higher degrees of reduction (like MoO 2 ) or symmetry related Raman bands
(Raman band at 823 cm

1

of MoO3 ) the Hardcastle-Wachs models fails to predict correct bond

distances. Therefore, the predictions of this approach have to be taken with care, but still offer a
first interpretation of observed Raman bands.

1.2.3.2.2 Excitation at the Wavelength of 632.8 nm
In Figure 1.23, the optical image of the oxidised sample diluted in BN is shown as taken by the
video camera attached to the microscope. The Raman image area is indicated by the grid in Figure
1.23. The rectangles in the grid indicate the positions on the sample at which the Raman spectra
were recorded. Arrows in Figure 1.23 show the lateral positions on the sample at which the Raman
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Fig. 1.25: Characteristic Raman spectra taken
of the diluted sample at 632.8 nm: A: MoO3 , B:
MoO2 and C: Mo4 O11 . Raman spectra are referenced to the boron nitride band at 1367 cm 1
and vertically shifted for better visualisation.
The Raman spectra were recorded at the positions indicated in Figure 1.23.

Fig. 1.26: Characteristic Raman spectra taken
of the diluted sample at 632.8 nm: A: MoO3 , b:
MoO2 and c: Mo4 O11 . Raman spectra are referenced to the boron nitride band at 1367 cm 1
and vertically shifted for better visualisation.
The Raman spectra were recorded at the positions indicated in Figure 1.23.

spectra of MoO3 , MoO2 and Mo4 O11 (Figure 1.25) have been recorded. Dark regions are due to
large particles consisting of MoO 2 and Mo4 O11 as identified by the Raman spectra shown in Figure
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1.25. All Raman spectra shown in Figure 1.25 and 1.26 are referenced to the intensity of the Raman
band at 1367 cm

1

of the internal standard boron nitride. All components of the sample e.g. MoO 3 ,

MoO2 and Mo4 O11 , are positively identified in the Raman image by their characteristic vibrations.
In Figure 1.27 a to c, Raman images are shown as calculated from the relative intensities of the
bands at 996 cm

1

(characteristic of MoO3 , Figure 1.27 a), 740 cm

ure 1.27b) and 907 cm

1

1

(characteristic of MoO2 , Fig-

(characteristic of Mo4 O11 , Figure 1.27c ) when excited at 632 nm. The

dark areas in the upper and lower right of Figure 1.27 b and c are indicative for the presence of
MoO2 and Mo4 O11 , whereas the darker area in the lower left corner of Figure 1.27a and d is due to
Raman scattering of MoO3 .

1.2.3.2.3 Excitation at the Wavelength of 532 nm
In Figure 1.25, Raman spectra are shown which were recorded of the same sample area using a frequency doubled Nd-YAG laser with an excitation wavelength of 532 nm. Only the Raman spectra
of MoO3 and boron nitride could be detected using this laser excitation wavelength. The confocal
Raman image generated from the intensities of the band at 996 cm 1 , characteristic for MoO3 , is
shown in Figure 1.27 a as referenced to the boron nitride band at 1367 cm

1

. In accordance with

literature data135 both laser excitations, 532 nm and 632.8 nm identify MoO 3 at identical positions
in the Raman images 1.27 a and 1.27 d on page 40. Spectral traces of Mo 4 O11 or MoO2 , however,
could not be detected using the excitation wavelength of 532 nm (Figure 1.27 e and 1.27 f).

These results indicate that an additional mechanism operates in oxygen defective molybdenum oxides which influences the absorption process due to their dark colour. It can be assumed that a
resonance enhancement leads to the detection of the reduced Mo oxides when excited at 632.8 nm.
This effect may be based on the coupling of the Raman scattering process to electronic transitions
due to oxygen vacancies in the lattice.
Since the reduced molybdenum oxides in general are of dark almost black colour, i.e. absorb visible
light of any wavelength, a resonance Raman enhancement could be expected for both the 632.8 nm
and 532nm excitation wavelengths. However, this is not observed. Therefore, a more detailed
analysis of UV/VIS spectra of molybdenum oxides is necessary in order to explain the observed
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Fig. 1.27: Raman images excited at 632 nm: a: intensity distribution of the band at 996 cm 1 characteristic for MoO3 , b: intensity distribution of the band at 740 cm 1 characteristic for MoO2 and c:
intensity distribution of the band at 907 cm 1 characteristic for Mo4 O11 . Raman images recorded at
532 nm: d: intensity distribution of the band at 996 cm 1 characteristic for MoO3 , e: intensity distribution of the band at 740 cm 1 characteristic for MoO2 and f: intensity distribution of the band at
907 cm 1 characteristic for Mo4 O11 .

resonance Raman effect. The understanding of the electronic absorption observed in the UV/VIS
spectra of molybdenum oxides may be the basis for an understanding of the resonance effects in the
Raman spectra.

1.2.3.3 UV/VIS Spectroscopy
The oxidised sample, characterised by XRD and Raman, and MoO2 are black and very strong absorbing materials. Therefore, the DR-UV/VIS spectra which were obtained of these materials are
broad and structureless (Figure 1.28A) as compared to the UV/VIS spectrum of a MoO 3

x

sample

(Figure 1.28B). A detailed analysis of these broad and featureless spectra was thus not possible.
The dilution of the oxidised sample or MoO 2 in BN was not feasible either, because of the strong
absorption of BN in the UV. Therefore, a series of MoO 3

x

samples of the MoO3 structure has been

prepared with different concentration of oxygen vacancies (see previous section). In Figure 1.28,
the UV/VIS spectrum of one representative, reduced MoO3

x

sample is shown together with the

fitted Gaussian curves. The absorption bands at 2.03 and 1.28 eV have been assigned to IVCT transitions of the type Mo 5+ -O-Mo6+ ! Mo6+ -O-Mo5+ . The absorption band at 2.03 eV is attributed to
an oxygen vacancy defect state, e.g. [MoO5 ]5+ , while the band at 1.28 eV is due a IVCT transition
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of a hexacoordinated defect state, e.g. [MoO6]5+ .
The concentration of the oxygen vacancies has been

IVCT
C
D

correlated with the systematic blue shift of the ab-

applying Meyer’s rule,118 which is valid under the
assumption that the band structure and the mobility
of the electronic carriers does not change within the
series of molybdenum oxides.

532 nm

UV/VIS spectra of Mo4 O11 , Mo9 O26 and MoO2 by

632 nm

relation was established by Porter et al. from the

A
Absorption 1-R(sample)/R(SiO 2)

sorption band between 2 and 2.5 eV. 4, 70, 135 This cor-

B

difference

Because this correlation was setup using UV/VISdata from Mo4 O11 , Mo9 O26 and MoO2 the model
1

which has been developed in the previous Section
on the electronic properties of the MoO 3

x

samples

is also valid for intermediate molybdenum oxides
like Mo4 O11 . Therefore, the attempt is made to explain the observed resonant Raman enhancement of
Mo4 O11 and MoO2 by this model which is based on

2
3
Energy [eV]

4

Fig. 1.28: DR-UV/VIS spectra of the oxidised MoO2 sample (A) and of MoO3 x (B).
The thick solid lines are assigned to IVCT
transitions. Bands denoted with C (dashed
lines) are attributed to d-d transitions of the
[MoO6 ]5+ defect state, while group of bands
denoted with D (dotted lines) are assigned to
d–d transitions of the [MoO5 ]5+ defect state.

crystal field theory. The major difference between the MoO3

x

samples and Mo4 O11 is seen in the

number of charge carriers in the conduction bands, which in turn lead to minor changes of the band
structure as indicated by the observed blue shift of the IVCT absorption between 1.93 and 2.5 eV.

1.2.4 Discussion of the Resonance Raman Effect
The above described interpretation of the DR-UV/VIS spectra of reduced MoO 3

x

samples can ex-

plain the experimental observation of the different Raman signal intensities for different excitation
frequencies. The IVCT transition at 2.03 eV between a pentacoordinated Mo 5+ and a hexacoordinated MoO6+ should lead to a displacement of the potential curve of the excited state with respect
to the ground state as compared to the other transitions. This displacement is a prerequisite for the
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resonance Raman effect.38 Therefore, it can be assumed that the observed resonance enhancement
of the Raman scattering process is based on the coupling of the Raman scattering process to the
electronic IVCT transition at 2 eV in nonstoichiometric MoO 3 x . Since oxygen vacancies cause
this transition, it is assumed that similar IVCT transitions in intermediate molybdenum oxides like
Mo4 O11 are the origin for the resonant enhancement of the Raman scattering.
Olson and Schrader,128 as well as Spevack and McIntyre,32 however, report the Raman spectrum
of thin films of Mo4 O11 using an excitation wavelength of 514 nm. In the present study, the Raman spectrum of Mo4 O11 or MoO2 was not observed using an excitation wavelength of 532 nm.
This was explained by a resonant coupling of the Raman scattering to the IVCT transition and the
higher re-absorption efficiency with respect to the absorption efficiency as compared to the case
when excited with 632 nm (Figure 1.3). These at first sight contradicting observations may be explained by different absorption efficiencies of the Raman scattered light in case of the thin films and
the powdered material. In case of the thin films of Mo 4 O11 supported on a reflecting support, the
sample thickness may be smaller than the penetration depth of the excitation and Raman scattered
light. Therefore, the observed re-absorption efficiency of thin films could be smaller as compared to
powder samples. In contrast to thin film samples 32, 128 with a defined thickness on top of reflecting
materials like metals or silicon, the absorbing and reflecting properties of solid powders are additionally strongly influenced by the particle size and shape, 79 which may lead as a consequence to a
complete annihilation of the emitted Raman light.
This resonant enhancement of Raman scattering may be used to characterise catalytically important
partial oxidation catalysts like mixed MoVW oxides by in situ Raman spectroscopy. 34

1.2.5 Conclusions
The above described results indicate that a resonance enhancement is operative in molybdenum intermediate oxides based on the coupling of the Raman scattering process to electronic transitions
caused by lattice oxygen vacancies. This enhancing resonance Raman effect was demonstrated to
be responsible for the detection of the molybdenum oxides MoO 2 and Mo4 O11 in an oxide mixture
with MoO3 and BN by comparison of the Raman spectra obtained by excitation with 632.8 nm and
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532 nm. In addition, a re-absorption process of the Raman scattered light leads to a yet undetermined reduction of the resonant Raman efficiency.

1.3 Summary
In this Chapter a resonance Raman effect has been proven to be operative in molybdenum oxides.
For a excitation wavelength of 632 nm (1.96 eV) the observed Raman cross section varied as a
function of the degree of reduction of MoO 3

x

samples. This was explained by a coupling of Ra-

man scattering to the IVCT transition at 2 eV due to oxygen vacancies present in the materials.
The observed Raman cross section are explained by the different absorption and re-absorption efficiencies due a shift of the IVCT transition with increasing concentrations of oxygen vacancies.
Further, a electronic model which is based on the crystal field theory has been proposed to explain
the observed electronic transitions of MoO 3 x .
For MoO2 and the intermediate oxide Mo4 O11 a Resonance Raman effect was proven by comparing
Raman images which have been recorded with different excitation wavelengths. The strong IVCT
transition at 2 eV which has been related to a oxygen defective [MoO 5 ]5+ centre plays a key role
when explaining a resonant Raman scattering of intermediate oxides with a excitation wavelength
of 632.8 nm (1.96 eV) as shown in the following Sections.
The resonant enhancement of the Raman cross section of reduced transition metal oxides may be
very helpful to detect structural changes of molybdenum oxide based catalysts induced by varying oxygen stoichiometries during in situ Raman studies of the structure-activity and selectivity
relationships of this class of catalyst materials.
This observation is of particular interest for in situ Raman studies on molybdenum oxide based catalysts because the experimental setup, e.g. the choice of the laser, limits or expands the possibility
of in situ Raman detection.
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Chapter 2

Catalytic and Physico-Chemical
Characterisation of a Molybdenum Oxide Based Partial Oxidation Catalyst
This Chapter is addressed to the study of physicochemical and catalytic properties of a catalyst with
a composition and preparation procedure similar to industrial V and W promoted molybdenum oxides based catalysts, which are technically used for the selective oxidation of acrolein to acrylic
acid. It is highly important to further develop not only the performance of such industrial catalysts
but also the fundamental understanding of such multielement and multiphasic catalysts, e.g. the
role of each phase and their interaction under catalytic action. This information is prerequisite for
future material science tailoring of molecularly defined selective catalysts.
The objective of the first part of this Chapter is the investigation of the degree of reduction and
elemental composition of a technical catalyst by means of XRD, Raman and SEM/EDX. Changes
in the redox properties, elemental compositions and structure of the catalyst induced by the thermal
activation in an inert atmosphere are discussed with respect to the altered catalytic performance
of the thermally activated material in the methanol oxidation. The second part is addressed to a
deeper understanding of the thermal activation procedure. Therefore, the structures of the different
 Parts of this Chapter are published in G. Mestl, Ch. Linsmeier, R. Gottschall, M. Dieterle, J. Find, D. Herein,
J. Jäger, Y. Uchida and R. Schlögl, Molybdenum Oxide based Partial Oxidation Catalysts: 1. Thermally induced
Deficiency, Element and Structural Heterogeneity and the Relation to catalytic Performance, J. Mol. Catal. A.,
2000, 162, 455 and M. Dieterle, G. Mestl, J. Jäger, Y. Uchida, H. Hibst and R. Schlögl, Mixed molybdenum oxide
based partial oxidation catalyst: 2. Combined X-ray Diffraction, Electron Microscopy and Raman Investigation of
the thermal Stability of (MoVW) 5 O14 -type Oxides, (submitted, J. Mol. Catal. A)
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thermally activated catalyst samples were investigated by XRD, TEM and Raman.

2.1 Thermally Induced Oxygen Deficiency, Elemental and Structural
Heterogeneity and the Relation to Catalytic Performance
2.1.1 Introduction
Catalysts based on molybdenum oxide are industrially used for partial oxidation of hydrocarbons e.g. unsaturated aldehydes to carbon acids1, 15, 16, 137 and are active in oxidative coupling
reactions.138 For such oxides, the Mars-van Krevelen mechanism is generally accepted for selective partial oxidation reactions and describes the role of the so-called, active ”lattice” oxygen for
selective partial oxidations. 139 The adsorption of alkenes is suggested to occur at the (100) surface of
MoO3 on coordinatively unsaturated Mo sites under the formation of an allylic intermediate. 140, 141
The second reaction step, the nucleophilic oxygen insertion, is thought to occur on the (010) surface via the formation of a σ bond between the ”lattice oxygen” and the allylic intermediate. The
nucleophilic oxygen species is then inserted into the hydrocarbon to give the oxygenated product,
which desorbs, leaving an oxygen vacancy at the catalyst surface.142 This oxygen vacancy is reoxidised in the last step of the catalytic cycle and it is suggested that this occurs via oxygen bulk
diffusion. However, the actual nature of the ”lattice” oxygen is still not fully unravelled, and it
is still under debate which of the different possible metal-oxygen species actually take part in the
oxygen insertion reaction. 15, 46 From this accepted model, it can be assumed that the surface oxygen
defects generated during catalysis may be replenished either by surface oxygen diffusion, by oxygen diffusion through the surface near layer or by oxygen bulk diffusion (Figure 2.1). It may further
be anticipated that each of these three layers has a different chemical composition and structure.
Moreover this three-layer model may still be too simple and the actual catalyst may exhibit spatial
differences in composition and structure. It may be anticipated that oxygen diffusivities are affected
by the elemental compositions and the geometric structures of the catalyst phases. The real metaloxygen stoichiometry and defect structure of molybdenum oxides thus may play an important role
in selective partial oxidation reactions. It can be assumed that the degree of reduction, and hence
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the presence of reduced surface metal centres, strongly affects the adsorption properties of hydrocarbons, and the C-H bond activation. The electronic properties of reduced molybdenum oxides,
i.e. high electron density at the surface, may effect the oxygen activation.
X-ray diffraction (XRD) and transmission elec-

products

educts

tron microscopy (TEM) literature provides information about structural changes of molybdenum

O2

surface
M- -M

oxides34, 43, 44, 73, 110, 120, 122, 124, 133,143-153 as function
of their degree of reduction. The loss of oxygen

?

O2
M- -M

M- -M

subsurface
layer

M- -M

from the MoO3 lattice first was suggested to lead to
a Mo-Mo bond across the anion vacancy.75, 154 These
defects are mobile and order to extended shear defect structures upon further reduction. 54, 101, 119, 124

M- -M

M- -M

bulk

Fig. 2.1: Schematic drawing of different possible oxygen diffusion pathways in multicomponent, multiphasic partial oxidation catalysts.

A whole series of oxygen deficient structures was
identified between MoO3 and MoO2 .124, 129, 147, 145
The basis of partial oxidation catalysts often is molybdenum oxide mixed with vanadium and tungsten oxides.155 For example, the best catalytic properties for the selective oxidation of acrolein were
reported for a mixture of MoO 3 with 7 - 15% V2 O4 , which was suggested to exhibit the Mo 3 VO11 structure with the formal stoichiometry of Mo 0 75 V0 25 O2 75 .155-157 These MoVW mixed oxide cat:

:

:

alysts have been improved over the years by adding more and more promoters. 9, 33,158-164 Hence, it
has become increasingly more difficult to fully understand the role of each element and each phase
present in such multielement partial oxidation catalysts on an atomic level.

b

c

a

Fig. 2.2: Schematic drawing
of the Mo5 O14 lattice.

b

Fig. 2.3: Schematic drawing
of the Mo4 O11 lattice.
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c

a

Fig. 2.4: Schematic drawing
of the MoO3 lattice.

Previous XRD and HRTEM results on this MoVW mixed oxide catalyst of a formal stoichiometry
of Mo9 V3 W1 2 Ox revealed an nanocrystalline state being built by Mo 5 O14 sub-units.34 The crys:

tallisation of a oxide of Mo 5 O14 structure was observed after thermal activation in air. 34 Kihlborg
described this oxide to crystallise in the space group 4/mmm with an orthorhombic unit cell of the
dimensions a = b = 4.599 nm and c = 3.937 pm which is characterised by a superstructure along the
c axis.149, 48 The structure is built up by distorted four-, six- and sevenfold (pentagonal bipyramids)
Mo coordination polyhedra being mutually connected by sharing corners or edges and stacked along
a. The Mo-O distances of the sixfold coordination sphere range between 164 to 173 pm and between
228 to 237 pm, those of the pentagonal bipyramids are 177, 181, 219 and 223 pm (Figure 2.4). The
structure is disordered in the ab plane with the Mo atoms of the pentagonal bipyramid randomly
distributed above and below this plane 48 , and crystallises in bundles of small needles. Mo 5 O14 is
metastable with respect to MoO2 and MoO3 and slowly decomposes at its formation temperature. 149
Each of these crystallographic structures in principle may expose different metal-oxygen groups
and types of oxygen vacancies at their surfaces. The possibly different nature and role of these
different sites for selective partial oxidation reactions is not understood yet, although often
discussed.15, 46, 139, 140, 141, 165 Due to the discussed relevance of oxygen defects for selective oxidation, the effect of thermal activation was investigated and, hence, the removal of oxygen on the
catalytic activity of a MoVW mixed oxide catalyst. Because methanol is very reactive and because
the possible reaction products are linked to different reaction channels, 166-169 the conversion of
methanol to formaldehyde was used as a test reaction to investigate the catalytic properties of the
mixed oxide. Pure molybdenum oxide catalysts exhibit high selectivities to formaldehyde. 170 The
rate determining step was identified to be the hydrogen abstraction from the methyl group. Mo=O
double bonds were suggested to be active for the formaldehyde formation, 166-169 while bridged MoO-Mo sites lead to dimethyl ether. 169 In this respect it is interesting to note that the oxygen exchange
capabilities of the different Mo-O bonds in MoO 3 to depend on the Mo-O bond order. 70, 171
The objective of this Section is to the investigate the degree of reduction and elemental composition
of a technical catalyst by means of XRD, Raman and SEM/EDX. Changes in the redox properties, elemental compositions and structure of the catalyst induced by the thermal activation in an
inert atmosphere are discussed with respect to the altered catalytic performance of the methanol
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oxidation.

2.1.2 Experimental
2.1.2.1 Catalyst Preparation
The catalyst was prepared by spray drying aqueous solutions of the respective ammonium salts to
give the formal composition of Mo 0 68 V0 23 W0 09 Ox followed by calcination at 700 K in a 5%/95%
:

:

:

O2 /N2 mixture. One part of this batch was modified by heating in an inert gas stream of 150 ml/min
at 813 K for 2 h. This activation was characterised by TG-DTA with a SEIKO micro-balance. An
ion-molecule-reaction mass spectrometer (IMR-MS 100, Atomika) was used to detect the desorbing
gases. Xe+ and Kr+ ions were used for ionisation. The mass signal intensities were referenced to
the intensity of a defined flow of benzene added at the reactor outlet. The error in quantification due
to the non-linear behaviour of the ionisation cross sections are considerable for components like
H2 O or MeOH, which are partly protonated in the octupole of the IMR-MS by secondary reactions.
In order to reduce these problems, H2 O had been calibrated in the presence of MeOH and vice versa
but still the error is about 20 relative %.

2.1.2.2 Catalytic Characterisation
The catalyst (50 mg, BET surface area 4 m2 /g, average particle size: 10 µ m) was diluted with SiC
(Aldrich, 500 mg, particle size 5 µ m) and placed between quartz wool plugs in a glass tubular flow
reactor of 6 mm inner diameter and 300 mm length leading to a catalyst bed length of 15 mm. The
reactor dead volume was minimised to 1.5 ml by a glass stick inserted downstream of the catalyst
bed. A flow of 5 ml/min N2 was feed into an evaporator at 298 K to obtain a gas stream saturated with 8 µ mol/ml CH 3 OH. The default gas flow of O2 was 2.5 ml/min to get a reactant ratio
of MeOH: O2 = 2.5. An additional flow of N 2 was used to obtain a constant total flow rate of 200
ml/min (space velocity 28300 h 1 ). Product analysis was performed by IMR-MS (IMRMS 100,
Atomika) as stated above.
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2.1.2.3 SEM/EDX Analysis
Scanning electron microscopy (SEM) was conducted with a S 4000 FEG microscope (Hitachi). The
acceleration voltage was set at 10 kV, the objective aperture was 30 µ m, and the working distance
was 10 mm. The samples were suspended in CCl4, and mounted on Be platelets. Energy dispersive
X -ray analysis (EDX) was done with a DX 4 analyser system (EDAX) equipped with a Li-doped
Si crystal with an resolution of 140 eV at 5.9 keV, and an acceleration voltage of 15 kV. Adsorption
correction was automatically performed, position correction was done by inspection.

2.1.2.4 X-Ray Diffraction
XRD patterns were recorded on a theta-theta diffractometer (Stoe) in Bragg-Brentano geometry
using a scintillation counter detector. Monochromatic (graphite secondary monochromator) Cu K α
(154.18 pm) radiation was used. The measured XRD diffractograms were simulated with the Cerius
software package (MSI) using Retrieve single crystal data (ICSD-PDF-2).

2.1.2.5 Raman Spectroscopy
Confocal Raman microspectroscopy was conducted with a LabRam B Raman spectrometer, which
has been described on page 1.4. The slit width was set to 200 µ m giving a resolution of 2.5 cm

1

.

The line at 632 nm of a HeNe ion laser (Melles Griot) was used with laser powers of 0.14 mW
and 15 mW at the sample position. Laterally resolved confocal Raman spectra were recorded of
an area of 900 µ m2 giving a set of 1000 Raman spectra per sample. An objective with a magnification of 100 was used giving a spatial resolution about 700 nm. Each spectrum is the sum of 2
accumulations each integrated for 400 sec. These sets of spectra were statistically evaluated using
SIMPLISMA (Simple-to-use interactive self-modelling mixture analysis). 172-177 The SIMPLISMA
approach allows to resolve the spectral data matrix D (v x c) in pure component spectra and a matrix
of the concentration coefficients without prior information about the pure spectra or the concentration profiles. The matrix notation is: D T = CS, and DT =(c x v) contains mixture spectra in its rows.
The matrix C(c x n) contains in its columns the fractional contributions of the pure components in
the mixture spectra, where n is the number of pure components. S (n x v) contains the pure spectra.
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S can be resolved by least-squares, when using in C the observed intensities of the pure variables in
the spectra in D. The SIMPLISMA software runs under the MATLAB environment.

2.1.3 Results and Discussion
2.1.3.1 Thermal Activation of the Untreated Mixed Oxide
Figure 2.5 shows the TG analysis (solid line) of the untreated mixed oxide upon thermal activation (section A), during subsequent partial oxidation in methanol : oxygen = 2:1 (section B) and
methanol : oxygen = 4:3 (section C), and reoxidation in pure O 2 (section D). The final weight after
reoxidation (D) to MoO 3 (98% of the original value) evidences that the thermal activation (section
A) not only led to the loss of H 2 O and NH3 ( 2 wt%), but also to a considerable loss of oxygen
( 3 wt%), as NO and NO2 which was detected by IMR-MS. The catalytic reaction with methanol
(section B) led to a further loss of oxygen, while a subsequent increase in the oxygen partial pressure (section C) first led to a weight gain within 30 min to decrease again later. This transient
behaviour in section C may be interpreted as the establishment of a steady state of an average oxide
stoichiometry below the nominally fully oxidised composition. From the final weight after complete reoxidation, it may be attempted to estimate the stoichiometry of the active catalyst material.
From this estimation it may be suggested that the actual catalyst has a stoichiometry between the
only known stable phases in this regime, Mo 8 O23 and Mo5 O14 . This estimation of the oxygen/metal
ratio of the catalyst can be compared with that determined by RBS. 14
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2.5: Thermogravimetric
analysis of the weight changes of
the untreated mixed oxide upon
thermal activation (section A),
subsequent partial oxidation in
methanol : oxygen = 2:1 (section
B) and methanol : oxygen =
4:3 (section C) and complete
reoxidation in pure O2 (section
D). Solid line: weight change
in %; Dashed line: temperature
program during the experiment.

2.1.3.2 Temperature Programmed Reaction Spectroscopy (TPRS)
Because the thermal activation in inert gas did not change the BET surface area (it remained constant
at 4 m2 /g), the catalytic activities and selectivities of the untreated and the thermally activated catalyst can be compared for identical reactor loadings. In Fig 2.6, the TPRS is displayed from 298 to
673 K together with the isothermal steady state run for both materials. Beside CO, the main product
over the untreated mixed oxide was 0.45 vol% CH 2 O, corresponding to a formaldehyde selectivity
of 66% at 31% conversion. Thermal activation increased the CH 2 O steady state yield by a factor of
3 as shown in Figure 2.5 with a CH 2 O selectivity of 80% at 93% conversion. These data may be
compared with those of an industrial Fe 2 O3 /MoO3 catalyst reaching 95 to 99% methanol conversion with a formaldehyde selectivity between 91 and 94%. 178 The thermal activation changed the
byproduct spectrum of this reaction too. The thermally activated catalyst gave only a small amount
of (CH3 )2 O as the byproduct. Thus according to literature, 166-169 it may concluded that two reaction
paths are active on the catalyst depending on thermal activation.
The activation energies of the formaldehyde formation over both catalysts were determined between
600 and 663 K (inset of Figure 2.6). As CH 2 O was the main product and because CO2 was not detected, the apparent activation energy for the CH 2 O formation could be determined to be E a = 79
kJ/mol for the untreated mixed oxide, and E a = 73 kJ/mol for the thermally activated catalyst.

1.8

ln[CHO]

1.4

concentration [vol%]

Fig. 2.6: TPRS from 298 to 673 K
(vol% formaldehyde) together
with the isothermal steady state
run at 673 K for 50 mg of both,
the untreated mixed oxide and
the thermally activated catalyst,
diluted in 500 mg SiC. The inset
shows the activation energies
determined over both catalysts:
thermally activated mixed oxide
; untreated mixed oxide .
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The improved activity of the thermally activated catalyst is not attributed to a decreased activation
energy but to an increased preexponential factor, i.e. an increased number of active sites on the
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catalyst surface. An increase of the O2 partial pressure in the feed by a factor of 3 at 673 K reactor
temperature led to a decrease in the CH2 O selectivity from 80% to 61% during 3 h on stream. From
the three-fold increase of the stoichiometric oxygen partial pressure, one would expect a much more
dramatic decrease in selectivity than the observed one quarter and the clear detection of CO 2 . CO2 ,
however, was only detected in traces.

2.1.3.3 Physicochemical Characterisation
2.1.3.4

SEM/EDX Analysis

The SEM images reveal that large parts of the MoVW mixed oxide precursor consist of about 10 µ m
large spherical segments (not shown). A higher resolved image (not shown) did not reveal particle
shapes which would indicate crystalline material. Secondary electron (SE) imaging and backscattered electron (BSE) imaging modes of operation were used in combination with EDX analysis
to investigate the elemental distribution of Mo, V and W. The elemental compositions of different
spots in the BSE image were determined by EDX. While the W concentration was comparable (9
and 8 at%), concentration variations were detected for Mo and V with 51 and 43 at%, and 20 and
27 at%, respectively. EDX analysis revealed two phases with differing Mo and V concentrations,
while the W content was comparable with 6 and 9 at%, respectively. The bright area in the SE
image had a high concentration of 53 at% Mo relative to 18 at% V. Dark areas in the SE image had
a Mo concentration of 36 at% but a content of 28 at% V. The dark areas are identified with the outer
surface of the spherical-like particles, while the bright ones were due to cleavage faces.
EDX mapping was conducted of a 900
Sample

Global

SEM/EDX*

Mo

V

W

µ m2 area in order to confirm this re-

untreated oxide

65

24

11

sult. Figure 2.7 shows the SEM image

activated catalyst

79

13

8

formal stoichiometry
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9

and the Mo, V, and W distributions are
depicted in Figure 2.7 B, C, D, respec-

Table 2.1: Element concentrations of the pristine catalyst
and the activated mixed oxide catalyst in at%.(* normalised tively. While the Mo and W concentrato the sum of metals due to uncertainty in oxygen determination.
tions showed a similar distribution (Fig.

2.16B and D), regions of about 5 to 10 µ m in size were identified which had a high vanadium
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concentration (Fig. 2.7 C) but were depleted in Mo and W (Fig. 2.7 B and D). EDX spectra were
recorded of a V rich and V depleted area (marked by arrows in Fig. 2.7 C). Mo, V and W concentrations of 59 at%, 33 at% and 8 at% respectively, were determined for the V-rich area, while Mo, V
and W concentrations of 86 at%, 5 at% and 8 at%, respectively, were detected for V depleted areas.

Fig. 2.7: SEM-EDX mapping of
an area of 900 µ m2 of untreated
MoVW mixed oxide; A: SEM image; B: Mo-, C: V-, and D: WEDX mapping.

The SEM images of the thermally activated catalyst (Figure 2.8 A) show, that in contrast to the
untreated MoVW oxide, the particles were agglomerates of platelet-like crystallites of a few hundredths of nm in size (Figure 2.8B). But there remained parts of the sample which still showed
irregular particle shapes (not shown). EDX characterisation of 1 to 3 µ m sized platelet-like crystals
(not shown) revealed almost the exclusive presence of Mo with 32 at% and only small concentrations of V (3 at%), and W (1 at%). Particles with an irregular habit had higher concentration of V
(19 at%) and W (3 at%) relative to Mo (30 at%).

Fig. 2.8: SEM images of the
thermally activated mixed oxide
catalyst.
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SEM-EDX mapping of a 900 µ m2 large area was used to probe the elemental heterogeneity after
thermal activation (see Table 2.1). While the Mo and W concentration distributions were similar
throughout the analysed sample (Mo 71 at%, V 11 at%, W 18 at%), an area of about 5 to 10 µ m
size was detected which shows a high V concentration (44 at%) and reduced Mo (48 at%) and W (8
at%) contents. Thermal activation did not lead to homogeneous element distribution on this length
scale (see Table 2.1).
TEM-EDX determined the element distribution of the thermally activated catalyst on the submicron scale (not shown). In contrast to the untreated mixed oxide, the thermally activated catalyst
exhibited an inhomogeneous element distribution. Thermal activation led to segregation of V on the
submicron regime.14
In summary, SEM/EDX techniques show that the mixed oxide precursor is characterised by an
inhomogeneous elemental distribution on the length scale of a few microns. The element distribution is homogeneous on the submicron scale. The particle shapes do not point to the presence of
well crystallised materials. The results may be explained by the preparation procedure. Different
isopolyoxometalates, e.g. isopolyoxomolybdates or isopolyoxovanadates in solution may lead to
elemental inhomogeneities during the drying process (see Chapter 5). Thermal activation led to the
formation of regular particle shapes pointing to crystallisation and to vanadium segregation on the
submicron scale.

2.1.3.5 X-ray diffraction of the MoVW Mixed Oxide

This type of MoVW mixed oxide maMo5 O14
const.

MoO3

terial was already investigated by
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H. Werner et al.
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and HRTEM for structural characterisation34 .

c
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397.5

369.7

3693.8

The XRD pattern of the present mixed

who used XRD

Table 2.2: Experimental unit cell parameters and literature oxide precursor is shown in Figure 2.9
data.

together with simulated XRD patterns
of nanocrystalline Mo5 O14 and MoO3 . The experimentally determined cell parameters as well as
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the simulation parameters are given in Tab. 2.2. The experimental XRD pattern fully confirms the
results reported by Werner et al34 . The MoVW mixed oxide was found almost XRD amorphous
(Figure 2.9). The XRD pattern could be simulated as being composed of nanocrystalline oxides
of Mo5 O14 and MoO3 structure. The two very broad reflections at about 23 Æ and 27Æ 2θ can be
attributed, according to the simulated diffraction patterns, to the main metal-metal distances of

4 Å

found in the oxide of Mo 5 O14 structure and of

3 Å

found in MoO 3 oxide, respectively.

According to the XRD simulations, the presence of nanocrystalline V 2 O5 has to be excluded for the
untreated mixed oxide. The X-ray coherence lengths between 100 and 1500 pm, which were used
for the simulation of the Mo 5 O14 and MoO3 patterns, compare well with the TEM observation of
particles smaller than 100 nm.

Fig. 2.9: XRD pattern of the
untreated MoVW mixed oxide
(a, dots) together with the
simulations of nanocrystalline
MoO3 (b, short dashed line)
and nanocrystalline Mo5 O14 (c,
long dashed line); XRD pattern of the thermally activated
MoVW mixed oxide (d, dots)
and the simulated pattern of
crystalline Mo5 O14 (e, solid
line).

The XRD pattern of the thermally activated mixed oxide is also presented in Figure 2.9 together
with its simulation. The experimentally observed cell parameters and the simulation parameters are
given too in Table 2.2. The crystallinity has increased after thermal activation, in agreement with
Werner et al.34 who also observed crystallisation at 773 K in air. Two phases were positively identified by XRD in the present samples. The main MoVW phase is represented by a structure similar
to that of Mo5 O14 . The minority phase was identified as being of MoO 3 structure. In addition,
the presence of traces of MoO2 and VO2 cannot be excluded from the experimental diffractogram.
This result was confirmed by a simulation XRD pattern of Mo 5 O14 and MoO3 . The increased crystallinity of Mo 5 O14 is also reflected in the coherence length parameters of the simulated pattern
which are about 30 nm. The incorporation of V or W in both these MoVW phases at Mo positions
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is not directly reflected by new reflections. The contraction of the a axis and slight expansion of
the c axis of the (MoVW)5 O14 unit cell as compared to Mo5 O14 indicates the incorporation of V
and W into the real structure of this phase. Comparable expansions and contractions of the unit
cell parameters were also observed for the real structure of the minority (MoVW)O 3 phase, also
indicating the incorporation of V and W.

2.1.3.6 Confocal Raman Microspectroscopy
Raman spectroscopy is suited to characterise the structure of X-ray amorphous materials. The special capabilities of laterally resolved confocal Raman microspectroscopy are combined with the
SEM-EDX and XRD results. Raman mapping was done with the lowest possible laser power to
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Fig. 2.10: a and b: Two representative confocal Raman spectra of untreated MoVW mixed
oxide recorded at two different spots with minimum laser power. c and d: SIMPLISMA analysis of the set of Raman spectra. Spectrally pure
majority c and minority d components.

Fig. 2.11: a and b: Two representative confocal Raman spectra of thermally activated MoVW
mixed oxide recorded at two different spots with
minimum laser power. c-e: SIMPLISMA analysis of the set of Raman spectra. Spectrally pure
majority c and minority d,e components.

The Raman spectra of the untreated precursor oxide (Figure 2.10 a,b) showed only a broad illdefined signal between 600 and 1000 cm

1

and a broad background in the lattice mode regime. The

broad feature between 600 and 1000 cm

1

exhibits some structure at about 720(sh), between 830
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and 860 cm 1 , and at 930 cm 1 . These bands and shoulders occur in the typical regime of Mo-O
vibrations. This observation confirms the XRD result of a nanocrystalline material. SIMPLISMA
evaluation (Figure 2.10c, d) gave some additional information on the number of structurally different mixed oxide precursor species. The set of spectra can be calculated by linear combinations
of two weighted spectral components. The spectral component 1 shows two features at about 930
and 870 cm 1 , while the spectrally pure component 2 shows a weak feature at about 900 cm

1

and a broad band centred at about 800 cm 1 . By comparison with the XRD result of oxides of
Mo5 O14 and MoO3 structure in the precursor material, the spectral component 1 is attributed to the
nanocrystalline oxide of Mo 5 O14 structure, component 2 to the nanocrystalline MoO 3 oxide.
Two Raman spectra (spectrum a and b of Figure 2.11) recorded at different spots of the thermally
activated catalyst confirm that the activated MoVW mixed oxide remained structurally inhomogeneous. Spectrum a of Figure 2.11 shows bands at about 970(sh), 900, 850 and 710 cm

1

. Spectrum

b exhibits bands at 740 and 580 cm 1 . The spectrally pure components of this set of 100 Raman
spectra were determined by SIMPLISMA (spectra c, d, and e of Figure 2.11). The spectrally pure
major component (spectrum c of Figure 2.11) exhibits bands or shoulders at about 970, 900, 850,
and 700 cm 1 . This component resembles the experimental Raman spectrum a of Figure 2.11. By
comparison with the XRD result, the major component of the Raman spectra is identified with the
oxide of Mo5 O14 structure present after thermal activation, and therefore may serve as a fingerprint
for this oxide. All three transition metal ions, Mo, V, and W, however, have Raman bands due to
M-O vibrations in this frequency regime depending on the coordination sphere and symmetry, and
probably the degree of reduction. Spectrum d of Figure 2.11 represents one minority component
of the thermally activated MoVW mixed oxide. It shows bands at about 740 and 580 cm

1

and is

comparable to the experimental spectrum b of Figure 2.11. This component can be identified by
MoO2 by comparison with a reference spectrum of MoO2 .179 MoO2 was detected in trace amounts
by XRD too. The second spectrally pure minority component identified by SIMPLISMA (spectrum e of Figure 2.11) exhibits only very ill-defined, broad features with a broad maximum at about
815 cm 1 . This component is identified with nanocrystalline oxide of MoO 3 structure. It is known
that Mo5 O14 is metastable at its temperature of formation with respect to the disproportionation in
MoO3 and MoO2 ,34, 149 which explains the detection of oxides of MoO 3 and MoO2 structure.
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In summary, Raman and XRD characterisation of the thermally activated material reveals structural
heterogeneity of the MoVW mixed oxide with Mo 5 O14 -type oxides being the major component and
MoO3 - and MoO2 -type oxides being the minority species. Figure 2.12 contains two plots of the laterally resolved Raman spectra recorded of this sample. The Raman image A of Figure 2.12 shows
1

the intensity distribution of the band at 750 cm

characteristic of MoO2 oxides, while the Raman

image B of Figure 2.12 shows the intensity distribution of the band at 850 cm

1

characteristic of

oxides of Mo5 O14 structure. The different intensity distributions obtained for the two characteristic
metal-oxygen vibrations evidence that the sample is structurally heterogeneous. Areas showing a
high intensity of the Mo 5 O14 band at 850 cm

1

exhibits only weak band intensities due to MoO 2

and vice versa. Thus, it may be concluded that the oxides of Mo5 O14 and MoO2 structure are mutually formed. This result is in agreement with the observation of a spatially heterogeneous element
distribution as determined by EDX as shown in the previous Section.

Fig. 2.12: a: Raman micro image of the thermally activated MoVW mixed oxide as generated from the intensity of the Raman band at
740 cm 1 (first minority component). Bright areas indicate strong band intensities, dark areas
weak intensities.

Fig. 2.12: b: Raman micro image of the thermally activated MoVW mixed oxide as generated from the intensity of the Raman band at
850 cm 1 (majority component). Bright areas indicate strong band intensities, dark areas
weak intensities.

2.1.4 Conclusions
Catalytic tests showed that activation at 813 K in inert gas resulted in an increase of the catalytic
methanol oxidation and a CH 2 O yield by 300%. The activation energies of the formaldehyde formation were found to be similar for both catalysts. Therefore, it can be suggested that the reaction
mechanism of the formaldehyde formation was not altered by the thermal activation as compared to
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the reaction over the precursor oxide. On the other hand, the pre-exponential factors as determined
from the Arrhenius plots differed significantly. This result suggests a higher concentration of sites
active for the formaldehyde formation on the thermally activated catalyst as compared to the untreated mixed oxide. Because thermal activation may have caused the formation of surface oxygen
defects, there is reason for the assumption that these defects play the key role for the improved
catalytic activity as often stated in the literature. 15, 46, 139, 141, 140, 165
In order to understand this increase of the catalytic reactivity of a MoVW mixed oxide catalyst,
the compositional changes were investigated which occur during the activation. SEM-EDX of the
untreated catalyst revealed at least two different phases of different V concentrations. According to
SEM-EDX, the thermally activated mixed oxide exhibited an inhomogeneous element distribution
in the micron and submicron regime.
Additional RBS, XPS, ISS and UPS investigations 14 gave the analytical confirmation that the thermally activated catalyst contained less bulk and surface oxygen and, hence, more oxygen defects
relative to the untreated precursor oxide. The combination of these methods was necessary to show
that this holds true for both the surface region and the bulk. A picture of the bulk composition and
stoichiometry was developed by RFA, global EDX and XRD.
XRD characterisation of the starting material showed the presence of a nanocrystalline material in
line with the SEM/TEM investigations. The XRD pattern of the untreated starting material can be
simulated and interpreted as being a mixture of nanocrystalline oxides of Mo 5 O14 and MoO3 structure. Confocal Raman microspectroscopy confirmed the presence of two different components in
the starting mixed oxide, and the spectra were assigned accordingly. After thermal activation, the
mixed oxide consisted of a mixture of a majority of oxides of Mo 5 O14 structure and a minority of
crystalline MoO3 -type oxides. The presence of traces of MoO2 and VO2 oxides cannot be ruled out
by XRD. The Raman spectrum of the major oxide phase of Mo5 O14 structure could be identified by
statistical data evaluation and by comparison with the XRD result. Raman microscopy confirmed
the presence of small amounts of oxides of MoO3 and MoO2 structure. This result may be understood in relation to the metastability of Mo 5 O14 with respect to MoO3 and MoO2 at its formation
temperature.34, 149 The combined positive XRD and Raman identification of the oxide of Mo 5 O14
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structure as the majority component may be related to the observed increase of the catalytic activity
for formaldehyde formation by a factor of three after thermal activation. These combined observations strongly suggest that the oxide of Mo 5 O14 structure is one relevant candidate being active and
selective for selective partial oxidation reactions.
Andrushkevich reported on a high activity and selectivity of Mo 4 O11 for the partial oxidation of
acrolein.156 This observation is highly interesting in respect to the presented results. Mo 4 O11 has
an oxygen stoichiometry of 2.75 being very close to the one of Mo 5 O14 , with 2.8. Despite this
close stoichiometry, both crystal structures are very different as shown in Figure 2.3 and 2.2. It
is known from experiments to synthesise single phase, well-crystallised Mo oxides that Mo 4 O11
exhibits a local stability maximum in the phase regime between MoO 2 and MoO3 .179 The local
stability maximum of Mo 4 O11 and the metastability of Mo 5 O14 may explain the difference in the
reported observations and those of Andrushkevich. 155 Due to the high thermodynamic stability of
Mo4 O11 , which can coexist with the catalytically inactive MoO 2 , Mo5 O14 may be regarded as being more active than Mo4 O11 . The oxide of Mo5 O14 structure remains nanocrystalline under the
preparation conditions usually used. This thermodynamically highly unstable oxide and its high instability (high internal energy) is seen to be responsible for a high catalytic activity. Cation (V 5+

4+

=

)

and anion diffusion may be easy and fast redox changes within the structure may be possible. Hyde
and O0 Keefe developed a general understanding of a cylindrical shear mechanism which relates
Mo5 O14 , Mo17 O47 , W18 O49 , Nb16 W18 O94 , Bi6 Nb34 O94 , and tetragonal tungsten bronzes (see Figure
2.13).180 According to this mechanism, the rotation of a Mo 4 O20 -subunit within the MoO 3 -derived
oxide planes leads to the formation of 7-fold, and 4-fold coordination beside the 6-fold coordination,
primarily without any change in stoichiometry or the oxidation state of the metal centres as shown
in Figure 2.13. This rotational shear mechanism can occur at any site within the molybdenum oxide layer, thus, leading to broad varieties of possible defect structures, superstructures, intergrowth
and nonstoichiometries. This model explains the structure of the investigated MoVW mixed oxide.
It is nanocrystalline and of the Mo 5 O14 structure. In addition, the metastability of Mo 5 O14 with
respect to its disproportionation into MoO 2 and MoO3 may shed light into the observed long-time
instability of these type of industrial catalysts.
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A

B

Fig. 2.13: Crystal structures of MoO3 and
Mo5 O14 .

Mo5 O14 , as Mo4 O11 , tolerates the incorporation of considerable amounts of V and W. 45 Thus, mixed
MoVW oxides are formed from MoO3 , WO3 and V2 O5 at high temperatures with crystal structures resembling that of Mo5 O14 .42, 47, 181 The stoichiometry of such phases were reported to be
(Mo0 92V0 08 )O14 or (Mo0 75W0 25 )O14 ,145 respectively. The incorporation of W, especially, seems
:

:

:

:

to favour the formation of oxide of Mo 5 O14 structure and can be compared with the results on Ta
and Nb incorporation. 45, 48 Hence, it may be concluded that the incorporation of about 8 at% W
into the investigated mixed oxide of Mo 5 O14 structure leads to its stabilisation. This suggestion also
seems to be supported by the observation of a homogeneous W distribution throughout the MoVW
oxide at all length scales investigated irrespective of the thermal treatment. Vanadium is statistically
incorporated into Mo 5 O14 ,42, 181 although it seems to prefer octahedral sites close to a metal-metal
bond (Mo5+

4+

=

centres) in the structurally related Mo 17 O47 .29 In addition, Mo 5 O14 seems to tolerate

large variations in the V content up to 30 at%. This fact explains why mainly oxides of Mo 5 O14
structure were detected by XRD and Raman, although SEM/EDX revealed large variations in the V
distribution.
In summary, (MoVW)5O14 oxides are promising candidates for the active and selective phase in
partial oxidation reactions. These (MoVW) 5 O14 oxides are complex systems containing several minority species besides the Mo5 O14 phase, which is highly variable in its chemical composition and
oxidation state depending on the redox potential of the surrounding gas phase.
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2.2 Combined X-Ray Diffraction, Electron Microscopy and Raman Investigation of the Phase Stability of Oxides of Mo5O14 Structure.
2.2.1 Introduction
Transition metal oxides show a broad structural variety due to their ability to form intermediate
oxides. These oxides e.g. for example molybdenum, tungsten or vanadium oxide, exhibit different
crystallographic structures as a function of the oxygen stoichiometry with different physicochemical properties.5, 86, 114 It can be expected that these intermediate oxides with strong crystallographic
anisotropies show different catalytic properties for different exposed crystal faces. One possible reason responsible for surface structure sensitivity may be the differently strong M=O bonds at the different surface planes. The stronger the M=O bond the more basic is its functionality. Other reasons
for different activities may be different oxygen species on the different crystal planes, e.g. terminal, doubly, or triply bridging oxygens, generating electrophilic or nucleophilic oxidation chemistry
on the different crystal planes. In addition to this surface structure sensitivity there may be what
one may call ”compound sensitivity”. Of all possible oxides there may only be one single structurally defined oxide which exhibits the highest catalytic selectivity and activity. This ”compound
sensitivity” may be due to its special geometric, electronic or diffusion properties providing highly
shape selective active sites, optimum match of catalyst and substrate electronic states and fast redox
kinetics. Structure and ”compound” sensitivity for oxidation reactions serve as guidelines for the
development and fundamental understanding of catalysts and their catalytic properties. 15
It has been shown in the previous Section of this series that a tungsten and vanadium promoted
nanocrystalline Mo5 O14 oxide is formed at 673 K,14 far below the temperatures reported by
Kihlborg. Therefore, these additional transition metal oxides may be seen as structural or electronic promoters. The promoting role of these additional transition metals (Ta, Nb 121 ) may be
understood as stabilising these tunnel structures due to their different size (Mo 6+ : 62 pm, Ta5+ :
68 pm, Nb5+ :69 pm182 ) with respect to the Mo cation. Alternatively, different redox properties
of cations with sizes comparable to Mo6+ , e.g. W6+ : 62 pm, V4+ : 63 pm, or smaller, e.g. V5+ :
59 pm, can also lead to structural promotion by defining an overall oxygen stoichiometry close to
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2.8. As a consequence of this stabilisation, these mixed oxide structures are rather stable as selective oxidation catalyst under the oxidative atmospheres and the temperatures needed for high
conversions. In this context, it is important to note that the elemental compositions of these mixed
oxides (Mo0 92 V0 08)5 O14 or (Mo0 75W0 25 )5 O14 are close to that of industrial catalysts. 34, 14
:

:

:

:

The catalyst investigated in this study has an overall composition of Mo 0 64V0 25 W0 09 Ox .14 After
:

:

:

preparation and calcination of the precursor polyoxometalate at 673 K under nitrogen mainly an
nanocrystalline oxide of Mo 5 O14 structure was observed.14
Different activation temperatures have been applied to the quaternary (MoVW) 5 O14 oxide in order
to obtain information about the complex and still not well understood thermodynamics and the phase
stability of this compound. 149, 14 Therefore, MoVW mixed oxide specimens, which have been thermally treated at different temperatures for different time periods, were investigated by XRD, high
resolution transmission electron microscopy (HRTEM), and Raman microspectroscopy.
High resolution transmission electron microscopy is a decisive method to unravel their actual microor nano-structure. Especially, because most industrially relevant catalysts are difficult to characterise by the above mentioned techniques due to their high amorphicity. Bulk characterisation
methods like XRD or EXAFS, or methods with a low lateral resolution like conventional Raman or
IR-spectroscopy are hardly suitable to elucidate the real structures of the different particles within
the catalyst material.

2.2.2 Experimental
2.2.2.1 Preparation of Thermally Activated MoVW Mixed Oxides
The preparation of the starting material of this investigation has been described in the previous
Section on page 48. The obtained bluish black compound was used as a solid precursor for the
structural investigations, 34, 10 and will be referred to as the starting material.
The thermal activation treatments have been carried out in a quartz tubular flow reactor (see Chapter
4 on page 106) in the temperature range of 673 K to 829 K in a flow of 100 ml/min pure nitrogen
for 1 or 2 hours. The accuracy of the indicated temperatures is  1 Æ C.
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2.2.2.2 X-ray Diffraction
All XRD measurements were made with a STOE STADI-P focusing monochromatic transmission
diffractometer (Ge primary monochromator, Cu-Kα 1 radiation), equipped with a position sensitive
detector (PSD) at room temperature. The phase analysis was done with the PCW 2.2 software
package109 using Retrieve single crystal data (ICSD-PDF-2).

2.2.2.3 Transmission Electron Microscopy
Specimens for electron microscopy have been prepared by the standard powder preparation technique. A small amount of oxide powder was crushed in corundum mortars to a finer powder if
necessary. This specimen powder was dispersed in a neutral organic solvent, usually n-pentane, by
ultrasonic stimulation. The smallest droplet of such a suspension, typically several µ l, was brought
on a copper grid covered by a carbon film.
Such specimens were analysed by a Philips CM 200 FEG electron microscope using a side-entry
double-tilt specimen holder. The electron microscopy observations can be classified in different
stages. Observations with relatively low magnifications obtain the morphological information of
the specimens. Crystallographic information of small particles in the specimen can be obtained by
recording their electron diffraction patterns using the selected area electron diffraction technique
(SAED). A similar information can directly be obtained by taking the electron micrograph at the
highest magnification, if the electron microscope has a sufficient resolution capability and the crystalline specimen is suitably thin and oriented to the incident electron beam. Further possibilities
to obtain the crystallographic information by electron microscopy will be discussed below in the
different individual cases.
Irradiation damage of the oxide specimens in the electron beam during electron microscopy observation is one of the largest problems of this technique, 53 because MoO3 crystals and the related
intermediate Mo oxides are very sensitive to electron irradiation. Therefore special care has been
taken to avoid irradiation damage.
The elemental distribution in the MoVW oxide specimen was obtained by elemental mapping using
the EDX equipment (EDAX, Oxford Instruments) or the electron energy loss spectroscopy tech-
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nique (EELS) attached to the high resolution electron microscope.

2.2.2.4 Raman Microspectroscopy
All Raman spectra were recorded with a DILOR LABRAM I spectrometer which as been described
on page 15. Experimental conditions are described on page 49. Two scans with an accumulation
time of 150 sec. have been averaged for one spectrum.
SIMPLISMA174, 175, 177 was used to derive the linearly independent Raman spectral components of
large data sets. The statistical analysis was applied to a set of 500 Raman spectra in total built by
five subsets of 100 laterally resolved Raman spectra recorded of the samples thermally activated at
673, 803, 813, 818 and 829 K, respectively.

2.2.3 Results and Discussion
2.2.3.1 XRD
The structures of the oxides obtained by thermal activation of the starting material were analysed
by XRD (Figure 2.14). The XRD pattern of the XRD nanocrystalline starting material (Figure
2.14a) can be understood as a mixture of a majority of nanocrystalline oxide with Mo 5 O14 structure
and minor amounts of nanocrystalline material with MoO 3 structure.14, 34 The thermally activated
sample, which showed an enhancement of its catalytic activity by a factor of three consists of a
crystalline oxide with Mo 5 O14 structure and minor amounts of an oxide with MoO 3 structure.
The crystallisation of mainly the oxide of Mo 5 O14 structure was observed after thermal activation
in the narrow temperature range between 803 K and 818 K (XRD reflections indicated by + in Figure 2.14b, d). The structures of monoclinic MoO 2 (XRD reflections indicated by # in Figure 2.14)
and orthorhombic MoO3 (XRD reflections indicated by * in Figure 2.14) were observed beside the
oxide of Mo5 O14 structure. In general, the higher the activation temperature the more crystalline
oxides of MoO3 and MoO2 structure were found.
Activation temperatures higher than 823 K led to an almost quantitative decomposition of the
Mo5 O14 oxide (Figure 2.14e). The main decomposition products were oxides of orthorhombic
MoO3 , MoO2 structures and X-ray amorphous oxides at activation temperatures above 818 K. The
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decomposition of the oxide of Mo 5 O14 structure may, therefore, be understood as a disproportionation into the thermodynamically stable phases of MoO 2 and MoO3 structure, and a X-ray amorphous
mixed oxide. The lattice constants of the oxide of MoO 3 structure (a = 4.217 Å ; b = 13.458 Å ; c
= 3.951 Å) exhibits contractions of the a- and c-axis, while an elongation of the b-axis is observed
in comparison to pure MoO3 (Pbmn, a = 3.964 Å, b = 13.863 Å, c = 3.699 Å, β = 120.9). 75 For
the oxide of MoO2 structure (a = 5.611 Å ; b = 4.856 Å ; c = 5.317 Å), the comparison with pure
MoO2 (P21/c, a = 5.610 Å, b = 4.857 Å, c = 5.626 Å, β =120.9) 132 reveals a contraction of the
a-axis and an elongation of the c-axis. These changes of the lattice parameters are probably due to
the incorporated tungsten and vanadium. The lattice parameters of the oxide of Mo 5 O14 structure
(a = 22.826 Å, c = 3.983 Å) are in good agreement with literature data of V substituted Mo 5 O14 47
or calculated data.14
A quantification of the overall phase compositions
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of these thermally activated samples was not pose
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sible due to the remaining nanocrystalline oxide of
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cated by the rather high X-ray background (see inset
of Figure 2.14). However, in an attempt to further understand the changes in the crystallinity, the integral
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intensity ratios of the X-ray amorphous background
and the observed diffraction peaks both normalised to
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Fig. 2.14: XRD pattern of the starting material and catalysts activated at temperatures
indicated: a) starting material, b) activated
at 803 K, c) activated at 813 K, d) activated
at 823 K, e) activated at 829 K. The reflections of Mo5 O14 (+), MoO2 (#) and MoO3 (*)
are indicated.

an internal Si standard were evaluated to gain information about the change in the degree of crystallisation with treatment temperature. About 76 % of the
total X-ray intensity was found in the X-ray amorphous background of the X-ray pattern of the starting material. Only 17% of the sample consisted of
nanocrystalline oxide of Mo 5 O14 structure.

Upon thermal treatment, the X-ray amorphous part of the sample diminished. 90% of the total crystalline material within the samples treated at temperatures below 823 K consisted of an crystalline
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oxide of Mo5 O14 structure. The remaining 10% crystalline oxides comprise mainly of orthorhombic MoO3 -type oxides and minor amounts of monoclinic MoO 2 . After the thermal activation the
amount of the crystalline oxide of Mo 5 O14 structure has strongly decreased on cost of the crystalline
oxide of orthorhombic MoO 3 structure and minor amounts of monoclinic MoO 2 .

2.2.3.2 HRTEM
The MoVW mixed oxides appear as black powders and their particle size distribution is between
0.1 µ m and a few µ m as determined by scanning electron microscopy.14 These particle aggregates
have an inner structure of either small crystallites or are almost amorphous as shown by TEM. 14

2.2.3.2.1 The Starting MoVW Mixed Oxide Material
The starting material has been thermally treated at 673 K. This temperature leads to complete decomposition of the ammonium oxometalate precursor. Multicomponent systems like these MoVW
mixed oxides may show different phases with different elemental compositions depending on their
activation history, e.g. as a function of treatment temperature, time, atmosphere etc. X-ray diffraction and Raman measurements revealed that the MoVW mixed oxide is mainly nanocrystalline,
which has been activated at 723 K. Different molybdenum oxides and bronzes are formed during
the complex decomposition process of ammonium molybdates. 183, 184 Additional tungsten or vanadium strongly influence this decomposition process and the phase stability of the oxide of Mo 5 O14
structure.
Transmission electron microscopy observations, however, unravelled that the specimen contained
at least two different types of particles. Electron micrographs and diffraction patterns of the relatively large nanocrystalline particles and the typical aggregates of very small crystalline particles
are shown in Figure 2.15 A and B and 2.15 C and D, respectively. The relative amount of the
nanocrystalline particles is about four times larger than that of aggregates of crystalline particles.
These different types of particles can hardly be distinguished by a simple morphological SEM observation.
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Fig. 2.15: Electron micrographs and diffraction
patterns of the amorphous
starting material.
A:
Amorphous particles and
B selected area electron
diffraction (SAED). C:
Aggregates of crystalline
particles and D SAED
pattern. E: Lattice images
obtained from crystallised
particles.

Electron diffraction patterns shown in Figure 2.15 A exhibit relative broad diffraction rings. The
first diffraction ring corresponds to a lattice spacing of about 0.42 nm and the mean particle size
is estimated to be about 5 nm. Further diffraction rings correspond to the lattice spacings of 0.32
- 0.35, and 0.17 - 0.21 nm, respectively. Therefore, a complete periodic character of the materials
in the specimen cannot be deduced from this electron diffraction pattern. Resolved lattice images
could not be obtained in high magnification electron micrographs of these type of nanocrystalline
particles. The determined lattice constants fit well to the expected regular (0.23 nm) and doubled
lattice (0.46 nm) constants in the a and b direction of the tetragonal Mo 5 O14 oxide.149 The large mismatch of about 9 % relative to the values reported by Kihlborg may be due to the nanocrystalline
state of the material and a contraction along the a and b-axis due to the V and/or W incorporation.
The large background seen in the X-ray patterns (Figure 2.14) may in part be caused by this electron microscopy nanocrystalline material. The integral ratio of the nanocrystalline background and
the peak areas in the SAED pattern of this material indicates comparable compositions revealed by
XRD and electron microscopy.
The electron diffraction patterns recorded of aggregates of crystalline particles exhibit typical
diffraction spots, as shown in Figure 2.15 C. The average size of these small crystallite particles
was estimated to be about 10 - 15 nm. The individual crystallite particle is, therefore, too small to
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be manipulated in the electron microscope in order to determine its crystal structure. An image of
resolved lattice planes has been observed at the edge of the small aggregate (Figure 2.15 E). Almost
all lattice spacings were determined to be 0.42 nm. Again this value fits well to the expected lattice
constants of Mo5 O14 . TEM reveals that the decomposition of the ammonium oxometalate precursors at 673 K leads only to a minor crystallisation of about 20 % of the material. This result agrees
well with the XRD result of a mainly nanocrystalline starting material (Figure 2.14a).

2.2.3.2.2 Mixed Oxides Activated at 813 K for 1h and 2h.
After activation at 813 K, crystalline particles of an oxide of orthorhombic MoO 3 structure are
found as shown in Figure 2.16 A and B. Crystals of the oxide of Mo 5 O14 structure are detected too
by TEM in agreement with previous work as shown in Figure 2.16 C and D. 34, 14 The resolution
of this electron micrograph is limited due to unfavourable defocusing and a small miss-orientation
of the crystal to the incident electron beam. 200 electron diffraction spots can be recognised in
the diffraction pattern (Figure 2.16 C) in spite of the forbidden diffraction spots for usual Mo 5 O14
crystals.
Most importantly, MoVW mixed oxides of another structure have additionally been detected after
these temperature treatments. An electron micrograph and the electron diffraction pattern of this
structure are shown in Figure 2.16 E and F. It can be deduced from this micrograph and SAED pattern that this peculiar type of an MoVW mixed oxide has a layered or fibrous structure with irregular
ordering. This irregular ordering clearly can be recognised in the diffraction pattern. This special
MoVW oxide phase was observed after activating the precursor oxide at 813 K for 1 and 2 hours.
This peculiar structure is termed ”bundle structure”, because this structure seems to be formed by
bundles of oxide strings as suggested by its electron micrograph (vide infra).
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Fig. 2.16: Electron micrographs and SAED patterns
of the mixed oxide which
was activated at 813 K for 2
hours. A and B: MoO3 -type
particle.

Fig. 2.16: C and
Mo5 O14 -type particle.

D:

Fig. 2.16: E and F: Electron micrograph and SAED
pattern of "bundle" structure.

2.2.3.2.3 Mixed Oxides Activated at 818 K for 2h
About 80% of the found oxide particles are of Mo 5 O14 structure with a lattice constant of 0.42 nm
after this activation treatment (Figure 2.17 A and B). Their crystallite size has remarkably increased
as compared to that of the crystallites in the specimen activated at 813 K for 2h. The average crystallite size after the thermal treatment at 818 K is estimated to be around 1020 nm. Some MoVW
mixed oxide crystals are of orthorhombic MoO 3 structure (Figure 2.17 C). The electron microscopic
image taken at high magnification (x 750000) and the diffraction pattern of one characteristic MoO 3
crystal are shown in Figure 2.17 C and D. In the electron micrograph, the morphologic structure of
the MoO3 crystallite surface can be seen in addition to the two dimensional lattice image. The
crystal surfaces exhibit a lot of atomic steps formed by small islands or intrusions, as recognised
by the small difference of the crystal contrast. In the diffraction pattern, streaks are detected in one
direction.
The peculiar "bundle" structure again could be found in this specimen (micrograph not shown). This
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so-called "bundle" structure cannot be defined as being crystalline due to its lack of a well defined
periodicity. The "bundle" structure seems to be built up from bundles of molecular oxide chains.

Fig. 2.17: Electron micrographs and SAED patterns
of the mixed oxide which
was activated at 818 K for 2
hours. A and B: particle of
the oxide of Mo5 O14 structure. C and D: particle of
the oxide of MoO3 structure.

There could be an alternative explanation for the observed streaks in the diffraction pattern (Figure
2.16c). The "bundle" phase may have discontinuous planes perpendicular to these streaks in the
diffraction pattern. In this case, the "bundle" phase can be understood as having a layered structure.
These layers have to be oriented in this case nearly parallel to the incident electron beam.
However, this alternative explanation for the streaks cannot be accepted as being correct, because
the micrographs of the "bundle" structure does not change when the tilting angle between the specimen and the incident electron beam is arbitrarily changed. For any tilting angle, the average distance
between the streaks was measured to be 0.35 nm. This distance seems to be slightly shorter than
the distance between two transition metal ions placed at the centre of MO 6 polyhedra. The shorter
distance can be understood by the fact that the average distance between quasi net planes formed
from randomly bundled oxide chains is usually smaller than the diameter of the individual oxide
chain.
Unfortunately, it is almost impossible to deduce the atomic structure of this "bundle" phase from
HRTEM observations alone. This intermediate state of the "bundle" structure between an amor-
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phous and a crystalline material is the most interesting feature of the MoVW mixed oxide activated
at 813 and 818 K.

Fig. 2.18: High resolution
electron micrograph of the
fringed edge of a crystalline
oxide of Mo5 O14 structure
A and a crystalline oxide
of MoO3 structure B in the
sample activated at 818 K.

In Figure 2.18 high resolution TEM images of mixed oxide crystals of Mo 5 O14 (Figure 2.18A) and
of MoO3 structure (Figure 2.18B) are shown. Important to note is the fringed appearance of the
crystal0 s edge, which has lost the regular arrangement of the atoms compared to deeper laying
zones. In Figure 2.18B a well crystallised oxide of MoO 3 structure is shown irradiated along the
[010] direction. The fringed structure of the MoO 3 crystal edge is thinner as compared to that of
the Mo5 O14 crystal but also recognised. These observations point to different compositions of the
surface layer and bulk of the catalyst material.

2.2.3.2.4 Mixed Oxides Activated at 829 K for 2h
After this activation treatment, the MoVW mixed oxides are further crystallised (micrographs not
shown). Rather small crystals of Mo5 O14 structure (510nm) and larger ones of MoO 3 structure are
found. Crystals having the MoO 2 structure have not been observed, due to a small concentration
of rather large, well crystallised MoO 2 in the sample as proven by XRD (Figure 2.14e) and Raman
(vide infra).
Particles or crystallites showing the "bundle" structure could not be detected after this treatment
anymore. This result can be explained by the assumption, that the bundle structure is an intermediate in the disproportionation process of the oxide of Mo 5 O14 structure to MoO3 and MoO2 , and an
amorphous phase as shown by XRD (Figure 2.14) and Raman (vide infra).
It could be argued that the temperature of 818 K is not the phase boundary of this compound because
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Raman bands of the oxide Mo5 O14 structure are still observed (vide infra). This discrepancy, however, can easily be explained by the observed general elemental inhomogeneity of the MoVW mixed
oxide catalyst.14 The thermally crystallised and the remaining nanocrystalline oxides of Mo 5 O14
structure may both have different overall elemental compositions. The different concentrations of
Mo, V, or W may lead to the observed different thermal behaviour.
A segregation of the different transition metals (Mo, V and W) into clearly separate phases, on
the other hand, has not been detected for the precursor oxide and the thermally activated materials within the accuracy of the EDX technique. This observation leads to the conclusion that the
elemental phase compositions of the stable nanocrystalline, and the thermally crystallised oxide of
Mo5 O14 structure only vary by a few atom percent.

e

troscopy was therefore used to hopefully better understand the molecular structure and coordination
symmetry of this nanocrystalline material.

Char-

acteristic Raman spectra of the thermally activated
catalyst are shown in Figure 2.19. The Raman spec-
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XRD and HRTEM analysis revealed that all differ-
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2.2.3.3 Raman Spectroscopy
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trum of the starting material (Figure 2.19a) shows
broad Raman bands at about 930, 830, and 705 cm 1 .

a

These very ill-defined Raman bands are attributed to
the mixture of nanocrystalline oxides of Mo 5 O14 and
MoO3 structure as already discussed in detail in the
previous Section.
The Raman spectrum of the sample thermally acti-
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Fig. 2.19: Raman spectra of the starting material and thermally activated samples at temperatures indicated: starting material a, activated at 803 K b, activated at 813 K c, activated at 823 K d, and activated at 829 K e.

vated at 803 K (Figure 2.19b) is characterised by Raman bands at 990(br), 908, 860(sh), 850, and
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745 cm 1 , the sample activated at 813 K exhibits Raman bands at 975(sh), 902, 860(sh), 845, and
718 cm 1 (Figure 2.19c), and the one activated at 818 K shows Raman bands at 975(sh), 902, 845,
775(sh,vw), 718 and at 685(sh,vw) cm

1

(Figure 2.19d), and at 577, 385, 347, 336, 278, 247 cm

1

(not shown). With increasing activation temperature, the Raman bands become more resolved and
shift to lower frequencies due to the higher crystallinity of the oxide of Mo 5 O14 structure (Figure
4b-4d; compare also the Raman result shown in the previous Section).
After thermal activation at 829 K, above the disproportionation temperature of the oxide of Mo 5 O14
structure as determined by XRD, the Raman bands of monoclinic MoO 2 are detected at 748, 596,
575, 498, 461, and 363 cm

1

(Figure 2.19e) in agreement with XRD (Figure 2.14). The Raman

signals of the oxide of Mo 5 O14 structure at 845 and 902 cm

1

have lost most of their intensity but

it still can be detected.
In order to account for sample inhomogeneities, Raman images of 100 spectra were recorded of all
differently activated samples over an area of 900 µ m2 with a lateral resolution of 0.7 µ m. Raman
spectra resembling the spectrum of well-crystallised oxides of the MoO 3 structure have not been
included in the set of statistically evaluated Raman data. Due to the extremely high Raman cross
section of well-crystallised MoO 3 , the characteristic Raman bands of (MoVW)O3 oxides would
completely overwhelm all additional Raman information. Therefore, the sample areas which were
Raman spectroscopically characterised were selected such not to contain the characteristic MoO3
bands. The spectrally pure components of the Raman spectra are shown in Figure 2.20 as determined by statistical analysis of the whole set of 500 Raman spectra using the SIMPLISMA approach. Three different spectral components can be distinguished building up all recorded Raman
spectra. The first pure component resembles the typical Raman spectra of monoclinic MoO2 with
pure spectral features at 746 cm

1

(Figure 2.20a) and 549, 499, 462 and 364 cm

1

(not shown). The

second pure spectral component (Figure 2.20b) exhibits features at 960, 910, and 870 cm

1

and re-

sembles typical Raman spectra of oligomeric molybdenum oxide clusters, comparable to hepta or
octamolybdates.10, 20, 36 Hence, it may be concluded that the pure spectral component 2 of the set
of Raman spectra of thermally activated MoVW mixed oxides is due to oligomeric MoVW oxide
clusters in structural analogy to polyoxometalates. These oligomeric MoVW clusters are identified
as the material being responsible for the X-ray amorphous background. The third pure spectral
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component (Figure 2.20c) mainly resembles the crystallised oxide of Mo 5 O14 structure with spectral features at 902, 860, 845 and 720 cm

1

with contributions of an nanocrystalline oxide of MoO 3

structure with spectral features at 985, and 815 cm 1 . The weak feature at 785 cm

1

is due to traces

of MoO2 . This finding seems to imply that the oxides of Mo 5 O14 structure are always accompanied
by MoO3 and MoO2 , in line with the XRD results (Figure 2.14) and literature observations. 14, 149
The broad ill-defined feature at 815 cm

1

and the weak feature at about 985 cm

1

in the SIM-

PLISMA trace c of Figure 2.20 indicate a very low degree of crystallisation of the oxide of MoO 3
structure. However, it has to be noted that the Raman image was taken from an area such not to
contain the characteristic Raman bands of MoO3 , because of there strong overwhelming intensity.
This low crystallinity results in a very weak Raman cross section relative to that of the oxide with
Mo5 O14 structure.
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Using the statistical SIMPLISMA approach,

c

information can be obtained too about
changes in the composition of the differently
activated samples. The mean spectral weight
of each component, e.g. the ratio of each
spectral component normalised to the sum of
all spectral weights, is a measure of the rela-

b

tive changes of the sample composition as a
function of the activation temperature (Figure

a

2.21). The amount of nanocrystalline oxide of
Mo5 O14 structure in the MoVW mixed oxide
samples, presumably present as oligomeric
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Raman shift [cm -1]
Fig. 2.20: Spectral components according to the
SIMPLISMA analysis of the set of 500 Raman
spectra: oxide of MoO2 structure a, oligomeric
MoVW clusters b, and oxide of Mo5 O14 structure c.

molybdenum oxide clusters, continuously decreases with increasing activation temperature
as may be expected. The amount of the oxide
of MoO2 structure seems to be high after
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treatments at intermediate temperatures about 803 K. Its relative concentration decreases at these
treatment temperatures at which the crystalline oxide of Mo 5 O14 structure is formed, and subsequently increases again. The intermediate higher amount of MoO 2 may be related to the formation
process of the crystalline oxide of Mo 5 O14 structure. Kihlborg reports that Mo 5 O14 can be generated by tempering the respective amounts of MoO 2 and MoO3 .149 The amount of crystalline oxide
of Mo5 O14 structure increases at temperatures up to 818 K. Crystallisation in general, should lead
to higher Raman cross sections and a decrease of the FWHM of the Raman bands. Exactly this is
observed for the Raman spectra of the oxide of Mo 5 O14 structure. Its amount decreases again at
higher temperatures due its disproportionation into oxide of MoO 2 and MoO3 structure as shown
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Fig. 2.21: Qualitative analysis of the spectral weight 1.69 Å depending on the distortion of the
of each spectral pure component as a function of the
activation temperature.
MoO6 polyhedron. The number of triangu-

lar channels to which a MoO6 polyhedron is bound, e.g. one or two, determines the second terminal
Mo-O bond length (within the ab-plane) to be between 1.85 Å and 1.94 Å, or between 1.71 Å and
1.77 Å, respectively.
Following this XRD analysis, three groups of different bond length’s should be expected for the
terminal Mo-O vibrations. One group of Mo-O bonds parallel to the c-axis, and two groups of
Mo-O bonds in the ab-plane of the different types of MoO 6 polyhedra with respect to the triangular
channels. Exactly these three different Mo-O groups are determined from the experimental Raman
spectrum applying the Hardcastle and Wachs model93 to the Raman bands above 700 cm 1 . The
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bond lengths of the terminal Mo-O bond in c-direction of all MoO 6 polyhedra are estimated to be
1.69 Å (broad Raman band at 985 cm 1 ). The bond lengths of the terminal Mo-O bond in the
ab-plane of the MoO6 polyhedra sharing one triangular channel are estimated to be 1.76 Å (Raman
band at 860 cm 1 ) and 1.77 Å (Raman band at 845 cm 1 ). The terminal Mo-O bond parallel to
the ab-plane of the remaining three MoO6 polyhedra are estimated to be 1.81 Å (Raman band at
745 cm 1 ), 1.85 Å (band at 720 cm 1 ), and 1.87 Å (band at 688 cm 1 ). The remaining band at
902 cm

1

not yet being assigned is attributed to the stretching vibration of the terminal Mo-O bond

parallel to the c-axis of the MoO 7 pentagonal bipyramids. Although the assignment according to
Hardcastle and Wachs is limited because solid vibrations cannot fully be described in a localised
model, the above assignment to certain Mo-O bonds may give a first interpretation of the observed
Raman bands, as long as detailed Raman data on single crystals are not available.

2.2.4 Summary and Conclusion
The combined structural analysis of the MoVW mixed oxide activated at different temperatures,
presented in this Section, revealed that the crystallisation of the oxide of Mo 5 O14 structure occurs
only in a rather narrow temperature range between about 800 and 820 K. At activation temperatures above 820 K, the oxide of Mo 5 O15 structure increasingly disproportionated into oxides of
MoO3 and MoO2 structure. This disproportionation process seemed to occur via a X-ray amorphous phase, which was termed "bundle" structure according to its appearance in HRTEM images
and SEAD. This ”bundle structure” is build by chains which are disordered in two dimensions.
The present study on the phase stability of the oxide of Mo 5 O14 structure revealed that some part
of the material remained nanocrystalline during thermal activation. This incongruent crystallisation
behaviour of the MoVW mixed oxide most probably is related to the inhomogeneous elemental
composition. Mo5 O14 tolerates the incorporation of considerable amounts of V and W. Stoichiometries of such phases were reported to be (Mo0 92V0 08 )O14 or (Mo0 75 W0 25 )O14 , respectively.45 Espe:

:

:

:

cially, the incorporation of W favours the formation of oxides of Mo 5 O14 structure comparable with
the results on Ta and Nb incorporation. 42, 48 Tungsten and vanadium, thus, act as structural promoters enhancing, and stabilising the formation of the Mo 5 O14 structure. It is known that only 2 to 12%
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V lead to a stabilisation of Mo 5 O14 46, 101 The MoVW catalyst however contains 28% vanadium14
more than the structure tolerates according to literature. It is known on the other hand that Mo 5 O14
tolerates the incorporation of up to 25% W. 46, 45, 101 The 8% W found in the catalyst hence lead to
stabilisation of the Mo 5 O14 structure. Alternatively, the role of W and V may also be discussed in
view of lattice oxygen defects. The incorporation of oxygen defects into MoO 3 leads to a contraction of the c-axis,129, 101 hence, affect extended regions within the crystal lattice. The promoting
effect of V and W may lay in their ability to localise oxygen defects on one side - V 5+ prefers
fivefold coordination-, and the confinement of these lattice deformations by the redox stable W on
the other. In light of this important role of W and V for the stabilisation of the oxide of Mo 5 O14
structure it may be understood why W and V are of paramount importance to catalysis. Minor local
variations in their concentrations within the specimen already may lead to different local MoVW
oxide phases with different stability regimes and most importantly different catalytic behaviour.
The Raman characterisation of the MoVW mixed oxide catalyst may further shed some light on
the role of the different metal-oxygen groups for catalytic action. Generally, it can be said that the
shorter the M-O distance the more basic is the oxygen. Basic, nucleophilic oxygen groups on the
catalyst surface are necessary for C-H bond activation.15
The longer and, therefore, weaker the M-O bond the easier this oxygen may be inserted into organic
molecules. Selective oxidation catalysts have to discriminate for example between α -H atoms of
aldehydes and vinylic hydrogen atoms. The key to this selective C-H activation may be seen in the
strength of the M-O bond of the active site abstracting the hydrogen. Promoters, e.g. V, Nb, Ta, W,
stabilise intermediate Mo oxides with the proper M-O bonds for the selective C-H activation. The
second step of selective oxidation, the oxygen insertion into the substrate, is facilitated by weaker
M-O bonds which are also present in intermediate oxides. Thus, very strongly bound, basic oxygens
will unselectively activate C-H bonds, and very labile M-O groups will lead to total oxidation. The
optimisation of the catalyst with respect to selectivity and activity may, therefore, be seen as the
search for a combination of H-abstracting and oxygen transferring functionalities, e.g. the search of
an optimum oxide structure, hence, composition of a MoVW intermediate oxide.
The Raman spectra of the oxide of Mo5 O14 structure are highly interesting in this respect. With
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the help of the Hardcastle and Wachs model, Mo-O distances were calculated for the Mo5 O14 oxide
which compared well with the crystallographic data. While the nanocrystalline precursor, 14 and the
amorphous part of the activated sample (Figure 2.21b) also showed Raman bands above 930 cm 1 ,
indicating rather short Mo-O bonds, the oxide of Mo 5 O14 structure has its main Raman features
between 840 and 900 cm 1 , due to M-O bond distances between 1.77 Å and 1.73 Å. Pure MoO 3 ,
which is known for total oxidation, has Raman bands in this regime at 995, 823, and 666 cm

1

,

being due to Mo-O distances of 1.67 and 1.95 Å (according to Hardcastle and Wachs, 93 the bond
distance calculated from the band at 823 cm

1

cannot be assigned to any distance in MoO3 ). MoO3

thus has a much stronger Mo-O bond on one side - good C-H bond activator - and a much weaker
one on the other, whose oxygen can easily be released - good oxidator. It must be noted that in situ
Raman 18 O-labelling experiments of MoO 3 have proven that the ease of oxygen exchange increases
with increasing bond length or decreasing bond order, 70 supporting the above sketched role of the
oxygen transferring M-O groups. A highly active and selective partial oxidation catalyst thus must
have optimised oxygen functionalities along with good electron and ion mobilities for fast redox
properties.

2.3 Summary
In the first Section of this Chapter, it was shown that pretreating the sample at 813 K in inert
atmosphere results in an increase of the CH2 O yield by factor of 3 with a selectivity of 80%.
The starting material may be understood as a mixture of nanocrystalline oxide of Mo 5 O14 and
MoO3 structure.34, 14 After thermal activation, the mixed oxide consisted of a mixture of a majority of an oxide of Mo 5 O14 structure and trace amounts of crystalline oxides of MoO 3 and MoO2
structure.34, 14 This result was interpreted by the metastability of Mo 5 O14 with respect to MoO3 and
MoO2 .149 The combined XRD and Raman identification of the oxide of Mo 5 O14 structure points to
its relevant role for the observed increase of the catalytic activity.
Inhomogeneous element distributions have been proven by SEM-EDX and TEM-EDX suggesting
the presence of at least two different phases, one with high V contents, the other with all three
metals present.14 This elemental inhomogeneity was related to structural inhomogeneity by Raman
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microspectroscopy.14
The combined data can be rationalised in term of a core-shell model of the activated catalyst, as
shown in Figure 2.22, the core being mostly of an oxide of Mo 5 O14 structure, and the shell formed
by stoichiometrically ill-defined metal oxide clusters and having a higher degree of reduction (see
Figure 2.18). The core and the shell may act differently in the catalytic process. During partial oxidation catalysis, the crystalline core of Mo 5 O14 structure is suggested to play the role of an electron
reservoir for the fast catalytic redox reactions. It also may act as an oxygen buffer due to its open
structure of four-, six- and sevenfold coordinated metal ions which allows oxygen and vanadium
diffusion as shown by XPS and RBS. 14 The shell provides a high number of active sites and allows
fast surface oxygen diffusion, the core may act as the electron accepting reservoir due to its high
electronic conductivity. Thus, the catalyst is able to adjust to temporary or spatially changing gas
phase compositions within the reactor. The ill-defined shell on top the oxide of Mo 5 O14 structure
also allows fast oxygen exchange to respond to changing gas phase compositions and may provide
a high number of active sites for the adsorption of the organic substrate and gas phase oxygen.
It can be concluded from physicochemical characterisation that it is of paramount
importance to monitor and fully control
the elemental composition and the atomic
structure of the MoVW oxide in order
to fully understand its catalytic activity
and selectivity. From the combined information obtained in this study, it may be
suggested that vanadium on one hand enFig. 2.22: Core-shell model: core with the oxide of hances the catalytic activity of the mixed
Mo5 O14 structure surrounded by an ill defined amorphous shell.
oxide but on the other destabilises the pre-

sumably active oxide of Mo5 O14 structure due to its high reducibility. The tungsten promoter,
therefore, may be necessary to counterbalance the V induced instability of the material of Mo 5 O14
structure.
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In order to unravel these suggested different roles of the W and V addition it is necessary to study
the influence of added V and W separately. Therefore, samples with only V and W and V/W addition have been prepared. The investigation on the influence of the added promoters on the oxide
structure formed upon thermal activation will be presented in the following Chapter.
Precursor preparation and catalyst activation definitely is of importance for the structure of the catalyst, its degree of reduction and its elemental and structural heterogeneity. The question, how to
influence the spatial elemental distribution within the ammonium metalate catalyst precursor and,
hence, the final catalyst is addressed in the last Chapter of this thesis by the attempt to control the
formation of a defined species in solution.
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Chapter 3

Thermal Activation of Molybdenum
Polyoxometalates
Most Mo-oxide based catalysts are prepared from aqueous mixed ammonium metalate solutions at
given pH values.185 After drying, these precursors are activated by well-defined thermal procedures
under well-defined gas atmospheres. Temperature, heating rates and gas atmospheres are the most
important factors for the activation processes. It is possible to control the physicochemical and
structural properties of the catalysts e.g. crystallinity, thermal stability, redox potential or acid/base
properties by these parameters. Therefore, the activation process plays a crucial role for the activity
and selectivity of the final catalyst. However, the reproducibility of the activation process of multielement catalyst systems is difficult and not understood on a molecular level due to the complex
multi step activation processes and the numerous factors affecting each single step of the activation
process.1 Therefore, the knowledge of the activation processes is of high importance to understand
the generation of active mixed oxide catalysts.

 Parts of this Chapter will be published in M. Dieterle, G. Mestl and R. Schlögl, Thermal Activation of V and
W promoted Polyoxometalates (in preparation).
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3.1 In situ Characterisation of the Thermal Activation of Ammonium Heptamolybdate by TG/DTA, XRD and Raman Spectroscopy
3.1.1 Introduction
The objective of the investigation presented in this Chapter is to understand the thermal activation
process of (NH4 )6 Mo7 O24 4(H2 O) to molybdenum oxide catalysts using thermoanalytical methods
(TG/DTA), in situ Raman spectroscopy and in situ X-ray diffraction (XRD).
Industrial catalysts contain additionally varying amounts of other transition metals like vanadium
and/or tungsten.35, 186, 187, 188 The presented results are the basis for the evaluation of the influence
of V or W promoters on the activation process, which will be presented in the next Section of this
Chapter.
Several authors have examined the AHM decomposition by means of TG/DTA189-193 and
XRD.184-195 It was found, that the AHM decomposition proceeds in three steps. 190, 191, 196 It has been
suggested that (NH4 )6 Mo7 O24 4(H2 O) transforms into ammonium pentamolybdate (NH 4 )8 Mo10 O34
at 383 K, followed by a transformation to ammonium octamolybdate (NH 4 )6 Mo8 O26 at 533 K. At
570 K, a hexagonal MoO3 phase was found, while Mo4 O11 and Mo9 O26 are formed at temperatures
higher than 650 K.190, 191 In synthetic air, orthorhombic MoO 3 is the only observed product above
633 K.
TG/DTA-MS methods provide information about the energetics and the stoichiometry of the observed processes, while in situ XRD is suitable to detect the formation of crystallographic ordered
structures. In contrast to XRD, in situ Raman spectroscopy reflects effects on the more local structure.

3.1.2 Experimental
AHM (p.a.) was used in all experiments as received from Merck.
All TG and DTA measurements were conducted with a SEIKO thermobalance coupled to an ATOMIKA IMR-MS 100 mass analyser, which was operated with Xe and CF3 I as primary gases to
monitor oxygen, water, NO x and ammonia. 20.2 mg AHM were thermally activated at a flow
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of 100 ml N2 /min and a heating rate of 5 K/min. The in-situ XRD experiments were conducted
in Bragg-Brentano geometry on a STOE diffractometer (Cu-Kα radiation) equipped with a secondary monochromator and a Bühler HDS high temperature diffraction chamber. The diffraction
data were recorded at isothermal conditions at the corresponding temperatures stated at a flow of
100 ml N2 /min. Due to the long acquisition time of the XR-diffractometer, the sample was heated
in 25 K steps starting at 323 K up to 823 K. Prior to the measurement the temperature was hold
constant for 30 minutes to equilibrate the sample.
All in situ Raman spectra were recorded with a DILOR LABRAM I spectrometer coupled to a reactor which is described in detail on page 106. 0.5 g AHM was thermally activated at a flow of
100 ml/min N2 . A HeNe -laser (632 nm, Topag AG) was used for excitation of the Raman spectra
in retro geometry. The laser power at the sample position was 50 mW. The sample was heated to
823 K with a heating rate of 5 K/min. Two spectra were averaged with an accumulation time of
30 sec. each.

3.1.3 Results and Discussion
3.1.3.1 Thermal Analysis
TG/DTA characterisation of the AHM thermal activation process, which is shown in Figure 3.1, exhibits four endothermic (391, 476, 493 and 581 K) and one weak exothermic weight losses and/or
phase transitions (653 K) in the temperature range up to 873 K. The stoichiometry of the starting
material has been determined to be (NH4 )6 Mo7 O24 4.88*(H2O) by TG/DTA under oxygen which
leads to a total oxidation to MoO 3 at 873K. The water content of the starting material AHM differed
from the formal stoichiometry of (NH 4 )6 Mo7 O24 4*(H2O). The observed weight losses and the estimated stoichiometries of the intermediates of the thermal activation process under inert atmosphere
are summarised in Table 3.3.
The gaseous products of the activation process - water and ammonia - are monitored by IMR-MS
as shown in Figure 3.1 d and e. NO and N2 O could not be detected due to their low concentration.
In Figure 3.2, the integral values are shown of the water and ammonia MS-signals. The MS-signals
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Fig. 3.1: TG and DTA signals of the AHM activation at a heating rate of 5 K/min: a) TGsignal
b) DTA
c) water-MS-signal
d) ammonia-MS-signal.
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have been baseline corrected, normalised and integrated with respect to the determined weight losses
in the TG experiments expressed as molecules per Mo formula unit. These data were used to discriminate weight losses due to water and ammonia.

Fig. 3.2: Integral ammonia
a and water b IMR-MS signals recorded during the
thermal activation process.
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The first weight loss is interpreted as being due to three independent processes, which are the loss
of physisorbed and interlayer water, and subsequently that of ammonia. The total weight loss for
this step of 7.52 wt% is composed of a weight loss of 6.83 wt% due to physisorbed and interlayer
water and one of 0.68 wt% due to ammonia. The loss of physisorbed water is already observed at
room temperature in absence of water vapour. The loss of interlayer water is assigned to the strong
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DTA signal at 391 K. The observed weight loss is equivalent to a loss of 0.68 H 2 O per Mo. The
formal stoichiometry of this intermediate stage can be calculated to be MoO 3 43(NH4 )0 86 (H2 O)0 02 ,
:

:

:

which is equivalent to dehydrated ammonium heptamolybdate (NH 4 )6 Mo7 O24 . Subsequent to the
dehydration step between 391 K and 420 K the loss of 0.06 NH 3 per Mo (0.57 wt%) leads to a
formal stoichiometry of MoO 3 41 (NH4 )0 80 (H2 O)0 01 which is equivalent to (NH 4 )8 Mo10 O34 . The
:

:

:

H2O per Mo

NO per MO
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Fig. 3.3: TG-MS data of the AHM activation process.

The second weight loss between 450 and 525 K is split into two weight losses (DTA signals at 475
and 493 K) which are both accompanied by the release of ammonia. The observed total weight
loss for this second process of 5.09 wt% splits up into 3.45 wt% and 1.64 wt% for the first and
second process, respectively. 0.23 and 0.38 ammonia per Mo are released within the first and
second process, respectively. The formal stoichiometries at these two stages are calculated to be
MoO3 34 (NH4 )0 59 and MoO3 26(NH4 )0 51. These stoichiometries are equivalent to (NH4 )2 Mo3 O10
:

:

:

:

and (NH4 )4 Mo8 O26 for the first and second stage, respectively.
The formal removal of seven water molecules and six ammonia molecules from (NH4 )6 Mo7 O24
4(H2 O) leads exclusively to MoO3 . Opposite to that, dark coloured, reduced molybdenum oxide compounds are formed during activation in inert atmosphere. 197 The dark coloured, reduced
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molybdenum oxide compounds indicate a reduction of the starting material, AHM, during the thermal activation. The reduction of the sample is coupled to the oxidation of ammonia to NO x or N2 ,
comparable to the results of Valmalette,197 who found N2 O during the ammonium metavanadat decomposition. By this oxidation of NH 3 to N2 O or NO two or three water molecules are released
per NH3 , respectively. The amount of the formed NOx for the second step was calculated from the
difference of the water and ammonia weight losses to be smaller in total than 0.02 NO x per Mo.
1a.)

[(NH4)6*Mo7O24*4.88*(H2O)]
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391 K
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H0.16MoO2.98
MoO2.90

Fig. 3.4: Calculated stoichiometries of the AHM activation process in N2 with a heating rate
of 5 K/min.

A total weight loss of 7.76 wt% is observed for the third process at 581 K (4.38 wt% due to ammonia and 2.79 wt% due to water). 0.46 and 0.28 ammonia and water molecules are released per Mo
and a formal stoichiometry is estimated to be MoO 2 98 (NH4 )0 03 (H2 O)0 06 at 591 K. The remaining
:

:

:

ammonia molecules are expelled from the structure upon further heating to 605 K.
During the last decomposition step, which is completed at about 660 K, 0.08 water molecules are
released per Mo without ammonia being detected. Therefore, it is concluded that this amount of
water arises from the decomposition of a molybdenum bronze, also being indicated by the dark
colour of the sample. The formal stoichiometry of this bronze is calculated to be H 0 16 MoO2 98.
:

:

The decomposition of this hydrogen bronze results in a compound with the formal stoichiometry
of MoO2 90. The transformation and the stoichiometries of the products of the different activation
:

processes, as determined by TG/DTA-MS are summarised in the equations given in Figure 3.4.
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3.1.3.2 XRD
In order to further corroborate the estimated stoichiometries and to obtain further information on
the crystallographic structures formed during the AHM activation in situ XRD experiments have
been performed. The XRD patterns observed during the activation process are shown in Figure 3.5.
Five different crystallographic structures could be identified during the activation. Starting from
AHM (Figure 3.5a) the loss of water at 391 K leads to a nanocrystalline phase (Figure 3.5b), which
is detected up to 498 K. The loss of water seems to induce a loss of the long range order of the
metal-oxygen clusters in AHM.
A loss of ammonia at 405 K was observed by
TG-MS indicating a transformation to a compound
with a formal stoichiometry of (NH 4 )8 Mo10 O34 .

e

coincides with the release of ammonia, and only
broad reflections are observed at 12 2Θ (3.3 Å) and
26 2Θ (7.2 Å). These broad reflections point to the
presence of nanocrystalline material at 373 K with
X-ray coherence lengths of maximum 50 Å (Figure 3.5b). TG-MS indicated a transformation of
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The loss of ammonium heptamolybdate reflections

x5
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(NH4 )4 Mo5 O17 to (NH4 )2 Mo3 O10 at 475 K and
to (NH4 )4 Mo8 O26 at 493 K. Upon further heating to 498 K the centres of these broad diffraction
peaks shift to 3.4 and 7.4 Å (Figure 3.5c). This
two diffraction peaks are both attributed to average inter-Mo-O polyhedra distances. With decreas-
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Fig. 3.5: In situ XRD pattern during the thermal
activation of AHM in inert atmosphere. The pattern were recorded at 298 K a, 503 K b, 573 K
c, 603 K d and 798 K e. The pattern were normalised to the maximum intensity and vertically
shifted for better visualisation.

ing charge per Mo in the polyoxometalates (NH 4 )6 Mo7 O24 4(H2 O) (0.86), (NH4 )4 Mo5 O17 (0.8)
and (NH4 )4 Mo8 O26 (0.5), a tendency is observed of increasing dislocation of the Mo cation toward the two strongest bound oxygens. The average M-O bond distance of the two shortest and
two longest Mo-O bonds are determined to be 1.73, 1.72, 1.71 Å and 2.25, 2.27, 2.33 Å for
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(NH4 )6 Mo7 O24 4(H2 O), (NH4 )4 Mo5 O17 , and (NH4 )4 Mo8 O26 , respectively. Therefore, the shift of
the diffraction peaks at 12 2Θ and 26 2Θ reflects the transformation of the nanocrystalline pentamolybdate to octamolybdate.
Ammonia and water intercalated compounds are formed with the loss of ammonia starting at 535 K
of the final formal stoichiometry of (NH 4 )0 03 MoO2 98 (H2 O)0 06 at 581 K. The formation of a
:

:

:

hexagonal MoO3 structure intercalated with water and ammonia (Figure 3.5c) is observed by intense XRD reflections at 24 and 27 2Θ already at 498 K. This phase is observed up to 673K. The
reflections of this compound are in good agreement with single crystal data of MoO 3 (NH3 )0 33
:

(ICSD-67116). The detection of the hexagonal (NH 4 )0 03 MoO2 98 (H2 O)0 6 phase is accompanied
:

:

:

by weak reflections of orthorhombic MoO 3 , which gain in intensity with increasing temperature.
TG-MS results indicated the loss of residual ammonia to be completed at 605 K. This is in good
agreement with the observation that the hexagonal (NH 4 )0 03 MoO2 98 (H2 O)0 6 phase transforms
:

:

:

to a mixture of mainly orthorhombic Mo 4 O11 , Mo9 O26 , H0 16 MoO2 98, and orthorhombic MoO 3 at
:

:

623 K (Figure 3.5e). This transformation temperature is also in good agreement with literature
data for the phase transition of the hexagonal MoO 3 modification to orthorhombic MoO 3 , which
are reported in the temperature range 623 - 643 K. 94, 198, 199 Further, TG-MS results revealed an
exothermic process which was attributed to the decomposition of a bronze. This decomposition is
revealed in the XRD patterns by a decline of the intensity of the reflection at 27 2Θ by 25 % between
648 K and 673 K (not shown). This reflection is seen as a superposition of the (021) reflections of
orthorhombic MoO3 and orthorhombic H0 31MoO3 (ISCD No. 1366). Several authors 200-201 re:

ported the decomposition temperature of H 0 21 MoO2 69 at 648 K, which is in good agreement with
:

:

the present results.
Mainly Mo4 O11 and minor amounts of MoO3 and Mo9 O25 are the only observed decomposition
products of AHM at temperatures higher than 673 K (XRD pattern not shown).

3.1.3.3 Raman spectroscopy
Characteristic in situ Raman spectra of AHM are shown in Figure 3.6 heated with 5 K/min from
323 K to 773K. Four different stages of the activation process could be observed within the tem-
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perature range from 323 K to 510 K. The Raman bands of the starting material (Figure 3.6a)
(NH4 )6 Mo7 O24 4.88(H2O) are located at 223, 246, 310, 340, 367, 449, 554, 572, 633, 845, 864,
885, 893, 908, 919 and 938 cm 1 , which are in good agreement with literature values. 203

a combined desorption of physisorbed and loosely
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the Raman bands of the dehydrated (NH4 )6 Mo7 O24
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572, 633, 845, 863, 884, 892, 908, 937 cm
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(Figure

3.6 b). The continuous small shift by one wavenum-
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ber between 323 K and 454 K of the bands at 223,
367, 864, 885, 893, 938 cm
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is attributed to an al-

tered electrostatic field around the metal oxygen clusters.
At 432 K the intensities of the Raman bands of the

a

Fig. 3.6: In situ Raman spectra in the range
600 to 1050 cm 1 during the thermal activation of AHM in inert atmosphere. Spectra
were recorded at 298 K a, 383 K b, 440 K c,
475 K d and 523 K e. Spectra are normalised
with respect to the most intense band in the
range 800 to 1000 cm 1 and vertically shifted
for better visualisation.

(NH4 )6 Mo7 O24 4(H2 O) decrease and new Raman bands arise which are observed up to 495 K. At
460 K, these new Raman bands are observed at 190, 209, 242, 343, 360, 444, 476, 497, 602, 664,
692, 753, 785, 840, 870, 886, 909, 923, 934, 947 and 969 cm

1

(Figure 3.6 c). Hunnius 193 re-

ported the Raman bands of (NH4 )4 Mo5 O17 to be located at 195, 211, 240, 275, 312, 328, 342,
355, 381, 409, 426, 445, 476, 500, 599, 661, 691, 751, 785, 834, 841, 864, 881, 893, 922, 935,930
and 948 cm 1 . The structure of (NH4 )4 Mo5 O17 was determined by Fuchs204 to consist of two
[Mo5 O17 ]4 units. Therefore, the appropriate formula is (NH 4 )8 Mo10 O34 . The positions of the Raman bands of the decamolybdate are in good agreement with ours except the very weak Raman
bands at 909 and 969 cm 1 .
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At 488 K, new Raman bands arise, which are observed up to 539 K. These are located at 203, 224,
238, 286, 340, 373, 448, 502, 622, 726, 848, 889, 911, 933, 949, 952 and 963 cm

1

(Figure 3.6 d).

Hunnius193 reported the Raman bands of (NH4 )4 Mo8 O26 to be located at 202, 225, 243, 268, 286,
300, 338, 363, 374, 389, 409, 439, 453, 480, 507, 542, 631, 608, 675, 727, 755, 848, 889, 911, 932,
951 and 965 cm 1 . Therefore, the Raman spectrum which is observed between 488 K and 539 K is
attributed to (NH 4 )4 Mo8 O26 .
The second activation step was shown by TG-MS to be split into two processes. The first resulted in a formal stoichiometry of MoO 3 34 (NH4 )0 59 which is equivalent to (NH 4 )2 Mo3 O10 in line
:

:

with results of Kiss et al. 195 . Therefore, (NH4 )2 Mo3 O10 is expected to be an intermediate between
(NH4 )8 Mo10 O34 and (NH4 )4 Mo8 O26 . It may be argued, that the additional Raman bands at 909
and 963 cm

1

which have been detected in all Raman spectra of (NH4 )8 Mo10 O34 may point to the

existence of such an intermediate compound. However, the Raman bands of NaNH4 Mo3 O10 H2 O
have been reported by Himeno to be located at 874, 901, 918 and 950 cm
these additional bands. Further, the intensity at 951 cm

1

1

and cannot explain

of the Raman spectra recorded between

450 and 520 K is almost constant as expected for an isobestic point. This indicates the absence of
an intermediate in the transformation of (NH 4 )8 Mo10 O34 to (NH4 )4 Mo8 O26 . Hunnius explained the
results of Kiss et al.195 of an intermediate between (NH4 )8 Mo10 O34 and (NH4 )4 Mo8 O26 by a mixture of (NH4 )6 Mo7 O24 4(H2 O) and a polymeric ammonium dimolybdate, which is regularly present
in commercial (NH4 )6 Mo7 O24 4(H2 O).193 The decomposition of this ammonium dimolybdate also
leads to (NH4 )4 Mo8 O26 at 453 K. However, the Raman bands of the dimolybdate are located at
850, 920 and 940 cm

1

and cannot explain the observed band at 963 cm 1 .49 The structures of the

polyoxoanions of (NH 4 )6 Mo7 O24 4(H2 O), (NH4 )8 Mo10 O34 and (NH4 )4 Mo8 O26 are shown in Figure 3.7. Seven MoO6 octahedra built up the [Mo 7 O24 ]6 anion by sharing edges and vertices. The
[Mo8 O26 ]4 anion consists of four sets of two edge sharing octahedra. Two of this sets are interconnected by sharing vertices. This larger units of four octahedra form the [Mo 8 O26 ]4 by sharing
edges. The [Mo10 O34 ]8 anion resembles the [Mo8 O26 ]4 anion except for the two tetrahedra which
share vertices with octahedra on opposite sides of the [Mo 8 O26 ]4 anion. The stoichiometry of the
solid state transformation between (NH 4 )6 Mo7 O24 4(H2 O) and (NH4 )8 Mo10 O34 suggests a concerted reaction of ten [Mo7 O24 ]6 anions to seven [Mo10 O34 ]8 anions which seems rather unlikely
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due to the complexity. A simpler reactions mechanism would consist of four [Mo 7 O24 ]6 anions
reacting to two [Mo10 O34 ]8 anions and one structurally very similar [Mo 8 O26 ]4 anion. This reactions mechanism could explain the additional Raman bands at 918 and 963 cm

1

, by the presence

of minor amounts of octamolybdate as the byproduct of (NH 4 )8 Mo10 O34 .

A

B

C

Fig. 3.7: Schematic representation of the [Mo7 O24 ]6 (A), [Mo8 O26 ]4 (B) and the [Mo10 O34 ]8 (C)
anions.

Upon further heating, the sample colour changes to dark blue, indicating the formation of reduced
molybdenum oxides. The Raman cross section sharply decreases upon reduction and, thus, precisely indicates the onset of the deep reduction of the sample at 539 K. Above 539 K, the Raman
spectra of orthorhombic MoO3 are observed with weak and broad bands at 244, 287, 338, 377,
462, 667, 821, 996 cm

1

(Figure 3.6 e). Furthermore, additional weak and broad Raman bands

are observed at 690 and 900 cm

1

at 555 K. Seguin et al.94 observed the Raman bands of mono-

clinic MoO3 *(H2 O)0 5 (with hexagonal stacking along the (010) direction) and orthorhombic MoO 3
:

*(H2 O)0 33 at 194, 276, 395, 409, 473, 673, 699, 908, 925, 981 and 986 cm
:

1

and 207, 254, 345,441,

671, 710, 822, 905, 922 and 968 cm 1 , respectively. Therefore, the weak Raman bands located at
690 and 900 cm

1

are assigned to a water and ammonia intercalated hexagonal MoO3 phase. XRD

results indicated the well crystallised hexagonal MoO 3 phase to be predominant in the temperature
range form 535 to 673 K beside minor amounts of orthorhombic MoO 3 . The in situ Raman results
point to a predominance of orthorhombic MoO 3 minor amounts of an ill defined hexagonal MoO 3
phase in contrast to XRD. This discrepancy is explained by the different Raman cross sections of
the orthorhombic and hexagonal MoO 3 phases and/or different degrees of reduction of both oxides.
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3.1.4 Summary
It could be shown by TG, XRD and Raman spectroscopy, that the activation process of AHM proceeds by consecutive transformations of ammonium heptamolybdate to decamolybdate and octamolybdate, before water and ammonia containing hexagonal phases are formed. At temperatures
above 603 K, a mixture of oxides is formed mainly consisting of Mo 4 O11 .
According to the XRD analysis, nanocrystalline intermediate compounds are found in the temperature range between 403 K to 548 K with an estimated particle size of 50 Å. The obtained Raman
spectra, however, do not show considerable broadening which could be expected from the nanocrystalline state. This can be explained by the assumption that the solid state Raman spectra are due
vibrations of molecular metal-oxygen clusters separated by the ammonia counter ions with weak or
no interactions. Raman spectra of these anions in aqueous solutions, which resemble those obtained
from solid state samples, further support this view. During the transformations between the different polyoxometalates, the long range ordering of these molecular metal-oxygen clusters is only
retained on a nanoscale, as shown by the broad diffraction peaks as seen in the XRD. But the molecular structure of the metal oxygen clusters remain defined, which indicates that the transformation
is not mediated by a step of total disruption of the metal-oxygen clusters.
It has to be noted, that the obtained results strongly depend on the experimental parameters due to
the predominantly kinetic control of the thermal activation processes under the chosen experimental
conditions.

3.2 Thermal Activation of V and W Promoted Mo-Oxide Based Catalysts
3.2.1 Introduction
Catalyst optimisation for a special reaction often leads to complex mixtures of a series of elements within one catalyst as discussed in the previous Section. A deeper understanding of the
role of each element in catalysis and its effects on the geometric structure of the catalyst and
its physical-chemical properties is difficult to develop. Moreover, the influence of the added element on the catalyst activation or on its catalytic performance are usually unknown on an atomic
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scale.1, 9, 16, 34, 71,205-209 However, the activity and/or selectivity may be improved by variation of the
elemental composition of a such a multielement oxide catalyst. Such a improvement may in principle arise from the formation of new mixed oxide phases or mixtures of different phases. 210 Two
types of new phases may be formed in principle in the former case. First, phases may exist with a
geometric arrangement of the atoms which is not found in that of the pure oxides, e.g. for example
the formation of the Bi 3 FeMo2 O12 phase, which is used as for the propene oxidation to acrylic acid. 1
Second mixed oxide phases may be created with a structural chemistry similar to the pure oxides.
The chemistry of molybdenum oxide based catalysts which are promoted by minor amounts of V
or W is dominated by the structural motif of the parent molybdenum oxide. 33, 44-42, 43, 211 This may
be understood by the similar structural oxide chemistry of pure V-, W-oxides and Mo-oxides. 50, 40
The preference for highest oxidation state and the similar radii of these cations (V 5+ (0.59 Å), Mo6+
(0.59 Å) and W6+ (0.60 Å))212 are responsible for the similar solid state chemistry of these transition
metal oxides.
The physicochemical properties of the new mixed oxides, e.g. redox properties, thermal stability, oxygen mobility, crystallinity or morphology are a function of the amount and type of added
promoter.43, 213 The change of physicochemical properties of molybdenum oxides by V and W promoters may be caused by the ability to localise oxygen defects at V-sites - V 5+ prefers fivefold
coordination-, and the confinement of these lattice deformations by the redox stable W 6+ . The
change of physicochemical properties of mixed oxides may be explained by the d-wave expansion,
different site preferences, redox energies of the different cations. 214
However, beside of this thermodynamic influence of V and W promoters on the formed structure,
they may affect physicochemical properties by changed kinetics of the thermal activation process.
Thus, transient intermediate phases which occur during the activation process may influence the
final state of the catalyst. For example, the stability of intermediate phases during the activation
process may be in- or decreased. Therefore, phases may result from the activation process, which
cannot be formed in case of the pure precursors. The objective of this investigation is to elucidate
the influence of tungsten and/or vanadium on the thermal activation process under inert atmosphere
(N2 ) as compared to that of ammonium heptamolybdate. Therefore, a series of ammonium molybdates have been prepared which contain additionally 10 % V and /or W.
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3.2.2 Experimental
3.2.2.1 Preparation of the Catalyst Precursors
Three samples were prepared by dissolving appropriate amounts of ammonium heptamolybdate
(AHM, Merck, p.a.), ammonium metavanadate (AMV, Merck, p.a.) and ammonium metatungstate
(AMW, Goodfellow) in water. The solutions were kept for 1 h at 368 K, before the solvent was
evaporated. The obtained powders were dried at 383 K for 24 h. Samples with the following metal
compositions were prepared: a) 90 mol% Mo and 10 mol% V (Mo9V1), b) 90 mol% Mo and 10
mol% W (Mo9W1) and c) 80 mol% Mo, 10 mol% V and 10 mol% W (Mo8V1W1). Experimental
details about TG-MS, Raman spectroscopy and XRD have been given in the previous Section on
page 83. 35.6 mg (Mo9V1), 33.2 mg (MoV1W1) and 46.5 mg (Mo9W1) of the polyoxometalate
precursors were used in the TG-MS experiments which were performed at 5 K/min at a flow of 100
ml/min N2 .

3.2.3 Results and Discussion
3.2.3.1 TG/DTA-MS
The TG/DTA-MS data of the thermal activation processes of the AHM and the V, W and V/W promoted samples are presented in Figure 3.8. In general, less structured TG profiles of the promoted
samples are observed compared to AHM. The number of activation steps of the promoted catalyst
precursors compare with those of the AHM activation. The determined formal stoichiometries are
also comparable with those of the AHM activation process and are therefore not discussed in detail.

3.2.3.2 XRD
Only nanocrystalline polyoxometalates are present at low activation temperature comparable to the
AHM activation. At elevated temperatures, these transform into H 2 O and NH3 intercalated hexagonal MoO3

x

and mainly Mo4 O11 in case of AHM. The in situ XRD patterns recorded during the

activation processes of the V, W and VW promoted samples are shown in Fig. 3.9-3.12. The thermal
stability ranges of the different phases are summarised in Table 3.1 and visualised in Fig. 3.13.
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Fig. 3.8: Weight loss of the promoted catalyst
samples upon heating under N2 with 5 K/min:
(A) AHM; (B) AH(MV);(C) AH(MVW) and (D)
AH(MW). TG curves are vertically shifted for
better visualisation.
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Fig. 3.9: In situ XRD patterns of the thermal activation of the Mo9V1 catalyst precursor in inert
atmosphere. The pattern were recorded at 298 K
a, 423 K b, 523 K c and 773 K d. The pattern
were normalised to the maximum intensity and
vertically shifted for better visualisation

3.2.3.2.1 Thermal Activation of the V-Promoted AH(MV)
The XRD patterns of the thermal activation shown in Figure 3.9 indicate the presence of AH(MV)
from room temperature to 348 K (Figure 3.9 a). The loss of water and ammonia leads to the formation of nanocrystalline (NH 4 )8 (MoV)10 O34 and (NH4 )4 (MoV)8 O26 which are observed from 348
to 498 K (Figure 3.9 pattern b). From 523 to 623 K, water and ammonia intercalated hexagonal
MoO3

x

is observed (Figure 3.9 pattern c), which transforms to an ill defined orthorhombic MoO 3

(Figure 3.9 pattern d) at temperatures above 648 K. Interestingly, the formation of intermediate
oxides like Mo4 O11 could not be detected as observed for AHM. This points to a lower thermal
stability of V promoted intermediate oxides as compared to pure molybdenum oxides.
The overall minor influence of added V on the structures of the parent molybdenum oxide may be
explained by the similarity between the V 2 O5 and MoO3 structure. The coordination of V in V 2 O5
may be described as square pyramidal, or since there is a sixth oxygen in a much greater distance,
as a highly distorted octahedron. Although the sixth oxygen is at a distance nearly twice as great as
that of the nearest oxygen in V 2 O5 a relation may be seen between the idealised structures of V2 O5
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and MoO3 as shown in Figure 3.10. This similarity of the structures may explain the mutual solubility of minor amounts of one oxide in the other and, thus, the minor influence of the V promoter
on the structures formed during the activation process.

temperatures for the occurrence of (in [K])
sample

(NH4 )6 Mo7 O24

nanocrystalline

hexagonal

intermediate

*4(H2 O)

material

MoO3 phases

oxides

Mo

323-348

348-523

548-648

648-773

Mo9V1

323-348

348-498

523-623

Mo9W1

323-448

398-623

648-823

Mo8V1W1

323-423

373-648

673-823

MoO 3

648-823

Table 3.1: Temperature dependence for the occurrence of crystalline phases as determined by
XRD.
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A

a

Fig. 3.10: Structural representation of the idealised V2 O5 (A) and
the MoO3 (B) structure.

b
c
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3.2.3.2.2 Thermal Activation of the W-Promoted AH(MW)
The X-ray patterns of the W promoted sample shown in Figure 3.11 indicate in general a lower
degree of crystallisation as compared to AHM or the V promoted sample. From 323 K to 448 K,
(NH4 )6 (MoW)7 O24 4(H2 O) is observed (Figure 3.11 pattern a). (NH 4 )6 (MoW)7 O24 4(H2 O) transforms to a nanocrystalline material in the temperature range from 403 to 623 K (Figure 3.11 pattern
b-d). This nanocrystalline material transforms to an ill defined (MoW) 4 O11 oxide (Figure 3.11 pattern e) at 648 K. At 773 K, additionally weak reflections of orthorhombic (MoW)O 3 are observed.
Interestingly, the hexagonal MoO 3

x

phase could not be detected in contrast to the pure Mo and V

promoted samples.
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The diffraction patterns of the nanocrystalline material below 623 K point to a strong influence of

e

the added tungsten on structural reorganisation pro-
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added W may be described as an inhibitor of structural reordering processes within the molybdenum

a

oxide matrix. Such an influence may be explained
10

15

20

25

30

35

by the structural chemistry of pure molybdenum
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Fig. 3.11: In situ XRD patterns of the thermal
activation of the Mo9W1 catalyst precursor in
inert atmosphere. The pattern were recorded at
323 K a, 423 K b, 523 K c, 623 K d and 773 K
e. The pattern were normalised to the maximum
intensity and vertically shifted for better visualisation.

or tungsten and their mixed intermediate oxides.
The intermediate oxides of tungsten and molybdenum may be seen as being derived from the ReO3 structure.In the ReO3 or WO3 structures, MO6 octahedra are connected through vertices only.

Series of related structures arise when octahedra share
percent W

edges in regular intervals. These structures with formal
stoichiometries of Mn O3n

Mo8 O23 , Mo9 O26

may be regarded

14-24

(M,W) 10 O29 , (MW)11 O32

as built of slices of the ReO3 structure (see the Mo4 O11

32-44

(M,W) 12 O35

48

(MW)14 O41

1

and Mn O3n

0

structure known

2

structure in Figure 2.3 on page 46). Examples of the structural series of such binary oxides are Mo8 O23 and Mo9 O26

Table 3.2: Structures of mixed tungsten
molybdenum oxides as a function of the
W content according to Ref. 120

and W20 O58 , W24 O70 ,W25 O72 , W40 O118 . Higher members
of the Mn O3n

1

series are represented by mixed (MW) oxides, in which the proportion of W is of

fundamental importance for the width of ReO 3 slices (see Table 3.2).
The increasing value n with increasing W content stems from WO 6 octahedra with preferential
sharing vertices only.120 This may explain the dynamic influence of tungsten on the structural reor-
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ganisations during the activation of the parent molybdenum oxide. Structural reorganisation require
mobility of the oxygen anions (or oxygen vacancies) and/or the metal cations. The redox stable W
with its octahedral coordination and only sharing vertices does not participate in oxygen vacancy
diffusion through the material which is mediated by a change of edge to vertex connection. Therefore, the oxygen mobility in W promoted samples is lowered. Hence, the structural reorganisation
to ordered three dimensional lattices is inhibited.

3.2.3.2.3 Thermal Activation of the V and W-Promoted AH(MVW)
The diffraction patterns of the sample promoted by
V and W, shown in Figure 3.12, resemble those

e

of the sample with W only. The X-ray patterns
indicate (NH4 )6 (MoVW)7 O24 4(H2 O) (Figure 3.12

nanocrystalline material (Figure 3.12 pattern b-d)
which is observed from 373 to 648 K. The X-ray

d

Intensity [a.u.]

pattern a) from 323 to 423 K. It transforms to a

c

patterns of the polyoxometalates point to a higher

b

degree of crystallinity as compared to the sample promoted only by W, which may stem from

a

different kinetics of the thermal activation processes. At temperatures above 673 K, ill-defined
(MoVW)4 O11 oxide is observed (Figure 3.12 pattern e) comparable to the W promoted sample. It
may be concluded that W promotion has a much
stronger influence on the structures formed during
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Fig. 3.12: In situ XRD pattern of the thermal
activation of a V and W promoted catalyst precursor in inert atmosphere. The pattern were
recorded at 423 K (A), 523 K (B), 573 K (C),
623 K (D) and 773 K (E). The pattern were normalised to the maximum intensity and vertically
shifted for better visualisation.

the activation process than V addition. The degree
of crystallinity of W promoted samples is lower than that of the sample promoted by V. For the
combined V and W promoted sample V addition counterbalances the structural effects of W.
The Tammann temperature,215 which is defined as 0.5 TM (TM melting point in K) provides a quali-
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tative measurement of the oxygen mobility. The Tammann temperature increases in the order V 2 O5
(482 K), MoO3 (534 K) to WO3 (873 K).216 An increased oxygen mobility may be expected for
V promoted Mo-Oxide, whereas W addition should lead to a decrease. Therefore, the influence of
W on the formed molybdenum oxides may be rationalised by the inhibition of structural reordering
due to lowered oxygen mobility, i.e. the mobility of oxygen vacancies. The minor influence of V
may be explained by the structural similarity between MoO 3 and V2 O5 . V promotion in addition
leads to a higher concentration of oxygen vacancies and, hence, a higher oxygen mobility. The influence of the redox stable W on the structures formed and their degree of crystallinity is reflected in
the onset temperatures for the reduction by H 2 (determined by temperature programmed reduction
(H2 -TPR) experiments, not shown). The W-promoted sample shows the lowest onset temperature
for reduction as compared to pure Mo or V, V and W promoted samples.

3.2.3.3 in situ Raman Spectroscopy
At low temperatures, the activation process of AHM is dominated by the transformation between
different structures built by discrete polyoxometalate anions. It could be shown in the previous Section that in situ Raman spectroscopy is especially suited for the characterisation of the ammonium
polyoxometalate structures. The analysis of the observed Raman bands of the promoted samples
revealed that V or W addition had no influence on the formed polyoxometalate structures. The
observed Raman spectra resemble those during the AHM activation process (Raman spectra not
shown). However, the formation and decomposition temperatures of the different polyoxometalates
as detected by in situ Raman spectroscopy were affected by the V and W addition. These data are
summarised in Table 3.3 and visualised in Figure 3.13 on page 102.

3.2.3.3.1 Thermal Activation of the V-Promoted AH(MV)
Only a minor influence was proven of the V on the thermal stability of the polyoxometalates.
(NH4 )6 (MoV)7O24 4(H2 O), (NH4 )8 (MV)10 O34 and (NH4 )4 (MoV)8 O26 are positively identified in
the temperature range from 323 to 448 K, from 430 to 544 K, and from 496 to 556 K, respectively.
Only the thermal stability of (NH 4 )8 (MV)10 O34 seems to be affected by the V addition. This higher
stability of (NH 4 )8 (MoV)o10 O34 may be explained by a preferential occupation of the two tetrahe-
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drally coordinated cation sites by V which prefers such a fivefold coordination (see Figure 3.7 on
page 92). In summary, the in situ Raman spectroscopy confirms the XRD results. The V addition
has only a minor influence on the formed polyoxometalates and their thermal stability.

3.2.3.3.2 Thermal Activation of the W-Promoted AH(MW)
W addition leads to more pronounced changes of the thermal stability of the different polyoxometalates as V promotion. The (NH4 )6 (MoW)7 O24 4(H2 O), (NH4 )8 (MoW)10 O34 , and (NH4 )4
(MoW)8 O26 are observed in the temperature ranges from 323 to 472 K, from 442 to 562 K and
from 562 to 580 K, respectively. The upper thermal stability boundary is shifted to higher temperatures for all W promoted polyoxometalates. W addition inhibits the structural reorganisations
during the activation process as shown by XRD. These higher transformation temperatures support
the discussed role of W as an inhibitor of the structural reorganisations.
temperatures for the occurrence of (in [K])
sample

(NH4 )6 Mo7 O24 4(H2 O)

(NH4 )8 Mo10 O34

(NH4 )4 Mo8 O26

Mo

323-454

432-495

488-539

Mo9V1

323-448

430-544

496-556

Mo9W1

323-472

442-562

562-580

Mo8V1W1

323-442

432-524

498-603

Table 3.3: Temperature dependence for the occurrence of polyoxometalates as determined
by Raman spectroscopy.

3.2.3.3.3 Thermal Activation of the V-and W-Promoted AH(MVW)
For this sample (NH4 )6 (MoVW)7O24 4(H2 O), (NH4 )8 (MoVW)10 O34 , and (NH4 )4 (MoVW)8 O26
phases are observed by in situ Raman spectroscopy in the temperature ranges from 323 to 442
K, 432 to 524 K and from 498 to 603 K, respectively. By comparison with the W promoted sample
it may be suggested that the additional V counterbalances the structural promoting W effect.

101

XRD
Mo8V1W1
Raman

Mo9W1

Mo9V1

XRD
Raman
XRD
Raman

Mo

XRD
Raman

400

500

600

temperature [K]

700

800

(NH4)6 M7 O24

(NH4)8 M10O34

(NH4)4 M8 O26

hex. phases

nanocrystalline

Mo4O11 or MoO3-x

Fig. 3.13: Temperature dependence of the observed phases during the activation processes
of the pure Mo and the V, W and V/W promoted catalyst precursors.

In summary, the obtained in situ Raman spectra of the activation processes of V, W and V/W promoted ammonium heptamolybdates indicate only a minor effect on the formed structures. The
observed thermal stability ranges for the differently promoted samples point to a minor influence of
the added V or W on polyoxometalate structures below 600 K. W inhibits structural reorganisation
processes which is confirmed by the in situ Raman spectroscopic results. This is further supported
by the onset temperatures of reduction, which were determined by the loss of the Raman signal at
539 K (Mo), 556 K (Mo9V1), 580 (Mo9W1) and 603 K (Mo8V1W1), respectively. It is important
to note that the W inhibition of the structural reorganisation does not affect the local structure of the
polyoxometalates as proven by similar Raman spectra recorded during the activation processes of
the differently promoted samples.
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3.3 Conclusions
Thermal activation of ammonium heptamolybdate (AHM) in inert N 2 atmosphere has been studied
by in situ -XRD, TG/DTA coupled to IMR-MS and ex situ Raman spectroscopy. The stoichiometries and structures of the different intermediates during the complex activation process have been
characterised. AHM loses weakly bound water up to 393 K, before X-ray amorphous ammonium
deca- and octamolybdates are formed. At higher temperatures, the ammonium octamolybdate decomposes into water and ammonia intercalated MoO3 and hydrogen bronzes. At 623 K, the Mo 4 O11
and minor amounts of MoO3 and Mo9 O26 are found.
The influence of V and W additions were investigated on the structures formed during the activation
processes. Only a minor influence of V could be observed on the structures formed during the activation process as compared to the AHM activation process. This mutual solubility of minor amounts
of one oxide in the other oxide is explained by the similarity of the structures. W addition leads to
more pronounced structural changes during the activation process as compared to the AHM case.
Minor amounts of tungsten in the molybdenum oxides matrix inhibit structural reorganisation processes. Such an inhibition is explained by the octahedral coordination of the redox stable W which
shares only vertices. This is believed to strongly affect the oxygen vacancy mobility in the material,
and therefore the evolution of its long range order. The V addition on the other hand leads to a
higher oxygen mobility and, therefore, the formation of stable MoO 3

x

at elevated temperatures.

The promoter effects on mixed molybdenum oxides may shed a first light on the role of these promoters for the mixed MoVW oxide catalyst. The changed kinetics upon thermal activation and
thermodynamics179 of W promoted phases as compared to pure Mo phases due to a lower oxygen
mobility in such materials points to a mainly structural influence of W.
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Chapter 4

In situ Raman investigations on
molybdenum oxide based catalysts
In situ characterisation of catalysts gained remarkable interest in the last decade. 20-25 Photon in/out
techniques are particularly suitable for in situ characterisations. 36, 217 In situ Raman spectroscopy
provides many advantages (many catalytically active transition oxides are Raman active, extreme
pressure or high temperature in situ conditions are possible and a simple in situ cell setup can be
used).36, 217 Such in situ studies assure that the observed time dependent, structural changes are related to simultaneous changes of the catalytic activity. The direct correlations can be established
between the structural and chemical features and the performances of catalysts under different process conditions. However, several disadvantages of the in situ Raman spectroscopy like sensitivity
limitations due to possible small Raman cross section of the materials under investigation, impossibility of quantification due to unknown Raman cross sections, and fluorescence problems may limit
the application of in situ Raman spectroscopy. 10, 27
For in situ studies, at least two different experiments - catalytic tests and spectroscopy - have to be
combined. These two experiments intersect at the design of the in situ cell, which is of crucial importance for the generalisation of the obtained catalytic and spectroscopic results. Several different
in situ Raman cells have been reported.25, 218-221 The design of most of these in situ cells, however,
are focussed on the optimisation of Raman spectroscopy. They are not catalytic reactors. In order
to minimise local heating effects, in situ cells were developed with rotating sample wavers or rotating laser beams.221, 222 Other cells were developed for the use under Raman microscopes with a
high lateral resolution. 25 But most of the arrangements employed so far, do not result in plug-flow
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reactor conditions and, hence, catalytic data have to be considered with care. Mass and temperature
gradients are expected in the reactor and above the catalyst powder, due to the large cell volumes,
pressed sample wavers or large optical windows. Additionally, the laser spot in these in situ cells
probes the sample surface always being in contact with fresh gases, thus, structural information is
not representative for the catalyst at higher contact times.
In order to ensure that the obtained in situ structural information is representative of the active state
of the catalyst, it is of utmost importance that catalyst activation and catalysis are carried out under conditions as closely related to those in regular catalytic test reactors. The realisation of an in
situ Raman cell, comparable to actual catalytic reactors in which the entire gas is flowing through
the catalyst bed is not trivial because one also has to consider the requirements of the in situ spectroscopy used. These difficulties can of course be overcome to a large extent by adopting an in situ
cell geometry similar to tubular plug-flow reactors.
In Figure 4.1 A, the setup of the in situ Raman spectrometer/reactor is shown which was designed
at the Fritz Haber Institute and build by Analyzer Systems (Netherlands). The in situ cell is a quartz
tubular flow reactor with an inner diameter of 10 mm and a length of 310 mm. The cell is designed
as a double-bed reactor. An optical window is attached to the centre of the reactor at an angle of
45Æ to monitor structural changes of the second catalyst bed (see Figure 4.1 B). Thus, the laser spot
probes the structure of the operating catalyst as a function of space velocity, e.g. catalyst loading of
the first bed and linear gas velocity. Temperature gradients are minimised by completely enclosing
the quartz window inside the reactor furnace. The oven temperature is controlled by four separated
heating zones operated by four coupled Eurotherm controllers. In situ reactor temperatures above
800 K and pressures of a few atm can be achieved with this design. The temperature uniformity is
typically better than 2 K along the radial profile and over a distance of 10 cm along the reactor axis.
The gaseous products are analysed by an attached GC-MS (Hewlett Packard GC1079) equipped
with an DB-WAX 58 column (Varian). The educt gas composition and flow are controlled by mass
flow controllers (Bronkhorst). Liquids are introduced to the reactant gases by a vaporiser which is
feed by metering pumps. The catalytic activities obtained in the in situ reactor are similar to those
measured in separate plug-flow reactors. This important fact renders possible the development of
meaningful relationships between structural and catalytic properties.
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Fig. 4.1: A: Furnace and double bed in situ Raman reactor; B: Quartz reactor with the attached quartz
glass window.

A HeNe laser is used for all in situ experiments in order to exploit the resonance Raman effect
which was proven for molybdenum oxides (see Chapter 1). However, due to the strong absorption
of reduced molybdenum oxides, a relation of in situ Raman spectroscopic results and catalytic activities may still be ambiguous because phases or compounds present in the catalyst may escape
Raman detection. In the first part of this Chapter, the reduction of MoO 3 by hydrogen is used as a
test reaction for the sensitivity of the in situ Raman setup because reduced molybdenum oxides are
formed and, hence, a very low Raman cross section is expected. In the second part, a combined in
situ Raman and temperature programmed reaction spectroscopic (TPRS) study will be presented of
the propene oxidation over mixed MoVW oxide catalysts. The objective is to unravel the role of V
and W promoters on the catalytic and structural properties of the molybdenum oxide catalysts.
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4.1 In situ Raman Studies on the Reduction of MoO3
4.1.1 Introduction
The reduction of MoO3 at low temperatures is of particular interest because of the formation of a
MoOx Hy phase. In presence of hydrocarbons, MoOx Hy further transforms into a FCC-MoO x Cy Hz
phase, which shows remarkable catalytic activities in selective isomerisation reactions of n-alkanes
into branched isomers with low aromatisation or cracking activity. 223, 224
Matsuda et al. investigated the influence of the reduction period on the catalytic activity of reduced
MoO3 .225 Under pure hydrogen atmosphere the maximum isomerisation activity was reached after
a reduction period of about 24 h at 623 K. The BET surface increased during the reduction by about
two orders of magnitude.223-226 Vuurman et al.226 explained this large increase of BET area by an
inhibition of the structural collapse to crystalline MoO 2 , while bridging oxygens along the [010]
direction are substituted by hydrogen during reduction. As a result of the lattice contraction due to
the removal of bridging oxygens, the crystals fracture and develop a large surface area. Such a preferential loss of bridging oxygens has experimentally and theoretically been confirmed by Raman
spectroscopy and by DFT calculations, respectively.70, 111
The characterisation of the formed MoOx Hy by X-ray diffraction techniques is difficult due to a
poor degree of crystallisation of this material. Moreover, because of the pyrophoric properties of
MoOx Hy passivation at room temperature in oxygen atmosphere is necessary prior to ex situ characterisations. In situ Raman spectroscopy offers a direct way to characterise the formation of MoO x Hy .
For a structural description of MoO 3 see Chapter 1 on page 8.

4.1.2 Experimental
The reduction of MoO3 was carried out over a time period of 24 h in a flow of 100 ml/min of pure
hydrogen at 623 K in the above described in situ Raman reactor. The Dilor Labram B spectrometer
(see page 15) is used for all experiments. A He-laser (632.8 nm, Topag AG, 100 mW) was used for
excitation of the Raman spectra. The laser power was 50 mW at the sample location. The laser light
 Parts of this Chapter will be published in M. Dieterle, G. Mestl, C. Bouchy, E. Derouane and R. Schlögl, In
situ Raman Investigations on reduced Molybdenum Oxides (in preparation).
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was focussed onto the sample using a 250 mm objective lens which resulted in a focal spot of about
1.5 mm diameter. Due to the large focal area, laser heating effects have not been observed so far for
all laser powers used. All Raman spectra were recorded in backscattering geometry. Acquisition
times were adjusted to experimental needs, e.g. acquisition times between 5 sec. and 2 h were
necessary for a single Raman spectrum.

4.1.3 Results and Discussion
After 24 h of reduction the sample was passivated at room temperature under oxygen atmosphere
prior to XRD characterisation. MoO 2 and MoOx Hy phases were identified in accordance with reported data of Ledoux and coworkers.223, 224
Due to the generally low Raman scattering intensity of reduced molybdenum oxides, only the intense Raman bands in the high energy regime are discussed in the following. The in situ Raman
spectra recorded during the reduction of MoO 3 are shown in Figure 4.2. The Raman spectrum of
orthorhombic MoO3 with bands at 666, 823 and 995 cm

1

in the external frequency region has

already been described (page 24).
The positions of the Raman bands of MoO 3 at 666, 823 and 995 cm

1

remain unchanged for the

first 240 min of reduction. However, the signal to noise ratio continuously decreases after a subsequent reduction period of 8 min. After 240 min of reduction new Raman bands arise at 591 cm
and 1040 cm

1

which replace the Raman bands at 666 cm

1

1

and 995 cm 1 . It is known that during

interaction with MoO 3 the hydrogen atoms ionise to give protons and electrons. 227-229 The former
become attached to bridging oxygen atoms, the latter are trapped at molybdenum sites producing
MoV centres. Formation of a strong σ -bond between the proton and the bridging oxygen leads to
the removal of the distortion along the O-Mo-O chain, resulting in the equalisation of the Mo-O distances in the equatorial plane of the octahedra.227-230 The bonding of the bridging oxygen atoms is
weakened due to the σ -O-H bond. The consecutive loss of bridging oxygens induces a further reorganisation of the [MoO 6 ] polyhedron, such that the most strongly bound, cis arranged oxygen atoms
of the [MoO6 ] polyhedron assume a higher bond strength as compared to the situation without an
oxygen vacancy.111
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The observed new Raman bands indicate the preferential loss of the bridging oxygens in line with
results of Mestl et al.70 . These new Raman bands are attributed to the terminal Mo=O and the remaining bridging O-Mo-O vibrations of the reduced molybdenum oxide. The observation that for
reduced molybdenum oxide the terminal Mo-O vibration is shifted to 1040 cm
gies and that the bridging O-Mo-O vibration is found at 591 cm

1

1

to higher ener-

at lower energies as compared

to MoO3 reflects a change in the deformation of the Mo-O polyhedra. Such an interpretation is in
agreement with experimental ESR results and theoretical DFT calculations. 77, 111, 230 A similar shift
of the energy of the terminal Mo=O vibration was observed by Sotani et al. 112 . Upon the formation
of the molybdenum bronze H0 3 MoO3 , the energy of the terminal IR band increased from 992 to
:

1

in H0 3 MoO3 as compared to MoO3 .

995 cm

1

and 666 cm

1

591 cm -1

After 333 min of reduction, the Raman bands at
of MoO3 vanish. The

1040 cm -1

:

821 cm -1

1001 cm

introduced oxygen vacancies change the absorbx

as proven by

the dark sample colour. The increased oxygen vacancy concentration causes a dramatic decrease of
the observed Raman cross section, which is lowered by factor of about 104 after 24 h of reduc-
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the reduction induces structural changes of the material, the Raman tensor of the reduced material
may be different as compared to the starting ma-
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terial. Therefore, a decision about the number of
removed bridging oxygens is not possible due to
the unknown evolution of the Raman tensor upon
the induced structural changes.

Fig. 4.2: In situ Raman spectra of the reduction
of MoO3 at 623 K under hydrogen atmosphere.
The spectra were recorded after 0 (A), 8 (B), 147
(C), 248 (D), 333 (E) and 1530 min (F) of reduction. All Raman spectra are normalised with
respect to the most intense band.

The decrease of the Raman cross section stems mainly from the shift of the [MoO5 ]5+ -[MoO6]6+

! [MoO5]6

+

-[MoO6 ]5+ IVCT transition to higher energies due to the reduction of the sample. This

shift induces a higher re-absorption of the Raman scattered light and, hence, a lower overall Raman
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scattering efficiency.
Basic nucleophilic oxygen groups on the catalyst surface are necessary for the first step of alkane
isomerisation reaction e.g. for the C-H activation. According to the Hardcastle-Wachs model, the
bond length of the terminal Mo=O bond in the reduced MoO x Hy phases is calculated from the bond
at 1040 cm

1

to be 1.67 Å as compared to 1.69 Å for the vibration at 995 cm

1

of MoO3 .93 The

stronger, e.g. more basic, terminal Mo=O bond of the reduced MoO x Hy as compared to MoO3 may
explain the reported increased alkane isomerisation activity of MoO x Hy .223-225

4.1.4 Conclusions
The in situ Raman characterisation of the formation of MoO x Hy proved the newly designed in
situ setup to be suited for the investigation of structural changes from MoO 3 to a deeply reduced
MoOx Hy . The acquisition times for the deeply reduced samples are about 3000 seconds in contrast
to 5 sec. for MoO3 . When considering the different signal to noise ratios, the observed Raman cross
sections of MoO3 and MoOx Hy vary by a factor of 104 . Although, the degree of reduction of the
MoOx Hy phase has not been determined yet, it is expected to be higher than the degree of reduction
of intermediate oxides like Mo 4 O11 . Because the observed Raman cross section is mainly a function
of the degree of reduction of the sample, the sensitivity of the optics of the newly designed reactor
is assumed to be sufficient to detect intermediate oxides in the course of combined in situ Raman
and TPRS experiments.
The observed higher energy of the terminal Mo=O vibration as compared to MoO 3 may be seen as
one important factor which contributes to the higher isomerisation reactivity of reduced molybdenum oxides with respect to MoO 3 . Although, a strict relation of the Raman spectroscopic properties
of MoOx Hy and its catalytic activity was not attempted in this experiment, the observed changes
of the Raman spectra may help to further understand the catalytic isomerisation processes of such
reduced molybdenum oxides.
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4.2 In situ Raman Spectroscopy Studies Combined with Temperature
Programmed Reaction Spectroscopy (TPRS) of V and W Promoted
Molybdenum Oxide Catalysts
Compounds of molybdenum are used as catalysts for a great number of different reactions, especially redox reactions, such as oxidation of hydrocarbons. 1, 231 The catalytic activity and selectivities of molybdenum oxide based catalysts for propene oxidation has been investigated by numerous
authors.1, 15, 121, 205, 231
The surface of stoichiometric MoO3 contains active centres according to Haber,231 which are able
to perform the insertion of oxygen into the organic material, but centres for the generation of allyl
species are not available. MoO3 is thus inactive in propene oxidation. 15, 121, 231, 232 The hypothesis,
that the MoO3 surface is not able to generate the allylic species was confirmed by comparing the activity in the oxidation of propene molecules and free allyl radicals generated by the decomposition
of allylic compounds. In the temperature range of negligible activity for propene oxidation almost
100% conversion of allylic species to acrolein was observed. 231
There is general agreement on the mechanism of the oxidation of propene to acrolein and acrylic
acid on mixed metal oxide catalysts.1, 9, 15, 187, 205, 208, 209, 231 The first step is the adsorption of the
propene molecule on the catalyst surface followed by the abstraction of a hydrogen atom to form an
allylic species. It has been suggested that the allylic species is formed by a surface acid-base pair, or
a surface lattice oxide ion with basic properties and a transition metal cation with empty d-orbitals
playing the role of the Lewis acid. 1, 233, 234 A second hydrogen abstraction and the addition of an
oxygen atom from the oxide lattice then occurs followed by the acrolein desorption. The formed
oxygen vacancies are replenished by gaseous oxygen. It was stated that both processes - activation
and oxidation of propene - engage different active sites at the surface of the catalyst. Hence, the
efficient catalyst for the oxidation of propene to acrolein should be characterised by two functions:
the ability to activate propene by formation and bonding of allylic species and the capacity to insert
lattice oxygen into such species.9, 205, 231 Vogel et al.209 and Fehlings235 suggested two independent
 Parts of this Chapter will be published in M. Dieterle, G. Mestl, R. Schlögl, In situ Raman Spectroscopy
Studies Combined with Temperature Programmed Reaction Spectroscopy of V and W Promoted Molybdenum
Oxide Catalysts (in preparation).
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active centres to be present on the catalyst surface of a mixed MoV-oxide, which are responsible for
the selective and total oxidation of acrolein to acrylic acid. Böhnke 236 could show for similar catalysts that the activation energy of the catalyst re-oxidation is a function of its degree of reduction.
Estenfelder and Lintz237 suggested that the degree of reduction of a MoVW mixed oxide catalyst
and its kinetic behaviour (selectivity and activity) are closely linked.
The mechanism for the total oxidation is rather less well established. Complete oxidation to CO
or CO2 may occur by sequential oxidation of acrolein or by oxidation of propene by a parallel
route, employing either lattice oxygen or surface adsorbed activated oxygen. 1, 15, 33, 205, 231, 238 In
summary, the material will be the most efficient catalyst, which possesses the largest number of
active and selective sites - which is a function of its composition and structure - and which is capable of reconstituting these surface sites rapidly. Such fast redox properties of the catalyst may be
invoked by the addition of lower valent cations. (Bi or V in Mo oxides). 107
The catalytic properties of transition metal oxides may be discussed in terms of surface structure
sensitivity and compound selectivity. Surface structure sensitivity of catalytic reactions stems from
the existence of different active sites on different crystal surfaces. Molybdenum oxides exhibit a pronounced crystallographic anisotropy. Surface structure sensitivity of catalytic reactions on MoO 3
has been discussed frequently.56-66,231 However, varying degrees of reduction due to different preparation methods of samples with different ratios of the (010) and (100) surfaces were not taken into
account in attempts to deduce structure-activity relations for catalytic reactions over MoO 3 .
Compound activity relationships for catalytic reactions have been proposed for several mixed
molybdenum oxides, e.g., the dependency of the catalytic properties of a given structure as a function of the chemical composition. 1, 33, 59, 64, 231, 238 Pure intermediate molybdenum oxides are readily
oxidised to MoO3 under the conditions of propene oxidation. 121, 130, 232 Therefore, additional transition metals improve the stability and activity of the parent oxide under catalytic conditions. The
addition yields phases which persists over a significant range of composition and non-stoichiometric
compounds are formed by the addition of lower valent cations like V 5+ . The catalytic properties
of such mixed transition metal oxide catalysts are a function of its structure and the compositional
range tolerated by that structure. Andrushkevich et al. investigated the catalytic properties of Mo/V
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oxides for the oxidation of acrolein to acrylic acid. 33 They concluded that the presence of an oxide
with Mo4 O11 structure and a stoichiometry of VMo 3 O11 is related to high catalytic activities and
selectivities. It was suggested that the catalytic activity of such V promoted catalysts is related to
the V4+ concentration in the catalyst material as determined by ESR. 35 A mixed (Mo,V,W)5O14 oxide on the other hand was proposed in Chapter 2 as one candidate for a active and selective catalyst
for methanol and acrolein oxidation. 14, 239 However, a clear distinction between surface structure
sensitivity and compound sensitivity for mixed MoVW oxides is difficult, because compositional
variations of a given structure may have an effect on both, the ratio of the exposed different surface
plane areas, and the catalytic properties due to promoters effects.
The metal- oxygen bond energy of the active oxygen groups under reaction conditions has to be in
a regime of rapid detachment (hydrocarbon oxidation) and re-generation by gaseous oxygen. Intermediate oxides like Mo5 O14 or Mo4 O11 ,149, 151 fulfill this condition because they possess weaker
terminal M=O bonds and stronger O-Mo-O bond as compared to the catalytically less active and
less selective MoO3 .58, 231, 240, 241
The selective oxidation of propene to acrylic acid is industrially carried out as a two step reaction. In
the first reaction step propene is selectively oxidised over Mo-Bi catalysts. The produced acrolein is
subsequently oxidised over a mixed Mo-V-W oxide to acrylic acid. However for economic reasons,
catalysts for the direct selective oxidation of propene to acrylic acid are desired. Therefore, selective oxidation of propene has been chosen as the test reaction. Furthermore, propene oxidation over
Mo-V-W catalysts requires in general higher reaction temperatures (573-723 K) as compared to the
acrolein oxidation (543 to 593 K). Gai-Boys 54, 101 showed that for MoO3 the diffusion of oxygen
vacancies and their ordering in larger clusters requires temperatures above 653 K. Therefore, structural reorganisations under catalytic propene oxidation conditions may occur in the temperature
range from 523 to 723 K on the time scale of in situ Raman spectroscopy.
A deeper understanding of the principal role and effects of each added element on the geometric
structure, the physical-chemical properties or on the catalytic performance are usually unknown.
In order to elucidate V- and W-promoter effects on the catalytic properties of molybdenum oxide
catalysts, a pure Mo oxide catalyst and four V- and/or W-promoted Mo-oxide catalysts have been
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tested.

4.2.1 Experimental
The in situ Raman setup and the experimental conditions have been described on page 106. Two
scans with an acquisition time of 450 seconds each were averaged for a single spectrum.
The preparation of the V and W promoted samples has been described in Chapter 3 on page 95.
Samples with the following metal compositions were used for catalytic tests: a) pure Mo b) 90
mol% Mo 10 mol% V (Mo9V1), c) 90 mol% Mo and 10 mol% W (Mo9W1), d) 80 mol% Mo,
10 mol% V and 10 mol% W (Mo8V1W1) and e) 60 mol% Mo, 30 mol% V and 10 mol% W
(Mo6V3W1).
Temperature programmed reaction spectroscopy (TPRS) is used for the catalyst tests. The catalysts
were heated from 523 to 723 K and cooled down to 523 K under catalytic conditions in one TPRS
cycle with a constant heating/cooling rate of 0.2 K/min. This slow heating rate has been chosen to
assure steady state conversions and selectivities to be measured. For each catalyst 2 or 3 of such
TPRS cycles have been carried out. Prior to the first TPRS cycle, the ammonium metalates precursors were thermally activated in situ by heating to 673 K with 5 K/min in N 2 and a subsequent
oxidation at 673 K in synthetic air for 1h.
1.39 mmol of catalyst as referenced to the metal cations and the assumption of a MO 3 stoichiometry (e.g. 200 mg MoO3 ) was used in all experiments. Propene (Linde, 99.95%) and oxygen (Linde,
99.999%) were used as reactants and N2 (Linde, 99.999%) as an inert diluent. Reactants and products were analysed by a HP 6890 GC-MS gas chromatograph (DB-Wax 58 column, Varian). The
total flow of reactants was 50 ml/min consisting of 5 vol% propene, 10 vol% O 2 , the balance was
N2 . All catalysts have been diluted in 2 g quartz powder (

?  5µ ) in order to reduce the optical

absorption of the catalysts and the reaction exothermicity. Preliminary experiments proved quartz
powder to be a poor Raman scatterer which does not interfere with the Raman spectra of the mixed
oxides. However, it was not possible to achieve a defined catalyst mesh size from catalyst/quartz
mixtures by pressing, crunching and sieving. A fine catalyst powder was always obtained. Therefore, the use of boron nitride (BN) was tested as a diluent for the in situ Raman studies. Although
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the preparation of a diluted catalyst with a defined mesh size was possible, strong fluorescence due
to BN rendered it impossible to record in situ Raman spectra above 523 K. Therefore, the quartz
powder diluent was used. Blind tests proved the quartz reactor and the diluent SiO 2 to be inactive
for propene oxidation below 723 K. The total catalyst bed height summed up to 4 cm of the two
beds (see Figure 4.1) giving a space velocity of 1200 h 1 . Because the BET surface areas of the
activated catalysts were in general small (2 m2 /g) and did not change during the reaction, the
catalytic activities and selectivities of all catalyst samples can directly be compared for the chosen
identical reactor loadings and conversions.
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+
+

O2
O2

2a. C3H6
2b. C3H4O

+
+

4.5 O2
2.5 O2

C3H4O
C3H3OOH

+
+

H2O
H2O

3 CO2
CH3COOH

+
+

3H2O
H2O + CO2

Fig. 4.3: Reaction pathways for the propene oxidation over Mo-oxide based catalysts.

Figure 4.3 shows the expected reaction channels for the selective oxidation of propene over Mooxide based catalysts. Acrolein and acrylic acid, the desired selective oxidation products (1a and
b in Figure 4.3) and the total oxidation products CO 2 and acetic acid (2a and b in Figure 4.3) are
expected to be formed. The catalytic properties are expressed in terms of propene conversion and
selectivities to the different products as calculated according to equation 4.1 and 4.2. The CO 2
signal was corrected for the amount of CO2 due to acetic acid formation.

(4.1)

C=

cPropen out
 100
cPropen in
;

(4.2)

;

Si =

ci
cPropen out
;

cPropen in

 100

;

Inner and outer mass transport limitations have been estimated for similar catalysts by Petzold. 242
According to Petzold, mass transport limitations should not be expected for the investigated mixed
oxide catalysts even for high conversions.
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4.2.2 Results and Discussion
4.2.2.1 Pure Molybdenum Catalyst
4.2.2.1.1 TPRS Results
The propene conversion and the selectivities to acrolein, CO 2 and acetic acid of the first TPRS run
are shown in Figure 4.4 as a function of the reaction temperature. The total activity of the Mo
catalyst increases from conversions <1% at 523 K to a maximum conversion of 20% at 716 K. Up
to 640 K, the propene conversion increases exponentially with increasing reaction temperature (see
Figure 4.4). At temperatures above 640 K, the increase in activity changes and is a linear function
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Fig. 4.4: Propene conversion , selectivities to
acrolein , acetic acid , and CO2 4 during
the first TPRS cycle of the pure Mo catalyst as a
function of the reaction temperature.

Fig. 4.5: Propene conversion , selectivities to
acrolein , acetic acid , and CO2 4 during
the second TPRS cycle of the pure Mo catalyst
as a function of the reaction temperature.

of the reaction temperature. In Figure 4.6, the Arrhenius plot is shown for the propene oxidation
over the Mo catalyst. The data are based on the propene conversion and not on the actual rates of
reaction. In case of the first TPRS cycle, an inflection point separates the Arrhenius curve into two
linear segments, which indicate a change of the reaction mechanism, catalyst properties or diffusion
limitation around 640 K and will be discussed below. The apparent activation energies E A of the
first TPRS cycle were determined to be 108 and 30 kJ/mol for reaction temperatures up to 640 K
and above, respectively.
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The formation of acrolein, carbon dioxide and acetic acid is observed over this catalyst. The decision about primary and consecutive products requires variations of the contact time at constant
temperatures. However, in absence of a change of the structure or the reaction mechanism and in
absence of diffusion limitation the observed selectivities may be used to gain information about the
reaction mechanism. These conditions are fulfilled at low reaction temperatures and low conversions (see Arrhenius plot). The initially high selectivity to acrolein of 55% at 542 K ( at 1% conversion) identifies acrolein as the first oxidation product. Above 640 K, the selectivity to acrolein
decreases to a constant value of almost 40% at conversions higher than 15%. The selectivity to CO 2
does not tend to zero for quasi zero propene conversion and suggests CO 2 to be formed by a parallel
reaction path. At higher reaction temperatures, the selectivity to CO 2 follows an opposite trend as
compared to the selectivity to acrolein (see Figure 4.4) and increases to a constant selectivity of
60% above 640 K. This suggests that two independent reaction channels exist for CO 2 formation.
CO2 may be formed directly from propene or by the consecutive oxidation of acrolein.

ln(K) [mol(propene)/hg]

The formation of acetic acid is detected with
30 kJ/mol

a maximum selectivity of 9% at 603 K (at 8%
propene conversion) during the first TPRS cycle.

-8
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The decrease of the selectivity to acetic acid above
640 K coincides with an increase of the selectivity
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to acrolein while the selectivity to CO 2 remains

75 kJ/mol

almost unchanged. This points to consecutive oxi-
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The propene conversion and the selectivities to
acrolein, CO2 and acetic acid of the second TPRS
run are shown in Figure 4.5 as a function of the re-

Fig. 4.6: Arrhenius plot for propene oxidation
of the first 4 and second Æ TPRS cycle over the action temperature. Only an exponential increase
pure Mo catalyst.

of the propene conversion with increasing reaction

temperature is observed as expected for a constant number of active sites. The comparison of the
Arrhenius plot for the first and second TPRS cycle indicates a change in the catalyst structure during
the first TPRS cycle (see Figure 4.6). This points to the presence of different active sites during the
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two TPRS cycles. The apparent activation energy for the second TPRS cycle was determined to
be 75 kJ/mol. The propene conversion at 716 K of the second TPRS cycle (20%) compares to that
of the first cycle (19%). Higher propene conversions are observed at lower reaction temperatures
during the first TPRS cycle (see Figure 4.8)

4.2.2.1.2 In situ Raman Spectroscopy Results
Selected Raman spectra recorded at 523, 638 and 716 K during the first TPRS cycle are shown
in Figure 4.7. Only Raman bands of MoO 3 (see page 26) are detected during the TPRS cycles
indicating the absence of a crystallographic structural change.
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catalyst at 523 K (A), 638 K (B), 716 K (C).
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of the Raman band at 823 cm 1 (first TPRS cycle: ; second TPRS cycle: ). as a function of
reaction temperature.

is a function of the degree of the reduction as proven

in Chapter 1. The integral intensity of the Raman band at 823 cm

1

, hence, bears information about

the change of the degree of reduction during the TPRS experiment. Integral intensities are used instead of the band intensities at 823 cm

1

in order to account for possible Raman band broadening at

elevated temperatures. Prior to integration, background correction has been conducted with respect
to the baseline. These intensities, I823 , were referenced to the initial integral Raman intensity, I 0823 ,
at the beginning of the TPRS experiment giving the integral intensity ratio I 823 /I0823.
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For the first and second TPRS cycle, the intensity ratios of the intense Raman band of MoO 3 at
823 cm

1

are shown in Figure 4.8 together with the propene conversions as a function of the reac-

tion temperature. The observed increase of the ratio I823 /Io823 during the first TPRS cycle at temperatures above 640 K is explained by a oxidation of the catalyst (see Figure 4.8; 1 to 2
sample is cooled down during the first TPRS cycle, the MoO 3

x

). While the

is further oxidised (see Figure 4.8;

). During the second run, only a minor decrease of the overall higher intensity ratio I 823/Io823
is observed (see Figure 4.8; 3 to 4 ). This indicates that the degree of reduction of the sample is
2 to 3

considerably lower and almost constant during the second TPRS cycle, which is confirmed by the
linear Arrhenius curve (see Figure 4.6; 4).
The increase of the ratio I823 /Io823 during the first TPRS cycle coincides with the maximum selectivity to acetic acid at 640 K. The lower the degree of reduction, the lower is the amount of acetic acid
formed. Therefore, it is concluded that a higher degree of reduction is necessary for the formation
of acetic acid.
In order to further corroborate the influence of the
100

degree of reduction on the catalytic properties of

(2 g, undiluted) under the same catalytic conditions as stated above. The characterisation of this
commercial MoO3 has been described in the Section 1.1. In Figure 4.9, the selectivities to acetic

selectivity [%]

ried out at 673 K over commercial MoO3 (Merck)
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the initial intensity, I o823 , are shown as a function
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Fig. 4.9: Propene oxidation at 673 K over a commercial MoO3 : selectivities to acetic acid , and
CO2 4 and the evolution of the Raman intensity
ratio I823 /Io823  as a function of time on stream.

MoO3 (spectra not shown).
Acetic acid and carbon dioxide are the main products. Additionally, traces of acrylic acid and
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acrolein are detected. However, the total selectivity to these products is less than 5% and, therefore,
not discussed.
The propene conversion decreases during 10 h time on stream from initially 3% to less than 1%
(not shown). During this period the selectivity to acetic acid decreases from 60% to 20%, while
the selectivity to CO 2 raises from 35% to 80%. This change in selectivity is accompanied by an increasing intensity ratio I 823 /Io823 . This indicates that the changes in selectivity again are related to the
degree of reduction of the catalyst. The higher the degree of reduction, the higher is the selectivity
to acetic acid.
Gai-Boys54 showed by TEM investigations that clusters of oxygen vacancies are formed at the surface of the MoO3

x

crystals from isolated oxygen vacancies under catalytic conditions of propene

oxidation at 653 K. Similar results were obtained by Rohrer by STM investigations on the surface
properties of a MoO3 crystal in methanol oxidation. 243, 244 Gai-Boys54 suggested that the formed
clusters are secondary and detrimental to catalytic reactivity and only accommodate the supersaturation of anion vacancies in the oxide. Anion point defects or small defect clusters were suggested
to be the catalytically active sites, which facilitate the fast diffusion of oxygen. 54
The results of Gai-Boys and Rohrer may explain the above described catalysis and Raman data. In
case of the TPRS experiment, the thermal activation of the ammonium metalate precursor under
inert atmosphere induces a high concentration of oxygen vacancies (see Chapter 3). The temperature of the subsequent oxidative pretreatment was high enough for the nucleation of these oxygen
vacancies, but too low to rapidly oxidise all oxygen vacancies. These oxygen deficiency leads to the
low Raman cross section of the starting oxide. The increasing intensity ratio I 823 /Io823 suggests that
the oxygen vacancies clusters are oxidised during the first TPRS cycle at temperatures above 640 K.
The formation of acetic acid seems to be due to the presence of oxygen vacancies clusters, which
are readily oxidised within the first TPRS cycle. During the second TPRS cycle the concentration
of isolated oxygen vacancies is too small in order to favour a nucleation. Therefore, the formation
of acetic acid is not observed during the second TPRS cycle. This interpretation is supported by the
constant ratio I823 /Io823 and the absence of an inflection point in the Arrhenius plot during the second
TPRS cycle indicating the absence of a second reaction mechanism.
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In case of the isothermal propene oxidation over commercial MoO 3 , the intensity ratio I 823 /Io823 is
a linear function of the propene conversion at low propene conversions as shown in Figure 4.10.
Under isothermal conditions the Raman intensity is merely a function of the degree of reduction of
the sample. The lower the defect concentration is the lower is the conversion. This further supports
the paramount role of oxygen vacancies for the catalytic properties of MoO 3 x . The deviation at
higher propene conversions from the linear relationship points to the presence of different active
centres at higher degrees of reduction. Larger oxygen vacancies clusters influence the Raman cross
section in a different manner as compared to isolated oxygen vacancies due to their IVCT transition
at higher energies (2.4 eV),4 . Therefore it is concluded, that two independent active centres exist,
which above were suggested to be isolated oxygen vacancies and larger oxygen vacancies clusters,
being responsible for the selective or total oxidation, respectively.
In summary, it is concluded that the consecutive
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Fig. 4.10: Propene oxidation at 673 K over a
commercial MoO3 : intensity ratio I823 /Io823  as
a function of propene conversion.

gestion is confirmed by the above in situ Raman-catalysis data of MoO 3 x . Reported different
activities and selectivities of catalytic reactions over MoO 3

x

may, thus, stem from different con-

centrations and types of oxygen vacancies present in the material due to different preparation conditions (temperature, oxygen partial pressure). 59, 64, 231, 245, 240 The relation presented in Chapter 1
of the intensity ratio of the Raman bands of MoO 3
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x

at 285 and 295 cm

1

and the concentration of

oxygen vacancies may be used in further investigations to bridge this gap of information.

4.2.2.2 W-promoted Mo-Oxide Catalyst (90% Mo, 10% W, M9W1)
4.2.2.2.1 TPRS Results
The propene conversion and the selectivity patterns of the M9W1 catalyst are shown in Figure 4.11
as a function of the reaction temperature. Below 675 K, the propene conversion exponentially increases with increasing temperature and compares well with that of the pure Mo catalyst in the

M

second TPRS cycle (see Figure 4.14 ). Above 675 K, the propene conversion levels off to a

100

80

6

4

40
2

96 kJ/mol

ln(K) [mol/hg]

60

conversion [%]

selectivity [%]

-9

-10

20
-11

0
0
550 575 600 625 650 675 700 725
temperature [K]

673 K
1.4

Fig. 4.11: Propene conversion  and selectivities
to acrolein , acetic acid  and CO2 4 of the
first TPRS cycle of the Mo9W1 catalyst as a function of the reaction temperature.
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Fig. 4.12: Arrhenius plot for propene oxidation
of the first TPRS cycle over the MoW catalyst.

constant value of about 6%, which indicates a change of the reaction mechanism and/or catalyst
structure or the presence of diffusion limitation (see also the inflection point of the Arrhenius plot
in Figure 4.12). The apparent activation energy is calculated to be 96 kJ/mol below the inflection
point.
At 716 K, the propene conversion is only one third of that of the Mo catalyst (19%). Acrolein and
CO2 are the only observed products in contrast to the first TPRS cycle of the pure Mo catalyst.
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The initially high selectivity to acrolein of 80% at 550 K decreases to a constant value of 50%
at 650 K at propene conversions higher than 3%. The selectivity to CO 2 increases from 11% at
550 K at propene conversions smaller 1% to a constant selectivity of 47% above 650 K at propene
conversions higher than 3%. The ratio of selective oxidation products (acrolein) to total oxidations
products (CO2 ) increased at 5% conversion from 0.66 to 1.06 by the W-promotion.

4.2.2.3 in situ Raman Spectroscopy Results
Selected Raman spectra recorded at 523, 638 and
716 K are shown in Figure 4.13. The Raman spec-

man bands at 244, 286, 340, 370, 469, 667, 774,
817, 847, 902 and 995 cm 1 . The intense Raman
bands at 780, 823 and 853 cm

1

may be inter-

preted as symmetry split Raman bands of the Raman band 823 cm

1

Intensity [a.u.]

trum recorded at 523 K (Figure 4.13 A) shows Ra-

C

B

of MoO3 .93 Such a symmetry
A

split may have its origin in a lower symmetry of
the coordination polyhedra around the Mo cation
which is caused by the incorporation of W into
MoO3 as shown Purans.246 Purans et al. investigated the structural influence of W-promotion on
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Fig. 4.13: Selected in situ Raman spectra of the
Mo9W catalyst recorded during the first TPRS cycle at 523 K (A), 638 K (B), 716 K (C).

Mo oxides using EXAFS.246 They observed an elongation of the short Mo=O bonds and a shortening of the longer, bridging Mo-O bonds as a function of the added amount of tungsten, which
probably disfavours the cis-arrangement of the two strongest Mo-O bonds and, hence, leads to a
symmetry lowering.
Apart of the observed symmetry split the observed Raman pattern resembles especially in the low
energy regime the Raman spectrum of MoO3 . Raman bands which would indicate the presence of
tungsten oxides were not detected.
Changes of Raman band positions, band intensity ratios or additional bands were not observed rela-
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tive to the spectrum recorded at 523 K during the TPRS experiment (see spectrum B and C of Figure
4.13). Thus, the crystalline structure does not change during catalysis. Therefore, the integral intensity ratio IX /IoX of the most intense Raman bands at X=774, 817, 847 and 902 cm 1 , IX , referenced
to the initial intensity, I oX , has been evaluated. The intensity ratio IX /IoX is constant in the temperature range from 523 to 573 K and increases above 675 K as shown in Figure 4.14. The observed
constant ratio IX /IoX in the low temperature regime is explained by a constant reduction degree of
the catalyst at low conversion. The increase of the ratio I X /IoX coincides with the intersection point
of the exponential increasing and the constant propene conversion as already observed for the pure
molybdenum catalyst (see Figure 4.8). This overall smaller increase of the intensity ratio I X /IoX as
compared to the Mo catalyst indicates a lower degree of reduction of the W-promoted sample after
the oxidative pretreatment.
Interestingly, the formation of acetic acid was not

gested that acetic acid formation is linked to the

12

presence of larger oxygen vacancies clusters over
the pure Mo catalyst. The absence of acetic acid
may have its origin in the preferential occupation
of these sites by the redox stable W. However, W
prefers a corner linked octahedral coordination in
VI

its highly stable W

state.
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Therefore, it is un-

likely that the W cations are predominantly situ-
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In Section 3.1.3.2 on page 88, it has been suggested
that the inhibition of structural reorganisations during the thermal activation process of this sample

Fig. 4.14: Propene conversion of the Mo9W1 
and pure Mo M catalyst and the Raman intensity
ratio IX /IoX  of the Raman bands at X=780, 823
and 853 cm 1 IX referenced to their initial intensity IoX as a function of reaction temperature.

stems from a lower mobility of the oxygen vacancies. Such a lower oxygen vacancy mobility inhibits a nucleation of the oxygen vacancies. A W-induced inhibition of the nucleation seems to
reasonably explain the absence of acetic acid over the W promoted catalyst. The lower conversions
and comparable selectivities as compared to the second TPRS run of the pure Mo catalyst, point to
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the absence of a direct participation of the W-promoter in the catalytic cycle. This is confirmed by
reports of Barber,121 who showed for the propene oxidation over mixed Mo/W oxides that molybdenum plays the major catalytic role while tungsten acts as a diluent.
The formation of larger oxygen vacancy clusters is, as shown by quantum chemical calculations,
energetically more favourable than the formation of isolated oxygen vacancies. 247 Therefore, isolated oxygen vacancies or small defect clusters are easier to be oxidised for a given oxygen pressure
as compared to larger oxygen vacancies clusters. The presence of isolated oxygen vacancies or
small defect clusters in the W-promoted catalyst as compared to ordered oxygen vacancies in the
pure Mo oxide may be the reason for the different re-oxidation kinetics of these defects and, hence,
a lower degree of reduction of the W promoted catalyst after the oxidation pretreatment and during
the TPRS cycles. The inhibition of structural reorganisation by W is seen as the reason for this
lower degree of reduction of the W-promoted sample. Due to low degree of reduction a reordering
of the isolated oxygen vacancies in oxygen vacancies clusters does not occur. This is confirmed by
the smaller increase of the of the intensity ratio I X /IoX as compared to the Mo catalyst. Because the
catalytic activity is strongly related to the presence of oxygen vacancies, the lower reduction degree
of the W-promoted catalyst causes a lower overall propene conversion as compared to the pure Mo
catalyst above 675 K.

4.2.2.4 V-promoted Mo-Oxide Catalyst (90% Mo, 10% V, Mo9V1)
4.2.2.4.1 TPRS Results
The propene conversion and the selectivities to acrolein, CO 2 , acetic and acrylic acid over the M9V1
catalyst are shown in Figure 4.14 as a function of the reaction temperature. Interestingly, a higher
propene conversion of 50% is observed at 716 K as compared that of the pure Mo (19%) or the
Mo9W1 (7%) catalysts at 716 K. Below 673 K, the apparent activation energy is determined to be
136 kJ/mol and 118 kJ/mol for the first and second TPRS cycles, respectively (see Figure 4.17).
Above 673 K, during the first TPRS cycle a considerably lower activation energy of 54 kJ/mol is
found. Inflection points observed for the Arrhenius plots of the second and third TPRS cycle at
673 K indicate a reversible structural change, a mechanistic change or the beginning of diffusion
limitation.
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Acrolein, CO2 , acetic and acrylic acid are the main products over the Mo9V1 catalyst. The initially high selectivity to acrolein of 80% at 550 K at propene conversions smaller 1% decreases and
follows an opposite trend as compared to the selectivities to acetic and acrylic acid. The initially
higher selectivities to CO 2 as compared to the selectivity to acetic or propenic acid points to an
independent reaction path for the total oxidation of acrolein to CO 2 in line with results of Vogel
et al.209 . The selectivities to carbon dioxide, acetic and acrylic acid tend to zero for a quasi zero
propene conversion. This indicates that these products are formed by a consecutive oxidation of
acrolein.
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Fig. 4.17: Arrhenius plot for propene oxidation
of the first Æ and second 4 TPRS cycle over the
pure Mo9V1 catalyst.

The selectivities to acetic acid and acrylic acid show maxima of 35% and 5% at 643 and 685 K at
propene conversions of 12% and 31%, respectively. An increase of the selectivity to CO 2 occurs
with decreasing selectivities to acetic and acrylic acid, which indicates a consecutive oxidation of
the carbon acids to CO2 and water at higher conversions. For propene conversions above 40%, the
selectivities to acetic and acrylic acid tend to zero. CO 2 is the major observed product. The maximum selectivities to acetic and acrylic acid are observed at different propene conversions which
points to the existence of two independent active centres for each of these acids in line with results
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of Stein et al.71 .
Between 575 and 725 K, acetic and acrylic acid are formed. The formation of acrylic acid was
not observed for the pure Mo or W promoted catalysts. In processes of hydrocarbon oxidation,
thermodynamics favours the ultimate formation of carbon dioxide and water. Therefore, all partial
oxidation products are intermediates derived from kinetic reaction control. Due to the generally
lower propene conversions over the Mo and the Mo9W1 catalysts acrylic acid should also be observed if V is not an active part in the catalytic cycle of acrylic acid formation. The opposite is
observed. Therefore it is concluded, that V takes actively part in the selective oxidation of acrolein
to acrylic acid. V-promotion leads to the generation of active centres which are not present on the
surface of pure Mo or W-promoted catalysts. This is further supported by the 2.5 times higher
propene conversion of Mo9V1 as compared to the pure Mo catalyst. This higher conversion points
to a crucial role of V in the catalytic cycle as proposed by several authors. 35, 163, 248-251 Andrushkevich suggested for the acrolein oxidation to acrylic acid a Mo/V ratio of 3/1 to lead to optimum
activity and selectivity. 33 A (MoV)4O11 structure was suggested to be as responsible for the optimum catalytic performance. It was further suggested that the presence of V4+ is responsible for
high conversions and selectivities. 33, 35
A clear decision about the V-promoter effect cannot easily be drawn because the influence of V is
twofold. On one hand, the preferred fivefold coordination of V 5+ leads to oxygen vacancies within
the molybdenum oxide matrix. This effect should be even more pronounced for V 4+ cations. It was
suggested above for the pure Mo catalyst that isolated oxygen vacancies or small defect clusters
are positively linked to high propene conversions. Hence, an increase of oxygen vacancies leads
to an increase of the number of active sites and further to an increase of the oxygen mobility as
suggested by Levy and DeGroot.252, 253 The strong increase of the propene conversion by V may
thus be described by a lower valent promoter induced defect generation. 107 On the other hand, the
redox couple V5+ /V4+ may directly take part in the catalytic cycle. In this case, the Mo oxide matrix
may be seen as diluent of the active V sites according to the site isolation theory of Grasselli. 17, 254
Because the catalytic cycle of the propene oxidation is rather complex and involves more than one
active site,9, 71, 187, 255, 236 both, the promoter induced defect generation and the direct active role
of V in the catalytic cycle may be relevant factors which both contribute to the observed overall
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increase of catalytic activity.

4.2.2.4.2 In situ Raman Spectroscopy Results
Selected in situ Raman spectra which where recorded at 523, 638 and 716 K are shown in Figure
4.18. After the oxidation pretreatment of the V promoted catalyst, e.g. at the beginning of the TPRS
experiment, the observed Raman spectrum (Figure 4.18 A) shows Raman bands at 223, 246, 293,
344, 383, 473, 666, 823 and 995 cm 1 . Raman bands indicating presence of pure V oxides could
not be detected.
Interestingly, additional Raman bands due to a symmetry split of the Raman band at 823 cm

1

are

not detected for the V promoted sample. This finding may be interpreted with the assumption that
the V in the MoO3 structure does not disturb the coordination sphere of the molybdenum cations as
it already has been observed for the thermal activation of this catalyst (see Section 3.2.3.2.1 on page
96).
The Raman bands of the spectrum which has been recorded at 638 K (Figure 4.18 B) are located at
291, 343, 383, 409, 444, 606, 668, 794, 826, 858, 918, and 995 cm
343, 383, 668, 826 and 995 cm

1

1

. The Raman bands at 291,

are attributed to (Mo,V)O 3 oxide. The new additional Raman

bands at 409, 444, 794, 858 and 918 cm

1

(spectrum C) gain intensity with increasing reaction

temperature while those of the (Mo,V)O 3 oxide loose intensity.
By comparison of the positions of these new Raman bands with those observed for crystalline reference samples of orthorhombic Mo4 O11 179 (Raman bands in the high energy regime at 755, 818,
844, 862, 871 and 934 cm 1 ), monoclinic Mo4 O11 128 (Raman bands in high energy regime at 729,
791, 835, 912 and 960 cm 1 ) or Mo8 O23 179 (Raman bands in the high energy regime at 636, 682,
761, 842, 908, 930, 951, 990 and 1000 cm

1

) these compounds can be ruled out to be present.

These new Raman bands may be attributed to a oxide of Mo5 O14 structure by comparison with
the Raman spectra which have been obtained from the industrial catalyst on page 56. Further, the
observed Raman band positions are in agreement with those of a crystalline (MoW) 5 O14 reference
sample.256 With the in situ formation of this (MoV) 5 O14 oxide, a strong increase of the Rayleigh
scattering background and a low signal to noise ratio of the Raman spectra is observed. This in-
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dicates a low Raman cross section of the formed (MoV)5 O14 oxide. The strong increase of the
background at 500 cm

1

is attributed to weak and broad Raman background due to the SiO 2 diluent

which becomes viable due to the low (MoW) 5O14 scattering efficiency.
At 716 K, Raman bands are observed at 291, 613,
716, 811, 835, 853, 920 and 998 cm

1

C

(see Fig-

and 998 cm 1 ) decreased in intensity, but still prove
(MoV)O3 to be present.
The observation of the Raman bands of the (MoV) 5 O14
oxide coincide with the formation of acrylic acid,
while the decrease of the Raman bands of the
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Fig. 4.18: Selected in situ Raman spectra
recorded during the first TPRS cycle of the
Mo9V1 catalyst at 523 K (A), 638 K (B),
716 K (C).

to acrylic acid is related to the (MoV) 5O14 oxide.

4.2.2.5 V,W-promoted Mo-Oxide Catalyst (80% Mo, 10% V, 10% W, Mo8V1W1)
4.2.2.5.1 TPRS Results
The propene conversion and the selectivities to acrolein, CO 2 , acetic and acrylic acid are presented
in Figure 4.19 as a function of the reaction temperature. The propene conversion of 48% at 716 K
is comparable to the propene conversion of Mo9V1. Below 660 K, the apparent activation energies
were calculated to be 103 and 114 kJ/mol for the first and second TPRS cycle (not shown). Above
660 K, considerable lower activation energies of 60 and 44 kJ/mol are calculated. This finding
again indicates structural or mechanistic changes and/or the beginning of diffusion limitation at this
temperature. Interestingly, the activation energy of the second TPRS cycle increased as compared
to the first cycle.
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The maximum selectivity to acrylic acid of 13% at 659 K (18% conversion) increased as compared to the Mo9V1 catalyst. The selectivity to acrylic acid is found to be 11% at 31% conversion,
which is 2.3 times higher as compared to the Mo9V1 catalyst, while the selectivities to CO 2 are
comparable. The maximum selectivity to acetic acid of 39% is observed at 626 K at 10% propene
conversion which is comparable to the Mo9V1 catalyst. The W-promoter, hence, results in higher
selectivities to partial oxidation products at comparable conversions as already observed for the
Mo9W1 catalyst.
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Fig. 4.19: Propene conversion , selectivities to
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Fig. 4.20: Arrhenius plot for acrolein, acrylic
acid and CO2 of the first 4 TPRS cycle over the
Mo8V1W1 catalyst.

In Figure 4.20 the Arrhenius plot and the calculated activation energies of the Mo8V1W1 catalyst
are shown for the formation of acrolein, acrylic acid and CO 2 . The activation energies for the formation of acrolein, acrylic acid and CO2 were calculated to be 73, 160 and 116 kJ/mol, respectively.
The different activation energies for the formation of the partial and total oxidation products further
supports the suggested existence of different active sites being responsible for the formation of each
of these products.
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4.2.2.5.2 In situ Raman Spectroscopy Results
Selected Raman spectra recorded at 523, 673

C

and 716 K during the TPRS experiment of the
M8V1W1 catalyst are shown in Figure 4.21. AfIntensity [a.u.]

ter the oxidation pretreatment, the signal to noise
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Fig. 4.21: Selected in situ Raman spectra
recorded during the first TPRS cycle of the
Mo8V1W1 catalyst at 523 K (A), 623 K (B),
716 K (C).
1

are attributed to a (MoVW)5O14 oxide. The

Raman bands of (MoVW)O3 vanish with increasing reaction temperatures and the Raman spectrum
which has been recorded at 674 K (Figure 4.21 spectrum B) shows Raman bands at 601, 788, 840,
878 and 920 cm 1 . For higher reaction temperatures or consecutive TPRS cycles additional Raman
bands or changes of the band positions were not observed (Figure 4.21 spectrum C). The catalytic
properties (e.g. higher selectivity to selective oxidation products) can only be explained by different
degrees of reduction for the different temperatures or TPRS runs. W acts as a structural promoter
and stabilises the structure on a high degree of reduction, whereas V enhances the catalytic activity.

4.2.2.6 V,W-promoted Mo-Oxide Catalyst (60% Mo, 30% V, 10% W, Mo6V3W1)
4.2.2.6.1 TPRS Results
This catalyst composition has been prepared because of its relevance for industrially used catalysts.
The propene conversion and the selectivities to acrolein, CO 2 , acetic and acrylic acid are presented
in Figure 4.22 as a function of the reaction temperature. The selectivity patterns are comparable to
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those of the M8V1W1 catalyst.
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Fig. 4.21: Propene conversion , selectivities to
acrolein , acetic acid , acrylic acid Æ and
CO2 4 of the first TPRS cycle of the Mo6V3W1
catalyst sample as a function of the reaction
temperature.

Fig. 4.22: Selected in situ Raman spectra
recorded during the first TPRS cycle of the
Mo6V3W1 catalyst at 523 K (A), 638 K (B),
716 K (C).

The three times higher vanadium content of the Mo6V3W1 catalyst as compared to the Mo8V1W1
catalyst sample leads to an increase in propene conversion. For the Mo6V3W1 catalyst, the propene
conversion is 76% at 716 K as compared to 45% for the Mo8V1W1 catalyst which is an increase by
a factor of 1.7. Again V is essential for high propene conversions. However, this increasing propene
conversion is lower as would be expected from the three times higher V concentration. The apparent activation energies of the first and second TPRS cycle are calculated to be 171 and 165 kJ/mol
below 655 K. At higher temperatures the activation energies decrease to 75 and 105 kJ/mol for the
first and second TPRS cycle, respectively. Therefore, a limitation of the rate of re-oxidation of
the catalyst at high propene conversions may explain the too low increase of propene conversion.
Alternatively, the contact time and oxygen/propene ratio employed may be beyond the optimum of
this most active catalyst.
The maximum selectivity to acetic and acrylic acid formation are 42% and 15% at 642 and 660 K
at 14% and at 30% propene conversion, respectively. At 30% propene conversion, the selectivities
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to acetic and acrylic acid are 39% and 15%, which are 2.0 and 2.3 times higher as compared to the
Mo8V1W1 catalyst at comparable conversion, respectively. The selectivities to CO 2 are comparable
for both catalysts.

4.2.2.6.2 In situ Raman Spectroscopy Results
Selected in situ Raman spectra recorded at 523, 638 and 716 K are shown in Figure 4.22. The
Raman spectrum recorded at 523 K (Figure 4.22 spectrum A) shows Raman bands at 289, 609, 701,
823, 874, 919 and 995 cm 1 . The signal to noise ratio is low and the Raman bands are situated on
top of a very intense Rayleigh background. Again the oxidation pretreatment at 673 K leads to the
formation of minor amounts of a (MoVW)O 3 oxide which is identified by the Raman bands at 289,
823 and 995 cm 1 . The remaining Raman bands at 609, 701, 874 and 919 cm

1

are attributed to

a oxide of Mo5 O14 structure. With increasing reaction temperature to 660 K, the Raman bands of
the(MoVW)O3 oxide vanish while those of the Mo 5 O14 oxide are more resolved (see Figure 4.22
spectrum B). The broad Raman bands of the spectrum recorded at 638 K are situated at 451, 490,
609, 714, 860 and 915 cm 1 . The observed Raman bands indicate only the presence of a oxide of
Mo5 O14 structure at temperatures above 638 K. The very intense Rayleigh background points to
pronounced semiconducting properties due to a higher concentration of oxygen vacancies, which is
explained by the three times higher V concentration.

4.2.2.7 Comparison of the Catalytic Performances of the V-Promoted Catalysts and in
situ Raman Results
Selected data of the catalytic properties of the V-promoted sample are summarised in Table 4.1.
For the second and third TPRS cycle the maximum propene conversion over the Mo9V1 catalyst
decreases from initially 50% to 41% and 38% (see Table 4.1). During this deactivation, the selectivities for oxidation products of acrolein (propenic and acetic acid) decrease while the selectivities
for the formation of acrolein and CO 2 increase (see Table 4.1). For the Mo8V1W1 a deactivation is
observed (see Table 4.1) comparable that of Mo9V1. The Mo6W3W1 catalyst shows higher selectivities to acrolein and acrylic acid (see Table 4.1) at lower propene conversions during the second
and third TPRS cycle.
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The Raman spectra recorded during the consecutive TPRS cycles of these catalysts did not reveal
any structural change which could account for the deactivation behaviour of the different catalysts.
The generally low Raman cross section of interintensity ratio I cryst /Itotal [a. u.]

mediate molybdenum oxides may be explained
by their semiconducting properties. 5 Due to high

semiconducting materials the excitation radiation
is elastically scattered at the surface of the material and a strong Rayleigh wing is observed. The
penetration depth of the excitation radiation tends
to zero for metals and only a strong Rayleigh line
superimposed on a high background is observed.
Therefore, a strong Rayleigh background is seen as
indicative for semiconducting or conducting properties of the catalyst. For MoO3
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Fig. 4.23: Propene conversion (a; ) of the
Mo9V1 catalyst and the Raman intensity ratio
Icryst /Itotal (b; Æ) as a function of the time on
stream.

concentration of oxygen vacancies affects their electronic properties as shown in Section 1.1. The
concentration of oxygen vacancies present in an intermediate oxide like (MoVW) 5 O14 affects its
Raman cross sections and the observed Rayleigh background due to changed electronic properties.
Therefore, the scattering background of the Raman spectra bears information about the conducting
properties, i.e. nonstoichiometry.
Therefore, the attempt was made to distinguish between the evolution of the Raman signal due to
presence of crystalline material and the evolution of the Raman background. The Raman spectra
recorded during the TPRS cycles of the Mo9V1 and Mo6V3W1 catalysts were normalised with
respect to the most intense Raman band between 850 to 950 cm 1 . The evolution of the crystalline
parts contributing to the Raman spectra was estimated by the integral intensity of the Raman bands
in the energy range between 750 to 950 cm 1 , Icryst , after these have been baseline corrected. The
evolution of the changes of the Raman background was estimated by the total integral Raman
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max propene conversion (716 K)

M9V1 [%]

M8V1W1 [%]

M6V3W1 [%]

1. TPRS cycle

45

47

73

2. TPRS cycle

41

37

68

37

-

66

1. TPRS cycle

30.3 (673 K)

19.3 (684 K)

38 (667 K)

2. TPRS cycle

33 (693 K)

14 (708 K)

33 (674 K)

23 (692 K)

—-

32 (690 K)

1. TPRS cycle

8

26

15

2. TPRS cycle

7

20

18

3. TPRS cycle

4

—-

18

1. TPRS cycle

45

48

35

2. TPRS cycle

58

54

34

3. TPRS cycle

60

—-

38

1. TPRS cycle

20

12

10

2. TPRS cycle

36

14

11

3. TPRS cycle

32

—-

9

3. TPRS cycle
selectivity to acetic

acida

3. TPRS cycle
selectivity to acrylic

selectivity to

acid a

COa2

selectivity to acrolein a

a

selectivities determined at 30 % propene conversion

Table 4.1: Selectivities and propene conversions for the three V promoted catalysts (Mo9V1, Mo8V1W1
and Mo6V3W1).

intensity, Itotal . The evolution of the intensity ratio, I cryst /Itotal , may directly be addressed to changes
of the semiconducting properties i.e. the nonstoichiometry during the TPRS cycles. The absolute
degree of reduction, of course, cannot be determined by this method.
In Figure 4.23 and 4.24, the intensity ratio I cryst /Itotal and the propene conversions of the Mo9V1 and
the Mo6V3W1 catalyst are compared as a function of the time on stream. Both catalyst show lower
propene conversions during the second and third TPRS cycle. The evolution of the selectivities to
partial oxidation and total oxidation products show an opposite trend for these two catalysts (see
Table 4.1). Over the Mo9V1 catalyst, the formation of total oxidation products increases during
the subsequent TPRS cycles. The evolution of the intensity ratio I cryst /Itotal of the Mo9V1 catalyst
indicates that the Raman background is found to be more intense at high propene conversions. This
points to a higher degree of reduction of the Mo9V1 catalyst at high propene conversions and may
explain the changes of the activation energies over these catalysts. At lower conversions and reac-
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tion temperatures, the catalyst is reoxidised as seen in the increase of the ratio I cryst /Itotal after the
maxima of propene conversion, e.g. at lower reaction temperatures. The re-oxidation of the catalyst
is not completely reversible as indicated by the decreasing baseline of the intensity ratio I cryst /Itotal
curve (see dashed line in Figure 4.23). At high propene conversions, during the second and third
TPRS cycle the degree of reduction of the catalyst increases as compared to the first TPRS cycle
(see dotted line in Figure 4.23). This indicates that the catalyst is not stable with respect to its degree
of reduction at high propene conversions. The observed changes in selectivity as a function of the
propene conversion, hence, may be derived from the different degrees of reduction of the catalyst
as a function of the propene conversion.
For the Mo6V3W1 catalyst, the evolution of the intensity ratio I cryst /Itotal indicates that this catalyst
is not completely reversibly reduced at high propene conversions (see dotted line in Figure 4.23).
In contrast to the Mo9V1 catalyst, the baseline of the intensity ratio I cryst /Itotal increases (see dashed
line in Figure 4.24) which indicates that the degree of reduction of this catalyst decreases with time
on stream. The observed deactivation during the TPRS cycles may be explained by the lower degree
of reduction of the catalyst due to the irreversible oxidation. In Figure 4.24 the selectivity to acrylic
acid is additionally shown as a function of the time on stream. The maxima of the selectivity to
acrylic acid coincide with the decrease of the intensity ratio I cryst /Itotal (see vertical arrows in Figure 4.24). The observed deactivation and the changes in selectivity may be explained by the lower
degree of reduction of the catalyst in subsequent TPRS cycles. At high propene conversions the
selectivity strongly decreases due to the increasing degree of reduction.
In summary, the deactivation of both catalyst may be explained by irreversible changes of the degree
of reduction of the catalysts during the TPRS experiment (as seen in the evolution of the baseline
of the intensity ratio I cryst /Itotal ). The selectivities to the observed products are suggested to be a
function of the degree of reduction of the catalysts. The overall degree of reduction of the Mo9V1
catalyst is lower than that of the Mo6V3W1 catalyst as seen by the more intense Raman background
in the Raman spectra of the Mo6V3W1. During the TPRS experiments, the degree of reduction of
the Mo9V1 catalyst increased, while that of Mo6V3W1 decreased. The irreversible changes of the
degree of reduction may be explained by changes of the spatial elemental distribution during the
TPRS cycles, while the structure of the (MoV) 5 O14 oxide is retained. In Chapter 2.1,
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the presence of spatial elemental inhomogeneities was proven by SEM/EDX for a V and W promoted catalyst with a oxide of Mo 5 O14 structure. Upon thermal activation at 818 K, it was found
that the surface of the catalyst depletes of V. The Mo5 O14 structure tolerates different amounts of
V and W.42, 48, 45, 181, 47 Although the maximum temperatures of the TPRS experiment were about
100 K below those of the thermal activation of the catalyst described in Chapter 2, the reaction temperatures of the TPRS experiment are still high enough for a V mobility. 239 Therefore, the observed
changes between the subsequent TPRS cycles of the catalytic properties of the Mo9V1, Mo8V1W1
and Mo6V3W1 catalysts may be attributed to diffusion of V into the bulk of the material and, hence,
lower V concentrations at the surface of the catalyst material, while the Mo 5 O14 structure is retained
as observed by in situ Raman spectroscopy. Only minor surface V diffusion into the bulk occurs
due to the high bulk V concentration of the Mo6V3W1 catalyst. The increasing selectivities to partial oxidation products over this catalyst during the subsequent TPRS cycles may point to a initial
surface V-concentration which is already beyond the optimum for the selective oxidation reactions.
The formation of the oxide of Mo 5 O14 structure
cryst

/Itotal [a. u.]

c

is observed under the conditions of high conversion for all catalysts containing V. In spite of the
paramount importance of oxygen vacancies for the
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catalytic properties of the catalysts this structure
with its intrinsic disorder 42, 149 is rather interesting.
The observation that at high propene conversions
the Raman bands of the oxide of Mo5 O14 structure
are situated always on top of generally high background supports the in Chapter 2 developed core-

Fig. 4.24: Propene conversion (a; ) and
selectivity to acrylic acid (b; M) of the shell model.
Mo6V3W1 catalyst and the Raman intensity ratio Icryst /Itotal (c; Æ) as a function of the time on
These results, which are valid for the propene oxistream.

dation at high conversions are also important for the selective catalytic oxidation reactions at lower
temperatures. For example, the selective oxidation of acrolein to acrylic acid is industrially carried
out over MoVW mixed oxide catalyst at temperatures below 573 K. 209, 242, 257-260 For this reaction
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the formation of the catalytically active structure by the thermal activation process is of paramount
importance, because catalysis induced solid state transformation should be much slower at such
temperatures. Due to the low reaction temperature long time periods are usually necessary to obtain
steady state conversions e.g. the optimum degree of reduction of the catalyst. Such long activation periods may be considerably shortened by the in situ activation of the catalyst under propene
oxidation conditions at higher temperatures.

4.2.3 Summary
4.2.3.1 The role of the V and W promoters
In Figure 4.25 and 4.26 the total propene conversions at 716 K and selectivities to acrolein, acrylic
and acetic acid and CO2 at 6 % conversion are shown for all tested catalysts. Upon 10 % and 30 %
V addition the propene conversion at 716 K increases from 20 % of the pure Mo catalyst to 47 and
74 %, respectively. Therefore, the propene conversion appears to be a function of the V addition.
In contrast to V addition, W addition causes a lower maximum propene conversion as compared to
the unpromoted catalyst. Therefore, it has been concluded above, that W acts mainly as a structural
promoter which is not directly incorporated into the catalytic cycle. The effect of this structural
promoter on the selectivities at 6 % conversion is shown in Figure 4.26.
The W addition increases the selectivity to selective partial oxidation products as can be seen by
comparing the selectivities to acrolein and CO 2 of the pure Mo and the Mo9W1 catalysts. The addition of V reduces the formation of CO 2 as compared to the pure Mo and the Mo9W1 catalyst. The
V addition leads to the formation of acrylic acid, which could not be observed for the pure Mo or
the W promoted catalyst. Therefore, it is concluded above, that V addition causes the formation of
new active centres, which are capable of the selective oxidation of acrolein to acrylic acid. V acts as
well structural promoter as it destabilises the found structures and lowers the temperature of defect
formation. Additional W induces higher selectivities to acrylic acid of the Mo8V1W1 catalyst as
compared to the Mo9V1 catalyst. With increasing V content from 10 % to 30 % (Mo6V3W1 and
Mo8V1W1 catalysts) the selectivity to CO 2 again is reduced. However, the main effect of the higher
V content is the 1.7 times higher maximum propene conversion at comparable selectivities. In summary, the role of the V promoter is a twofold. V addition increases the propene and induces active
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sites for the formation of acrylic acid. W addition mainly reduces the formation of total oxidation
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Fig. 4.25: Propene conversion at 716 K of all
catalysts.
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Fig. 4.26: Selectivities to acrolein, acrylic and
acetic acid and CO2 over all tested catalysts at
6 % conversion.

4.2.3.2 Model for the Propene Oxidation over MoVW Oxide Catalysts
On the basis of the obtained catalytic performances of the differently promoted catalysts the propene
oxidation may be described by the Scheme presented in Fig. 4.27. The primary reaction product
over all catalyst samples is acrolein as proven by the high selectivity to acrolein for low propene
conversions. The different propene conversions for maximum selectivities to acetic and acrylic
acid indicate different active centres for the consecutive oxidation of acrolein in agreement with
literature.209, 71 The presence of larger oxygen vacancies clusters are seen as being strongly related
to the formation of acetic acid, while the presence of the V promoter favours the formation of acrylic
acid. CO2 may be formed by oxidation of acrolein or the total oxidation of acetic and acrylic acid.
Under the condition of high propene conversions (> 45%) i.e. catalysts containing V, the oxide of
Mo5 O14 structure is formed irrespectively of the overall catalyst composition. Such high conversion
are only observed for V promoted samples.
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The V incorporation induces a supersaturation of oxygen vacancies at the surface, which do not
nucleate due to the added W. Such a stabilisation by tungsten may explain the observed increase in
selectivity for the acrylic acid formation. A clear picture of the role of V, however can not be drawn.
It may have a twofold influence, e.g. promoter induced defect generation or direct participation in
the catalytic cycle.
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Chapter 5

In situ Raman Studies on Mixed
Metal-Oxygen-Clusters (Mo, V, W) and
Carboxylates in Aqueous Solution
5.0.4 Introduction
Mixed transition Mo/V/W-oxide catalysts are prepared by aqueous chemistry methods such as precipitation, coprecipitation, hydro thermal synthesis or sol gel processes, which all are suited for
industrial applications. 261 The catalyst precursor is formed via hydrolysis and/or condensation of
molecular precursors, e.g. ammonium metalates in case of Mo, V or W oxide based catalysts. Appropriate amounts of the ammonium metalates are dissolved in water and the catalyst precursor is
obtained by removal of the solvent. Subsequently the precipitate is dried, pelletised (form giving)
and calcined.262 Thermal activation of such a precursor as discussed in previous Sections leads to
the active catalyst.
The spatial elemental distribution of mixed multielement catalysts is difficult to control 1, 14, 34 as
already shown by SEM/EDX mapping in Section 2.1 on page 52. Spatial inhomogeneity leads to
uncontrolled catalyst stoichiometry and, hence, loss in activity and selectivity. Therefore, the spatial
elemental homogeneity of such mixed Mo/V/W-oxide catalysts has to be controlled more precisely.
It can be assumed that already the precursor solutions (pH, metalate concentration, concentration
of counter- or complexing ions) may affect the spatial elemental distribution in the solid catalyst
 Parts of this Chapter will be published in M. Dieterle, G. Mestl, R. Schlögl, In situ Raman Studies on Mixed
Metal-Oxygen-Clusters (Mo, V, W) and Carboxylates in Aqueous Solution (in preparation).
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precursors due to the formation of molecularly defined polyoxometalates.
Especially group IV, V, VI transition cations exhibit a unique and complex aqueous polyoxometalate chemistry due to their similar ionic radii, their preferred high oxidation state (+V and +VI)
and their comparable coordination environment. 41-50 The aqueous chemistry of high valent cations
such as VV + , MoV I + and WV I + is dominated by the formation of polyoxometalates that exhibit
compact, highly symmetric molecular structures. The formation of polyoxoanions of Mo, V and W
in aqueous solutions with different pH and metalate concentrations have been studied by numerous
methods for the pure Mo, V and W systems.49, 50, 127, 203, 263-268

Fig. 5.1: a. [Mo7 O24 ]6 polyeder.

Fig. 5.1: b. [Mo7 O24 ]6 in a space filling representation.

The spatial homogeneity of the catalyst polyoxometalate precursors could be controlled by the stabilisation of defined mixed polyoxometalates in solution. These dissolved mixed polyoxometalate
anions may be seen as preformed fragments of the metal oxide catalyst precursor.269-274 The space
filling representation of the heptamolybdate ion [Mo 7 O24 ]6 as shown in Figure 5.1 resembles a
close packed oxygen lattice. This underlines the idea of influencing the atomic arrangement of the
precursor polyoxometalate and the final catalyst by defined molecularly clusters. Several authors
reported NMR investigations of mixed [Mo,V,W] polyoxometalates in solution. 275-277
Another concept to achieve homogeneous elemental distributions in the catalyst precursors is the
stabilisation of monomeric oxometalates in order to inhibit the formation of larger isopolyoxometalates already in solution. For mixed metalate solutions with only monomeric metalate ions present
in solution a statistical distribution of the different transition metals in the catalyst precursor is
expected.
Either way, the different formation kinetics and stabilities of pure and mixed oxo- and polyoxometalates, which all are expected to be present in mixed metalate solutions, 249, 275-277, need to be
controlled in order to favour one defined species in solution. Additional complexing anions like ac-
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etate, oxalate or tartrate may be useful to achieve defined species in aqueous solutions and, hence,
to obtain catalysts with a well defined spatial distributions of their constituting elements.
The objective of this investigation is to study the chemistry of pure and mixed polyoxometalates in
aqueous solutions by in situ Raman spectroscopy as a function of the solution pH. First, this investigation is focussed on the evaluation of reference data of pure metalate solutions with high [M n+ ]
concentrations, which are relevant for catalyst preparation. Further, mixed metalate solutions are
investigated, to address the question, if Raman spectroscopy is suited to identify mixed polyoxometalate anions in solution. The second part of the investigation is restricted to the control of the
formed polyoxometalates in pure and mixed metalate solutions by addition of complexing agents
like acetate, oxalate or tartrate as a function of the solution pH.

5.0.4.1 Raman spectroscopy of Polyoxometalates in Aqueous Solutions
Water is a poor Raman scatterer. Therefore, Raman spectra of polyoxometalates in solution can
easily be recorded in contrast to IR spectroscopy. Many solid polyoxometalates contain discrete
[Mx Oy ]n units in their crystal framework. 50, 278 Such discrete metal oxygen clusters are observed
in solution too. Hence, Raman spectra of solids may be used to identify dissolved polyoxometalates.
The different electrostatic field of the counter ions in solutions and in solids and, hence, slightly different site symmetries of the metal centres lead to minor splits and shifts or changed intensity ratios
of the Raman bands.

5.0.4.2 Isopolyoxomolybdates in Aqueous Solution
Several authors characterised polyoxomolybdates in aqueous solutions by Raman spectroscopy. 49, 126
127, 203, 243, 265, 263, 279

Himeno126 identified six and Griffith 203 four different isopolyoxomolybdates

in aqueous solutions. The results of Himeno are summarised in Table 5.1 and illustrated in the predominance diagram in Figure 5.2 as taken from Ref. 280 and modified with respect to [Mo 8 O26 ]4
and [Mo36 O112 ]8 . At pH values

> 6.3, the monomeric MoO24

MoO24 are observed at 318 (ν (F2 )), 841 (ν (F2 )) and 897 cm

1

exists. The Raman bands of

(ν (A1 )). In a concerted reaction

the coordination sphere is expanded from four to six and [Mo 7 O24 ]6 is formed from seven MoO24
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anions. No intermediate forms exist between [Mo 7 O24 ]6 and [MoO4 ]2 .126, 264, 281

H[Mo7O24]5-

)
MoO
3 (s

-2
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-1

[Mo7 O24 ]6 is observed at pH values from 5.8 to
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Fig. 5.2: Predominance diagram of the molybdate species in aqueous solutions.

1

in the pH range from 4.4 to 2.9. 126

At lower pH values between 2.8 to 1.9 two forms
of octamolybdates, e.g. α -[Mo8O26 ]4

and β -

[Mo8 O26 ]4 , exist with Raman bands at 959 and
971 cm 1 , respectively.
At pH values from 1.6 to 0.6 the [Mo 36 O112 ]8 anion is the dominant species with Raman bands
at 901, 955 and 982 cm 1 . At pH values < 0.4 [Mo2 O5 ]2+ is formed which shows Raman bands
at 953 and 920 cm 1 .283 Finally, condensation to MoO 3 * xH2 O, molybdenum acid, occurs at pH
values < 1.284

polyoxomolybdate
[MoO4 ]2

pH range

Raman bands assigned according to Ref. 126

14 - 6.5

897, 841, 318

[Mo7 O24

]6

5.8 - 3.5

943, 903, 840, 790, 560, 422, 362, 219, 170

[Mo3 O10

]2

4.4 -2.9

950

2.8 -1.9

971, 959

1.6 -0.6

982, 955, 901

[Mo8 O26 ]4
[Mo36 O112

]8

Table 5.1: Raman bands position for various isopolyoxomolybdates in aqueous solution (note that not
all Raman bands were listed in Ref 128)

5.0.4.3 Isopolyoxovanadates in Aqueous Solution
Griffith investigated the Raman spectra of aqueous vanadate solutions as a function of pH. The
observed polyoxovanadate species and the positions of their Raman bands 203 are listed in Table
5.2. In Figure 5.3 the pH dependency of the different isopolyoxovanadates is shown as taken from
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Ref. 203. Monomeric [VO4 ]2 exists at pH values larger than 11 with Raman bands at 827, 780
and 340 cm 1 .44 The pyrovanadate [V2 O7 ]4 is formed from the protonated [HVO 4 ] anion via
oxolation in the pH range 14 - 11.9 and shows Raman bands at 228, 351, 503, 545, 810, 877 and
915 cm 1 . For solutions with pH values between 9.5 to 7 the polymeric [VO 3 ]nn is identified by
its Raman bands at 350, 490 and 945 cm 1 . The VV cation remains tetrahedrally coordinated in all
these polyoxometalates.
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2
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(O

minal V=O stretching vibrations at 960 and 988 cm

3-
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6
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nated at lower pH values and the positions of the ter-

6-

O2
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-4
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4-
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+

V10O27(OH)

Coordination expansion from four to six occurs

for the protonated species H[V10 O28 ]5 or

H2 [V10 O28 ]4 , respectively. The decavanadate and its protonated form are the dominant species in
solutions with pH values between 8.5 to 1.5. For solutions with pH < 1.5, the [VO 2 ]+ exists which
shows Raman bands at 380, 429, 714 and 934 cm 1 .

polyoxovanadate
[VO4 ]3

14

H[V2 O7 ]3

11.9 - 8.5

[VO3 ]nn
[V10 O28 ]6
H[V10 O28

]5

H2 [V10 O28
[VO2 ]+

pH range

]4

Raman bands [cm

1]

827, 780, 340
915, 877, 828, 810, 545, 503, 351, 228

8.4 -7.3

945, 490, 350

8.5 - 5.5

988, 860, 955, 920, 910, 840, 600, 543,460, 322, 251, 210, 184

5.5 -1.5

994, 970, 960, 920, 840

5.5 - 1.5

1005, 980, 935, 860,

< 1.5

940, 920

Table 5.2: Raman bands for various aqueous polyoxovanadates according to Ref. 203.
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5.0.4.4 Isopolyoxotungstates in Aqueous Solution
The various isopolyoxotungstates in aqueous solutions and their corresponding Raman bands are
listed in Table 5.3. Ostromecki et al. approximated the positions of the Raman bands from Raman
spectra presented in Ref. 285 and 286 by Tytko. These have an error of approximately 5 cm

1

because the exact Raman band positions were not reported by Tytko. The WO 24 exists at pH values
larger than 7.5 and shows Raman bands at 330, 834 and 932 cm 1 . The paratungstate-A, HW6 O521 ,
and paratungstate-B, HW12 O10
40 , ions exist at pH values between 4.5 and 2 with Raman bands at
300, 360, 650, 901, 962 and 300, 360, 650, 830, 880, and 955 cm

1

, respectively. The metatungstate

U ion of unknown stoichiometry exists at pH values between 3 and 4 with Raman bands at 360, 650,
900 and 969 cm 1 . The metatungstate, HW12 O4210 , and polytungstate-Y, W 10 O432 , ions exist at pH
values from 3 to 1 with Raman bands at 650, 900, 961, 978 cm

1

and 400, 600, 830, 900, 972,

988 cm 1 , respectively.

isopolyoxotungstate ions
WO24

pH range
>7.5

Raman bands [cm

1]

932, 834, 330

HW6 O521

4.5 - 2

962, 901, 650, 360, 300

HW12 O4210

4.5 - 2

955, 880, 830, 650,360, 300

(no formula)

3-4

969, 900, 650, 360

H2 W12 O640
W10 O432

3-1

978, 961, 900,650

3-1

988, 972, 900, 830, 600,400

Table 5.3: Raman bands position for various isopolyoxotungstates in aqueous solution (note that not all
Raman bands were listed in Ref. 126)

Reports do not agree on the exact pH values at which each of the isopolyoxometalate ions exist
in solution, which may be explained by different experimental conditions. 126, 287 However, there is
a general agreement on the existence and pH dependence of most species found in Mo, V or W
metalate solutions.126, 203, 280, 288

5.0.4.5 Assignment of Raman Bands
There is general agreement on the basic assignment of the observed Raman bands of polyoxometalates M=(Mo, V, W) of certain vibrations. 203, 287 The assignments is based on the structure of the
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isopolyoxometalates built by of MO 6 octahedra, while the monomeric MOn4 ions are tetrahedrally
coordinated.279, 289 The MOn4 anion of Td symmetry is expected to show four Raman active vibrations (A1 , 2 F2 and E). Only three vibrations are observed, which is explained by an unresolved
doublet.290 These vibrations are due to the symmetric stretch (A1 ), antisymmetric stretch (F2 ), and
two bending modes (E,F2 ).287
For the polyoxometalate with MO 6 building units, the Raman bands above 900 cm
to M=O stretches of the MO6 units, bands near 300-400 cm
of these M=O groups. Bands in the 800-900 cm
bands in the 600-400 cm
200 cm

1

1

1

1

1

are attributed

are the corresponding bending modes

regime are due to symmetric O-M-O stretches,

range are assigned to M-O-M symmetric stretches, and bands near

are due to M-O-M bending modes.287, 291

For all polyoxometalates in aqueous solutions the Raman bands due to the symmetric stretching vibration

1010
1000
990

in frequency with higher pH values. The stretching

980

frequency of the terminal M=O groups of polyoxometalates is a linear function of the negative charge
per [MO6 ]

x

unit with M=[V, Mo, W] as shown in

Figure 5.4. This linear relationship is explained by

Raman shift [cm-1 ]

of the terminal M=O groups systematically increase

970
960
950
940
930
920

the influence of the negative charges on the displace-

910

ment of the cation from the centre of symmetry and,

900

therefore, on the bond strength of the terminal M=O
bond. The negative charge of a polyoxometalate are
preferably located at the terminal oxygen atoms as
shown by X-ray structure investigations. 214, 292-294 A

0.25 0.50 0.75 1.00 1.25 1.50
x of MO6x-

Fig. 5.4: Frequency of the terminal M=O
stretching vibration as a function of the
charge per metal cation for different isopolyoxometalates (M=Mo 4, V Æ and W ).

higher negative charge per [MO]n of a given polyoxometalate, hence, leads to a higher symmetric
metal coordination. Hence, the terminal M=O bond is weakened and its Raman band is shifted to
lower energies as experimentally observed (Figure 5.4). Therefore, this relation may be used for in
situ Raman studies to distinguish between structural changes (new Raman bands arise) and gradual
protonation of already existing polyoxoanions (continuous shift of the M=O stretching frequency
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to higher energies). In contrast to the Hardcastle-Wachs model 93 this linear relationship is based on
data from solids with molecularly defined units and explained by changes of physico-chemical properties of these units. The estimated energy of the M=O stretching vibration for a neutral polyoxo Mo
complex - like MoO3 - is calculated to be 1000 cm 1 , which compares well with the experimental
value of 995 cm 1 .30 This points to a general validity of such a relation for polyoxometalates. 30

5.1 Experimental
All Raman spectra were recorded with a DILOR LABRAM I spectrometer equipped with a confocal microscope (Olympus) as shown in Figure 5.5. The entrance slits were usually set to 200 µ m,
giving a spectral resolution of 2 cm 1 . A He-laser (632.8 nm, Melles Griot) was used for excitation
of the Raman spectra. The laser power was 14 mW. The laser was focused on a point about 1 mm
below the surface of the solution by a 10x objective lens (Olympus).
All Raman spectra were recorded in backscattering geometry. Two spectra were averaged with acquisition times of usually 40 seconds per spectrum. In order to compare the obtained Raman spectra
as a function of the solution pH, all Raman spectra have been normalised to unity with respect to
the strongest and weakest intensity in the energy range 800 - 1020 cm

1

. For better visualisation of

the Raman spectra and their pH dependency, the spectra have been vertically shifted by a amount
similar to the pH value corrected for the found intensity at 1020 cm

1

of the corresponding solution.

In such Figures the intensity of the vertically shifted Raman spectra at 1020 cm

1

corresponds to

the pH values at data acquisition time.
For each experiment, 250 ml of ammonium metalate solutions were titrated in a 500 ml vessel. The
solutions were continuously pumped into a second vessel (30 ml), which was placed into third vessel (150 ml) under the microscope. The liquid surface and, thus, the focus of the microscope was
kept constant by the continuous overflow from the second into the third vessel. The solutions were
then pumped back to the first vessel. This setup was favoured over a setup using an commercial
UV/VIS spectroscopy quartz cell. Small gas bubbles, in the UV/VIS cell rendered it impossible to
continuously obtain Raman spectra over long time periods.
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filter

confocal
hole

Laser

CCD

microscope

6.00

metalate
solution
pump

pH-meter

Fig. 5.5: In situ Raman setup for the detection of the aqueous polyoxometalate species.

Commercial ammonium heptamolybdate (AHM, Merck, p.a.)

and ammonium metatungstate

(AMW, Merck, p.a.) and ammonium metavanadate (AMV, Merck, p.a.) and de-ionised water
were used to prepare the solutions. The pH of the solutions was determined with a Metrohm 686
titrator during the titration with conc. HNO 3 . Prior to each titration experiment the pH-electrode
was calibrated with commercial pH 7 and pH 3 buffer solutions (Merck). The rate of HNO 3 addition
was 0.05 Ml/min for all experiments on pure metalate solutions and 0.02 ml/min for mixed metalate/carboxylate solutions. The titration speed was reduced in order to follow changes of the C=O
stretching vibration region and the Raman spectral range had to be extended to 1800 cm

1

. The total

metalate concentration was 0.5 M for all experiments. Stoichiometric amounts (e.g. 0.5 M solution)
of ammonium acetate, oxalate or tartrate were added in case of the mixed metalate/carboxylate
solutions (concentrations are referenced to monomeric species).
Table 5.0 lists the five experiment series:
1. molybdate solutions

2. tungstate solutions

3. vanadate solutions

a. pure Mo solution

a. pure W solution

a. pure V solution

b. Mo/acetate

b. W/acetate

b. V/acetate

c. Mo/oxalatee

c. W/oxalate

c. V/oxalate

d. Mo/tartrate

d. W/tartrate

d. V/tartrate
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4. mixed Mo/V and Mo/W solutions

5. mixed Mo/V/W solutions

a. Mo9V1 (90%Mo, 10% V)

a. Mo6V3W1(60% Mo, 30%V, 10% W )

b. Mo9W1 (90% Mo, 10% W)

b. Mo6V3W1/acetate
c. Mo6V3W1/oxalate
d. Mo6V3W1/tartrate.

Table 5.0: List of the five experimental series.

5.2 Results and Discussion
5.2.1 Pure Molybdate Solutions
The Raman spectra of 0.5 M ammonium molybdate solution are shown in Figure 5.6. The Raman
bands at 317, 382, 829 and 896 cm

1

indicate [MoO4 ]2 in solutions with pH values > 6. At pH 7.0,

the Raman bands of [Mo7 O24 ]6 show up at 940 cm
further acidification the Raman band at 940 cm
at 949 cm

1

1

1

and replace those of the [MoO4]2 . Upon

shifts to higher energies by 9 cm

1

and is located

at pH 4.7. The Raman spectrum of the solution with pH 4.7 shows Raman bands at

367, 386, 833, 909 and 949 cm

1

and is attributed to H[Mo 7 O24 ]5 . This spectrum is observed for

solutions with pH values between 4.7 and 3.6. The shift of the terminal M=O vibration is attributed
to the protonation of the [Mo 7 O24 ]6 anion. The position for the H[Mo 7 O24 ]5 anion is calculated
to be 952 cm

1

from the linear relationship between the negative charge per Mo and the energy of

the M=O stretching vibration as shown in Figure 5.4. However, a band at 952 cm

1

is not observed.

This has its reason in the fast consecutive transformation of H[Mo 7 O24 ]5 to [Mo8 O26 ]4 which is
more stable at high [H+ ] concentrations due to its lower negative charge per Mo as compared to
H[Mo7 O24 ]5 . At pH 3.6 new Raman bands arise which replace those of the H[Mo 7 O24 ]5 . The
Raman spectra of the solutions in the pH range 3.6 - 1.9 show bands at 368, 386, 714, 843, 918,
935, 950, 958 and 970 cm 1 . These bands are attributed to the α - and β -[Mo 8 O26 ]4 anions.126
The Raman band at 958 cm

1

identifies the α -[Mo8 O26 ]4 while the Raman band at 970 cm

1

proves the β -[Mo8 O26 ]4 anion to be present.126 The Raman bands observed for solutions with pH
values between 1.7 and 0.8 Raman are located at 367, 382, 828, 846, 900, 918, 955 and 981 cm

1

.

These new bands have their origin in the formation of the [Mo 36 O112 ]8 anion.295 At pH values <
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0.9 the Raman band at 981 cm

1

vanishes and Raman bands are found at 381, 718, 820, 922 and

952 cm 1 . The Raman bands at 922 and 955 cm

1

identify the [Mo 2 O5 ]2+ cation and these bands

are attributed to the asymmetric and symmetric stretching modes of the [Mo 2 O5 ]2+ .296 The above
data are in good agreement with data from Himeno or Griffith. However, the [Mo 3 O10 ]2 anion
which was proposed by Himeno could not be identified. Moreover, the observed Raman band at
949 cm 1 , which Himeno interpreted as characteristic for the [Mo 3 O10 ]2 anion is attributed to the
H[Mo7 O24 ]5 anion because of the continuous shift of the Mo=O stretching vibration between 939

9

8

8

7

7

6

6 pH

5

5

4

4

3

3

2

2

1

1

981 cm -1

970 cm -1

940 cm -1

896 cm -1

981 cm -1

970 cm -1

9

800

11

10

10

9

9

8

8

7

7 pH

6

Fig. 5.6: Selected Raman spectra recorded during the titration of a 0.5 M AHM solution. Spectra are normalised and vertically shifted for better visualisation. The intensity at 1020 cm 1
corresponds to the pH value of the solution.
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due to the increasing protonation of the [Mo 7 O24 ]6 anion.
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1
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Fig. 5.7: Selected Raman spectra recorded during the titration of a mixed solution of AHM
(0.5 M) and ammonium acetate (0.5 M). Spectra
are normalised and vertically shifted for better
visualisation. The intensity at 1020 cm 1 corresponds to the pH value of the solution.

5.2.2 Mixed Mo/Carboxylate Solutions
For the mixed metalate/carboxylate solutions, the Raman spectra have been recorded in the spectral
range from 250 to 1800 cm 1 . The Raman band positions and the intensity ratios of the Raman
bands of the acetate, oxalate or tartrate remain unchanged throughout the experiments. Therefore,
a description or discussion of their Raman spectra is omitted.
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5.2.2.1 Mo/Ammonium Acetate Solution
The Raman spectra of the mixed molybpoint

ν1

ν2

ν3

ν4

date/acetate solution are shown in Fig-

group

ure 5.7 in the energy range from 800

Td

A1

E

F2

F2

to 1020 cm 1 . The obtained Raman

C3v

A1

E

A1 + E

A1 + E

C2v

A1

A1 + A 2

A1 + B 1 + B 2

A1 + B1 +B2

C1

A

2A

3A

3A

spectra resemble those of the pure
solution.

The Raman bands of the

[MoO4 ]2 , [Mo8 O26 ]4 , [Mo36 O112 ]8

Table 5.1: Correlation Table for Td , C3V , C2V and C1 .37

and [Mo7 O24 ]6 anions are located at the same positions as compared to the pure AHM solution.
However, minor changes are observed of the pH dependency of the different species. For pH values

> 3.8, MoO24 is observed, while in the pH regime from 5.68 to 2.31, from 4.13 to 1.43, and at pH
< 1.65 the [Mo7O24]6 , [Mo8O26]4 and [Mo36O112]8 are positively identified, respectively. A
weak additional Raman band at is observed 930 cm

1

in the pH range from 9 to 4.2, which was

not observed for the pure molybdate solution. This Raman band may tentatively be assigned to a
[MoOx Acy ]n species. However, this assignment is ambiguous at this point because this Raman
band gains intensity with the occurrence of the [Mo 7 O24 ]6 anion. Therefore, it may be assigned
to a new symmetry split Raman band of the [Mo 7 O23 (ac)]5 complex too. However, a comparison
with mixed Mo/oxalate or Mo/tartrate solutions (vide infra) revealed that this new band may be
assigned to a monomeric molybdate-acetate complex.

5.2.2.2 Mo/Ammonium Oxalate Solution
The Raman spectra of the mixed molybdate/oxalate solution are presented in Figure 5.8. The Raman spectra obtained from the molybdate/oxalate solution differ remarkably from those of the pure
molybdate and molybdate/acetate solutions. Because of a overlap between the Raman band at
897 cm

1

and a new band at 905 cm

1

(vide infra), an ambiguous assignment of the former Raman

band to the [MoO4 ]2 is not possible. But the weak Raman band at 830 cm
anion to be present in solutions with a pH

> 2.43.

1

proves the [MoO4 ]2

At a pH of 6.36, new intense Raman bands

arise at 860, 905 and 914 cm 1 . These Raman bands are observed for solutions in the pH regime
from 6.36 to 2.43. At pH 3.98, Raman bands are observed at 308, 381, 830, 860, 897(sh), 905 and
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914 cm 1 . Raman bands at 308, 860, 905 and 914 cm

1

have not been observed for pure molybdate

of the [MoO4 ]2 suggests a [MoO4 ]2 structure of

914 cm-1

896 cm-1

A comparison of these band positions with those

948 cm-1

solutions.

10
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4

expected to split into two Raman active modes of

3

3

A1 and E symmetry (see Table 5.1). Therefore, a

2

2

1

1

lower symmetry, and, hence, symmetry split Ra-

by one carboxylate leads to a symmetry reduction from Td to C3V . Due to this symmetry reduction, only the ν 3 (F2 ) and ν4 (F2 ) vibrations are

split is expected for the [MoO 3 (ox)] complex of
the two ν1 and ν3 Raman bands of the [MoO4 ]
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man bands. The substitution of one oxo ligand
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For the monodentate cis [MoO2 (ox)2] and bidentate [MoO2(ox)] complexes symmetry splits are
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into three Raman bands in the high energy range.
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Fig. 5.8: Selected Raman spectra recorded during the titration of a mixed solution of AHM
(0.5 M) and ammonium oxalate (0.5 M). Spectra
are normalised and vertically shifted for better
visualisation. The intensity at 1020 cm 1 corresponds to the pH value of the solution.

expected into four Raman bands (2A1 , B1 and B2 ) in the high energy range due to the symmetry
reduction from Td to C2v . Therefore, the three new Raman bands at 860, 905 and 914 cm
assigned to an [MoO3 (ox)] complex. At pH

1

are

< 3.17, Raman bands arise at 378, 541, 719, 828,

912 and 947 cm 1 , which replace the Raman bands at 308, 381, 830, 860, 905 and 914 cm 1 .
This observed Raman band at 947 cm

1

points to the presence of the H[Mo 7 O24 ]5 . However, the

H[Mo7 O24 ]5 should not be stable at high [H + ] concentrations. A neutral H[MoO 3 (ox)] complex
could as well be the origin of the observed Raman spectra at these pH values and seems to be more
reasonable than the negatively charged H[Mo7 O24 ]5 anion.

5.2.2.3 Mo/Ammonium Tartrate Solution
The Raman spectra of the mixed molybdate/tartrate solution are shown in Figure 5.9. The Raman
bands of the [MoO4 ]2 anion are observed in solution with pH
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> 5.1.

At pH 6.66, new Raman

bands arise at 308, 385, 557, 716, 826, 896 and 934 cm

1

and gradually replace the Raman bands

of the [MoO4 ]2 anion. These Raman bands are observed in the pH range from 6.66 to 1.53 and a
of the Raman band at 934 to 940 cm

pH < 1.53, an additional shift of the band at 940 cm
at located at 307, 380, 556, 716, 902 and 946 cm

1

1

by 6 cm

1
1

is observed in this pH regime. At
is observed and the Raman bands

at pH 0.73.

The observed Raman bands between 934 and 946 cm

1

may be attributed to the [Mo 7 O24 ]6 (lower frequen10

cies) and H[Mo7 O24 ]5 (higher frequencies) anion.

the stretching M=O vibration of the [Mo 7 O24 ]6 anion in aqueous solutions are in the energy range
1 127, 281, 287, 288

from 939 to 944 cm .

The Raman

bands of the H[Mo7 O24 ]5 have not been reported
in the literature but the energy of the terminal Mo=O
vibration is expected to be 952 cm
5.4 on page 147).

1

(see Figure

Intensity [a. u.]

However, all the reported Raman band positions of

M=O vibration are expected to be located at higher
energies as compared to the tartrate free compound
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For a given polyoxometalate

[MoOx y (tart)y ]y n , the positions of the terminal

935 cm-1

1
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gradual shift by 6 cm

Fig. 5.9: Selected Raman spectra recorded
during the titration of a mixed solution of
AHM (0.5 M) and ammonium tartrate (0.5 M).
Spectra are normalised and vertically shifted
for better visualisation. The intensity at
1020 cm 1 corresponds to the pH value of the
solution.

due to the lower negative charge per Mo of the tar1

trate free complex. Therefore, the observed vibration at 934 cm
[Mo7 O24 y (tart)y]y

6

cannot be explained by a

complex.

However, a monodentate [MoO3(tart)2 ] complex or a bidentate [MoO2 (tart)] complex could reasonably explain the observed solution Raman spectra in the pH range from 6.66 to 1.53. Because of
the symmetry reduction from Td to C2V upon exchange of two oxo ligands of the [MoO 4 ]2 anion
by tartrate a symmetry split of the four Raman lines of [MoO 4 ]2 into nine of the [MoO 2 (tart)2] or
[MoO2 (tart)] is expected. In the high energy range the ν 3 mode splits into three modes (A1 , B1 and
B2 ) and a total of four Raman lines is expected for the 600 - 1000 cm

1

observed Raman bands at 716 (ν3 ), 826 (ν3 ), 896 (ν3 ) and 934 (ν1 ) cm
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energy range. Therefore the
1

may be interpreted as one

ν1 and three symmetry split ν3 modes of a tartrate complex. The observation that the total number
of observed Raman bands is smaller than the expected nine, is explained by unresolved splittings or
weak intensities.
A distinction between monodentate and bidentate tartrate complexes is not possible merely due to
observed number of Raman bands and the assumption of a cis arrangement of the different ligands.
However, the observation that additional polyoxomolybdates are not formed strongly suggests the
presence of the neutral, bidentate tartrate complex [MoO 2 (tart)]. Under the assumption of a monodentate [MoO2 (tart)2] complex, the added stoichiometric amount of ammonium tartrate could only
complexate one half of the Mo cations. Therefore, additional Raman bands due the formation of
polyoxomolybdates should be expected. Because this is not observed, it is concluded that the tartrate complex [MoO2(tart)] exists in solution in the pH range from 6.6 to 1.5 with Raman bands
at 308, 385, 557, 716, 826, 896 and 934 cm

1

. This is further supported by the observation, that

Raman bands characteristic for polymeric polyoxomolybdates around 250 cm

1

due to the bending

vibrations of Mo-O-Mo bridges are not observed. The good agreement of the positions of the low
energy Raman bands obtained from solutions with pH values smaller 1.5 with those of [MoO 2 (tart)]
points to the protonation of the tartrate complex. Therefore, it is concluded that at pH values below
1.5 the protonated tartrate complex H[MoO 2 (tart)]+ is formed with Raman bands at 307, 380, 556,
716, 902 and 946 cm 1 .
In very acidic solutions with pH

< 1.53, a shift of the high energy bands at 896 and 940 cm

observed, while the positions of the other Raman bands at 307, 380, 556, 716 and 826 cm

1

1

is

remain

unchanged. This points to further protonation of the tartrate complex under very acidic conditions.
The formation of carboxylate complexes has a strong impact on the formation of larger polyoxoanions. For the Mo/oxalate and Mo/tartrate solutions the high stability of the monomeric complexes
suppresses the condensation to larger polyoxometalates. Even in presence of acetate where a Moacetate complex could not be unambiguously be identified, the condensation to larger polyoxometalates appears to be less favoured.
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5.2.3 Pure Vanadate Solutions
The Raman spectra of the pure vanadate solutions are shown in Figure 5.10. The observed Ra1

man bands at 352, 826, 870, 916, and 944 cm

of solutions with pH values

> 9.0 are attributed

to [VO4 ]3 (Raman band at 827 cm 1 ) and H[V2 O5 ]3 (Raman bands at 870 and 916 cm 1 ) and
[VO3 ]nn (Raman band at 945 cm 1 ). At pH 9.66, new Raman bands arise at 318, 377, 601, 716,

These new Raman bands are attributed to the [V10 O28 ]6
anion, which is observed in the pH range from 9.66 to
11

7.79 pH. In the pH regime from 7.79 to 6.11, a shift is

13 cm

1

to 971 cm

1

1

by 12 and
Intensity [a. u.]

observed of the bands at 960 and 988 cm

and 999 cm 1 , which is due to

the protonation of the decavanadate to H[V 10 O28 ]5 .
At pH 6.11, Raman bands are observed at 315, 369,
381, 395, 591, 715, 829, 971 and 999 cm
shift of the bands at 971 and 999 cm
1
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to 977 and
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Fig. 5.10: Selected Raman spectra recorded
during the titration of a AMV solution (0.5 M).
Spectra are normalised and vertically shifted
for better visualisation. The intensity at
1020 cm 1 corresponds to the pH value of the
solution.

at 312, 587, 830, 977 and 1002 cm 1 , which are
interpreted as the Raman bands of H2 [V10 O28 ]4 .
New Raman bands arise at 382, 430, 717, 914 and
935 cm

1

at a pH value of 2.6, which replace those of the H2 [V10 O28 ]4 . These Raman bands are

interpreted as being due to cis-[VO 2 (NO3 )4 ]3 . The corresponding bands of the cis-[VO 2 ]+ group
in cis-(NH4 )3 [VO2 Cl4 ] and cis-(NH4 )3 [VO2 F4 ] are located at 914, 940 cm

1

and 890, 928 cm 1 ,

respectively.287 The positions of the Raman bands of the terminal V=O vibrations increase from 928,
935 to 940 cm

1

for cis-(NH4 )3 [VO2 F4 ], cis-[VO2 (NO3 )4 ]3 to cis-(NH4 )3 [VO2 Cl4 ], respectively.

The hard acids and soft bases (HSAB)40 concept may explain the observed order and underline the
assignment of the Raman bands at 914 and 935 cm
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1

to the cis-[VO2 (NO3 )4 ]3 . The small, high

valent V5+ cation is a hard Lewis acid.40 The hardness of the corresponding Lewis bases decreases
in the order F , NO3 and Cl and accordingly decreases the interaction with VV + . The smaller this
interaction is the stronger are the remaining V-O bonds. This is experimentally seen by the shift of
the Raman band positions to higher energies.

5.2.4 Mixed V/Carboxylate Solutions

date/ammonium acetate solution are shown in Fig11
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Fig. 5.11: Selected Raman spectra recorded
during the titration of a mixed solution of
AMV (0.5 M) and ammonium acetate (0.5 M).
Spectra are normalised and vertically shifted
for better visualisation. The intensity at
1020 cm 1 corresponds to the pH value of the
solution.

species, which was not detected in pure solutions.
The absence of these bands in pure solutions suggest a vanadate-acetate complex to be present. Due
to symmetry splittings caused by ligand exchange, as shown above a total of six and nine Raman
lines should be expected for the [VO 3 (ac)]2 and [VO2 (ac)2 ] complexes. Therefore, the observed
nine Raman bands are attributed to the [VO 2 (ac)2 ] complex.
The observation of these Raman bands over a wide pH range points to a high stability. This high
stability and the coexistence of polyoxo vanadates further support the assignment of the observed
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Raman bands to the acetate complex [VO2 (ac)2 ] . Because the added stoichiometric amount of ammonium acetate complexates only one half of the metal cations additional polyoxovanadates should
be formed if a [VO2 (ac)2 ]2 complex is assumed to be present. This is experimentally observed.
At pH

< 1.2, a shift is observed of the Raman band at 927 cm

1

by 8 cm

1

to 935 cm 1 . The

Raman spectrum of the solution with a pH value of 1.0 exhibits signals at 376, 718, 894, 915 cm
and 935 cm 1 . The Raman bands at 935 and 915 cm

1

1

have already been observed for pure solu-

tions and are attributed to cis-[VO 2 (NO3 )4 ]3 . However, the Raman band at 894 cm

1

cannot be

attributed to the nitrate complex (see pure V solution). Therefore, it is concluded that a mixture of
cis-[VO2 (NO3 )4 ]3 and protonated [VO2 (ac)2 ] complex is present in solution.

oxalate solution are shown in Figure 5.12. Again
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Fig. 5.12: Selected Raman spectra recorded
during the titration of a mixed solution of
AMV (0.5 M) and ammonium oxalate (0.5 M).
Spectra are normalised and vertically shifted
for better visualisation. The intensity at
1020 cm 1 corresponds to the pH value of the
solution.

pH values lower than 8.8. In the pH range from 5 to 2, the Raman band of the [V 10 O28 ]6 anion at
987 cm

1

continuously shifts to 1005 cm

1

due to its protonation and vanishes at a pH of 2. All

this species could be detected in pure solutions too.
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In solutions with pH values from 7.9 to 2.0 new Raman bands arise at 303, 431, 526, 829, 889
and 913 cm 1 , and replace the band at 945 cm 1 . At a pH of 5.0, Raman bands are observed at
303, 431, 526, 829, 889, 913, 945 and 995 cm

1

. The observed Raman bands in the low energy

regime cannot unambiguously be assigned to this new species, because the Raman bands at 987,
995 and 1005 cm

1

prove the presence of a mixture. Tentatively, the new Raman bands at 526,

829, 889 and 913 cm

1

are assigned to the monodentate oxalate complex [VO3 (ox)]2 , because

four Raman bands are expected in the high energy range for such a complex with C 3V symmetry.
The obvious lower stability of this complex as compared to the acetate [VO 2 (ac)2 ]2 complex may
be explained by steric reasons due to the close second carboxy group of the oxalate anion. This
lower stability of the oxalate complex also explains the occurrence of polyoxovanadates. From pH
2.0 to 0.8, the Raman band at 913 cm

1

is partially replaced by the Raman band at 935 cm

1

of the

cis-[VO2 (NO3 )4 ]3 .

5.2.4.3 Mixed Vanadate/Ammonium Tartrate Solution
Selected Raman spectra of the vanadium/ ammonium tartrate solutions are presented in Figure
5.13. The Raman spectra of the vanadate/ammonium tartrate solution resemble those of the vanadate/acetate solution. They are dominated by one species with Raman bands at 340, 434, 497, 580,
648, 915 and 927 cm 1 . This Raman bands are attributed to a tartrate complex. The total number
of observed Raman bands point to the exchange of two oxo ligands by tartrate anions. However,
between bidentate [VO2 (tart)] and monodentate [VO2 (tart)2 ]2 cannot be distinguished by Raman
spectroscopy.
The similarity of the Raman spectra of [VO2 (ac)2 ] and the tartrate complex and the additional
observation of polyoxovanadates in solution point to the formation of a monodentate [VO 2 (tart)2 ]
complex. The Raman bands of this tartrate complex are observed for solutions with pH values
between 9.5 and 2. In the pH range from 9.1 to 6.6 a weak additional Raman band at 945 cm

1

points to the formation of [VO 3 ]nn . In the pH regime from 6.9 to 0.8, the Raman band at 994 cm

1

indicates the presence of H[V10 O28 ]5 . At pH values < 2, the Raman band at 935 cm
the presence of cis-[VO2 (NO3 )4 ]3 and of the protonated tartrate complex.
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Fig. 5.13: Selected Raman spectra recorded
during the titration of a mixed solution of AMV
(0.5 M) and ammonium tartrate (0.5 M). Spectra
are normalised and vertically shifted for better
visualisation. The intensity at 1020 cm 1 corresponds to the pH value of the solution.

date/carboxylate solutions.

5.2.5 Tungstate Solutions
Selected Raman spectra of the tungstate solution are shown in Figure 5.14. Three different Raman
spectra could be detected for the tungstate solution in the pH range 9 to 0.8. From pH 9 to 1, Raman bands are observed at 381, 643, 873, 894, 932, 960 and 975 cm

1

, which are attributed to a

mixture of monomeric [WO4 ]2 (Raman band at 932 cm 1 ) and oligomeric H[W12 O42 ]9 (Raman
bands at 643, 894, 960 and 975). The presence of [W 6 O21 ]5 cannot be excluded due to the coincident positions of its Raman bands with those of [W 12 O42 ]10 . The Raman band of [WO4 ]2
at 932 cm

1

is observed in the pH range 9 to 5.3. The observed shift of the Raman band at 975

to 979 cm

1

is attributed to the formation of H 2 [W12 O42 ]8 . For the remaining Raman bands of

Hx [W12 O42 ](10

x)

spectral changes were not observed in the pH range 9 to 1. At pH 1, Raman

bands are observed at 383, 717, 897, 945, 969 and 979 cm 1 , which remain unchanged to pH 0.8
and indicate Hx [W12 O42 ]x

10

.

160

5.2.5.1 W/Ammonium Carboxylate Solutions
The Raman spectra of the tungsten/ammonium acetate solution are shown in Figure 5.15. The Raman spectra of the mixed tungstate/acetate solution resemble strongly the Raman spectra, which
were obtained from the pure tungstate solution. These spectra are not discussed in detail. The
Raman spectra of the mixed tungstate/oxalate and tungstate/tartrate solutions resemble the Raman
spectra of the pure tungstate solution too. Therefore, these Raman spectra are not shown or discussed in detail, because no interaction between the complexing anions acetate, oxalate or tartrate
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Fig. 5.14: Selected Raman spectra recorded
during the titration of a AMW solution (0.5 M).
Spectra are normalised and vertically shifted for
better visualisation. The intensity at 1020 cm 1
corresponds to the pH value of the solution.
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Fig. 5.15: Selected Raman spectra recorded
during the titration of a mixed solution of AMW
(0.5 M) and ammonium acetate (0.5 M). Spectra
are normalised and vertically shifted for better
visualisation. The intensity at 1020 cm 1 corresponds to the pH value of the solution.

5.2.6 Mixed Binary metalate Solutions
5.2.6.1 Mo(90%)/V(10%) and Mo(90%)/W(10%) Solutions
Selected Raman spectra of the Mo/V solutions are shown in Figure 5.16. The Raman spectra of
the mixed molybdate/vanadate solution resemble the Raman spectra of a superposition of the pure
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solutions. The Raman spectra of the observed molybdate and vanadate species and the pH dependence of the different polyoxoanions are in good agreement with those of the pure solutions. Minor
differences are observed for the pH dependency of the heptamolybdate, which may point to an incorporation of minor amounts of V into the polyoxomolybdates. However, most of the V cations
present in solution are found in isopolyoxovanadate anions. Therefore, it may be concluded, that
the preparation of a polyoxometalate catalyst precursor with a homogeneous elemental distribution is not possible from simply mixed molybdate/vanadate solutions. This is in agreement with
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Fig. 5.16: Selected Raman spectra recorded
during the titration of a mixed solution of AHM
(0.45 M) and AMV (0.05 M). Spectra are normalised and vertically shifted for better visualisation. The intensity at 1020 cm 1 corresponds
to the pH value of the solution.

Fig. 5.17: Selected Raman spectra recorded
during the titration of a mixed solution of AHM
(0.45 M) and AMW (0.05 M). Spectra are normalised and vertically shifted for better visualisation. The intensity at 1020 cm 1 corresponds
to the pH value of the solution.

The Raman spectra of the Mo/W solution are shown in Figure 5.17. The observed Raman spectra
resemble those of the pure molybdate solution. On basis of the Raman spectra of the mixed molybdate/tungstate solutions evidence cannot be found for the formation of mixed Mo/W polyoxoanions.
However, Howarth et al. identified by NMR different mixed Mo/V and Mo/W species in aqueous
solutions.249, 275-277 They observed the formation of mixed polyoxometalates for M/W mixed solutions where preferentially one or two cations were substituted by the minor component present
in solution. The substitution of one or two Mo atoms in [Mo 7 O24 ]6 by V or W should lead due
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to a different symmetry of the mixed anion and to changes in the Raman spectra. However these
changes may not be resolved by Raman spectroscopy due to the rather broad and often overlapping
Raman bands of polyoxometalates in aqueous solutions. Only broader less resolved Raman bands
were found which indicate a mixture of different anions to be present in solution. A molecular
defined mixed polyoxo anion in mixed metalate solutions is a prerequisite for a defined, elemental
distribution of the ammonium metalate precursors. For such an mixed anion new Raman bands
should be observed. Therefore, a homogeneous distribution within the polyoxometalate catalyst
precursors cannot be expected from such simply mixed solutions as it has been experimentally been
confirmed.297

5.2.7 Mixed Ternary metalate Solutions

solution are shown in Figure 5.18. This composition
10

has been chosen because of its relevance for the

presented in Chapter 2. At pH 9.1, the Raman spectrum shows Raman bands at 308, 376, 643, 829, 842,
872, 897, 929, 945 and 977 cm 1 . The intense Ra-
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Fig. 5.18: Selected Raman spectra recorded
during the titration of a mixed solution of
AHM (0.3 M), AMV (0.15 M) and AMW
(0.05 M). Spectra are normalised and vertically shifted for better visualisation. The intensity at 1020 cm 1 corresponds to the pH
value of the solution.

is observed for solutions with pH values from 9.1 to 2.1. The appearance of this

new, probably mixed species in solution at pH values < 8 points to a low degree of condensation
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of this species. However, the observation of only one weak Raman band renders an assignment
impossible of this band to a specific mixed polyoxometalate. Upon acidification to a pH value of
6.0, new Raman bands arise at 948, 988 and 995 cm 1 , while the Raman bands of the [MoO4 ]2
at 897 cm

1

and of the [VO3 ]nn at 945 cm

1

vanish. These new bands which are observed for

solutions with pH values between 6.0 to 1.5 and are attributed to the [Mo 7 O24 ]6 and [V10 O28 ]6
anions. In contrast to pure molybdate solution only minor amounts of [Mo 7 O24 ]6 are formed.
The obtained Raman spectra of solutions with pH values smaller 6 are in general broader and
strongly overlapping which points to the formation of a mixture of differently mixed polyoxometalates or unresolved symmetry splits of mixed polyoxometalates. At pH 4.9, Raman bands are
observed at 381, 796, 827, 928, 953, 963, 970 and 994 cm

1

. The observed positions indicate

a mixture consisting of H[V 10 O28 ]5 (Raman bands at 970, 994 cm 1 ) and [Mo8 O26 ]4 (Raman
bands at 953 and 963 cm 1 ) to be present in solution. The broad Raman bands of the probably mixed polyoxometalate [M 8 O26 ]4 and [M10 O28 ]6 are observed in the pH range from 5.5 to
1.5. The obviously minor influence on the formation of a mixed [M 8 O26 ]4 as compared to the
[M7 O24 ]6 formation may be explained by the different structures of these polyoxometalates as
shown in Figure 3.7 on page 92. The [Mo 7 O24 ]6 anion consists of seven edge and vertex linked
MoO6 octahedra, while the [Mo8 O26 ]4 anion consists of six octahedral and two tetrahedral coordinated MoOx polyhedra. It may be assumed that the tetrahedral coordinated Mo is preferentially
replaced by V and that the incorporation of V has a lower influence on the formation and stability of [Mo8 O26 ]4 as compared to [Mo7 O24 ]6 . The appearance of the [V10 O28 ]6 anion and its
protonated forms suggests only minor amounts of V to be present in the mixed polyoxometalates.
The Raman spectra obtained from Mo(90%)/V(10%) proved the [V 10 O28 ]6 to be present in this
solution too. Therefore, it is concluded that less than one third of the vanadium cations in the
Mo6V3W1 solution are incorporated into mixed Mo-V-O clusters. More than two third of the vanadium in solution form polyoxovanadates, which is experimentally indicated by the intense Raman
bands of the decavanadate. This finding is in agreement with results of Dupont et al. 198 who found
in hexagonal precipitates of mixed Mo/V solutions an amount of vanadia of only one third to one
half of the vanadate concentrations in solutions with pH values of

1.5.

At pH

< 1.5, Raman

bands are observed at 381, 937, 952 and 973 cm 1 , which may be attributed to the formation of a
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mixed [Mo36 O112 ]8 and a cis-[VO2 (NO3 )4 ]3 (Raman band at 937 cm 1 ) polyoxometalate. The
observed broad and strongly overlapping Raman bands point to the formation of differently mixed
polyoxometalates.
Raman bands of polyoxotungstates as observed for pure tungstate solution could not be detected.
This may point to the formation of mixed Mo/W polyoxometalates. However, this interpretation is
ambiguous because of the low concentration of W in the mixed solution combined with a in general
lower Raman cross section of the tungstate complexes as compared to the molybdate or vanadate
complexes. Because new Raman bands could not be observed and because the observed Raman
spectra mainly resemble those of the pure molybdate and vanadate solution, a final decision about
the incorporation of W into the molybdenum oxygen clusters cannot be drawn.
The obtained Raman spectra of mixed Mo6V3W1 solutions indicate isopolyoxovanadates, isopolyoxomolybdates and minor amounts of mixed polyoxometalates. These combined results explain the
observed elemental inhomogeneities of molybdenum oxide based catalyst prepared from aqueous
solutions.

5.2.7.2 Mo(60%)/V(30%)/W(10 %)/Ammonium Acetate Solution
Selected Raman spectra of the Mo6V3W1/ammonium acetate solutions are presented in Figure
5.19. As shown above, only minor amounts of the vanadium present in solution are incorporated
into the formed polyoxometalates. Mixed carboxylate solutions are therefore investigated in order
to control the spatial arrangement of the different cations in the catalyst precursor. It was shown
above, that the addition of acetate, oxalate or tartrate had a strong impact on the metal-oxygen
cluster formed in solution. The formation of acetate, oxalate or tartrate complexes inhibited the
condensation of polyoxometalates as compared to the pure solutions. Therefore, the stabilisation
of monomeric species in solution seems to be one way to improve the element homogeneity of the
catalyst precursor.
The Raman spectra of the mixed Mo6V3W1/acetate solutions resemble the Raman spectra of the
Mo6V3W1 solution. For solutions in the pH range from pH 9.0 to 6.7 changes have not been observed for the Raman band positions as compared to the Mo6V3W1 solution. At pH 6.1, Raman
bands are observed at 302, 376, 896, 927, 949, 960, 974 and 993 cm
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1

. However, minor changes

of the intensity ratio of the Raman bands are detected. The Raman bands at 896 and 927 cm

1

point to the presence of the [VO 2 (ac)2 ] complex, which was also observed in the V/acetate solution. The more intense Raman bands at 927, 949 and 960 cm

1

as compared to the Mo6V3W1

solution indicate [VO 2 (ac)2 ] and higher concentration of the [Mo 7 O24 ]6 and [Mo8 O26 ]4 . At pH
values below 5.0, the obtained Raman spectra resemble those of the solution without acetate and
are therefore not described or discussed in detail. The presence of the [VO 2 (ac)2 ] complex in the
Mo6/V3W1/acetate solution beside mainly isopolyoxomolybdates is expected to lead to a catalyst
precursor with a better elemental distribution as compared to one from solutions without acetate,
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Fig. 5.19: Selected Raman spectra recorded
during the titration of a mixed solution of AHM
(0.3 M), AMV (0.15 M), AMW (0.05 M) and ammonium acetate (0.5 M). Spectra are normalised
and vertically shifted for better visualisation.
The intensity at 1020 cm 1 corresponds to the
pH value of the solution.
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Fig. 5.20: Selected Raman spectra recorded
during the titration of a mixed solution of AHM
(0.3 M), AMV (0.15 M), AMW (0.05 M) and ammonium oxalate (0.5 M). Spectra are normalised
and vertically shifted for better visualisation.
The intensity at 1020 cm 1 corresponds to the
pH value of the solution.

5.2.7.3 Mo(60%)/V(30%)/W(10 %)/Ammonium Oxalate Solution
The Raman spectra of the Mo6/V3/W1/oxalate solutions are shown in Figure 5.20. The addition
of ammonium oxalate leads to a dramatic change in the appearance of the different polyoxometa-
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lates in the mixed Mo6V3W1/oxalate solution. At pH 9.1 Raman bands are observed at 842, 897
and 947 cm 1 , which indicate a mixture of the [MoO 4 ]2 (Raman bands at 897 and 947 cm 1 ) and
[VO3 ]nn (Raman band at 842

1

). A decrease of the pH value of the solution to 7.7 leads to an inten-

sity increase of the band at 947 cm 1 . At pH 6.7, a new Raman band arises at 913 cm

1

replacing

the band at 947 cm 1 . At pH 6.7, Raman bands are observed at 842, 897 and 913 cm 1 . Upon
acidification to a pH value of 5.0, a shift is observed of the Raman band at 897 cm
to 905 cm 1 . The Raman bands at 905 and 913 cm

1

1

by 8 cm

1

are attributed to the formation of a mixture

of a [MoO3 (ox)] (Raman bands at 905 and 914 cm 1 ) and a [VO3 (ox)]2 (Raman bands at 896
and 913 cm 1 ). From pH 4.7 to 2.0, Raman bands are observed at 653, 721, 905 and 913 cm 1 ,
while at pH 4.0 new Raman bands arise at 717, 910 and 948 cm

1

which replace the former ones.

These Raman bands are observed from pH 4.0 to 0.8 and are attributed to the formation of protonated oxalate complexes. Interestingly, Raman bands of polyoxovanadates could not be detected.
Therefore, a catalyst precursor with a better elemental distribution may be expected from the mixed
metalate/oxalate solutions. Mainly monomeric oxalate complexes are observed in such a solution
which should lead to a statistical distribution of the elements within the catalyst precursor and,
hence, the final catalyst.

5.2.7.4 Mixed Mo(60%)/V(30%)/W(10 %)/Ammonium Tartrate Solution
The Raman spectra of the Mo6V3W1/tartrate solution are shown in Figure 5.21. The addition of
tartrate leads to similar changes as compared to the oxalate addition. At pH 9.1, Raman bands are
observed at 308, 369, 840, 896, 914, 927 and 934 cm

1

. The Raman bands at 897 and 934 cm

1

are

detected in solutions with pH values between 9 to 2.93 and indicate the formation of a [MoO 2 (tart)]
(Raman bands at 896 and 934 cm 1 ) and [VO2 (tart)]+ (Raman bands at 915 and 927 cm 1 ) complexes. The Raman spectrum of the solution with pH 5.55 shows Raman bands at 378, 646, 717,
828, 897, 915, 927 and 934 cm 1 . Upon acidification to pH 2.55, the Raman band at 897 cm
loses intensity and a shift is observed for the Raman band at 934 cm

1

1

by 4 cm 1 . The Raman

bands are located at 386, 558, 581, 719, 823, 852, 901, 916, 938, and 995 cm

1

at pH 2.55 and

do not change upon further acidification. These Raman bands are attributed to the formation of
polyoxovanadates (Raman band at 995 cm 1 ) and a mixture of protonated tartrate complexes of the
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metal cations present in solution. The addition of either oxalate or tartrate favours the formation
of a highly stable monomeric carboxylate species in solution, which suppresses the formation of
isopolyoxometalates. Therefore, the elemental distribution of the catalyst precursor and, hence, the
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Fig. 5.21: Selected Raman spectra recorded
during the titration of a mixed solution of AHM
(0.3 M), AMV (0.15 M), AMW (0.05 M) and ammonium tartrate(0.5 M). Spectra are normalised
and vertically shifted for better visualisation.
The intensity at 1020 cm 1 corresponds to the
pH value of the solution.
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5.3 Conclusions
The formation of Mo, V and W polyoxometalates in solution was investigated by in situ Raman
spectroscopy. For Mo solutions, [MoO 4 ]2 , [Mo7 O24 ]6 , [Mo8 O26 ]4 and [Mo36 O112 ]8 and their
protonated species were identified. The [VO4 ]3 , [V10 O28 ]6 and [V2 O7 ]3 and their protonated
species were identified in V solutions. For W solutions, the observed Raman spectra indicated the
presence of [WO4 ]2 and [W12 O42 ]10 . The pH dependence of the observed species is in good
agreement with literature data.
Further, carboxylate complexes of Mo and V could be identified. The stability of the observed
complexes increases in the order acetate, oxalate and tartrate for Mo carboxylates. The stability
for V carboxylate complexes increases in the order oxalate, acetate and tartrate. The formation
of these carboxylate complexes, which are observed over a broader pH range strongly inhibits the
condensation of larger polyoxometalates found in carboxylate-free solutions.
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The Raman spectra which were observed for the mixed Mo/V, Mo/W and Mo6/V3/W1 solutions
pointed to the presence of mixed polyoxometalates. However, a structural characterisation of
these mixed oxides was not possible due to broad, weak and strongly overlapping Raman bands.
These uncharacterised mixed polyoxometalates are only present in minor concentrations in solution.
The observed Raman spectra proved mainly isopolyoxomolybdates and isopolyoxovanadates to be
present in these mixed solutions. This observation explains the observed elemental inhomogeneities
of catalysts with similar composition. Due to the molecularly heterogeneous mixed solutions the
preparation of a catalyst precursor with a homogeneous element distribution is not expected from
such solutions.
In order to control the presence of a defined species in solution, the influence of carboxylate additions in mixed solutions was investigated. In these mixed metalate/carboxylate solutions, oxalate or
tartrate stabilised the formation of monomeric oxometalates. Because the formation of larger polyoxometalates is suppressed a polyoxometalate catalyst precursor and, hence, an activated catalyst
with a more homogeneous spatial elemental distribution is expected. Due to the low stability of
the acetate complexes the addition of acetate leads only to minor amounts of monomeric species in
solution apart of mixed and pure polyoxometalates.
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Chapter 6

Summary
Selective oxidation reactions require multifunctional catalysts, which are capable of the activation
of the organic molecule, of the oxygen activation, the oxygen insertion and of the regeneration of
the catalyst. The structure and composition of such catalysts determines their physico-chemical and
catalytic properties. Therefore, the compositional and structural changes as well as the catalytic
properties of a mixed Mo/V/W oxide catalyst were investigated by XRD, TEM, SEM and Raman
spectroscopy in this PhD work.
The catalytic activity of this Mo/V/W mixed oxide in selective oxidation of methanol increased by
a factor of three upon thermal activation in inert atmosphere at 813 K. XRD, TEM and Raman spectroscopic characterisation of the initial material showed the presence of nanocrystalline oxides of
Mo5 O14 and MoO3 structure. SEM/EDX analysis proved elemental inhomogeneities to be present,
which are explained by the presence of different isopolyoxometalates in the precursor solutions.
After thermal activation in inert gas, the mixed oxide consisted of a mixture of a majority of oxides
of Mo5 O14 structure and a minority of crystalline oxides of MoO 3 structure. XRD, TEM and Raman spectroscopic characterisation of the mixed oxide thermally activated at different temperatures
revealed that the crystallisation of the oxide of Mo 5 O14 structure occurs only in a rather narrow temperature regime between 800 and 820 K. For activation temperatures above 820 K, the metastable
oxide of Mo5 O14 structure increasingly disproportionated into oxides of MoO 3 and MoO2 structure.
The combined XRD, TEM and Raman spectroscopic identification of the oxide of Mo 5 O14 structure points to its relevant role for the observed increase of the catalytic activity for formaldehyde
formation by a factor of three after thermal activation.
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It can be concluded from the physicochemical characterisation that it is of paramount importance to
monitor and fully control the elemental composition and the atomic structure of the MoVW oxide
in order to fully understand its catalytic activity and selectivity. It is suggested that vanadium on one
hand generates the catalytic activity of the mixed oxide but on the other destabilises the presumably active oxide of Mo5 O14 structure due to its high reducibility. The tungsten promoter is seen as
necessary to counterbalance the inherent, and V-enhanced instability of the Mo 5 O14 structure.
In order to unravel these suggested different roles of the W and V promoters, their influence has
been investigated on the thermal activation process of the catalyst precursors and their catalytic
properties by in situ XRD and in situ Raman spectroscopy.
Only a minor influence of V could be observed on the structures formed during the activation processes as compared to the AHM activation process. For the W promoter it was found that minor
amounts of W in the molybdenum oxides matrix inhibit structural reorganisation processes. Such
an inhibition is explained by the octahedral coordination of the redox stable W which shares only Overtices with its neighbour cations. This is believed to strongly affect the oxygen vacancy mobility
in the material and, hence, the evolution of long range ordering of defects.
Due to strong absorption in the visible of the catalyst materials investigated, experimental conditions
had to be found for the combined in situ Raman/TPRS experiments to couple the Raman scattering
to an electronic transition in order to enhance the low Raman cross section by resonance Raman
enhancement. Indeed, a resonance Raman effect was proven to be operative in oxygen defective
molybdenum oxides. For an excitation wavelength of 632 nm (1.96 eV), the observed Raman cross
section varied as a function of the degree of reduction of five different MoO 3
of the electronic transitions in MoO 3

x

x

samples. A model

based on crystal field theory was proposed to explain the

electronic transitions observed by DR-UV/VIS spectroscopy. The observed resonant Raman scattering is coupled to the IVCT transition at about 2 eV arising from oxygen vacancies present in
the materials. Due to the local nature of the absorption process, the developed model is valid for
intermediate oxides too in agreement with literature. Accordingly, resonant Raman scattering was
proven too for Mo 4 O11 and MoO2 . Not only the intensity of this IVCT transition is a function of the
degree of reduction but also its position. Accordingly, the experimentally observed Raman intensity
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is a complex function of resonance enhancement and re-absorption of the Raman scattered light.
Hence, the experimentally observed Raman intensity bears information about the degree of reduction of the molybdenum oxide provided proper referencing and thus exclusion of trivial effects like
defocusing during the experiment.
In situ Raman spectroscopy of MoO3

x

catalysts during propene partial oxidation indicates that the

propene conversion and the selectivities are a function of the degree of reduction of the catalyst.
The higher the degree of reduction, the higher is the total activity and the selectivity to acetic acid.
The consecutive oxidation of acrolein to acetic acid seems to be linked to the presence of larger
oxygen vacancy clusters, while the formation of acrolein and its consecutive total oxidation over
the MoO3

x

catalyst presumably is related to the presence of isolated oxygen vacancies.

The role of W as a structural promoter is confirmed by the in situ Raman/TPRS experiments and
explained by a lower mobility of oxygen vacancies in the catalyst due to the presence of the redox
stable W6+ . As a consequence of the lower oxygen mobility, the formation of larger oxygen vacancy clusters does not occur and a higher selectivity to acrolein is observed as compared to the
unpromoted catalyst. V addition is found to increase the propene conversion and, hence, induces
the formation of active centres for the selective oxidation of acrolein to acrylic acid. V acts as
well structural promoter as it destabilises the found structures and lowers the temperature of defect
formation. At high propene conversions, i.e. for catalysts containing V, the formation of an oxide
of Mo5 O14 structure is observed, which does not structurally change during the consecutive TPRS
cycles. However, deactivation combined with changes of the selectivities are observed for all Vcontaining catalysts which are explained by irreversible reduction of the catalysts during the TPRS
cycles.
It was concluded on the basis of the observed catalytic performances of the differently promoted
catalysts that the primary reaction product of propene partial oxidation over all catalyst samples is
acrolein as proven by the high selectivity to acrolein for low propene conversions. The maximum
selectivities to acetic and acrylic acid at higher propene conversions indicate different active centres
for the consecutive oxidation of acrolein in agreement with literature. The presence of larger oxygen
vacancies clusters is seen as being strongly related to the formation of acetic acid. The presence of
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the V promoter favours the formation of acrylic acid. The at least three different active sites seem
to responsible for the formation of acrolein, acrylic acid and total oxidation products and underline
the multifunctional catalytic properties of the investigated mixed Mo/V/W catalysts.
The combination of all measured physicochemical properties of Mo 5 O14 oxide catalysts suggests a
core-shell model, the core being mostly of an oxide of Mo 5 O14 structure while the shell is formed
by stoichiometrically ill-defined metal oxide clusters and having a higher degree of reduction. The
core and the shell may act differently in the catalytic process. During partial oxidation catalysis, the
crystalline core of Mo5 O14 structure is suggested to play the role of an electron reservoir for the fast
catalytic redox reactions. The shell provides a high number of active sites and allows fast surface
oxygen diffusion.
Precursor preparation and catalyst activation definitely is of importance for the final structure of the
active catalyst, its degree of reduction and its elemental and structural heterogeneity. In order to
control the spatial elemental distribution within the polyoxometalate catalyst precursor and, hence,
the final catalyst it was attempted to control the formation of molecularly defined species in solution.
Pure and mixed Mo, V or W solutions have been studied by in situ Raman spectroscopy as a function
of the solution pH. The Raman spectra which were obtained from the mixed Mo9V1, Mo9W1 and
Mo6/V3/W1 solutions indicated mainly isopolyoxomolybdates and isopolyoxovanadates and minor
amounts of mixed polyoxometalates to be present in these mixed solutions. However, a structural
characterisation of these mixed polyoxometalates was not possible due to broad, weak and strongly
overlapping Raman bands. The observation of a mixture of mainly isopolyoxomolybdates, isopolyoxovanadates and minor amounts of mixed isopolyoxometalates present in solution explains the
observed elemental inhomogeneities of catalyst precursors and, hence, catalysts of similar composition. Due to the molecularly heterogeneous solutions, the preparation of catalyst precursors with
a homogeneous element distribution is not expected from such simply mixed metalate solutions.
The influence of carboxylate additions in mixed and pure metalate solutions was investigated in
order to control the formation of defined species in solution. Due to the low stability of the acetate complexes, the addition of acetate only leads to minor amounts of monomeric species beside
mixed and pure polyoxometalates. The formation of stable monomeric oxometalate oxalate and
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tartrate complexes was observed. The formation of larger polyoxometalates, like [Mo 7 O24 ]6 is
suppressed, polyoxometalate catalyst precursors and, hence, activated catalysts of homogeneous
spatial elemental distributions are expected.
Based on the studies presented in this PhD thesis additional investigations on the preparation (solutions and thermal activation) as well the catalytic properties of mixed Mo/V/W oxide catalysts
may be useful to improve existing Mo/V/W oxide catalysts systems. Starting with the preparation,
the conditions in mixed solutions (pH, concentrations) may further be optimised with respect to
molecularly defined solid mixed polyoxometalate catalyst precursors. The activation process of this
defined mixed polyoxometalate catalyst precursor into the final catalyst still needs to be optimised
in order to obtain a monophasic catalyst material of Mo 5 O14 structure and to avoid the formation of
oxides of MoO3 structure being active in total oxidation. Finally, in situ Raman results may be used
to monitor the structure and reduction degree of the catalyst in order to find optimum conditions
with respect to the feed composition or the contact time.
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