
Structure-function relationships of molybdenum-based oxide 

nitrides as model catalysts in selective oxidation of propene 

 

vorgelegt von 

 

Diplom-Chemiker 

Sven Kühn 

geb. in Berlin 

 

Von der Fakultät II - Mathematik und Naturwissenschaften 

der Technischen Universität Berlin 

zur Erlangung des akademischen Grades 

 

Doktor der Naturwissenschaften 

Dr.rer.nat. 

 

genehmigte Dissertation 

 

 

Promotionsausschuss: 

Vorsitzender:   Prof. Dr. rer. nat. Thomas Friedrich 

Berichter/Gutachter:  Prof. Dr. rer. nat. Thorsten Ressler 

Berichter/Gutachter:  Prof. Dr. rer. nat. Peter Strauch 

 

Tag der wissenschaftlichen Aussprache: 12. Mai 2016  

Berlin 2016 



  



 

 

Zusammenfassung 

Molybdänoxide sind gut geeignete Modellkatalysatoren für die selektive Oxidation 

von Propen zu Acrolein. Das Ziel dieser Arbeit war die Erstellung von Beziehungen zwischen 

katalytischer Aktivität und Sauerstoffmobilität. Dafür wurde das Anionengitter von 

Molybdänoxiden durch die Substitution von Sauerstoffionen durch Stickstoffionen 

modifiziert. Basierend auf früheren Untersuchungen sollte die katalytische Aktivität und 

thermische Stabilität von Molybdänoxidnitriden erhöht werden.  

Im ersten Teil der Arbeit wurde kommerziell erhältliches MoO3 mechanisch in einer 

Planetenkugelmühle bearbeitet, um die Kristallinität zu verändern. Im Anschluss wurden die 

Molybdänoxide und die jeweiligen Oxidnitride mittels ex situ Methoden untersucht. Diese 

Untersuchungen ergaben detaillierte Informationen über den Einfluss des Stickstoffeinbaus 

auf die elektronische Struktur und die elektrischen Eigenschaften. Die optische Bandlücke von 

MoO3-Oxidnitriden war deutlich erniedrigt. Der Stickstoffeinbau führte zu einer starken 

Erhöhung der Leitfähigkeit. Zusätzlich ergaben FTIR- und DR-UV-Vis-Spektroskopie 

Erkenntnisse über verschiedene Prozesse des Stickstoffeinbaus während der Ammonolyse. 

Sauerstoffionen wurden hauptsächlich durch NHX Gruppen substituiert. Untersuchungen der 

katalytischen Aktivität zeigten einen Einfluss auf die Bildung von Acrolein und COX. In situ 

Spektroskopie ermöglichte eine Korrelation zwischen der zunehmenden thermischen 

Stabilität von MoO3-Oxidnitriden und der Kristallitgröße, die aus den (0k0) Reflexen (XRD) 

berechnet wurde. 

Der zweite Teil der Arbeit behandelte die Modifikation des Anionengitters von 

(MoV)5O14, welches ein relevanteres System für die selektive Propenoxidation ist. Erstmals 

wurden Vanadium-Molydbänoxidnitride mit Mo5O14-Struktur sowie unterschiedlichen 

Stickstoffgehalten hergestellt. Ex situ Untersuchungen ergaben, dass der Stickstoff ohne eine 

Änderung der mittleren Valenz der Metallzentren eingebaut wurde. Zusätzlich wurde die 

Bildung von Sauerstoffleerstellen durch Leitfähigkeitsmessungen bekräftigt. Signifikante 

Unterschiede in den Leitfähigkeiten blieben nach dem Stickstoffausbau erhalten. TPR 

Experimente zeigten eine erhöhte Verfügbarkeit von Sauerstoff der Mo5O14-Oxidnitride. Diese 

verbesserte Verfügbarkeit stand im Zusammenhang mit der verbesserten Leitfähigkeit. Die 

katalytische Aktivität wurde bei verschiedenen Temperaturen untersucht. Die Selektivität 

bezüglich Acrolein stieg mit erhöhtem Stickstoffgehalt an, während sich die Bildung von COX 

verringerte.  



 

Abstract 

Molybdenum-based oxides represent well-known model catalysts for the selective 

oxidation of propene to acrolein. The objective of this work was elucidating relationships 

between catalytic performance and oxygen mobility. Therefore, the anion lattice of 

molybdenum oxides was modified by substituting oxygen ions with nitrogen ions. On the 

basis of previous studies the thermal stability and catalytic activity of molybdenum oxide 

nitrides were improved. 

In the first part of this work commercially available MoO3 was mechanically activated 

in a planetary mill to vary the crystallinity. Afterwards, ball-milled MoO3 and its corresponding 

oxide nitrides were characterized by ex situ methods. This characterization yielded a detailed 

knowledge of the influence of varying crystallinity and incorporation of nitrogen on electronic 

structure and electrical properties. The optical band gap of MoO3-type oxide nitrides was 

significantly decreased compared to corresponding oxides. The incorporation of nitrogen led 

to a strong increase of conductivity. Additionally, FTIR and DR-UV-Vis spectroscopy revealed 

different processes of nitrogen incorporation during ammonolysis of MoO3. Oxygen ions were 

mainly substituted by NHX species. Investigations on catalytic performance showed an 

influence on formation of acrolein and COX. In situ spectroscopy resulted in a correlation 

between increasing thermal stability of MoO3-type oxide nitrides and increasing crystallite 

size from (0k0) reflection peaks (XRD).  

The second part of this work deals with the modification of anion lattice of (MoV)5O14 

representing a more relevant system for selective propene oxidation. Vanadium-molybdenum 

oxide nitrides with Mo5O14-structure and different nitrogen contents were prepared for the 

first time. Ex situ investigations showed that incorporating nitrogen in the structure of Mo5O14 

proceeded without changing the average valence of the metal centers. Additionally, 

impedance spectroscopy corroborated the formation of oxygen vacancies. Significant changes 

in conductivities remained after removal of nitrogen. TPR measurements were carried out to 

investigate oxygen mobility. The enhanced reducibility of oxide nitrides was correlated with 

the increased conductivity. Catalytic performance was studied at various temperatures. 

Selectivity towards acrolein increased with increasing nitrogen content while formation of 

COX decreased.  
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1 Introduction 

1.1 Motivation 

The chemical industry is the third largest industry in Germany. With an annual sales of 

184 billion Euro this corresponds to the largest chemical industry in the European 

Union [1]. Approximately 90% of all chemical processes uses catalysts [2]. Selective 

oxidation processes like the functionalization of hydrocarbons represent one of the 

largest segments of modern chemical industry. None of these reactions run at maximum 

selectivity due to the formation of unwanted by-products. Hence, an improvement in 

selectivity of only one percentage might be associated with a considerable increase in 

profit. This improvement might be achieved by the development of new catalysts. 

Selective oxidation of propene to acrolein is such an important reaction which is 

processed with conversion of propene over 90% and a selectivity of 80-85% [3]. Acrolein is 

a raw material for synthesis of acrylic acid which is an important fine chemical for 

production of superabsorbent for hygiene materials [4].  

In the last years the application of in situ analytical methods has become a powerful 

tool to obtain a detailed understanding of the function of a heterogeneous catalyst. With 

the help of this knowledge the structure or properties like conductivity of a catalyst can 

be related to its catalytic activity. Hence, determining the important factors for activity 

and selectivity by elucidating structure-function relationships can result in a rational 

design of improved catalysts [5–7]. Compared to classical trial-and-error approach the 

rational catalyst design constitutes an alternate approach for the development of new or 

improved catalytic systems. A combination of analytical techniques might lead to these 

structure-function relationships. Therefore, structure analytical methods can be 

combined with analysis of product gas phase. Hence, the combination of complementary 

techniques is one of the main challenges in the research of heterogonous catalysis to 

compare the characterization results under reaction conditions [8].  

Most industrial processes using heterogeneous catalysts are carried out over 

polycrystalline catalysts [9]. Many of these catalysts consist of several cooperating phases. 
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Industrial catalysts exhibit a high chemical and structural complexity. Hence, the impact 

of single structural motifs or bulk properties on functionality can hardly be determined. 

Simplification of complex catalysts can lead to deeper insight in structure-function 

relationships. The simplified model catalyst systems exhibit reduced complexity. The 

industrial selective oxidation of propene to acrolein proceeds over a Mo-Bi-Fe-O catalyst 

while a Mo-V-O catalyst is used for the following oxidation to acrylic acid [10]. Thus, it 

seems plausible that molybdenum based oxides represent a simple approach to create 

such model systems. Indeed, MoO3 is a well-investigated model system for selective 

oxidation of propene [11–13]. Model catalysts can be developed by preparing highly 

dispersed metal oxides on a support material to obtain local structural motifs and a high 

surface area. Otherwise, the influence of typical bulk properties as the role of lattice 

oxygen is still unraveled [14]. However, the importance of bulk diffusion of oxide ions is 

expected to be a crucial factor for the design of new industrial catalysts [15]. It is obvious 

that these characteristics or the evolution of bulk defects of a catalyst are not available by 

the use of supported model catalysts. Therefore, bulk structural investigations of model 

catalysts under reaction conditions represent a further necessity to obtain a detailed 

knowledge of the structure and defects. These studies might promote the rational design 

of catalysts by elucidating structure-function relationships in cooperation with 

investigations of supported metal oxides [16].  

1.2 Molybdenum oxide catalysts in selective oxidation of propene to 

acrolein 

It is assumed that selective oxidation of propene to acrolein proceeds according to a 

redox mechanism (“Mars-van-Krevelen mechanism”, Figure 1-1) [17]. In a first step 

propene is adsorbed at the surface of MoO3 on coordinately unsaturated Mo sites. After 

adsorption of propene the hydrogen atom in α-position to the double bond is abstracted. 

An allylic intermediate is formed by this abstraction. Afterwards, nucleophilic attack of 

lattice oxygen ions O2- on the (010) planes result in formation of σ bond between lattice 

oxygen and the allylic intermediate. After insertion of the nucleophilic lattice oxygen into 

the hydrocarbon the formed oxygenated product desorbs. In the last step of the catalytic 

cycle the catalyst is re-oxidized by gas-phase oxygen. The re-oxidation of the catalyst can 
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occur at a different reactive site of the catalyst. It is suggested that bulk oxygen diffusion 

might play an important role for catalytic activity [11,14,18].  

 

Figure 1-1: Schematic presentation of selective oxidation of propene to acrolein over a 

molybdenum oxide based catalyst [13]. 

Several different bulk model catalysts for selective oxidation of propene are known 

from the literature [19–21]. The reduced chemical and structural complexity of binary oxides 

like α-MoO3 make them the most simple model system for elucidating structure-activity 

correlations. Orthorhombic α-MoO3 (Pbnm) is the stable modification of MoO3 at room 

temperature [22]. The Mo cations are coordinated by six oxygen anions. Those distorted 

octahedrons are arranged corner- and edge-sharing in layers along the b-axis. The layers 

are linked by van-der-Waals forces. The distorted octahedrons are due to different Mo-O 

distances between 1.67 Å and 2.33 Å [23]. In addition, a monoclinic and a hexagonal 

modification of MoO3 exist.  

 

Figure 1-2: View on the bc and ab plane of α-MoO3 indicating the connections of MoO6 

octahedrons and evolution of layered structure.  
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Model catalysts with Mo5O14 structure represent more complicated model system 

compared to MoO3. The Mo5O14 exhibit an increased structural complexity. The 

tetragonal Mo5O14 structure is depicted in Figure 1-3 as a network of MoO6 octahedrons 

and MoO7 pentagonal bipyramids (P4/mbm) [24]. Each bipyramid shares edges with five 

octahedrons. These cluster of bipyramids and octahedrons are linked by additional corner 

sharing octahedrons. Along the c-axis the polyhedrons are stacked on the top. The 

respective polyhedrons share its corners forming a three-dimensional tunnel structure 

with five- and sixfold channels [25]. Different metal cation are used for stabilizing the 

tunnel structure of Mo5O14 by partial substitution (e.g. vanadium [26], tungsten [27], 

niobium [28], titanium [29], tantalum [25]). Multiple substitutions by different cations can 

lead to Mo5O14 structure which represents an important structural motive for 

heterogeneous catalysts. Depending on the type of substitution the molybdenum based 

oxide can be applied for many reactions [30].  

 

Figure 1-3: View on the ab-plane of Mo5O14 structure. Different characteristic structural 

motifs are marked.  

The addition of tellurium and niobium to a molybdenum oxide based catalyst can lead 

to highly active M1 phase (Figure 1-4). The structure of M1 is related to that of Mo5O14. It 

consists of a polygon network of MO6 (M = Mo, V) octahedral and NbO7 pentagonal 

bipyramids. Hexagonal and heptagonal channels are formed into layers in the ab-plane 
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which are partially filled with TeO units [31,32]. Despite the high catalytic activity and 

selectivity of the M1 phase the increased complexity of the structure represents a 

challenge for fundamental studies on structure-function relationships.  

 

Figure 1-4: Schematic presentation of the M1 phase by a view on ab plane. Characteristic 

structural motifs including similar structural motifs of Mo5O14 are indicated. 

1.3 Oxygen mobility of molybdenum oxides in selective oxidation 

reactions 

α-MoO3 is one of the best investigated model systems for selective oxidation of 

propene due to its less complicated structure compared to industrial catalysts. Former 

isotope exchange experiments of α-Mo16O3 and 18O2 showed that lattice oxygen is 

involved in selective oxidation of propene to acrolein [33,34]. The loss of oxygen from MoO3 

was suggested to lead to an Mo-Mo bond across the oxygen vacancy [14]. Further 

investigations of the defect structure of α-MoO3 under propene oxidation conditions 

revealed a slightly decreased average Mo valence which might be attributed to the 

formation of share-structural defects [16,35]. The Mo18O52-type structure represents a 

suitable reference for formed shear defects. Additionally, after selective oxidation of the 

reactant with nucleophilic lattice oxygen the resulting oxygen vacancy might not be re-

oxidized immediately at the active site of the catalyst [33]. For re-oxidation the oxygen 
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vacancy migrates towards re-oxidation site where dioxygen is adsorbed at the surface. 

Adsorbed dioxygen is transferred into O2- and incorporated in the catalyst to fill the 

oxygen vacancy (Figure 1-5). The required four electrons are given by the solid [36]. Hence, 

conductivity might be an important parameter for investigations on the electron transfer. 

The intermediate formed oxygen species O- have strong electrophilic character which 

might be responsible for conversion of propene to total oxidation products COx [18]. The 

role of lattice oxygen and redox properties of the catalyst represent two of seven 

important principles for selective oxidation proposed by Grasselli [33]. Subsequently, 

diffusion of oxygen vacancies and mobility of lattice oxygen is expected to play an 

important role for catalytic performance.  

 

Figure 1-5: Schematic presentation of redox mechanism (“Mars-van-Krevelen”) for 

selective oxidation of propene to acrolein (adapted from [3,33]). After the reduction of metal oxide 

the oxygen vacancy migrates to re-oxidation site of the catalyst to be replenished oxygen.  

MoO3 is well-known for its structure sensitivity in selective oxidation reactions. 

Crystals with specific orientations exhibited a significant dependence of catalytic 

performance on the ratio of (100) and (010) faces in MoO3. Acrolein was formed on (100) 

lateral plane while formation of total oxidation products COX occurred at (010) basal 

plane. Hence, the type of products of selective oxidation of propene is strongly 

dependent on the habit of crystallites. Haber related this dependence to electrophilic and 

nucleophilic oxygen species forming oxidation products [37]. A similar type of structure 
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sensitivity was also observed for selective oxidation of methanol to formaldehyde and 

ethanol to acetaldehyde [38]. 

With respect to suitable model systems for elucidating the effect of oxygen mobility 

on catalytic performance it is desirable to preserve the crystallographic structure of the 

catalyst. Different crystallographic structures might exhibit different catalytic 

performances particularly with regard to structure sensitivity of MoO3 [21]. An additional 

possibility to modify oxygen mobility constitutes the formation of oxygen vacancies with 

preserved crystallographic structure [39]. Cation substitution is an effective method for 

generating oxygen vacancies. Oxygen vacancies can be formed in zirconium dioxide by 

doping with calcium oxide. Hence, this method might lead to a variation of density of 

vacancies and diffusibility of oxygen ions. Molybdenum oxides might be doped with other 

transition metals like tungsten, niobium or vanadium. However, addition of these 

transition metals to molybdenum oxides can lead to various structures. Additionally, the 

oxides of these transition metals are also active in selective oxidation reaction of light 

alkenes. The catalytic performance of molybdenum oxides might also be affected by 

addition of tungsten, niobium or vanadium [20,40,41]. Therefore, modification of the cation 

lattice to modify oxygen mobility with preserved crystallographic structure seems to be 

less suited. 

The modification of the anion lattice by incorporation of nitrogen represents an 

alternate method for generating oxygen vacancies [42]. Oxide nitrides are suitable model 

systems for studies on heterogeneous catalysts. Zirconium oxide nitrides, for instance, 

have been shown to be active catalysts for ammonia decomposition [43]. N-doped TiO2 

represents a widely investigated model system for photocatalytic reactions due to 

changed optical and electronic properties [44,45]. Often the incorporation of nitrogen is 

accompanied by a preservation of crystallographic structure [46]. Recent studies have 

shown that nitrogen can be incorporated in the anion lattice of α-MoO3 without changing 

the crystallographic structure [47]. Resulting oxide nitrides represent suitable model 

system for studying correlations between oxygen mobility and catalytic performance [48]. 

Mild ammonolysis resulted in a much improved reducibility which can be attributed to an 

increased oxygen mobility. In addition, the corresponding oxide nitrides of α-MoO3 

exhibited an enhanced electronic conductivity [49]. The increased conductivity led to 
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significantly improved capability retention during first time investigations as anode 

material for lithium ion batteries [50]. However, correlations between catalytic 

performance and electrical properties could not be elucidated because of the low thermal 

stability of the corresponding oxide nitrides. Furthermore, MoO3 is not the most relevant 

system for studies on selective oxidation of propene due to its low catalytic activity and 

selectivity towards acrolein. Hence, possible influences of electrical properties on 

catalytic performance could not be determined.  

1.4 Outline of the work 

The objective of this work was enhancing the usage of molybdenum oxide nitrides as 

a model catalyst for selective oxidation of propene. Therefore, the thermal stability and 

catalytic activity of molybdenum oxide nitrides have to be improved. Based on previous 

studies two approaches were developed to elucidate relationships between catalytic 

performance and oxygen mobility. On the one hand commercially available MoO3 was 

mechanically activated by treatment in a planetary mill to vary the crystallite size. 

Mechanical activation seems to be a promising approach due to the structure sensitivity 

of MoO3 in selective oxidation of propene. Afterwards, the investigations of ball-milled 

MoO3 and its corresponding oxide nitrides focused on determination of crystallinity. In 

addition, the variation of crystallinity should be correlated with changes in electronic 

structure and properties (Chap. 3). The reducibility was determined as one crucial 

property changed by incorporation of nitrogen. Hence, Chap. 4 deals with the impact of 

ball-milling and subsequent ammonolysis on reducibility. Investigations of their catalytic 

properties together with in situ characterization were carried out with a focus on thermal 

stability of MoO3-type oxide nitrides (Chap. 5). The second approach included the 

extension of range of oxide nitrides to more relevant structures in propene oxidation. 

Model catalysts with the Mo5O14-structure constitute more complex systems compared 

to MoO3. The preparation and structural characterization of (MoV) oxide nitrides with 

Mo5O14-structure are presented. Consequently, the structure of Mo5O14-type oxide 

nitrides was characterized in detail by different methods to analyze influences of nitrogen 

incorporation on long-range and short-range structure. The structural characterization 

also aimed at studies on compensation of additional negative charge of nitrogen ions 
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compared to oxygen ions. Furthermore, effects of ammonolysis of mixed molybdenum 

oxides on oxygen mobility and catalytic performance in selective oxidation of propene 

were studied (Chap. 6 and Chap. 7). Apart from these effects, a particular focus was 

placed on thermal stability of Mo5O14-type oxide nitrides using complementary in situ 

analytical methods.   
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2 Characterization methods 

2.1 X-ray diffraction (XRD) 

Investigations on bulk materials used as heterogeneous catalysts are often carried out 

by X-ray powder diffraction (XRD). In addition to determining crystal structure XRD 

provides the possibility to characterize disorder in materials which might influence 

catalytic properties of materials [51,52]. XRD is based on elastic scattering of X-ray photons 

from the electron bound to atoms. The intensity of scattered X-rays is measured as a 

function of the diffraction angle. The phenomenon of X-ray diffraction can be described 

by the Bragg equation establishing a relationship between the lattice plane spacing d, and 

the angle θ between incident X-rays and the lattice plane [53]:  

�� = 2���� ∙ 
���. (2-1) 

Sharp intensity maxima only occur at special angles where eq. (2-1) is fulfilled and X-

ray photons interfere constructively. The lattice planes are characterized by the Miller 

indices hkl. Hence, each diffraction peak is described by an index triplet hkl according to 

the Bragg relationship.  

The profile of diffraction peaks (FWHM and peak shape) contains information about 

the real structure of the sample. Crystallite size as well as lattice strain cause broadening 

of diffraction peaks. In reciprocal space the diffraction conditions are defined as a 

geometrical relation (Figure 2-1). The scattering vector d* is created by the vectors of 

incident and diffracted X-rays ν0 and ν. Diffraction takes place when scattering vector d* 

connects its origin with another (hkl) point. For an ideal and infinite crystal the diffracted 

intensity is almost confined to a small region around each point in reciprocal space and 

results in small FWHM due to instrumental effects. In contrast crystallite domains of real 

samples have a finite extension. Thus, the length of scattering vector varies for each 

diffraction peak depending on the crystallite size. Hence, diffraction can take place at 

slightly varied diffraction angles resulting in line broadening of the diffraction peak.  

Most crystalline samples contain distortions caused by imperfections of the periodic 

crystal structure. The profile of the diffraction peak can be influenced in different ways by 
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lattice strain. On the one hand a macroscopically homogenous strain results in a shift of 

diffraction peaks. Introducing this type of strain expressed by ε= ∆d/d in the 

differentiated Bragg equation results in  

Δ2� = �2� ∙ ����. (2-2) 

On the other hand an inhomogeneous lattice strain causes a broadening of observed 

diffraction peaks. In this case the incident X-ray beam is diffracted at slightly different 

angles. It is also possible that both kind of strain can be observed in a sample. Different 

methods of determining size and strain are explained below.  

 

 

Figure 2-1: Top: Schematic representation of (001) diffraction condition in reciprocal space 

for a perfect crystal (left) and for crystatalline domains (right). Bottom: XRD peak profile for zero 

strain (a), macrostrain (b), microstrain (c) [51]. 

(a)

(b)

(c)
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2.2 X-ray absorption spectroscopy (XAS) 

X-ray absorption spectroscopy (XAS) is often used in heterogeneous catalysis because 

it allows the analysis of the local structure around an absorber atom [54]. Therefore a long-

range structure of the catalyst is not required. For crystalline solids XAS represents a 

complementary method for X-ray diffraction to analyze the structure of a catalyst [55,56]. 

The sample is placed between two ion chambers and illuminated by an X-ray beam. The 

ion chambers measure the intensity of the X-ray beam before and after transmitting the 

sample. After passing the sample the intensity of the incident X-ray beam (I0) is 

attenuated according to Lambert’s law: 

� = ����������. (2-3) 

The decrease of intensity of X-ray beam depends on the thickness of the sample d and 

the linear absorption coefficient µ referring to the type of atoms and the density of a 

material. Reaching the binding energy of a core-electron a step-increase in absorbance 

occurs, the so called absorption edge. The electron is excited to an empty state above the 

Fermi level. The absorption edge is denoted by the order of increasing energy as K, LI, LII 

or LIII. This denotation corresponds to the ground stated of the electron 1s, 2s, 2p1/2, 

2p3/2.  

The XAS spectra can be subdivided in two regions. The part within about 50 eV of the 

absorption edge is called X-ray absorption near-edge spectrum (XANES) followed by the 

extended X-Ray absorption fine structure (EXAFS) at higher energies. Figure 2-2 shows a 

schematic representation of processes in XANES and EXAFS region of an X-ray absorption 

spectrum. XANES spectra contain information about the electronic structure as the 

oxidation state and site symmetry of metal centers. XANES is based on the excitation of 

an electron from a core level to an unoccupied state close to the Fermi level. Transitions 

from s orbital to higher p orbital around the K edge or from p orbitals to d orbitals around 

the L edges are can occur. These transitions obey required selection rules: ∆l = ± 1,          

∆j = ± 1, ∆s = 0 [57]. Dipole transitions of electrons of the 1s orbital are forbidden for 

centrosymmetric configurations. Hence, only absorption centers in non-centrosymmetric 

coordination show intense pre-edge features. Such non-centrosymmetric coordinations 
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are tetrahedral geometry or distorted octahedral structures. The so-called “fingerprint” 

region of the XANES spectra after the absorption edge can be interpreted with the help of 

a set of reference spectra. This fingerprint region is due to transitions to higher 

unoccupied state or multiple scattering effects of the photoelectron by the first 

coordination shell.  

 

Figure 2-2: Schematic representation of X-ray absorption spectrum with processes at the 

absorption edge. In the XANES region an electron is excited to a higher unoccupied state while the 

scattering of a photoelectron at neighboring atoms results in the EXAFS region.  

The oscillations of the absorption coefficient in the EXAFS region are caused by 

scattering of a photoelectron at neighboring atoms. The photoelectron from the absorber 

atom interacts with the electron density of neighboring atoms. The outgoing 

photoelectron wave is scattered back when reaching a neighboring atom. Hence, the 

incoming electron waves interfere with the outgoing photoelectron wave of the absorber 

atom. This interference results in an oscillating absorption coefficient and fine structure 

of the spectrum. The resulting spectrum is the sum of the contributions of all absorbing 

sites and backscattering neighbors. The EXAFS modulations can be described by the 

EXAFS function χ(k) as a function of wavenumber k:  
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���� = � ����� sin "2�#� + %����&'
�()

 (2-4) 

The EXAFS function represents a single scattering plane-wave approximation [58]. The 

amplitude of each scattering contribution Aj(k) is given by  

����� = *�

�+������ "�2#�/����&

�#�+ �-+�./0.1���� (2-5) 

where S0
2 describes a correction for relaxation processes in the absorber atom, σ2 

is the disorder parameter describing the mean-squared displacement of atoms, and Fj(k) 

is the backscattering amplitude in the jth shell. The intensity decreases with the distance 

Rj. The term Nj refers to the number of atoms. The Fourier transformed χ(k) contains 

information corresponds to a pseudo radial function between the absorbing atom and 

near atoms in a range limit of 4-5 Å [59]. The transform is usually multiplied by k1 or k3 to 

emphasize light or heavy atoms. Theoretical scattering paths can be calculated from 

suitable theoretical models by software programs like FEFF. The theoretical parameters of 

the scattering paths can be refined to experimental data. Thus, information about the 

coordination number, disorder parameters and distance determined from the FT(χ(k)).  

2.3 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a well-established method for 

investigating electrochemical processes and determining electrical conductivity of 

samples [60]. Additionally, results of EIS measurements are of interest in characterizing 

heterogeneous catalysts especially in selective oxidation reactions [61].  

Electrical impedance is the ratio of voltage and current in an a.c. circuit. If a current 

signal is measured as the response to an alternating voltage signal the impedance can be 

expressed in terms of a magnitude ZA and a phase shift φ.  

2 = 3�4�5�4� = 26 789�:4�789�:4;<�. (2-6) 
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According to Euler’s relationship impedance can also be expressed as a complex 

function. Hence, the impedance is represented as a complex number i.e. a combination of 

real (Z’) and imaginary (Z’’) part: 

2 = 26��< = 26�cos ? + @ sin ?� = 2A + @2′′. (2-7) 

Experimental data of impedance measurements can be approximated by the 

impedance of an equivalent circuit consisting of different circuit elements [62,63]. An 

overview of often used circuit elements is given in Table 2-1. The ohmic resistance is 

independent of frequency while capacitor and inductor only influence the imaginary part. 

However, real samples often exhibited inhomogeneities which might lead to differences 

from ideal capacitors in equivalent circuit. These non-ideal capacitors can be described by 

a constant-phase element (CPE). The phase angle of a CPE is ac frequency independent. 

The deviation of ideal capacitor is given by exponent α. For the case of α = 1 the CPE is a 

pure capacitor.  

Table 2-1: Overview of basic elements for equivalent circuits in EIS [63].  

Component Resistance Capacitor Inductor Constant phase 
element 

Impedance Z = R Z = (jωC)-1 Z = jωL Z = (Q(jω)α)-1 

Nyquist plot 

   
 

Phase angle φ = 0° φ = -90° φ = 90° φ = (-α·90°) 

An often used equivalent circuit and its schematic Nyquist-plot is shown in Figure 2-3. 

According to Kirchhoff’s law the impedance of a series arrangement is the sum of single 

impedances. The impedance of a parallel arrangement is given by the sum of the inverse 

single impedances. Hence, resistance R1 is frequency independent while the parallel RC 

arrangement results in semicircle. The impedance of equivalent circuit can be expressed 

by 

2�C� = #) + " D.);�D.:E&. (2-8) 
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Nyquist presentation is the simplest way to determine the required equivalent circuit 

and resistances. Nevertheless, the information about frequency is lost. The Bode plot is 

an alternate presentation containing frequency information by plotting |Z| and φ as a 

function of lg(ω). 

 

Figure 2-3: Left: Schematic Nyquist-plot for parallel RC circuit with series resistor. Right: 

Equivalent circuit for shown Nyquist-plot.  

2.4 Diffuse Reflectance UV-Vis Spectroscopy (DR-UV-VIS) 

Spectroscopy in the ultraviolet (UV) and visible (Vis) region of the electromagnetic 

spectrum is a widely used technique for characterization of heterogonous catalysts [64]. 

Investigations on electronic transitions such as ligand to metal (LMCT), metal to ligand 

(MLCT) charge transfer or d-d transitions can be carried out. In the case of powdered 

catalysts it is necessary to use diffuse reflectance instead of transmission spectroscopy. 

Theory of this method is discussed in detail by Kortüm [65]. Besides the diffuse reflection 

of light, several other processes like multiple scattering or total reflection occur. The 

Schuster-Kubelka-Munk (SKM) theory is an approach to describe the scattered light by 

two fluxes in opposite direction [66]. According to the SKM approximation the diffuse 

reflectance is linked to the absorption K and scattering coefficients S via the Kubelka-

Munk function 1�#F�: 

1�#F� = �1 � #F�+
2#F = HI . (2-9) 
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The diffuse reflection #F is calculated from the experimentally, determined reflection 

of the sample divided by the reflection of a non-absorbing reflectance standard. Materials 

like MgO, BaSO4 or Spectralon® are often used as reflectance standards. Following 

requirements have to be fulfilled so that eq. (2-9) is valid:  

• monochromatic irradiation 

• infinite layer thickness 

• low concentration of absorbing centers 

• homogenous distribution of sample 

• absence of fluorescence. 

The diffuse scattered light is usually measured using an integrating sphere which is 

coated with BaSO4. Alternately, a Praying mantisTM reaction chamber can be used for 

in situ experiments. The diffuse reflected light is collected by two ellipsoidal mirrors. The 

design of Praying MantisTM leads to high reduction of specular reflection [67].  

2.5 Catalytic characterization 

Catalytic characterization was performed using a laboratory fixed bed reactor 

consisting of a SiO2 tube. Reactants are passed through the catalyst bed. Reaction 

products can be analyzed by using gas chromatography (GC) and/or mass 

spectrometry (MS) [68,69]. GC is a common method for separation and quantitative analysis 

of different components of a mixture [70]. Separation is based on the interaction between 

two phases in the separation column. One of these phases is the mobile phase consisting 

of an inert carrier gas. The sample is injected in the mobile phase and transported along 

the stationary phase in the separation column. Individual components of the sample are 

temporarily dissolved in the stationary phase or adsorbed at the surface. The detailed 

intermolecular interactions depend strongly on the chemical properties of the 

components and the stationary phase. Different strength of interactions of each 

compound of the sample results in different migration velocities. After passing the 

separation column at different retention times each component can be analyzed as a 

discrete signal by a detector. Flame ionization detectors (FID) and thermal conductivity 

detector (TCD) were used in this work. An overview of additionally widely used detectors 
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can be found in literature [71]. FID represents a universal detector for carbon containing 

components with a wide range of linearity and high sensitivity. Molecules of the eluted 

sample are ionized by an oxyhydrogen flame. The resulting ions and electrons generates a 

current between the detector electrodes adjacent to the flame [72]. In the TCD the thermal 

conductivity of the gas mixture and carrier gas reference is measured. Differences in 

thermal conductivity due to components of the sample are recorded.  

2.6 Fourier transform infrared spectroscopy (FTIR) 

Fourier transformed infrared spectroscopy (FTIR) was one of the first spectroscopic 

techniques which found a general acceptance in catalysis. In addition to identifying 

adsorbed species on the surface of the catalyst, FTIR is useful to identify different phases 

of the catalyst [57]. Lattice vibrations can be excited by absorption of photons in the 

middle IR range (400 – 4000 cm-1). Molecules and atoms in solids possess discrete levels 

of vibrational energy. The potential energy of a vibration can be described by a harmonic 

oscillator and the corresponding energy levels are given by 

K = L� + 12M ℎO = L� + 12M ℏQ�� (2-10) 

with the force constant of the bond k and the reduced mass µ. Hence, vibrational 

frequencies increase with increasing bond strength. Different types of vibration can be 

distinguished, e.g. symmetric or asymmetric stretch vibrations, bending vibrations. 

However, vibrational transitions only occur if the dipole moment of the molecule changes 

during the vibration and the vibrational quantum number changes by one unit [73]. Solid 

samples are often pressed into pellets with KBr or CsI as diluent. The position of 

vibrational modes in spectra of solids can differ from those of liquid samples due to 

intermolecular interactions [74].  
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2.7 X-ray fluorescence spectroscopy (XRF) 

X-ray fluorescence spectroscopy (XRF) represents a widely used analysis technique for 

qualitative and quantitative analysis of metal oxide catalysts. The method is based on the 

interaction of core shell electrons with X-rays creating characteristic fluorescence 

radiation for each element. Chemical composition of the sample can be identified by 

detecting the energy or wavelength of these emitted fluorescence photons. Metal oxide 

catalysts can be analyzed without being destroyed. Additionally, the procedure is 

advantageous for elements with high atomic numbers [75,76]. 

An inner electron is removed from the core shell when the sample is irradiated with X-

ray photons. Electrons from a higher energy level fill the hole in the core shell while 

emitting fluorescence radiation. The emitted energy corresponds to the energy difference 

of both energy levels and depends on the atomic number of the element. The 

relationship of the energy and atomic number can be described by Moseley’s law  

K = ℎO = ℎ#R�2 � S�+ T 1�U+ � 1�'+V (2-11) 

with the Rydberg frequency Rν, Planck constant h, atomic number of the analyzed 

element Z, a shielding constant σ and the main quantum numbers of the initial and final 

energy state ni as well as nf. The described fluorescence process competes with the so-

called Auger process. In this case the released energy when the electron returns to the 

ground state is transferred to another electron from a higher energy state. Hence, the 

electron is emitted as an Auger electron. Figure 2-4 illustrates the different processes 

which can occur after irradiation with X-rays. The probability of emitting a fluorescence 

photon or an Auger electron depends on the atomic number of the element. For lighter 

elements the Auger process primarily occurs.  
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Figure 2-4: Schematic representation of electron excitation by an X-ray photon (left) and 

relaxation processes by emitting an X-ray fluorescence photon (middle) or an Auger electron 

(right) [77]. 

2.8 Nitrogen physisorption 

Determination of surface area is an important requirement in characterization of 

catalysts. Nitrogen physisorption represents a technique for determination of surface 

area of solids. Physisorption denotes an interfacial phenomenon whenever gas 

(adsorptive) is linked by van der Waals interaction with the surface of a solid (adsorbent). 

The amount of adsorbed gas n can be expressed as a function of the relative equilibrium 

pressure 

� = W L ���MX  (2-12) 

with saturation pressure of the adsorptive p0. Resulting isotherms are sectioned 

into six classes by IUPAC [78]. Only type II is relevant for this work which is typical for non-

porous and macroporous materials. An unrestricted monolayer-multilayer transition can 

be observed. The specific surface area aBET can be calculated by the Brunauer-Emmer-

Teller (BET) method from measurements of the isotherms [79]:  

�YZX = �[*6S (2-13) 
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Accordingly, the specific surface area can be obtained from the capacity of the 

monolayer, nm, the area occupied by the adsorbate molecule, σ, and the Avogadro 

constant NA. 
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3 Preparation and characterization of ball-milled 

molybdenum oxide and its oxide nitrides 

3.1 Introduction 

Molybdenum oxide MoO3 represents a well-known model catalyst for partial 

oxidation of propene to acrolein [11,16,80]. The reduced chemical and structural complexity 

of binary oxides like α-MoO3 makes it the most simple model system for elucidating 

structure-activity correlations. Recent studies have shown that nitrogen can be 

incorporated in the anion lattice of α-MoO3 without changing the crystallographic 

structure. Resulting oxide nitrides represent suitable model system for studying 

correlations between oxygen mobility and catalytic performance [48]. However, only little 

effects on catalytic performance were detected due to low thermal stability of oxide 

nitrides and catalytic activity of MoO3.  

Ball-milling of orthorhombic α-MoO3 resulted in changes of crystallite size, defect 

structure and redox properties [81–84]. Different strong modification of crystallite sizes was 

determined for various crystallographic orientations. In addition, morphology and 

crystallinity of MoO3 significantly affected the catalytic properties of MoO3 [38]. Combining 

the concepts of ball-milling and ammonolysis might lead to more active model catalysts. 

Variation of crystallinity of MoO3 might also enable conclusions about structural effects 

on thermal stability of MoO3-type oxide nitrides. A detailed knowledge of structure is 

indispensable to elucidate correlations between lattice oxygen mobility, electrical 

properties, crystallite size, and catalytic activity. Therefore, a detailed characterization of 

bulk structural properties of ball-milled MoO3 and its corresponding oxide nitrides was 

performed by XRD, FTIR and DR-UV-Vis. Additionally, the electrical properties were 

investigated by impedance spectroscopy in different oxygen/nitrogen atmospheres.  
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3.2 Experimental 

3.2.1 Sample preparation 

Molybdenum oxide (MoO3, Chempur, 99+ %) was dried at 383 K. Afterwards, MoO3 

was milled in a planetary mill with 150 rpm over different periods of time. An agate 

container with 5 agate balls was used for the milling process. For each approach an initial 

weight of 3 g MoO3 was placed in the planetary mill. After 20, 60, 120, 180 and 240 

minutes the ball-milling process was stopped, leading to the notification MO, MO60, …, 

MO240.  

MoO3-type oxide nitrides were produced by ammonolysis of 400 mg of ball-milled 

MoO3 using a tube furnace with silica tube and direct gas supply [85]. Ammonolysis was 

carried out at 498 K for 5 hours. The respective gas flow of 10 l/h NH3 (N38, Air Liquide, 

99.98%) was adjusted by mass flow controllers (Bronkhorst). Ammonolysis products were 

denoted MON, MON60,…, MON240. Elemental analysis provided information about the 

nitrogen content in the prepared samples. Ammonolysis of MO resulted in an 

incorporation of 0.4 wt% nitrogen while ammonolysis of all ball-milled MoO3 samples led 

to oxide nitrides with 1.0 wt% nitrogen content. 

3.2.2 Sample characterization 

X-Ray diffraction (XRD) 

Ex situ XRD measurements were recorded on a STADI P diffractometer in transmission 

mode using Cu Kα1 radiation and a position-sensitive-detector (PSD). A Ge-crystal was 

used as monochromator. Measurements were performed in a range of 10 – 80° 2θ in 

steps of 0.1° with a sampling time of 90 s/step. Rietveld refinements were carried out by 

using the FullPROF program [86,87]. Single reflection refinements for size-strain analysis 

were conducted by using the software package WinXAS v3.2 [88]. Fourier profile analysis 

were carried out using the program BREADTH to reveal distribution functions of column 

lengths [89,90].  
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Diffuse Reflectance UV-Vis spectroscopy (DR-UV-Vis) 

DR-UV-Vis measurements were conducted on a two-beam spectrometer (V670, 

JASCO) using an integration sphere coated with barium sulfate. Powder samples were 

measured in the spectral region of 220–2000 nm. Boron nitride (Alfa Aesar, 99.5%) was 

used for sample dilution and as reflectance standard for baseline correction. The DR-UV-

Vis spectra were transferred into the Kubelka-Munk function, F(R∞) according to eq. (2-9). 

Impedance spectroscopy 

Impedance spectra of mixed molybdenum oxides and oxide nitrides were obtained by 

measuring the magnitude |Z| and the phase φ of an alternating current as a response of 

an applied alternating potential (impedance analyzer N4L: IAI+PSM1735). The real part Z’ 

and the imaginary part Z’’ of the impedance were calculated from these results. The 

impedance was measured as a function of frequency (1 Hz - 10 MHz) and temperature. 

Oxides and oxide nitride samples were pressed to pellets with a diameter of 5 mm (initial 

weight 60 mg, 750 MPa pressure) and placed between two Au disc electrodes for 

impedance measurements. Measurements were carried out in a temperature range up to 

700 K with flowing gas mixtures. Gas mixtures of oxygen and nitrogen were adjusted by 

mass flow controllers (Bronkhorst) with a total flow of 85 ml/min.  

Fourier-transformed infrared spectroscopy (FTIR) 

A Magna System 750 (Nicolet) was used to measure infrared spectra of the samples in 

a wavenumber range of 50 – 4000 cm-1. Samples were diluted with CsI (1:300) and 

pressed into pellets of 13 mm in diameter.  

Elemental Analysis 

Elemental contents of C, H and N were determined by using an analyzer 

(FlashEA 1112 NC, ThermoFinnigan/ThermoElectron) with CHNS-O configuration. 

Measurements were carried out after ammonolysis of ball-milled MoO3.  
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3.3 X-ray diffraction (XRD) 

3.3.1 Rietveld refinements 

XRD powder patterns of MoO3 after different times of ball-milling and its 

corresponding oxide nitrides are shown in Figure 3-1. MoO3 crystal structure was 

preserved during ball-milling and adjacent ammonolysis. A line broadening of the X-ray 

diffraction peaks after ball-milling and ammonolysis was observed. Line broadening can 

be due to a decrease in particle size or increase in lattice strain. Size-strain analysis will be 

described in chap. 3.3.3. 

 

Figure 3-1: XRD powder patterns of ball-milled MoO3 (black) and its corresponding oxide 

nitrides (blue). Milling time was increased from bottom to top.  
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Figure 3-2: Lattice parameters of MoO3 (black squares) and its oxide nitrides (blue circles) 

as a function of milling time. 

A Rietveld refinement of the MoO3 crystal structure to all XRD patterns was carried 

out [91]. A pseudo-Voigt function convoluted with an axial divergence asymmetry function 

was used for Rietveld refinement. The asymmetry function was used to account peak 

asymmetry at low diffraction angels [92]. Results of Rietveld refinements are listed in   

Table A 1-1 and Table A 1-2. The evolution of lattice parameters of all samples as a 

function of milling-time is shown in Figure 3-2. Lattice parameters were not significant 

influenced by ball-milling. Only a slight increase of the b parameter was observed after 

short time of milling. However, ammonolysis of ball-milled MoO3 affected the lattice 

parameters. While the a parameter decreased during ammonolysis, the b and c 
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parameters were slightly increased after ammonolysis. The decrease of the a parameter 

was more intensive for longer milled MoO3-type oxide nitrides. The increase of the b 

parameter after ammonolysis was more distinct when MoO3 was ball-milled at least 

120 minutes. Otherwise, the increase of the c parameter showed the opposite evolution. 

Similar increasing and decreasing trends of lattice parameter after incorporation of 

nitrogen ions were observed when hydrogen molybdenum bronzes HxMoO3 were 

formed [93]. Additionally, a slight increase in cell volume was also found for other 

transition metal oxides nitrides [94,95].  

3.3.2 Derivation of approaches for size-strain analysis 

Single-line analysis (SLA) 

The profile of diffraction peaks contains information of crystallite size and lattice 

strain as explained in chap. 2.1. Analysis of peak shape can be carried out by several 

different methods. The application of whole powder fitting methods is often not 

functional to separate size and strain broadening. For in situ measurements high quality 

data might not be achievable [96]. Instead, the analysis of integral breadths represents a 

simple way for determining size and strain. In addition, MoO3 is known for anisotropic 

lattice strain and its structure sensitivity for propene oxidation [38,97]. Hence, refinements 

of profile functions to single diffraction peaks might result in differentiation of various hkl.  

A diffraction line profile h is conceived as a convolution of an instrumental profile g 

with the sample profile f. All profiles can be described by Voigt functions which are 

convolutions of Gaussian and Cauchy (also called Lorentzian) functions. The Voigt 

function V(x) is given by 

\��� = �� ]]E]^ _ `�a�b�� � a��a (3-1) 

with Cauchy and Gaussian components C and G. An alternate profile function for 

refinement procedures with suitable results is the pseudo-Voigt function. The pseudo-

Voigt function pV(x) is defined as linear combination of a Cauchy and Gaussian function  
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�\��� = ��cd`��� + �1 � d�b���e (3-2) 

with mixing parameter η  [98] . The pseudo-Voigt function represents a simple 

approximation for the Voigt profile function. The time of refinement decreases strongly 

by waiving multiple numerical convolutions [99]. After elimination of instrumental 

broadening the Cauchy and Gaussian components of the integral breadth βC and βG can 

be extracted from the mixing parameter η by using empirical evaluation of βC/G/β [100]: 

]E] = 0.017475 + 1.500484 ∙ d � 0.534156 ∙ d+ (3-3) 

]^] = 0.184446 + 0.812692n1 � 0.998497 ∙ d � 0.659603 ∙ d + 0.445542 ∙ d+ (3-4) 

  It is assumes that microstrain is represented by Gaussian component. The finite 

crystallite size influences the Cauchy component. Hence, calculation of crystallite size D 

and lattice strain ε of a single diffraction line can be carried out by following equations: 

o = �]E cos � (3-5) 

p = ]^4 tan � (3-6) 

Column length/crystallite size distribution 

The structure of a solid is also characterized by its crystallite size distribution which 

can be determined by Fourier analysis of diffraction patterns. The peak broadening is 

described by so-called column-length distribution pV(L). Therefore, it is assumed that the 

crystallites are composed of thin columns parallel to the scattering vector. A given 

diffraction peak is the sum of the individual intensities diffracted by each column. 

Number of finding a distinct column-length L is the distribution function pV(L) [101]. In 

principle, the Fourier coefficients can be expressed by  
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��s� = �����2s]t � us]+̂�. (3-7) 

These Fourier coefficients are the product of size and distortion coefficients AS(L), 

AD(L). At least two order of a diffraction peak of the considered (hkl) plane must be 

available to obtain AS(L) and AD(L). The Cauchy and Gaussian components of integral 

breadths were calculated by approximations given by eq. (3-3) and (3-4) in the case of 

refinement of a pseudo-Voigt function. The volume-weighted average column length <L>V 

is twice the area under AS(L) curve. Additionally, the area-weighted average column 

length <L>A is given by the root of a linear regression of the initial slope at L → 0. Both can 

be converted into average crystallite sizes. The second derivation of the size coefficients 

results in the volume-weighted column-length distribution function [89]:  

�3�s� = �+�v�s��s+ = �v�s�c�2us]v+̂ + 2]vt+ �+ � 2u]v+̂ e. (3-8) 

3.3.3 Size-strain analysis of ball-milled MoO3 and oxide nitrides 

Crystallite sizes of various diffraction peaks with various hkl indices were calculated 

using the SLA method described in chap. 3.3.2. Crystallite sizes of molybdenum oxides 

and its oxide nitrides are shown in Figure 3-3 as a function of milling time. Crystallite sizes 

of non-milled MoO3 differed from about 50 nm obtained from (020) diffraction peak to 

about 160 nm of (200) diffraction peak. Ball-milling led to a significant decrease of all 

crystallite sizes. The most intensive influence after 60 min was observed for the 

(200) diffraction peak which correlated to the extension of the crystallite along a-axis. 

According to the literature the decrease in crystallite sizes was reduced for longer milling-

time [81]. Additionally, after 180 min of ball-milling the crystallite sizes remained almost 

constant in a range from about 20 nm to about 50 nm. The calculation of crystallite sizes 

of the same diffraction peaks after ammonolysis resulted in a similar distribution of 

crystallite sizes. Compared to the oxides, the evolution of crystallite sizes as a function of 

milling time exhibited a similar trend. 
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Figure 3-3: Evolution of crystallite sizes of different reflections as a function of milling time 

estimated from single-line analysis. Left: Ball-milled MoO3, right: MoO3-type oxide nitrides.  

Single-line analysis resulted in various ranges of crystallite sizes. Hence, a more 

detailed analysis of (0k0) reflections was carried out using Fourier analysis of respective 

profiles. After subtraction of instrumental broadening the Fourier coefficients were 

calculated. The normalized Fourier size coefficients AS(L) are shown in Figure 3-4 as a 

function of column length L. Increasing milling-time of MoO3 led to a decrease in area 

under AS(L) curve. Additionally, an increase of the slope of linear range at low column 

lengths was determined. An area-weighted average crystallite size of 35 nm of non-milled 

MoO3 was determined while a volume-weighted crystallite size of 69 nm was calculated. 

The difference in both crystallite sizes is a known effect of the calculation method [101]. 

According to eq. (3-8) the distribution functions of Fourier size coefficients were 

calculated. Ball-milling of MoO3 resulted in a shift of the maximum of the distribution 

function to lower column length. In addition, the number of higher column lengths 

decreased with milling-time. The evolution of calculated crystallite sizes with various 

milling-times from SLA method was corroborated. The range of values of found column 

lengths decreased after ball-milling of MoO3. Hence, milling process led to a 

homogenization of crystallite size distribution. Calculating Fourier size coefficients and 

distribution functions of MoO3-type oxide nitrides resulted in similar trends and can be 

found in the appendix (Figure A 1-1). The results of size-strain analysis are summarized in 

Table 3-1.  
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Figure 3-4: Left: Fourier size coefficients as a function of column length calculated from 0k0 

diffraction peaks. Right: Distribution function of averaged distances in real space of MoO3 before 

and after ball-milling calculated from 0k0 diffraction peaks. 

Table 3-1: Results of crystallite size analysis of MoO3 samples and its corresponding oxide 

nitrides. . 

 DSLA (040) 
/nm 

<D>A  
/nm 

<D>V  
/nm 

MO 52.2 34.6 69.2 

MO60 35.4 26.4 52.8 

MO120 28.5 15.3 30.7 

MO180 21.1 16.8 33.5 

MO240 22.7 10.4 20.8 

MON 38.2 24.2 49.7 

MON60 30.4 20.4 40.9 

MON120 28.5 18.8 37.4 

MON180 21.1 12.5 25.1 

MON240 20.3 13.8 27.5 

 

In addition to changes of crystallite size variation of lattice strain can also lead to 

diffraction line broadening. Lattice strain of diffraction peaks with various hkl indices was 

calculated using single line analysis (Figure 3-5). A significant influence of ball-milling on 

lattice strain was not observed. Hence, ball-milling of MoO3 only led to changes in 

crystallite sizes according to results of SLA. Incorporation of nitrogen in MoO3 resulted in 

a significant increase in lattice strain. The influence on lattice strain was independent of 
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(hkl) plane. Each investigated reflection correlated to lattice strain along one axis. In 

agreement with evolution of lattice parameters each direction of the orthorhombic 

crystal system was affected by ammonolysis.  

 

Figure 3-5: Lattice strain of ball-milled MoO3 and its oxide nitrides as a function of milling-

time calculated by single-line analysis of different reflections.  

3.4 Fourier-transform infrared spectroscopy (FTIR) 

FTIR spectra of ball-milled MoO3 and its corresponding oxide nitrides are shown in 

Figure 3-6. The characteristic metal-oxygen vibration modes were detected below 1000 

cm-1. After ball-milling and ammonolysis no additional metal-oxygen vibration modes 

were observed. Hence, the preservation of crystal structure during preparation shown by 

XRD was confirmed. The peak positions were determined by analyzing second and fourth 

derivatives of each spectrum and are summarized in Table A 1-3.  
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Figure 3-6: FTIR-spectra of ball-milled MoO3 (black) and its corresponding oxide nitrides 

(blue). Milling-time was increased from bottom to top.  

In the MIR region (400 – 4000 cm-1) four strong absorption bands and one weaker 

absorption bands were distinguished and attributed to various stretching vibration 

modes [102]. The absorption band at 989 cm-1 was due to stretching vibrations of terminal 

molybdenum-oxygen bonds (νMo=O). The absorption bands at 818 cm-1 and at about 

875 cm-1 were induced by stretching vibrations of oxygen atoms in a Mo-O-Mo bridge 

(νOMo2). The broad absorption band centered at about 600 cm-1 and the less intensive 

absorption band at about 482 cm-1 were assigned to the stretching vibration of oxygen 

atoms linked to three molybdenum atoms (νOMo3). In addition, the band positions 

assigned to different deformation modes were determined in die FIR region (200 – 

400 cm-1). In compliance with stretching vibration modes the deformation modes were 

class-divided into deformations of terminal molybdenum-oxygen bonds (δMo=O), oxygen 

atoms linked to two or three molybdenum atoms (δOMo2 or δOMo3) [103]. Ball-milling of 

MoO3 affected a shift of peak positions of νOMo3 and νOMo2 modes to higher 

wavenumbers.  

The incorporation of nitrogen ions led to a shift of peak positions of δOMo3 and 

δO=Mo to lower wavelengths. Band shift to lower wavenumbers corresponds to a 

weakening of bond strength. Hence, decreasing metal-oxygen bond strength may lead to 

increased oxygen mobility [104]. Weakening of bond strength might also be accompanied 

by increasing metal-oxygen distances which was in agreement with results of Rietveld 
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refinements (chap. 3.3.1). Figure 3-7 shows a schematic presentation of MoO6 

octahedron of α-MoO3 including the relation between crystallographic directions and 

different types of molybdenum-oxygen bonds. An increase in molybdenum-oxygen 

distance might lead to an elongation of unit cell in the respective direction. Hence, a 

significant increase of b parameter after ammonolysis was determined by XRD Rietveld 

refinements. The b parameter was also related to metal-oxygen bonds with terminal and 

triple linked oxygen atoms. In addition, a slight increase of the c parameter (XRD) was 

observed after ammonolysis. Only metal-oxygen bonds with triple linked oxygen 

atoms (OMo3) were found along c-axis. These oxygen atoms belong to the edge-sharing 

site of octahedron and are next to interlayer space of α-MoO3. Furthermore, the terminal 

oxygen atoms along b-axis are next to the interlayer space. In summary, the 

molybdenum-oxygen bonds adjacent to interlayer space were mainly influenced by 

incorporation of nitrogen. NH3 might diffuse into layers of α-MoO3 and decomposed into 

reactive species during ammonolysis [49]. The terminal oxygen was the most accessible 

oxygen species for being substituted by reactive species of NH3.  

 

Figure 3-7: Left: Schematic presentation of MoO6 octahedron of α-MoO3 including atom 

distances. The different type of molybdenum-oxygen bonds are marked according to classification 

in FTIR spectra (Terminal O=Mo, oxygen atoms linked to two or three molybdenum atoms) [102]. 

Right: View on the and bc plane of α-MoO3. 
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In Figure 3-8 the FTIR spectra of ball-milled MoO3 and its corresponding oxide nitrides 

are shown in a wavenumber range from 1250 – 4000 cm-1. The spectra of all samples 

showed absorption bands at about 1378, 1460 and 1625 cm-1 which was attributed to OH 

vibration modes [105]. According to Mestl the band at 1625 cm-1 was due to deformation 

of H2O molecules in a network of H bridges while the band at 1460 cm-1 was assigned to 

OHO bending vibrations of molybdenum hydrates [83]. The characteristic OH stretching 

regime was reproduced at higher wavenumbers. A combination mode of absorption 

bands at 2840, 2871, 2923 and 2956 cm-1 was determined [74]. Additionally, a broad 

absorption band between 3200 and 3650 cm-1 was observed which was assigned to OH 

groups and adsorbed water. Molybdenum oxide is well-known for formation of various 

hydrates MoO3·xH2O (x = 1/3, 1/2, 1 and 2) [102]. Otherwise, the insertion of hydrogen is 

also often combined with formation of hydrogen molybdenum bronzes HxMoO3. In the 

literature formation of HxMoO3 with little amounts of hydrogen led to significant changes 

in FTIR spectra. New absorption bands were observed of HxMoO3 while intensity of 

characteristic metal-oxygen absorption bands of α-MoO3 decreased [106,107]. Hence, the 

occurrence of OH vibration modes in FTIR spectra of ball-milled MoO3 might be due to 

molybdenum hydrates. Figure 3-8 shows the intensity of absorption bands at 1378, 1460 

and 2923 cm-1 normalized to the intensity of terminal stretching molybdenum-oxygen 

vibration mode (νMo=O). This normalization was chosen due to changing concentrations 

of absorbing centers. The normalized intensity of absorption bands was increased after 

ball-milling of MoO3. The decreased crystallite size of MoO3 after ball-milling led to an 

enhanced accessibility for hydrogen atoms. Additionally, the mechanical activation of 

MoO3 caused a more stable incorporation shown by a slight shift of absorption bands to 

higher wavenumbers.  
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Figure 3-8: Left: FTIR spectra ball-milled MoO3 (black) and its corresponding oxide nitrides 

(blue). Milling-time was increased from bottom to top. The regions of deformation and stretching 

vibration modes of O-H (blue rectangle) and N-H (green rectangle) are marked. Right: Normalized 

intensity of different O-H vibration modes. Band intensities were normalized to intensity of band at 

989 cm-1. 

After ammonolysis of ball-milled MoO3 the same OH vibration modes were 

determined. However, the maximum of the broad absorption band was shifted to higher 

wavenumbers by at about 10-20 wavenumbers. This shift was increased after longer 

milling of MoO3. In addition, two new absorption bands at about 1407 and 3160 cm-1 

were formed by ammonolysis [49]. Both absorption bands were attributed to vibration 

modes of NH groups. Compared to non-milled MoO3-type oxide nitrides the bands of the 

spectra of ball-milled MoO3-type oxide nitride were more intensive. Subsequently, the 

higher intensity confirmed the results of elemental analysis. The reactivity for 

incorporation of nitrogen was increased by ball-milling. Significant absorption bands of 

NH groups indicated that nitrogen ions was mainly incorporated as (NH)2-. If NH3 reacted 

during ammonolysis with oxygen ions from the solid, nitrogen ions were incorporated in 

the anion lattice. The effective negative charge in the Kröger-Vink notation was 

compensated by formation of water and oxygen vacancies (eq. (3-9)) [108]. According to 

eq. (3-10) the binding energy, ΔKwxyz
{ , was found to be exothermic for several 

investigated oxides. Hence, the coexistence of *|A  and }~|∙  led to strengthened 

formation of *~|� [109]. The existence of }~|∙  was shown by different OH vibration 
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modes. However, the formation of *~|� could also be formulated without formation of 

oxygen vacancies (eq. (3-11)).  

2*~���� + 3}|� = 2*|A + \|∙∙ + 3~+} (3-9) 

*|A + }~|∙ = *~|� + }|� (3-10) 

2*~���� + 2}|� = *~|� + 2~+} (3-11) 

3.5 Diffuse Reflectance UV-VIS spectroscopy (DR-UV-Vis) 

The DR-UV-Vis spectra of all MoO3 samples and its corresponding oxide nitrides are 

shown in Figure 3-10. According to the literature the energy of the optical band gap was 

determined by plotting �1�#F� ∙ K�+ as a function of energy. Afterwards, the root of a 

linear regression in linear range of absorption edge revealed the energy of optical band 

gap [110]. Energies of the optical bandgaps of all samples are shown in Figure 3-9. The 

energy of optical band gap slightly increased with milling time of MoO3 from 3.3 eV to 

3.5 eV due to decreased crystallite size. Incorporation of nitrogen ions in the anion lattice 

of MoO3 led to a significant decrease in band gap energy which was independent of 

milling time. MoO3 is a wide-gap semiconductor and the width of the forbidden band is 

related to the position of 2p levels of oxygen and 4d levels of molybdenum. After 

ammonolysis nitrogen ions were incorporated and conferred additional levels to the 

valence band. The lower electronegativity of nitrogen compared to oxygen effected a 

difference in energy level of 2p orbitals of oxygen and nitrogen (E2p(O) = -14.8 eV, 

E2p(N) = -13.4 eV at the top of the valence band) [45]. As a result, the width of the band gap 

was lowered by incorporation of nitrogen ions.  
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Figure 3-9: Energy of optical band gap of all samples. 

In the low energy range below 3 eV non-milled MoO3 (MO) showed a low absorption 

with a weak maximum at 2.08 eV. Absorption of MO increased with decreasing energy. 

After milling the absorption below 3 eV increased while the evolution of spectra was 

similar to that of MO. The absorption band at 2.08 eV can be attributed to an inter-

valence-charge-transfer (IVCT) [23]. Dieterle et al. explained the existence of IVCT by 

formation of defects caused by oxygen vacancies. The increasing absorption around 1.5 

eV was discussed as IVCT or polaron conductance along Mo5+-O-Mo6+ chains. Apparently, 

it might be assumed that the formation of Mo5+ centers was due to breaking most 

stressed molybdenum-oxygen bonds by mechanical activation [82,111]. The electronic 

structure of MoO3 is dependent on the oxidation state of molybdenum centers. 

Formation of Mo5+ centers resulted in a partially occupied 4d level within the band gap of 

MoO3 [112]
. A schematic presentation of energy levels for optical transitions in MoO3 is 

given in Figure 3-12. In addition, the formation of MoO3-x defect structures is often 

combined with formation of shear structures [113]. The absorption in this energy range 

increased significantly after ammonolysis. In compliance with previous work no distinct 

absorption maxima could be determined. A similar effect has been described for intensive 

colored zirconium oxide nitrides [42]. Additionally, the significant increase indicated more 

intensive IVCT and polaron transfers due to formation of defect structures.  
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Figure 3-10: DR-UV-VIS spectra of ball-milled MoO3 (black) and its oxide nitrides (blue). 

Milling time was increased from bottom to top. 
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Table 3-2: Positions of characteristic features (eV) of the DR-UV-Vis spectra of ball-milled 

MoO3 and its oxide nitrides in the energy range above absorption edge.  

 Maximum 
absorption 

I II III IV V 

MO 4.03 3.57 3.73 4.16 4.44 4.76 

MO60 4.10 3.58 3.79 4.18 4.46 4.75 

MO120 4.12 3.58 3.80 4.17 4.45 4.75 

MO180 4.20 3.58 3.70 4.19 4.42 4.75 

MO240 4.21 3.58 3.79 4.21 4.48 4.76 

MON 3.87 3.58 3.78 4.18 4.47 4.77 

MON60 3.87 3.58 3.78 4.18 4.46 4.76 

MON120 3.89 3.58 3.78 4.18 4.46 4.75 

MON180 4.03 3.57 3.76 4.17 4.42 4.75 

MON240 4.04 3.58 3.79 4.20 4.45 4.76 

 

All spectra showed a strong absorption above 3 eV which can be attributed to 

interband (valence band to conduction band) and exciton transitions [114]. The positions of 

5 absorption bands in the energy range above 3 eV could be determined by analyzing 

second and fourth derivatives of each spectrum. The respective band positions are 

summarized in Table 3-2. MoO3 exhibits absorption bands around at 3.7, 4.3 and 

4.5 eV [115]. Additionally, Tinet et. al determined a broad absorption band containing three 

peaks at 3.6, 4.9 and 5.4 eV [116]. The determined band positions were in good agreement 

with the reported band positions and were assigned to exciton formation in MoO3. 

Excitons are a bound state formed by electron-hole pairs in a semiconductor. Spectra of 

these exciton transitions are extremely sensitive to crystallinity and morphology [82]. 

Absorption bands at around 3.7 (II), 4.2 (III) and 4.5 eV (IV) shifted to higher energies after 

ball-milling (Figure A 1-2). Additionally, maximum of absorption at about 4 eV shifted to 

higher energies. This shift might be attributed to changes in crystallite size. A correlation 

between energy of maximum absorption and crystallite size calculated from SLA of (020) 

diffraction peak was established (Figure 3-11). Furthermore, protons might also be 

incorporated by ball-milling at unsaturated molybdenum centers and affect excitons 

bands. Two bands were determined for MoO3·H2O at 3.64 eV and 4.42 eV which are close 
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to experimentally determined absorption bands. The absorption band at about 3.5 eV 

was also assigned to excitons from Mo5+ enters which is in agreement with the analysis of 

the low energy range of spectra [82]. Already short time of ball-milling of MoO3 resulted in 

a significantly increased intensity of absorption above 3 eV. Mainly, the intensity of 

absorption bands at 3.5, 4.2 and 4.8 eV were affected. The increase of intensity might be 

attributed to formation of defects (e.g. shear defects) or changes in crystallite size.  

  

Figure 3-11: Left: Position of maxima of DR-UV-Vis spectra of ball-milled MoO3 and its 

oxide nitrides as a function of milling-time. Right: Dependency of maxima of DR-UV-Vis spectra on 

crystallite size calculated from (020) diffraction peaks using SLA.  

After ammonolysis the same absorption maxima was determined. The maximum 

absorption of each spectrum shifted to lower energies while the evolution as a function of 

milling time was preserved. This shift might be explained in a similar way as the decrease 

of absorptions edge. Incorporation of nitrogen ions led to formation of additional levels in 

the valence band. Hence, the energy for exciton transitions decreased. A slight shift of 

single absorption bands was observed. In addition, ammonolysis led to a decrease in 

intensity of absorption bands. Size analysis of XRD diffraction patterns revealed an 

invariant crystallite size after ammonolysis. Hence, the variation of intensity might not be 

due to changes in crystallite size. Thus, the formation of defects like oxygen vacancies 

might cause an increase of intensity after ball-milling. In agreement with analysis of FTIR 

spectra the additional negative charge of nitrogen ions was mainly compensated by 

incorporation of (NH)2-. This type of charge compensation was not accompanied by the 

formation of oxygen vacancies. 
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Figure 3-12: Schematic presentation of energetic levels for optical transitions in 

MoO3 [82,115]. 

3.6 Electrical properties 

Electrical properties of ball-milled MoO3 and its corresponding oxide nitrides were 

measured by impedance spectroscopy. Impedance spectroscopy represents a suitable 

method for characterizing electrical properties of nitrogen-substituted MoO3 
[48,117]. 

Nyquist presentation (negative imaginary part of impedance Z’’ vs. real part of 

impedance Z’) resulted in slightly depressed semicircles. The ohmic resistances were 

determined by refining the impedance of an equivalent circuit to the experimental 

spectra. A parallel connection of an ohmic resistor R and a constant phase element (CPE) 

was used as equivalent circuit [118]. Using a CPE described the deformed semicircles in the 

experimental data and represents a widely-used empirical model. The d.c. conductivity σ 

can easily be calculated from the ohmic resistance. The evolution of conductivity of 

molybdenum oxides is shown in Figure 3-13. Above 600 K MoO3 showed an increasing 

conductivity indicating the semiconducting behavior of MoO3. Ball-milling of MoO3 led to 

a slight decrease of conductivity. Nevertheless, the evolution of conductivity was similar 

to that of non-milled MoO3. From an Arrhenius type presentation of conductivities above 

600 K of all samples activation energies for conduction processes were calculated. The 

activation energies were calculated from the slope of linear fits according to  
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�� S = � + K6�Y� (3-12) 

with the Boltzmann constant kB. Activation energy of 0.83 eV was determined for the 

non-milled MoO3 which was in good agreement with previous reports from the literature 

[48,119]. Ball-milling of MoO3 slightly influenced the activation energy in the same 

temperature range. All ball-milled MoO3 exhibited activation energy of about 1 eV from 

600 K – 700 K.  

 

Figure 3-13: Left: Evolution of conductivity during thermal treatment of ball-milled MoO3 

with different milling-times in air. Right: Arrhenius type presentation of conductivities of ball-

milled MoO3. Activation energies of conduction process are indicated. 

Figure 3-14 shows the evolution of conductivity of MoO3-type oxide nitrides during 

thermal treatment in air. Similar to ball-milled MoO3 the corresponding oxide nitrides 

exhibited a semiconducting behavior up to about 450 K indicated by increasing 

conductivity. Conductivity of non-milled MoO3-type oxide nitride was increased by a 

factor of 100 compared to ball-milled MoO3-type oxide nitrides. However, up to 450 K the 

conductivity of ball-milled MoO3-type oxide exceeded that of its respective oxides by a 

factor of 100. Above 450 K MoO3-type oxide nitrides exhibited decreasing conductivity 

due to the removal of nitrogen. After removal of nitrogen the conductivity increased 

again. Thermally treated MoO3-type oxide nitrides showed similar conductivities as the 

respective oxides above 625 K. Conductivities increased slightly with increasing 

temperature. The similar evolution of conductivity as the conductivity of ball-milled MoO3 
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indicated a complete removal of nitrogen. The color of the samples changed from dark 

blue to light gray during thermal treatment in oxidizing atmosphere. The color of MoO3 

can be related to the existence of defects as oxygen vacancies or Mo5+ centers. Defect-

rich MoO3 exhibited a blue color while white MoO3 is defect-poor [120]. Hence, the 

removal of nitrogen was associated with deletion of defects in the samples.  

 

 

Figure 3-14: Evolution of conductivity during thermal treatment of MoO3-type oxide 

nitrides in different oxygen-nitrogen mixtures (left) and ball-milled MoO3-type oxide nitrides in 

air (right). 

Additionally, the influence of oxygen partial pressure on electrical properties was 

investigated by impedance spectroscopy. The evolution of conductivity of non-milled 

MoO3-type oxide nitride during thermal treatment was additionally determined at 

pO2 = 0.1 bar and pO2 = 0.05 bar. The resulting evolution was similar to that in air. 
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The shift of on-set of nitrogen removal might be due to higher thermal stability with 

decreasing oxygen partial pressure. Conductivities of ball-milled MoO3-type oxide nitrides 

during thermal treatment in 5% oxygen in nitrogen are shown in Figure 3-14. Here, 

conductivities also increased with decreasing oxygen partial pressures. This dependence 

on oxygen partial pressure revealed that investigated MoO3-type oxide nitrides showed a 

n-type semiconducting behavior [121]. MoO3 is also a well-known n-type 

semiconductor [122]. Hence, in spite of formation of defects and resulting changes of band 

structure by ammonolysis of MoO3 the incorporation of nitrogen did not affected the 

type of electronic conductivity. The on-set temperature of nitrogen removal shifted to 

higher temperatures with decreasing oxygen partial pressure. In addition, the end of 

nitrogen removal was assigned to the minimum between 600 K and 650 K. The 

determined temperature range of nitrogen removal was correlated to the calculated 

crystallite sizes from (020) diffraction peaks (Figure 3-15). Crystallite sizes were calculated 

by single-line analysis (chap. 3.3.3). Increasing crystallite size led to an increase of on-set 

and ending temperatures of nitrogen removal. Hence, thermal stability of MoO3-type 

oxide nitrides was strongly dependent on crystallite sizes and oxygen partial pressure. The 

decrease of oxygen partial pressure led to an increase of on-set and ending temperatures 

of nitrogen removal by about 20-30 K. Furthermore, the temperature range of nitrogen 

removal might be associated with rate of nitrogen removal. Figure 3-16 shows the 

correlation between the extent of this temperature range and crystallite sizes from (020) 

diffraction peak. The increase of crystallite size calculated from (020) diffraction peak led 

to a slower removal of nitrogen. The (020) plane was parallel to layers of MoO6 

octahedron. Hence, the calculated crystallite size from (020) diffraction peak gave 

information of the length of space between the layers (Figure 1-2). Increasing the length 

of interlayer space led to more complicated way of diffusion of nitrogen atoms out of the 

crystallite.  
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Figure 3-15: Start temperature (left) and final temperature (right) of nitrogen removal as a 

function of crystallite size estimated from (020) diffraction peak by single-line analysis.  

 

Figure 3-16: Temperature range for nitrogen removal of MoO3-type oxide nitrides as a 

function of crystallite size from (020) diffraction peak in different oxygen partial pressures.  
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3.7 Conclusions 

Ball-milling of commercially available MoO3 resulted in a decreasing crystallite size. 

A homogenization of crystallite sizes was shown by determining the column-length 

distribution functions from the diffraction patterns of all oxides. Single-line analysis of X-

ray diffraction powder patterns revealed an irregular decrease of crystallite size 

estimated from reflections with different crystallographic direction. Conversely, lattice 

strain was not significantly influenced by ball-milling. In addition, ball-milling also led to 

formation of defects as oxygen vacancies or Mo5+ centers. Additional energy levels were 

formed above the valence band MoO3. Absorption bands in the low energy range of DR-

UV-VIS spectra were assigned to IVCT and polaron transitions. Analysis of FTIR spectra of 

ball-milled MoO3 revealed the formation of molybdenum oxide hydrates and adsorbed 

water.  

Ammonolysis of ball-milled MoO3 led to incorporation of nitrogen in the anion 

lattice of MoO3 while the crystal structure was preserved. In contrast to ball-milling the 

ammonolysis slightly increased lattice strain without affecting crystallite size. FTIR spectra 

were recorded to compare characteristic vibrational modes before and after 

ammonolysis. Analysis of FTIR band positions revealed that preferably metal-oxygen 

bonds next to interlayer space of MoO3-structure were weakened. Apparently, ammonia 

diffused into the layers of MoO3 during ammonolysis. Afterwards, oxygen ions were 

substituted by nitrogen ions. Additionally, FTIR spectra showed the existence of *~|� 

which might be formed by reaction of *|A  and }~|∙  (Figure 3-17). Ammonolysis of ball-

milled MoO3 was accompanied by a change in color from light-gray to blue. The optical 

band-gap of ball-milled MoO3 was significantly decreased after incorporation of nitrogen. 

The color indicated formation of additional defects. The strongly increase of absorption in 

low energy range of DR-UV-Vis spectra corroborated this assumption. Absorption in the 

low energy range was mainly assigned to IVCT and polaron transitions.  

Electrical properties of ball-milled MoO3 and its corresponding oxide nitrides were 

investigated by impedance spectroscopy. The formation of defects by ammonolysis 

resulted in a strong increase of conductivity. Furthermore, the thermal stability of MoO3-
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type oxide nitrides in different oxygen/nitrogen atmospheres was analyzed. The removal 

of nitrogen was related to a significant decrease of conductivity. After removal of 

nitrogen the samples showed a similar behavior as ball-milled MoO3. A correlation 

between thermal stability, crystallite size from (020) diffraction peak and oxygen partial 

pressure was established. Increasing the size of interlayer space of the MoO3 structure 

resulted in more stable corresponding oxide nitrides during thermal treatment. The 

thermal stability was also increased by decreasing the oxygen partial pressure.  

Changing the gas atmosphere can also influence the thermal stability of MoO3-

type oxide nitrides. With respect to application as model catalysts it might be suggested 

that addition of propene to the gas phase also influence thermal stability. This might be 

due to reducing properties of propene. Reducing agents can counteract replenishing 

defects as oxygen vacancies or Mo5+ centers. Nevertheless, electrical properties could not 

be investigated under reaction conditions due to used instrumental setup. Hence, using 

of further in situ analytical methods will be required. DR-UV-Vis spectroscopy seems to be 

a suitable method for in situ determination of defects which can be correlated to stability 

of MoO3-type oxide nitrides (chap. 5.4).  

 

Figure 3-17: Schematic presentation of ammonolysis processes of ball-milled MoO3. 

Nitrogen ions might be incorporated as 1) *|A  (eq. (3-9)) or 2) *~|� (eq. (3-11)). *~|� might also 

be formed by reaction of *|A  and }~|∙  (eq. (3-10)).   
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4 Reducibility of ball-milled molybdenum oxide and 

oxide nitrides 

4.1 Introduction 

Selective oxidation of propene proceeds according to a redox mechanism (“Mars-van-

Krevelen mechanism”) [17]. During the catalyst’s cycle the catalyst is partial reduced 

followed by re-oxidation with gas-phase oxygen [18]. Accordingly, availability of lattice 

oxygen plays an important role. The metal-oxygen bond strength gives information about 

the availability of lattice oxygen. The suitability of a catalyst as a function of metal-oxygen 

bond strength can be described by the Sabatier principle. The idea is that the metal-

oxygen bond strength of the best catalysts must be of intermediate strength. If the Me-O 

bond strength is too weak, the reactant will be over-oxidized. Conversely, strong Me-O 

bond strength leads to an unreactive catalyst. This principle leads to a volcano-type 

dependency of suitability of a catalyst on metal-oxygen bond strength [33,123].  

The ease of extraction of lattice oxygen from a catalyst can be investigated by studies 

on the reducibility of the catalyst [21]. Hence, the reducibility of the metal oxide catalyst 

might play an important role for its activity [124]. Recent studies have shown that 

incorporation of nitrogen ions in the anion lattice of α-MoO3 resulted in an improved 

reducibility [48]. The successful incorporation of nitrogen ions in the anion lattice of α-

MoO3 samples with various crystallinities was described in a previous chapter. In this 

chapter the availability of lattice oxygen will be investigated by temperature-programmed 

reduction (TPR) experiments. Additionally, isothermal reduction experiments were 

carried out to elucidate the solid-state kinetics of the reduction of the catalyst. The 

calculation of apparent activation energies for reduction to MoO2 might also give 

information about the reducibility of the samples. Besides the conventional reduction 

with hydrogen the model catalysts were reduced with propene which represents the 

reactant during treatment under reaction conditions.  
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4.2 Experimental 

4.2.1 Temperature-programmed reduction (TPR) 

Temperature-programmed reduction (TPR) experiments were carried out with a 

catalyst analyzer from BEL Japan Inc. equipped with a silica glass tube reactor. Samples 

were placed on silica wool inside the reactor next to a thermocouple. For TPR with 

hydrogen a gas flow (5% hydrogen in argon) of 60 ml/min was adjusted during reaction. 

Heating rates used were 5 K/min to 1023 K while hydrogen consumption was measured 

using a TCD. Additional measurements with 10 and 15 K/min were carried out to 

investigate the kinetics of reduction. For TPR with propene a gas flow of 40 ml/min 

(2.5% propene in helium) was adjusted. A second TPR was carried out after an interim 

temperature-programmed oxidation (TPO) in 5% oxygen in helium. The samples were 

heated to 773 K with 5 K/min during TPO. A non-calibrated mass spectrometer in a 

multiple ion detection mode (Pfeiffer Omnistar) at the cell outlet was used for time-

resolved detection of gas phase composition. For all measurements 30 mg of samples 

were used. 

4.2.2 X-ray diffraction for isothermal reduction with hydrogen 

In situ XRD measurements were conducted on a STOE STADI P diffractometer             

(θ-θ geometry) using an Anton-Paar in situ cell. Isothermal reduction experiments were 

carried out at distinct temperatures (698 K, 723 K and 748 K). Measurements were 

performed in reflection mode in a range of 20 – 28.5 °2θ in steps of 0.03 °2θ with a 

sampling time of 4 s/step. A total flow of 100 ml/min was adjusted by mass flow 

controllers (Bronkhorst). The in situ cell was heated to reaction temperature with 

10 K/min in helium gas flow. The gas phase composition was switched to 5% hydrogen in 

helium when isothermal measurements started. A non-calibrated mass spectrometer in a 

multiple ion detection mode (Pfeiffer Omnistar) at the cell outlet was used for 

continuously monitoring the gas phase composition. 
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4.2.3 X-ray diffraction for isothermal reduction with propene 

In situ XRD experiments were performed on a STOE STADI P powder 

diffractometer (Bragg-Brentano geometry) equipped with a secondary monochromator 

(Cu-Kα radiation) and a scintillation counter operated in the stepping mode. The in situ 

cell consisted of a Bühler HDK S1 high temperature diffraction chamber. Experiments for 

analysis of phase composition during reduction were carried out in reflection mode in a 

range of 20 – 28.5 °2θ in steps of 0.04 °2θ with a sampling time of 4 s/step. 

Measurements for analysis of solid-state kinetics were performed in reflection mode in a 

range of 25.2 – 27.8 °2θ in steps of 0.046 °2θ with a sampling time of 9 s/step. In situ XRD 

measurements were conducted under atmospheric pressure with flowing reactants 

(100 ml/min, 7.5% propene in He). Isothermal reduction with propene was carried out at 

distinct temperatures (663 K, 673 K, and 683 K).  

4.3 Temperature-programmed reduction (TPR) with hydrogen 

The evolutions of hydrogen consumptions as a function of temperature during TPR of 

all MoO3 samples and its oxide nitrides to 1023 K are shown in Figure 4-1. Ball-milling of 

MoO3 resulted in different evolutions compared to non-milled MoO3. Two peaks of 

hydrogen consumption were identified after ball-milling of MoO3. Increasing milling time 

led to a significant shift of first peak to lower temperatures. Conversely, the shift of more 

intensive second peak was not distinct as the shift of the first peak. Ammonolysis of ball-

milled MoO3 resulted in a shift of most intensive TPR peak to lower temperatures while 

the onset of hydrogen consumption and the first TPR peak were not affected by 

ammonolysis. Additionally, peak broadening was observed after ammonolysis.  
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Figure 4-1: Evolution of hydrogen consumption as a function of temperature during TPR in 

5% hydrogen in argon of ball-milled MoO3 (black) and respective Mo(ON)3 (blue). Milling time of 

molybdenum oxide was increased from bottom to top.  

For a detailed analysis of the reduction mechanism, TPR of MO240 was stopped at 

selected temperatures. The evolution of hydrogen consumption of MO240 showed the 

most distinct separation of both peaks. Three XRD measurements were carried out 

(1) after TPR to the onset of hydrogen consumption, (2) maximum of first peak, and 

(3) minimum between both peaks (Figure 4-2). Four different phases were identified 

during reduction process. The orthorhombic and monoclinic modifications of Mo4O11 

could be observed besides educt MoO3 and little peak of MoO2. A quantification of phase 

compositions of XRD powder patterns revealed a formation of MoO2 at the beginning of 

reduction (Table 4-1). Phase content of MoO2 remained almost constant before hydrogen 
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consumption increased to second maximum. The first maximum of hydrogen 

consumption was assigned to the formation of Mo4O11. Orthorhombic Mo4O11 might be 

formed by reaction of initially formed MoO2 and MoO3 above 698 K [125]. Orthorhombic 

Mo4O11 was transferred into its monoclinic modification. Formation of Monoclinic η-

Mo4O11 was also reported in literature [126]. In contrast to previous reports the amount of 

η-Mo4O11 could not be neglected. Quantitative analysis of XRD powder patterns revealed 

a phase content of 13%. Afterwards, reaction with hydrogen led to monoclinic MoO2. In 

summary, reduction process was described by following reaction equations: 

3��}� + ��}+ → � � ���})) (4-1) 

� � ���})) → � � ���})) + 3~+ → ��}+ + 3~+} (4-2) 

The specific hydrogen consumption was determined by integration of the TCD signal 

in a distinct temperature range. A calibration of hydrogen consumption for calculation of 

content of reduced species by 1 oxidation state was established by reducing transition 

metal oxide references. Afterwards, the content of reduced species during TPR of MO240 

was determined at the same temperatures at which the XRD measurements were carried 

out (Table 4-1). The quantitative results of hydrogen consumption were in good 

agreement with phase composition of XRD powder patterns. Hence, the quantitative 

evolution of hydrogen consumption underlined the proposed mechanism for reduction of 

MoO3 with hydrogen.  

Table 4-1: Phase composition of XRD powder patterns (Figure 4-2) with average valence of 

molybdenum. Content of reduced species by 1 oxidation state was calculated from hydrogen 

consumption. Average valence of Mo is noted to each phase. 

 XRD H2 consumption 

MoO3 

(6) 

o-Mo4O11 

(5.5) 

m-Mo4O11 

(5.5) 

MoO2 

(4) 

Reduced species by 

1 oxidation state 

1 75 % 19 % --- 6 % 17 % 

2 35 % 62 % --- 3 % 34 % 

3 11 % 71 % 13 % 5 % 45 % 

 



54 Chapter 4 - Reducibility of ball-milled molybdenum oxide and oxide nitrides 

 

 

Figure 4-2: XRD powder patterns (top) of MO240 after TPR in 5% H2/Ar up to marked 

temperatures in evolution of hydrogen consumption (bottom). The identified phases are marked 

by symbols (○ MoO3, � o-Mo4O11, ∆ m-Mo4O11, □ MoO2) [22,127–129].  

TPR of ball-milled MoO3 and its corresponding oxide nitrides was carried out with 

varying heating rates. The respective hydrogen consumptions of MO180 and MON180 are 

exemplary shown in Figure 4-3. The onset of hydrogen consumption was independent of 

heating rates while maxima of hydrogen consumption shifted to higher temperatures 

when heating rate was increased. Shift of the first maxima was similar for oxides and 

oxide nitrides. The Kissinger method was used to determine the apparent activation 

energies for the rate-determining step of reduction to MoO2 [130]. The Kissinger method 

was used for the evaluation of apparent activation energies of TGA measurements. 

However, it can be adapted to the analysis of hydrogen consumptions of TPR profiles [131]. 

The relationship between heating rate and apparent activation energy is given by 

����]�[��+ � = ��� L�#K6 M + K6#� (4-3) 

and apparent activation energies can be estimated from the slope by plotting 

ln(β/T2
max) vs. 1/Tmax.  
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Figure 4-3: Hydrogen consumption as a function of temperature during TPR with different 

heating rates of MO180 (left) and MON180 (right).  

 

Figure 4-4: Kissinger presentation of ln(β·T-2) as a function of T-1 of temperature-

programmed reduction of ball-milled MoO3 (left) and its oxide nitrides (right) with hydrogen. 

Apparent activation energies of reduction to MoO2 were calculated from the slopes. 

The Kissinger presentation of all investigated oxides and oxide nitrides is shown in 

Figure 4-4. All Kissinger plots resulted in straight lines. Hence, the rate determining step 

g(α) did not change in the investigated temperature range. Apparent activation energies 

of the rate determining step were calculated from the slopes. Only MON60 showed 

significant varied apparent activation energy after ammonolysis of the corresponding ball-

milled oxide. The apparent activation energy was reduced by about 10 kJ/mol. Although 

the temperatures of maximal hydrogen consumption shifted to lower temperatures a 

change of apparent activation energies could not be determined. However, a dependency 

of milling-time on apparent activation energies was determined. The apparent activation 

energies decreased significantly when the milling-time was increased. Size-strain analysis 
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of ball-milled MoO3 revealed a non-linear dependency of milling-time on crystallite sizes. 

A correlation between apparent activation energy of TPR of ball-milled MoO3 with 

hydrogen and volume-weighted crystallite sizes was established (Figure 4-5). Such 

correlations for phase transitions are well-known from the literature [132]. Nevertheless, a 

more detailed analysis of this correlation was carried out by determining the reduction 

mechanism. Refinement a model of solid-state kinetics to experimental data of 

isothermal reduction might lead to mechanistic information.  

 

Figure 4-5: Apparent activation energy of TPR with hydrogen of ball-milled MoO3 as a 

function of volume-weighted crystallite size.  

4.4 Temperature-programmed reduction (TPR) with propene 
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associated with the complete removal of nitrogen. Figure 4-6 shows the evolution of ion 
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643 K to 698 K and could be associated with the reduction of the samples. Ball-milled 

oxide nitrides showed an improved reducibility during first TPR with propene compared 

to the corresponding oxides. However, the maximum was independent of milling-time of 

MoO3. Only the onset of reduction of MO240 was slightly shifted to higher temperatures.  

 

Figure 4-6: Evolution of m/e 18 (left, H2O) and m/e 56 (right, acrolein) during TPR of 

MO120, MO240 and its corresponding oxide nitrides with 2.5% propene in helium (bottom) and 

TPR after meanwhile oxidation of products of first TPR (top).  

The peak profile was significantly broadened during a second TPR with propene. All 

temperatures of the maximum of the peak were shifted to higher temperatures 

compared to first TPR. Nevertheless, a slight shift of temperatures of oxide nitrides to 

lower temperatures was determined. Hence, slight influences on reducibility were 

preserved despite interim oxidation of the samples. The observed shift to higher 

temperatures comparing both reductions might be explained by considering the 

photochromism of MoO3. Different models were developed to explain the 

photochromism of MoO3 [120]. Molybdenum oxides are well-known to form 

substoichiometric oxides (MoO3-x) resulting in the formation of defects. Ball-milling and 

ammonolysis led to coloration of molybdenum oxide associated with formation of defects 

(chap. 3.5). Deb related the coloration of molybdenum oxide films to the formation of F-

like centers. The trapped electrons in these centers might result in transitions in the 

visible region which were responsible for the color of the material. The formation of F-like 

centers was related to oxygen vacancies. Additionally, the formation of Mo5+ was 

observed [115]. Otherwise, ball-milling of MoO3 was associated with reduction Mo6+ to 

Mo5+. Corresponding IVCT transitions were detected in DR-UV-Vis spectra (chap. 3.5). 
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Nevertheless, both approaches resulted in formation of new bands above the valence 

band [82]. A schematic presentation is given in Figure 3-12. Upon heating the samples in 

oxygen, Mo5+ centers were oxidized to Mo6+. The stoichiometry was restored by 

replenishing the defects. Consequently, the formation of defects like oxygen vacancies 

could be correlated to improved oxygen availability. However, TPO in 5% oxygen seemed 

not to be sufficient to destroy all additional defects caused by ammonolysis of ball-milled 

MoO3.  

The evolution of ion current m/e 18 during first TPR showed various peaks without 

simultaneous formation of acrolein at lower temperatures. Significant differences 

between ball-milled oxides and the corresponding oxide nitrides were determined. A 

more detailed characterization of thermal stability of oxide nitrides was carried out by 

analyzing ion currents m/e 14, 16, 17, 18 and 28 during first TPR (Figure 4-7). The first 

peak of m/e 18 at about 315 K was attributed to the removal of water which might be 

adsorbed at the surface of the samples. A broad maximum of m/e 16 and 17 was 

detected at about 400 K. In addition, a shoulder of both traces was determined at about 

340 K. In this temperature range the removal of nitrogen occurred. The corresponding ion 

currents m/e 16 and 17 indicated the removal of NH groups. This was corroborated by 

FTIR spectra which showed N-H bending and stretching modes (chap. 3.4). Two different 

peaks indicated the existence of different NH species in MoO3-type oxide nitrides. The 

shoulder at 340 K was assigned to removal of weak adsorbed NH3 at the surface. 

However, the more intensive peak at about 400 K could be attributed to the removal of 

NH groups which were incorporated by substituting terminal oxygen ions in the layers of 

MoO3. This assumption was in agreement with results of FTIR spectra and ammonolysis 

process of MoO3 in the literature [49]. The corresponding peaks of m/e 16, 17 and 18 at 

about 530 K indicated the removal of water before nitrogen was removed at 590 K from 

the oxide nitrides. Hence, nitrogen ions might also be incorporated without formation of 

NH groups. The number of different nitrogen species incorporated in MoO3 corroborated 

the proposed processes during ammonolysis of ball-milled MoO3 illustrated in chap. 3.7. 

Apparently, nitrogen was fully removed during first TPR due to missing peaks of ion 

currents m/e 16 and 17 during TPO or following TPR. Additionally, a slight formation of 



Chapter 4 - Reducibility of ball-milled molybdenum oxide and oxide nitrides 59 

 

water was detected up to 450 K during TPR of ball-milled MoO3. The possible existence of 

molybdenum oxide hydrates was suggested due to respective FTIR spectra.  

 

Figure 4-7: Evolution of ion currents m/e 14, 16, 17, 18, 28 during TPR of MO120, MO240 

and its corresponding oxide nitrides with 2.5% propene in helium up to 773K.  

4.5 Fundamentals of solid-state kinetic models 

Analysis of solid-state reactions and their kinetics is important for understanding 

reaction mechanism [133,134]. In addition, investigations of reduction kinetics of solid oxides 

are of interest in research on heterogeneous catalysts [135]. The rate of a solid-state 

reaction can be generally described by  
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with the absolute temperature T, the temperature-dependent rate constant k(T) 

and the reaction model f(α). A suitable description of the temperature dependence of the 

rate constant is provided by the Arrhenius equation. Substitution of k(T) in eq. (4-4) yields 

���� = ��-�Z� DX⁄ �W��� (4-5) 

where A is the preexponential factor, Ea is the activation energy for the rate-

determining step and R is the gas constant. Eq. (4-5) can be transferred in the integral 

reaction model g(α) by separating variables and integrating: 

���� = _ ����
�

� = ��-�Z� DX⁄ ��. (4-6) 

The analysis of reaction kinetic can be carried out by model-dependent or model-

independent methods. The whole reaction kinetics are completely specified by the 

reaction model and the two Arrhenius parameters. These three parameters are often 

called the kinetic triplet which is not available by using model-independent methods. 

Without knowledge of these parameters no accurate description of kinetics can be 

established. Hence, a model is usually needed for complete description [136]. The model-

dependent analysis results in single apparent activation energy for the rate-determining 

step. This activation energy is independent of degree of conversion. These used models 

represent theoretical descriptions to explain the experimental data [137]. Many models 

were proposed by assuming a certain mechanism for the rate-determining step. A 

classification of reaction models can be carried out based its mechanistic assumptions. 

These models can be divided in nucleation, diffusion, reaction order and geometrical 

contraction models. Based on the shape of respective α-traces, models can be classified 

as sigmoidal, acceleratory, linear or decelerator. Hence, the conversion fraction α is the 

needed parameter for analyzing the rate-determining step. The measured parameter of 

the analytical method must be able to be transformed in conversion fraction α. X-ray 

diffraction represents a suitable analytical method for studying solid-state kinetics [35,138]. 

The used models will be explained in detail in the following.  
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4.6 Isothermal reduction with hydrogen 

Reducibility of ball-milled MoO3 and its oxide nitrides during isothermal reduction 

with hydrogen was investigated by in situ XRD. Evolution of XRD powder patterns of 

MO60 is shown in Figure 4-8. Formation of MoO2 was observed and the intensity of three 

most intensive diffraction peaks of MoO3 decreased. A small diffraction peak at 22.1 °2θ 

was attributed to most intense reflection of orthorhombic γ-Mo4O11. Intermediate 

formation of γ-Mo4O11 during isothermal reduction was neglected. Otherwise, the 

formation of γ-Mo4O11 was dependent on milling-time of MoO3. In agreement with results 

of TPR with hydrogen the formation of γ-Mo4O11 was most pronounced for MO240. A 

linear combination refinement of pure MoO3 and MoO2 resulted in extent of reduction α 

as a function of time (Figure 4-9). A linearization of the extent of reduction was carried 

out by using the integral form of contracting area model (R2) [137]: 

���� = 1 � �1 � ��) +⁄ = ��. (4-7) 

A suitable linearization of evolutions of α-traces could not be achieved by the 

application of other nucleation or diffusion models. Reaction rate constants of each 

temperature were calculated from the slopes of linear regressions. The R2 model 

assumes a rapid nucleation on the surface of the particle. Regardless of the geometry of 

the particle the following relationship is applicable: 

� = �� � ��. (4-8) 

R2 model simplifies the particle shape to a cylinder. A schematic drawing of R2 model 

and the nucleation process is given in Figure A 2-1. Eq. (4-7) can be derived from a 

relationship between conversion fraction and the volume of a cylinder hpr2. A detailed 

derivation can be found elsewhere [137].  
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Figure 4-8: Evolution of XRD powder patterns of MO60 during isothermal reduction in 5% 

H2 / He at 748 K.  

  

Figure 4-9: Left: Evolution of conversion degree of MO60 during isothermal reduction at 

698 K, 723 K and 748 K with hydrogen. Right: Plotting 1-(1-α)0.5 as a function of time for 

calculation of reaction rate constants from the slopes of linear regressions.  

An Arrhenius-type presentation of reactions rate constants of isothermal reduction of 

ball-milled MoO3 and its corresponding oxide nitrides is shown in Figure 4-10. The 

apparent activation energies of formation of MoO2 were calculated from the slopes 

according to eq. (4-3). The ammonolysis of ball-milled MoO3 led to a decrease of 

apparent activation energies of about 10 kJ/mol. The decrease was consistent for all 

samples independent of milling-time.  
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Figure 4-10: Arrhenius-type presentation of reaction rate constants of isothermal reduction 

of ball-milled MoO3 (left) and its oxide nitrides (right) with hydrogen. Apparent activation energies 

of reduction to MoO2 were calculated from the slopes.  

4.7 Isothermal reduction with propene 

In situ XRD experiments were carried out to investigate the reducibility of ball-milled 

MoO3 and its corresponding oxide nitrides. The samples were isothermally reduced with 

propene at 663, 673 and 683 K. Evolution of in situ XRD powder patterns of MO60 during 

isothermal reduction in 7.5% propene in He at 673 K is shown in Figure 4-11. The intensity 

of three characteristic diffraction peaks of MoO3 decreased during isothermal treatment 

while most intensive diffraction peak of MoO2 appeared. In contrast to isothermal 

reduction with hydrogen the formation of γ-Mo4O11 was not observed. TPR experiments 

with hydrogen revealed an increased formation of γ-Mo4O11 when molybdenum oxides 

were ball-milled for longer times. Only little diffraction peaks of γ-Mo4O11 could be 

detected during isothermal reduction with propene of MO240. Subsequently, formation 

of γ-Mo4O11 during isothermal reduction was neglected. 

The parameters of in situ XRD experiments were optimized for analysis of solid-state 

kinetics to result in time measuring of 10 minutes for each pattern. Therefor the step 

width and angular range were reduced. A linear combination refinement of diffraction 

patterns of pure MoO3 and MoO2 resulted in extent of reduction α as a function of time. 

According to eq. (4-7) a linearization of extent of reduction was carried out by using the 

integral form of the contracting area model (R2) [137]. Figure 4-12 shows the evolutions of 

extent of reduction and its linearization during isothermal reduction of MO180 with 
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propene. The reaction rate was increased with temperature. The respective plots of        

1-(1-α)1/2 as a function of time could be well refined by a straight line. Compared to other 

typically used reaction models the application of R2-model led to the best goodness of fit. 

The reaction rate constants were calculated from the slope for each sample and 

temperature.  

 

Figure 4-11: Evolution of XRD powder patterns of MO60 during isothermal reduction in 

7.5% propene in He at 673 K. 

  

Figure 4-12: Left: Evolution of conversion degree of MO60 during isothermal reduction at 

698 K, 723 K and 748 K with propene. Right: Plotting 1-(1-α)1/2 as a function of time for calculation 

of reaction rate constants from the slopes of linear regressions. 

The dependence of reaction rate constants on temperature during isothermal 

reduction of ball-milled MoO3 and its corresponding oxide nitrides with propene is shown 

in Figure 4-13. The reaction rate constants were slightly increased after ammonolysis of 
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respective ball-milled MoO3. Hence, the incorporation of nitrogen resulted in an 

improved reducibility with propene. The apparent activation energies for the rate-

determining step of reduction from MoO3 to MoO2 were calculated from the slopes of 

Arrhenius-type presentations using eq. (4-3). The resulting apparent activation energies 

were in a range of 339-480 kJ/mol for ball-milled MoO3 and 310-353 kJ/mol for MoO3-

type oxide nitrides. The apparent activation energies decreased significantly with longer 

milling-time of MoO3. A correlation between apparent activation energies of reduction to 

MoO2 and area-weighted and volume-weighted crystallite sizes of ball-milled MoO3 and 

MoO3-type oxide nitrides was established (Figure 4-14). The decrease in crystallite size 

coincided with an increase of surface area. Crystallite size effects on reaction rate are 

well-known [137,139]. According to R2-model the reduction of MoO3 to MoO2 proceeded by 

a rapidly nucleation at the surface of the crystal. Increasing the surface area of the crystal 

led to an increase in reaction centers for adsorption of propene. Hence, the reduction 

may be facilitated resulting in decreased activation energy. Additionally, the rate of 

reaction of MoO3 was increased by decreasing size of crystallites.  

The incorporation of nitrogen in ball-milled MoO3 resulted in a significant decrease of 

apparent activation energies of reduction to MoO2. The decrease of apparent activation 

energies confirmed the enhanced reducibility shown by reduction with hydrogen. 

However, the decrease of apparent activation energies was more pronounced for the 

reduction with propene. The decrease of apparent activation energies was slightly 

dependent on crystallite sizes. Larger crystallites led to an intensified decrease of 

apparent activation energies. This dependence might be attributed to different stabilities 

of MoO3-type oxide nitrides. Conductivity measurements revealed a higher thermal 

stability of MoO3-type oxide nitrides consisting of larger crystallites in an oxidizing 

atmosphere (chap. 3.6). 
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Figure 4-13: Arrhenius-type presentation of reaction rate constants of isothermal reduction 

of ball-milled MoO3 (left) and its oxide nitrides (right) with propene. Apparent activation energies 

of reduction to MoO2 were calculated from the slopes. 

 

Figure 4-14: Apparent activation energy of isothermal reduction with propene of ball-

milled MoO3 (black) and its oxide nitrides (blue) as a function of area-weighted and volume-

weighted crystallite size. The crystallite sizes were calculated according to description in 

chap. 3.3.2.  
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4.8 Summary 

The reducibility of ball-milled MoO3 and its corresponding oxide nitrides was 

investigated by temperature-programmed and isothermal reduction experiments. The 

experiments were carried out with hydrogen as well as propene as reducing agent. In situ 

XRD represented a suitable method for analyzing of solid-state kinetics during isothermal 

reduction. TPR and isothermal experiments revealed a dependence of apparent activation 

energy on crystallite size of ball-milled MoO3 which was independent of the reducing 

agent. The R2-reaction model described the isothermal reduction. Hence, ball-milling 

increased the number of reaction centers. The increased number of reaction centers led 

to a faster reaction of MoO3 to MoO2. The reaction mechanism during TPR with hydrogen 

was determined by XRD measurements. The formation of Mo4O11 was not influenced by 

ammonolysis MoO3. Conversely, the formation of MoO2 was significantly shifted to lower 

temperatures. Compared to ball-milled MoO3 the apparent activation energies of 

reduction of MoO3-type oxide nitrides to MoO2 decreased. The extent of diminution of 

apparent activation energies during isothermal reduction with propene decreased with 

decreasing crystallite sizes of the samples. Investigations on the thermal stability of 

MoO3-type oxide nitrides revealed that different strong bounded NH groups were formed 

during ammonolysis of ball-milled MoO3. The influence of ball-milling and ammonolysis 

on reducibility was correlated to the formation of defects such as oxygen vacancies or 

Mo5+ centers.  

  



68 Chapter 5 - In situ characterization during treatment under reaction conditions of 

molybdenum oxides with various crystallinity and its oxide nitrides 

 

5 In situ characterization during treatment under 

reaction conditions of molybdenum oxides with 

various crystallinity and its oxide nitrides 

5.1 Introduction 

The previous chapter of this work showed a significant influence of incorporation 

of nitrogen on the electronic structure and reducibility of MoO3. Catalytic performance of 

molybdenum oxides with various crystallinity and its corresponding oxide nitrides will be 

investigated in this chapter. Additionally, previous investigations on thermal stability of 

MoO3-type oxide nitrides under oxidizing and reducing conditions revealed a dependency 

of thermal stability on crystallinity. Therefore, in situ DR-UV-Vis experiments will be 

carried out to investigate the thermal stability of oxide nitrides during catalytic testings. 

DR-UV-Vis spectroscopy represents a well-known method as a suitable method for in situ 

investigations during selective oxidation of propene. Furthermore, defects and 

modifications of electronic structure due to modification of anion lattice of MoO3 were 

significantly detected by DR-UV-Vis spectroscopy. Changes in electronic structure will be 

correlated to the thermal stability of MoO3-type oxide nitrides. Establishing structure-

function correlations was enabled by the modification of crystallinity and anion lattice. 
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5.2 Experimental 

5.2.1 In situ DR-UV-Vis 

In situ DR-UV-Vis measurements were conducted on a two-beam spectrometer (V670, 

JASCO) using a Praying Mantis™ in situ cell (Harrick Scientific Products, Inc.). Powder 

samples were measured in the spectral region of 220–890 nm. Boron nitride (Alfa Aesar, 

99.5%) was used for sample dilution and as reflectance standard for baseline correction. 

In situ measurements were conducted in 5% propene (Linde Gas, 10% propene (3.5) in He 

(5.0)) and 5% oxygen (Linde Gas, 20% O2 (5.0) in He (5.0)) in helium (Air Liquide, 6.0) in a 

temperature range from 295 K to 698 K at a heating rate of 4.25 K/min. The total gas flow 

was adjusted to 40 ml/min by using mass flow controller (Bronkhorst). The gas 

atmosphere was analyzed using an online mass spectrometer (Omnistar, Pfeiffer) in a 

multiple ion detection mode. The DR-UV-Vis spectra were transferred into the Kubelka-

Munk function, F(R∞), according to eq. (2-9). 

5.2.2 Catalytic characterization 

Catalytic activities were measured in a conventional fixed bed reactor connected to an 

online gas chromatography system (CP-3800, Varian). The fixed-bed reactor consisted of a 

SiO2 tube (length 30 cm, inner diameter 9 mm) placed vertically in a tube furnace. The 

sample was placed on a frit in the center of the isothermal zone. The catalyst bed in the 

reactor was approximately 2 cm in height. To achieve a constant volume in the reactor 

and to quench thermal effects, catalyst samples (about 80 mg) were diluted with boron 

nitride (hexagonal, Alfa Aesar, 99.5%) to result in an overall sample mass of 250 mg. To 

ensure differential reaction conditions, the reactor was operated at low propene 

conversion levels below 10 %. 

Hydrocarbons and oxygenated reaction products (acetic aldehyde, propionic 

aldehyde, acetone, acrolein, isopropyl alcohol, n-propanol, allyl alcohol, acetic acid, 

propionic acid, acrylic acid, acrylonitrile, acetonitrile, propionitrile) were analyzed using a 

Carbowax 52CB capillary column, connected to an Al2O3/MAPD capillary column, and a 
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fused silica restriction (25 m,·0.32 mm). Each column was connected to a flame ionization 

detector. Permanent gases (O2, N2, CO2, CO) were separated and analyzed using a Varian 

CP-3800 permanent gas analyzer connected to a thermal conductivity detector.  

Reactant gas flow rates of oxygen, propene, and helium were adjusted through 

separate mass flow controllers (Bronkhorst) to a total flow of 40 ml/min. A mixture of 5% 

propene and 5% oxygen in helium was used for catalytic tests at 673 K. The reactor was 

heated to 673 K with 16.7 K/min in reaction gas flow. Additionally, a mass spectrometer 

(Omnistar, Pfeiffer) was connected to continuously monitored reactant and product gas 

composition.  

Conversion X of the key component k and selectivity S towards product pn were 

calculated from the measured volume fractions, Vol% by 

�� = \��%���'� � \��%�����4\��%���'�  (5-1) 

I�� = �����
�\��%�����4 � \��%���'��

∑ "����� \��%������4&  (5-2) 

with the number of carbon atoms in the desired product (apn) and in propene (ak = 3). 

The carbon balances were determined by the equation 

\��%�`���4\��%�`�'� = ∑���� ∙ \��%����'� + 3 ∙ \��%�`�~����4�3 ∙ \��%�`�~��'�  (5-3) 

to ensure the significance of results by quantifying all formed products. Carbon 

balances were always higher than 0.99. The experimental error of reaction rates and 

selectivities was estimated from the relative errors of reactant gas flow rates and catalyst 

sample masses. The reaction rates for one compound were calculated from eq. (5-4): 

�' = �' ∙ \��% ∙ \����4 ∙ \[ ∙ 60. (5-4) 
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5.3 Catalytic performance 

Catalytic performance in selective propene oxidation was investigated at 673 K. 

Reaction rates for propene conversion and acrolein formation at 673 K as a function of 

time on stream are shown in Figure 5-1. The respective rates were calculated based on 

the initial weight of the catalyst. The reaction rates for propene conversion showed a 

significant increase after ball-milling of MoO3. Already short milling-times were enough to 

increase the reaction rate for propene conversion by a factor of ~4. This trend was 

consistence with the evolution of crystallite sizes in chap. 3.3.3. The most distinct change 

in crystallite size was determined after 60 minutes. The changes during the following 

180 minutes were less significant. Little effects of time on stream on the reaction rate for 

propene conversion of ball-milled MoO3 were determined. All samples exhibited a slight 

deactivation of propene conversion. However, the increasing activation due to varied 

crystallinity was preserved after incorporation of nitrogen. A slight increase of reaction 

rate for propene conversion was determined after incorporation of nitrogen at the 

beginning of the treatment under reaction conditions. Compared to molybdenum oxides 

a slightly more intense deactivation of MoO3-type oxide nitride catalysts was observed. 

The reaction rates for propene conversion were similar to those of molybdenum oxides 

after 12 hours treatment under reaction conditions. This similar trend might be due to 

instability of MoO3-type oxide nitrides. The removal of nitrogen was observed at lower 

temperatures than 673 K in an oxidizing or reducing atmosphere. Little differences of 

conductivities were determined after removal of nitrogen (chap. 3.6).  

The acrolein formation rates of molybdenum oxides and MoO3-type oxide nitrides 

increased with decreasing crystallite size. This corroborated the increased catalytic 

activity after ball-milling shown by reaction rate for propene conversion. In contrast to 

the reaction rate for propene conversion, the acrolein formation rate remained unvaried 

after 2 hours treatment under reaction conditions. The incorporation of nitrogen led to 

an increase of the acrolein formation rate. This increase was preserved during 12 hours 

treatment under reaction conditions.  

 



72 Chapter 5 - In situ characterization during treatment under reaction conditions of 

molybdenum oxides with various crystallinity and its oxide nitrides 

 

 

Figure 5-1: Reaction rates for propene conversion (bottom) and acrolein formation (top) 

based on catalyst’s initial weight as a function of time on stream at 673 K in 5 % propene and 5 % 

oxygen. Left: Ball-milled molybdenum oxides, right: MoO3-type oxide nitrides.  

Selectivities towards acrolein and COX were determined for each sample at 673 K 

and at similar propene conversions after 12 hours time on stream (Figure 5-2). Selectivity 

towards acrolein increased significantly after incorporation of nitrogen. On the contrary, 

selectivity towards total oxidation products COX decreased in a similar degree as the 

selectivity towards acrolein increased. The incorporation of nitrogen in MoO3 might lead 

to a preferred formation of selective oxidation products. Furthermore the formation of 

different minor products was determined. Ball-milling of MoO3 resulted in significant 

decrease of selectivities towards minor oxygenates from 27 % to 13%. Changes of 

selectivities of minor products might be explained by considering various possible 

pathways of selective oxidation of propene. Figure 5-3 shows a schematic presentation of 

various reaction pathways for selective oxidation of propene [140,141]. In a first step one of 

three alcohols might be formed as intermediates. Afterwards, the alcohols were oxidized 

to the corresponding aldehydes (acrolein (B), propionic aldehyde (C) and acetone (A)). 
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Oxidation of the aldehydes led to the formation of acetaldehyde or acetic acid. The 

formation of acrylic acid could not be detected. Determining selectivities towards minor 

products revealed a significant decrease of formation in isopropyl alcohol, acetone and 

acetic acid after incorporation of nitrogen (Figure 5-2, bottom right). These minor 

products represented pathway A. Acetic acid was the mainly formed product of pathway 

A. Hence, isopropyl alcohol and acetone might be considered intermediate products. 

Nevertheless, acetaldehyde was determined as the minor product with highest selectivity 

(pathway C). In agreement with pathway A the corresponding C3 alcohol and aldehyde 

were formed in small contents. Selectivities to minor products of pathway C were 

dependent on milling-time of MoO3. Conversely, consecutive ammonolysis of ball-milled 

MoO3 did not influence the formation of minor products of pathway C. A decreasing 

crystallite size of MoO3 led to a decreased occurrence of pathway C. Hence, the formation 

of acetaldehyde might be very sensitive to the structure of MoO3. The structure 

sensitivity of reactions on MoO3 is well-known from the literature [38].  

 

Figure 5-2: Left: Selectivity towards acrolein (top), COX (bottom) as a function of milling-

time of MoO3 and MoO3-type oxide nitrides. Right: Sum of different selectivities towards minor 

products of all samples according to different reaction pathways (Figure 5-3). All selectivities were 

determined at 673 K and 12 hours time on stream. 
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Figure 5-3: The main oxygenate products of the partial oxidation of propene [140,141]. 

The stability of MoO3-type oxide nitrides is a crucial factor for evaluating the 

influence of nitrogen incorporation on catalytic performance. Figure 5-4 shows the 

evolution of ion currents m/e 14, 15, 17, 18 and 28 as a function of temperature during 

thermal treatment of MON120 and MON 240 to 673 K. The ion currents were normalized 

to the ion current of helium. At about 400 K removal of water (m/e 17 and 18) was 

determined. Two broad maximums of m/e 17 at about 450 K and 550 K indicated the 

removal of NHX groups from the MoO3-type oxide nitrides. This removal of NHX groups 

corroborated the results of FTIR spectra of MoO3-type oxide nitrides. Additionally, the ion 

currents m/e 14 and 15 showed the corresponding maximums. A significant increase of 

m/e 28 at about 600 K was associated with the formation of CO due to beginning catalytic 

activity. At the same temperature the formation of water was detected. Water is one of 

the main products in selective oxidation of propene. However, a significant peak of 

m/e 28 was determined at 635 K during thermal treatment of MON240. In addition, the 

ion current m/e 14 revealed a peak at 635 K. Hence, this peak was due to the removal of 

nitrogen. MON120 showed a similar trend shifted to higher temperatures by 10 K. 

Consequently, the thermal stability of MoO3-type oxide nitrides might be dependent on 

the crystallite size. In summary, these results corroborated the results of impedance 
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spectroscopy (chap. 3.6). Investigations on the thermal stability in 5% oxygen in helium 

resulted in a dependency of thermal stability on crystallite size. Additionally, removal of 

nitrogen occurred over a wide temperature range of about 150 K.  

 

Figure 5-4: Evolution of ion currents m/e 14, 15, 17, 18 and 28 as a function of 

temperature during heating of MON120 and MON 240 to 673 K before catalytic performance was 

investigated. The samples were heated in 5% propene and 5% oxygen in helium. Ion currents were 

normalized to signal of m/e 4 (helium). 
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5.4 In situ DR-UV-Vis 

In-situ spectroscopic analysis of thermal stability during treatment under reaction 

conditions will be carried out to result in a structure-function correlation. In situ DR-UV-

VIS spectra of ball-milled MoO3 and its corresponding oxide nitride are shown as 

examples in Figure 5-5. These spectra were recorded during first treatment under 

reaction conditions up to 700 K followed by an isotherm phase at 700 K. Both set of 

spectra showed significant changes in the low energy range as well as a red shift in 

adsorption edge and the maximum of spectra. The evolution of spectra of MoO3-type 

oxide nitrides differed strongly from the evolution of spectra of the oxides in the 

temperature range from 530 K to 700 K. The positions and intensities of both set of 

spectra did not change significantly during isothermal reaction at 700 K.  

 

Figure 5-5: Evolution of in situ DR-UV-VIS spectra of ball-milled MoO3 (left) and its 

corresponding oxide nitride (right) during treatment in 5% propene, 5% oxygen in helium from 298 

K to 700 K followed by isothermal treatment at 700 K.  

A more detailed analysis of the low energy range in the spectra of all samples is given 

in Figure 5-6. The figure shows the evolution of KM values at 1.5 eV. During first 

treatment under reaction conditions, the absorption of all ball-milled oxides slightly 

decreased up to 380 K while the absorption of non-milled MoO3 remained constant. 

Afterwards, the absorption increased until reaching a maximum at 507 K followed by a 

slight decrease to the same absorption as before. This increase was correlated to the 

removal of water indicated by ion current m/e 18. The intensity of the peak of ion current 
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m/e 18 as well as increase of absorption was increased with increasing milling-time. 

During isothermal treatment the absorption at 1.5 eV of all oxides only slightly decreased.  

In contrast, the absorption of non-milled oxide nitride MON only decreased in a 

temperature range of 570 – 700 K. The evolution of spectra of all MoO3-type oxide 

nitrides revealed an increasing absorption followed by a strongly decrease up to the end 

of isothermal treatment. The decrease started at almost 570 K and was associated with 

the removal of nitrogen. The nitrogen removal was followed up by ion current 

m/e 17 (NH3). Hence, it corroborated that nitrogen was incorporated mainly as NHx 

species as discussed above and for non-milled ammonolyzed MoO3 
[49]. The decrease of 

absorption ended at a similar level for all oxides. The temperature of maximum 

absorption shifted to lower temperature with longer milling time from 570 K to 546 K. 

During the second treatment under reaction conditions only minor changes in absorption 

at low energies of all spectra were identified.  

 

Figure 5-6: Evolution of absorption intensity at E = 1.5 eV of different ball-milled MoO3 

(bottom) and its corresponding oxide nitrides (top) during two successive treatment in 

5% propene, 5% oxygen in helium from 298 K to 700 K followed by isothermal treatment at 700 K. 

Normalized ion currents m/e 17 (NH3, green line) and m/e 18 (H2O, blue line) indicated nitrogen 

and water removal. 
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The spectra of all oxides and oxide nitrides showed a shift in absorption edge during 

treatment under reaction conditions and it was shown above that ammonolysis of MoO3 

led to changes in the position of the adsorption edge (see chap. 3.5). Hence, the edge 

position was determined for all in situ spectra as described by Weber (Figure 5-7) [110]. 

The evolution of absorption edge energies of the oxides showed a temperature 

dependent decrease in optical band gap which might be caused by the formation of 

oxygen vacancies [142].  

The corresponding oxide nitrides showed the same temperature dependent behavior 

until 550 K. In contrast to the oxides the optical band gap of oxide nitrides increased at 

higher temperatures during first treatment under reaction conditions due to the removal 

of nitrogen. Analysis of optical band gap during second treatment under reaction 

conditions revealed a similar evolution for oxides and oxide nitrides. Furthermore, the 

optical band gaps were only slightly decreased compared to oxides and the increasing 

effect of milling time was still detectable.  

 

Figure 5-7: Evolution of optical band gap of different ball-milled MoO3 (bottom) and its 

corresponding oxide nitrides (top) during double treatment in 5% propene, 5% oxygen in helium 

from 298 K to 700 K followed by isothermal treatment at 700 K. Normalized ion current m/e 17 

(NH3, green line) indicated nitrogen removal. 
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A comparison of all DR-UV-VIS spectra measured at room temperature before each 

treatment under reaction conditions and after second treatment is shown in Figure 5-8. 

Here, structural changes were separated from temperature dependent effects. Only little 

differences caused by treatment under reaction conditions were observed in the high 

energy range above 4 eV. Conversely, the absorption of molybdenum oxide nitride 

decreased strongly below 3 eV during the first treatment under reaction conditions. After 

the first treatment the spectra of MoO3-type oxide nitride was similar to the spectra of 

MoO3. Additionally, this comparison pointed out the blue shift of optical band during the 

first treatment. It corroborated that both materials did not show any changes in 

electronic structure when treatment under reaction conditions was repeated. 

Subsequently, the electronic structure of investigated molybdenum oxide nitrides was 

irreversible changed by nitrogen removal. 

 

Figure 5-8: DR-UV-VIS spectra of ball-milled MoO3 (left) and its corresponding oxide nitride 

(right) recorded at room temperature before each treatment and last treatment under reaction 

conditions.  

5.5 Mechanistic discussion of nitrogen removal 

Analysis of in situ DR-UV-VIS spectra resulted in a dependence of stability of oxide 

nitrides on milling time. Size analysis of ball-milled MoO3 revealed that milling time of 

MoO3 mainly influenced crystallite size while lattice strain was not changed. Crystallite 
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sizes calculated from different hkl diffraction peaks of orthorhombic MoO3 were 

differently affected by milling process. Crystallite sizes are shown as a function of on-set 

temperature of nitrogen removal in Figure 5-9. A correlation between crystallite size 

calculated from (0k0) diffraction peaks and stability of oxide nitrides can be seen. The 

stability of oxide nitrides increased with increasing crystallite sizes. Even though crystallite 

sizes for (200) and (002) directions were also affected by the milling process a similar 

correlation with stability was not found. Crystal structure of MoO3 consists of MoO6 

octahedral forming layers which are parallel to (020) plane. Sizes of these layers 

influenced stability of oxide nitrides. Oxygen ions next to interlayer space were mainly 

substituted by nitrogen ions (chap. 3.4). Figure 5-10 shows a schematic presentation of 

nitrogen removal of oxide nitrides with MoO3 structure. Nitrogen ions had to diffuse 

through the gap between the layers. Hydrogen atoms were incorporated forming OH and 

(NHx) groups. This insertion led to an additional obstruction. In addition, increasing 

crystallite size parallel to (020) plane resulted in a longer diffusion path. Hence, the 

obstruction for diffusion was also more obstructed.  

 

Figure 5-9: Particle size calculated from different diffraction peaks as a function of stability 

temperature of ball milled oxide nitrides 
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Figure 5-10: Structure of MoO3-type oxide nitrides is shown for small (top right) and big 

(bottom) crystallite size calculated from (0k0) diffraction peaks.  
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5.6 Conclusion 

The catalytic performance of MoO3 samples with varying crystallinity and MoO3-

type oxide nitrides was studied under selective propene oxidizing conditions. The 

catalysts were investigated by in situ DR-UV-Vis spectroscopy. Modification of crystallinity 

resulted in an increased catalytic activity. Reaction rates for propene conversion showed 

a deactivation of the catalyst during isothermal treatment under reaction conditions. 

Otherwise, the formation rate of acrolein was increased by ball-milling without 

deactivation during isothermal treatment. The quantitative analysis of selective propene 

oxidation products revealed a significant influence of incorporation of nitrogen on the 

formation of acrolein and COX. The increased selectivity towards acrolein might be due an 

enhanced achievable of nucleophilic lattice oxygen. Investigations on the thermal stability 

of MoO3-type oxide nitrides revealed that nitrogen ions were removed from the catalysts 

during heating to reaction temperature. In situ spectroscopic investigations corroborated 

the removal of nitrogen associated with replenishing the defects. The defects might be re-

oxidized by gas-phase oxygen over a wide temperature range. A correlation between 

crystallite size from the (020) and (040) diffraction peaks and the thermal stability of 

MoO3-type oxide nitrides was found. The ammonolysis of larger crystallites resulted in 

more stable oxide nitrides. This correlation might be due to layer structure of MoO3. The 

oxygen ions for re-oxidation of defects must cover a longer distance in the crystallite.  

In summary, increasing the catalytic activity by ball-milling led to a precursor for 

less stable MoO3-type oxide nitrides. Nevertheless, the differences in catalytic 

performance supported the thesis that modification of anion lattice can result in suitable 

model systems for correlations between oxygen mobility and catalytic performance. 

However, MoO3 is not the most relevant system for studies on selective oxidation of 

propene. Consequently, the range of oxide nitrides should be extended to more relevant 

structures in propene oxidation. Model catalysts with the Mo5O14-structure constitute 

more complex system compared to MoO3 (Figure 5-11). The structural motives of Mo5O14 

were found to be more relevant for selective oxidation of propene [143]. Additionally, the 

Mo5O14-structure represents a non-layer structure. The ammonolysis of model catalysts 
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with Mo5O14-structure might result in more stable oxide nitrides. The previous results of 

investigations on molybdenum oxide nitrides will be applied to the ammonolysis of 

(MoV)5O14 in the next chapter of this work.  

 

Figure 5-11: Extension of range of molybdenum-based oxides for modification of its anion 

lattice by incorporation of nitrogen ions.  
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6 Preparation and characterization of mixed 

molybdenum oxide nitrides 

6.1 Introduction 

Previous results showed that modification of anion lattice by ammonolysis might be a 

useful method to influence oxygen mobility of molybdenum oxides. Hence, oxide nitrides 

represent suitable model system for studying correlations between oxygen mobility and 

catalytic performance [48]. Although ball milling of MoO3 resulted in an increased catalytic 

activity for selective oxidation of propene, MoO3-type oxide nitrides showed low thermal 

stability for investigations on catalytic performance. The low thermal stability of MoO3-

type oxide nitrides was due to crystal structure of MoO3. MoO3 is built-up by layers of 

MoO6 octahedrons which enabled easy incorporation as well as removal of nitrogen. 

Model catalysts with the Mo5O14 structure stabilized by additional V centers constitute 

more complex systems compared to MoO3 without layer structure. Hence, ammonolysis 

of (MoV)5O14 might result in more stable oxide nitrides. The Mo5O14 structure constitutes 

a more relevant system for selective oxidation of propene. Furthermore, the known 

defect structure of (MoV)5O14 can lead to an enhanced catalytic activity compared to 

MoO3 [143,144]. This chapter describes the preparation of Mo5O14-type oxide nitrides. The 

characterization focuses on the incorporation of nitrogen in the anion lattice and the 

resulting structural effects. Additionally, the compensation of additional negative charges 

of nitrogen ions will be investigated to complete structural characterization. The last part 

of this chapter focuses on electrical properties of (MoV)5O14 and its corresponding oxide 

nitrides.  
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6.2 Experimental 

6.2.1 Preparation of (MoV)5O14  and Mo5O14-type oxide nitrides 

(MoV)5O14 was prepared according to the literature using ammonium 

heptamolybdate (AHM) and vanadyl oxalate [20]. An aqueous solution of vanadyl oxalate 

was obtained by adding 180 mg oxalic acid to a suspension of 109.2 mg V2O5 in 50 mL 

bidestilled water at 353 K. The resulting blue solution was mixed with a solution of 

3 g AHM in 20 mL bidestilled water. After stirring the solution for 1 h at 353 K the olive-

green precursor was crystallized at 338 K. The MoV oxide precursor was treated in helium 

at 773 K for 4 h followed by dissolution of impurities in 1 M ammonia solution. Finally, 

(MoV)5O14 model catalysts were obtained by an additional treatment in helium at 773 K 

for 4 hours. The metal content in the (Mo,V)5O14 phase was 93 mol-% Mo and 7 mol-% V. 

Corresponding oxide nitrides of (MoV)5O14 were produced by ammonolysis of 

(MoV)5O14 using a tube furnace with a silica tube and direct gas supply [85]. Preparation 

conditions (temperature and ammonia flow rate) were varied to preserve the Mo5O14 

structure and optimize the incorporation of nitrogen. Gas flows were adjusted by mass 

flow controllers (Bronkhorst). Ammonolysis was carried out in a temperature range from 

498 K – 573 K and the ammonia gas flow was varied between 5 and 20 l/h. Reaction time 

was kept constant at 10 h.  

6.2.2 Sample characterization 

X-ray diffraction (XRD) 

X-ray diffraction patterns were recorded on an X’Pert PRO MPD diffractometer 

(Panalytical) in θ-θ geometry using Cu Kα radiation and a solid-state multi-channel PIXcel® 

detector. Measurements were performed in reflection mode in a range of 5 – 80° 2θ in 

steps of 0.013° 2θ with a sampling time of 60 s/step using a silicon sample holder. 

Analysis of the diffractograms and rietveld refinements of the diffractograms were carried 

out using the programs X’Pert High Score Plus (v2.2d, PANalytical) and FullPROF suite 

program 1.10 [86,87].  
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X-Ray Fluorescence Analysis 

Elemental analysis by X-ray fluorescence spectroscopy was performed on an X-ray 

spectrometer (AXIOS, 2.4 kW model, PANalytical) equipped with a Rh Kα source, a gas 

flow detector and a scintillation detector. 100 mg of the sample were diluted with wax 

(Hoechst wax C micropowder, Merck) at a ratio of 1:1 and pressed into 13 mm pellets. 

Quantification was performed after calibration with mixtures of MoO3 and V2O5 as 

external standards with the SuperQ 5 software package (PANalytical). 

Elemental Analysis 

Elemental contents of C, H and N were determined by using a FlashEA 1112 NC 

analyzer (ThermoFinnigan/ThermoElectron) with CHNS-O configuration. Measurements 

were carried out to determine nitrogen contents after ammonolysis of (Mo,V)5O14.  

Fourier-transformed infrared spectroscopy (FTIR) 

A Magna System 750 (Nicolet) was used to measure infrared spectra of the samples in 

a wavenumber range of 400 – 4000 cm-1. Samples were diluted with CsI (1:300) and 

pressed into pellets of 13 mm in diameter.  

Impedance spectroscopy 

Impedance spectra of mixed molybdenum oxides and oxide nitrides were obtained by 

measuring the magnitude |Z| and the phase φ of an alternating current as a response of 

an applied alternating potential (impedance analyzer N4L: IAI+PSM1735). The real part Z’ 

and the imaginary part Z’’ of the impedance were calculated from these results. The 

impedance was measured as a function of frequency (1 Hz - 10 MHz) and temperature. 

Oxides and oxide nitride samples were pressed into pellets with a diameter of 5 mm 

(initial weight 50 mg, 750 MPa pressure) and placed between two Au disc electrodes. 

Impedance measurements were carried out in a temperature range up to 673 K with 

flowing gas mixtures. Gas mixtures of oxygen and nitrogen were adjusted by mass flow 

controllers (Bronkhorst) with a total flow of 85 ml/min.  
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X-Ray Absorption spectroscopy (XAS) 

Transmission X-ray absorption spectroscopy (XAS) was performed at the V K edge 

(5.465 keV) and the Mo K edge (19.999 keV) at beamline C, and X1, respectively, at the 

Hamburg Synchrotron Radiation Laboratory, HASYLAB, using a Si(111) (V K edge) or 

Si(311) (Mo K edge) double crystal monochromator. For ex situ measurements samples 

were diluted with wax (Hoechst wax C micropowder, Merck) and pressed into self-

supporting pellets with a diameter of 13 mm. Sample masses were calculated to result in 

an edge jump around Δμ(d) = 1.5 at Mo K edge and Δμ(d) = 0.3 at V K edge. X-ray 

absorption fine structures (XAFS) at the V K edge (5.4–6.0 keV) were measured in 

approximately 21 min. At the Mo K edge the energy range for a XAFS scan was 

19.9-21.0 keV (~12 min).  

Data analysis was performed by using the software package WinXAS v3.2 [88]. 

Background subtraction and normalization was carried out by fitting a linear polynomial 

to the pre-edge region and a third degree polynomial to the post-edge region, 

respectively. The X-ray absorption fine structure (EXAFS) χ(k) of Mo K edge XAFS spectra 

was extracted by using cubic splines to obtain a smooth atomic background, µ0(k) in the k 

range from 3 to 14 Å-1. The radial distribution function FT(χ(k)·k3) was calculated by 

Fourier transformation of the k3-weighted experimental χ(k) function, multiplied by a 

Bessel window, into the R space. XAS structure model and refinement strategy are 

described in chap. 6.4.  

Temperature-programmed oxidation (TPO) 

Temperature-programmed oxidation (TPO) experiments were carried out with a 

catalyst analyzer from BEL Japan Inc. equipped with a silica glass tube reactor. 30 mg of 

Samples were placed on silica wool inside the reactor next to a thermocouple. A gas flow 

(20% oxygen in helium) of 40 ml/min was adjusted during reaction. Heating rates used 

were 5, 10, 15 K/min to 773 K while outlet gas composition was measured with a non-

calibrated mass spectrometer (Omnistar, Pfeiffer).  
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6.3 Optimization of ammonolysis parameters  

In a first step the parameters of ammonolysis had to be optimized to prepare mixed 

molybdenum oxide nitrides with Mo5O14 structure. For this purpose, ammonolysis 

temperature and ammonia flow rate were varied while reaction time was kept constant. 

Figure 6-1 shows the XRD powder patterns of ammonolysis products treated at a 

temperature range of 498 K – 573 K and 5 l/h NH3. The diffraction patterns of the samples 

ammonolyzed at 498 K and 523 K showed the same phase composition as the starting 

material (Mo,V)5O14. Elemental analysis provided information about the nitrogen content 

in the prepared samples. The nitrogen content could be increased by increasing the 

temperature. At 533 K and 548 K (Mo,V)5O14 was partially reduced to Mo9O25 by H2 

formed during decomposition of gaseous NH3
[145]. Mo3N2 was formed at 573 K [146]. 

Additionally, the effect of variation of ammonia gas flow was investigated. The 

incorporated nitrogen content could also be adjusted by modifying the ammonia gas 

flow. In contrast to temperature modification, the variation of ammonia gas flow did not 

influence the phase composition after ammonolysis. All results of optimization are 

summarized in Table 6-1. Consequently, a set of oxide nitrides with 1 wt%, 1.3 wt% and 

1.5 wt% nitrogen contents was prepared by varying ammonolysis temperature and 

ammonia gas flow. The Mo5O14-type oxide nitrides with 1 wt% or 1.3 wt% nitrogen were 

prepared at 498 K with 5 l/h or 10 l/h ammonia. Temperature was increased to 523 K for 

preparing oxide nitride with 1.5 wt% nitrogen adjusting an ammonia gas flow of 5 l/h. A 

surface area ABET of approximately 4 g/m2 was determined for all samples by N2 

physisorption. XRF analysis showed that metal contents were not affected by 

ammonolysis. 
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Figure 6-1: X-Ray powder patterns of ammonolysis products of (MoV)5O14 ammonolyzed at 

different temperatures with 10 h reaction time and a constant flow of 5 l/h NH3. The identified 

phases are marked by symbols (□ Mo5O14, ◊ Mo9O26, ○ Mo3N2) (ICSD 27202) [145,146]. 

 

Table 6-1: Nitrogen contents and phase composition of ammonolysis products of 

(MoV)5O14 while temperature and ammonia flow rate were varied. The reaction time was kept 

constant at 10 h.  

T / K �� �� / l·h-1
 wt% N Phase composition 

498 5 1.1 (Mo,V)5O14 
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6.4 Structural characterization 

6.4.1 Analysis of long-range structure (XRD) 

A Rietveld refinement of the Mo5O14 crystal structure to XRD powder patterns of 

(MoV)5O14 and its corresponding oxide nitrides with 1 wt%, 1.3 wt% and 1.5 wt% nitrogen 

was carried out. A pseudo-Voigt function convoluted with an axial divergence asymmetry 

function was used for Rietveld refinement [92,147]. The correction by an axial divergence 

asymmetry function was necessary to account for peak asymmetry at low diffraction 

angels due to instrumental effects [148]. The good agreement of the experimental and 

theoretical data showed that other crystalline phases were not detected (Figure 6-2). The 

formation of significant amounts of amorphous phases during ammonolysis was excluded 

by analyzing the XRD powder pattern of a mixture of 50 wt% of the sample and 50 wt% of 

α-Al2O3 as described in the literature [149].  

The results of Rietveld refinements of all samples are summarized in Table 6-2. In 

conjunction with ammonolysis and increasing nitrogen content of the samples a slight 

increase of the a/b parameter of the tetragonal crystal system was observed. No 

significant change in c parameter was determined. Consequently, cell volume was 

increased after ammonolysis. The increase of cell parameters might be explained by 

incorporation of nitrogen in the anion lattice of (Mo,V)5O14. Logvinovich et. al. reported a 

similar behavior of strontium-molybdenum oxide nitrides due to the larger effective ionic 

radius of N3- (1.32 Å) compared to O2- (1.26 Å) [94]. Additionally, an increasing cell volume 

of about 1 % was also found for different iron based materials when oxygen ions was 

substituted by nitrogen ions [46,150].  
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Figure 6-2: Rietveld refinements of (MoV)5O14 crystal structure to XRD powder patterns of 

(MoV)5O14 and its corresponding oxides nitrides with different nitrogen contents. Difference curves 

are shown under each refinement. Selected resulting parameters of refinements are given in    

Table 6-2. 
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Table 6-2: Results of Rietveld refinements and Williamson-Hall analysis of (MoV)5O14 

and its corresponding oxide nitrides with different nitrogen contents. 

 Oxide Oxide nitride 

1 wt.-% N 

Oxide nitride 

1.3 wt.-% N 

Oxide nitride 

1.5 wt.-% N 

a / Å 22.8666(4) 22.8969(8) 22.9302(8) 22.9491(8) 

c / Å 4.0027(9) 3.9939(2) 3.9950(2) 3.9936(2) 

V / Å3 2092.9 2093.2 2100.6 2103.3 

ε 0.061 0.095 0.148 0.171 

D / nm (57 ± 2) (56 ± 2) (54 ± 2) (57 ± 2) 

GOF 1.3 1.3 1.5 1.9 

Chi2 1.8 1.6 2.1 1.4 

FWHM (001) / °2θ 0.121 0.173 0.175 0.193 

 

A line broadening of the X-ray diffraction peaks after ammonolysis was observed. The 

FWHM of the most intensive line at 2θ=22.4 °2θ was 0.121 °2θ. After ammonolysis a 

FWHM of 0.193 °2θ was determined for the sample with the highest nitrogen content 

(see Table 6-2). The line broadening can be due to a decrease in particle size or increase 

in lattice strain. For a detailed analysis of the line broadening a size-strain analysis via the 

Williamson-Hall (WH) method was carried out [151]. The Williamson-Hall analysis assumes 

that total line broadening is represented by the sum of the contributions of particle size 

and lattice strain. Particle size D and the lattice strain ε can be determined by plotting 

(βhkl·cos θ)/λ versus sin θ according to the Williamson-Hall equation 

¡¢£¤¥ cos � = �¦ + �§¥ sin � [152]. (6-1) 

Integral breadth of LaB6 660a was used as XRD standard to correct the measured 

integral breadth for instrumental effects on line broadening. The corrected integral 

breadth βhkl was estimated by the expression 

]��� = ��]����[¨�©�ª¨«+ � �]�'�©4ª�[¨�4��+ �)/+ (6-2) 

which was used for WH analysis [153]. A isotropic distribution of particle size and lattice 

strain in the samples constitutes a required assumption for determining particle size and 

lattice strain. A linear evolution of the WH plot indicates an isotropic distribution. XRD 

powder patterns of all samples with Mo5O14-structure showed many overlapping 
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diffraction peaks. Hence, a simultaneous analysis of all diffraction peaks was required to 

perform a significant size-strain analysis of selected reflections with varying hkl [96]. 

Subsequently, the results of Rietveld refinement were used for WH analysis. According to 

the refinement procedure the FWHM of each diffraction peak was calculated from 

halfwidth parameters U, V and W. Afterwards, the FWHM was transferred into integral 

breadth according to the literature [100]. However, this procedure might not lead to 

information about isotropic distribution of particle size and lattice stain due to calculation 

procedure of FWHM. Therefore, an additional control of isotropic distribution was carried 

out by single line fitting of few selected reflections with varying hkl.  

The Williamson-Hall-plots for all samples resulted in a straight line over a wide angle 

range (Figure 6-3). Thus, particle size was calculated from intercept with the y-axis of the 

straight line while the lattice strain was obtained from the slope. The intercept with the 

y-axis revealed in average particle size of about 56 nm for all samples. Conversely, the 

slope had significantly changed from 0.061 to 0.171 after ammonolysis of (Mo,V)5O14. The 

degree of increase of lattice strain strongly depends on the amount of substitution of 

oxygen atoms by nitrogen atoms. Besides the increase of volume of elementary cell the 

increase of lattice strain confirmed the incorporation of nitrogen atoms in Mo5O14-

structure.  

 

Figure 6-3: Size and strain analysis of (MoV)5O14 and its corresponding oxide nitrides with 

different nitrogen contents samples by Williamson-Hall method. The selected diffraction peaks 

were chosen from all crystallographic directions. Results of size and strain are shown in Table 6-2. 
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6.4.2 Analysis of short-range structure (XAFS) 

X-ray absorption spectroscopy was carried out to analyze the influence of nitrogen 

incorporation on the short-range structure of the MoV oxide nitrides with 1 wt% and 

1.5 wt% N. The Mo5O14 structure consists of six different metal sites and 16 oxygen sites 

in one unit cell (Figure 6-4). Additionally, all metal sites are doubled due to mirror plane 

in the ab-plane and half occupied. The metal sites are coordinated by oxygen atoms in 

pentagonal bipyramidal geometry or disordered octahedron. A XAS measurement results 

in an average spectrum of all metal sites. Hence, analysis of EXAFS data of Mo5O14 

structure with its numerous metal sites cannot be carried out by refining a structure 

model of all metal sites. Although the χ(k) of all metal sites can be simulated, a 

refinement of all simulations to one spectrum would not succeed. A larger number of free 

parameters would be required than experimentally obtained. Thus, the refinement 

strategy was adapted to simulate an averaged spectrum of the Mo5O14 structure. 

Averaging distances can be used for analyzing complex structures such as 

(Mo,V)5O14 [30,154]. Vanadium was only to a small extent incorporated to stabilize the 

molybdenum based structure. Subsequently, the distinction of molybdenum and 

vanadium was omitted in the structure model. The metal-oxygen and metal-metal 

distances based on the XRD Rietveld refinements were averaged into three types of 

distances. The average coordination number of each scattering path was calculated from 

the classification of distances in respect to Mo5O14 structure. This structure model was 

refined to experimental data in two steps. One overall E0 shift and respective Debye-

Waller-factors for all distances were refined in the first step with average distances kept 

invariant. Afterwards, free-ranged average distances were added to the refinement 

procedure. Coordination numbers were kept invariant.  
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Figure 6-4: Left: View on the ab-plane of Mo5O14 structure with numbered metal sites of 

structural motif. Right: Coordination spheres of all metal sites of Mo5O14 structure. Mo-O distances 

were calculated from refined XRD atom positions. The values were applied to model of averaging 

distances for XAFS refinement.  

The pseudo radial distribution function, FT(χ(k)·k3), of all samples showed a similar 

shape. Two prominent peaks could be identified at 1-2 Å assigned to Mo-O distances. 

Furthermore, two peaks were observed in the range of 3-4 Å. These peaks were assigned 

to Mo-Mo distances. The XAFS spectra of (Mo,V)5O14 and its corresponding oxide nitrides 

could be well described with three Mo-O and three Mo-Mo distances. A good agreement 

between experimental FT(χ(k)·k3) of (MoV)5O14 and its corresponding oxide nitrides with 1 

and 1.5 wt-% and theoretical FT(χ(k)·k3) of model of average distances was achieved 

(Figure 6-5). Results of all refinements are shown in Table 6-3. Significance of the fitted 

parameters was determined by calculating confidence limits and statistical F parameters.  
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Figure 6-5: Top: Refinements of experimental FT(χ(k)·k3) to theoretical model of averaged 

distances of (MoV)5O14 and two oxide nitrides with different nitrogen contents. Bottom: Mo-O 

(blue) and Mo-Mo (green) scattering paths of refined FT(χ(k)·k3). The results of refinements are 

shown in Table 6-3. 

The disorder parameter, σ2, of the shortest Mo-O distance increased with increasing 

nitrogen content of the sample while σ2 of the middle Mo-O distance was not influenced 

by ammonolysis (Figure 6-6). Formation of oxygen vacancies or incorporated ions might 

cause structural disorder. Additionally, the shorter Mo-O scattering path was found to be 

the most intensive in all samples which might explain the influence on σ2 of the shorter 

Mo-O scattering path. The disorder parameters of the shortest and longest Mo-O 

distances had to be correlated to result in a statistically stable refinement. The necessity 

of the correlation of these parameters might be explained by considering Mo5O14 

structure. Most of the long Mo-O distances subtend the short Mo-O distances in 

octahedral coordination. Hence, the disorder parameter of the short Mo-O distance 

influenced the disorder parameter of the longer Mo-O distance. All Mo-O distances in c 

direction in Mo5O14 structure were classified as “axial” Mo-O distances (Figure 6-7). Thus, 
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it might be suggested that oxygen ions of the ab plane were primarily substituted by 

nitrogen ions. On this basis of the increase of the volume of the tetragonal elementary 

cell in a/b direction were plausible. Apparently, the Mo-Mo scattering paths were not 

significantly influenced by ammonolysis. Thus, it can be assumed that ammonolysis of 

(MoV)5O14 only led to changes in the anion lattice while the cation lattice was not 

significantly affected. XRD represents a complementary method to XAS by providing 

information about long-range structure. Combining these two methods, a detailed 

characterization of the structural influences of ammonolysis of (MoV)5O14 could be 

carried out. The increasing lattice strain obtained by XRD corroborated the increasing 

structural disorder in the local structure of the anion lattice. 

Table 6-3: Type, number (N), and XAFS disorder parameter (σ2) of atoms at a distance R 

from the Mo atoms in (MoV)5O14 and oxide nitrides with different nitrogen contents. Experimental 

distances and disorder parameters were obtained from refinement of a model of averaged 

distances based on XRD results (k range from 3 to 14 Å-1, R range from 0.9 to 3.96 Å, Nind =23 , 

Nfree = 5 - 11) 

Type Oxide 

 

N          R / Å      σ2 / Å2 

Oxide nitride 

1 wt.-% N 

N         R / Å       σ2 / Å2 

Oxide nitride 

1.5 wt.-% N 

N         R / Å       σ2 / Å2 

Mo-O 
“short” 

1.6f 1.74 0.0012c 1.6f 1.74 0.0013c 1.6f 1.74 0.0016c 

Mo-O 
“axial” 

3.8f 2.00 0.014 3.8f 2.00 0.014 3.8f 2.00 0.014 

Mo-O 
“long” 

0.7f 2.36 0.0012c 0.7f 2.36 0.0013c 0.7f 2.37 0.0016c 

Mo-Mo 
“short” 

1.3f 3.33 0.0058 1.3f 3.33 0.0055 1.3f 3.33 0.0057 

Mo-Mo 
“axial” 

2.3f 3.8 0.0036c 2.3f 3.80 0.0033c 2.3f 3.81 0.0034c 

Mo-Mo 
“long” 

1f 4.09 0.0036c 1f 4.06 0.0033c 1f 4.06 0.0034c 

Residual 10.5 8.5 9.2 

E0 / eV -1.78 9.08 7.88 
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Figure 6-6: Evolution of disorder parameter σ2 of two Mo-O distances obtained by EXAFS 

refinements as a function of nitrogen content. 

 

Figure 6-7: Classification of Mo-O distances in three types of distances (short: green, 

middle: yellow, long: purple) for XAFS refinement.  

6.4.3 Temperature-programmed oxidation (TPO) 

Increase of thermal stability constituted one crucial objective in synthesis of oxide 

nitrides with Mo5O14 structure. Apparent activation energy of nitrogen removal was 

investigated by temperature-programmed oxidation (TPO) in 20% oxygen in helium to 

give information about the stability of incorporated nitrogen. The recorded ion currents 

of m/e 18 (water) showed one peak between 550 K and 575 K followed by removal of 

nitrogen indicated by ion current m/e 28 (Figure 6-8). Each peak shifted to higher 
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temperatures with increasing heating rate. The dependence of the peak shift on the 

heating rate can be analyzed by Kissinger method [130]. The Kissinger method was used for 

the evaluation of apparent activation energies of rate determining steps from TGA 

measurements. Here, it could be adapted to analysis of evolution of ion currents. The 

relationship between heating rate and apparent activation energy is given by eq. (4-3). 

Apparent activation energies can be estimated by plotting ln(β/T2
max) vs. 1/Tmax. 

According to eq. (4-3) the apparent activation energies can be determined from the 

slope. It was assumed that these apparent activation energies could be assigned to the 

rate-determining steps of removal of water and nitrogen of the samples. The calculation 

resulted in activation energy of 132 kJ/mol for water removal and 278 kJ/mol for nitrogen 

removal. Hence, it can be assumed that oxygen ions were substituted by nitrogen ions 

and nitrogen was not adsorbed at the surface of the sample. Typical apparent activation 

energies for nitrogen and ammonia desorption of transition metal oxide surfaces are 

clearly below 100 kJ/mol [155,156]. Compared to nitrogen removal of MoO3-type oxide 

nitrides, the apparent activation energy of nitrogen removal of Mo5O14-type oxide 

nitrides was more than 100 kJ/mol higher. Nitrogen removal of Mo5O14-type oxide 

nitrides was shifted to higher temperatures. Subsequently, Mo5O14-type oxide nitrides 

revealed a higher thermal stability during TPO in 20% oxygen compared to MoO3-type 

oxide nitrides. Phase analysis of oxidized samples shared the formation of MoO3 and 

Mo2.4V3.6O16 (ICSD 644063, 202977).  

  

Figure 6-8: Ion currents of m/e 18 (water, blue) and m/e 28 (nitrogen, green) during TPO 

with 5, 10 and 15 K/min of oxide nitride with Mo5O14 structure (left). Apparent activation energies 

of water and nitrogen removal of both types of oxide nitrides were calculated out of a Kissinger 

plot (right).  
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6.5 Compensation of additional negative charge of nitrogen ions 

Incorporation of nitrogen ions in the anion lattice of (MoV)5O14 led to an additional 

negative charge by N3- compared to O2- which must be compensated. Charge 

compensation processes include [157]: (i) oxidation of metal centers (Mo or V), or 

(ii) additional incorporation of positive charges like H+, e.g. in the form of (NH)2-or (iii) 

generation of anion vacancies, e.g. 2*~� + 3}|� = 2*|A + \|∙∙ + 3~+}. 
6.5.1 Average valence of metal centers 

X-ray absorption near edge spectroscopy (XANES) was used to determine the average 

valence of the Mo and V metal centers. Mo K edge and V K edge XANES spectra of 

(MoV)5O14 and its corresponding oxide nitrides are given in the Appendix (Figure A 3-1, 

Figure A 3-2). Analyzing characteristic maxima in the Mo XANES spectra revealed the 

average valence of molybdenum metal centers [35]. Various molybdenum oxides (MoO3, 

Mo4O11, and MoO2) were used as references for a correlation between average valence 

and energy of the Mo K-edge. Analysis of Mo-XANES spectra revealed an average 

molybdenum valence of 5.66 for the oxide and 5.61 for the oxide nitride with 1.0 and 

1.5 wt-% nitrogen (Figure 6-9). 

 

Figure 6-9: Determination of average valences of molybdenum and vanadium in (MoV)5O14 

(circle) and two oxide nitrides with different nitrogen contents (diamond). A set of references 

(squares) of each element was used for calibration of average valence to relative maximum of Mo 

K edge spectra and absorption edge position of V K edge spectra [35,158]. 
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Figure 6-10: Refinements of XANES data for V K edge using three Gaussian functions and 

one arctangent function of (MoV)5O14 and two oxide nitrides with different nitrogen contents.  

A refinement of three Gaussian functions and an arctangent function to simulate the 

absorption edge jump resulted in a good agreement with V XANES spectra                            

(Figure 6-10) [158]. The centroid of the arctangent function represents the position of the 

absorption edge. Fitting of XANES spectra of a set of vanadium oxide references (V2O3, 

VO2(M), V6O13 and V7O13) yielded a linear dependency of the energy of the adsorption 

edge on the average valance. Refinements of the references spectra are shown in 

Appendix (Figure A 3-3). Applying this fitting method resulted in an average vanadium 

valence of 4.50 for the oxide and 4.40 for the oxide nitrides (Figure 6-9). In conclusion, 

analysis of XANES spectra revealed a minor changed average valence of metal centers. 

The average valence of metal centers should have been increased by 0.05 when 
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compensation of additional negative charge occurred by oxidation of metal centers. 

Hence, oxidation of metal centers to compensate additional negative charge could be 

excluded.  

6.5.2 Fourier transform infrared spectroscopy (FTIR) 

FTIR spectra were recorded to compare characteristic vibrational modes before and 

after ammonolysis (Figure 6-11). Refining Gaussian functions to the spectra resulted in 

maximum peak positions which are summarized in Table 6-4. The spectra showed the 

symmetric stretching vibrations of Mo=O group in a wavenumber range from 900 to 

1000 cm-1. The bands at lower wavenumber are due to asymmetric vibrations of Mo-O-

Me (Me = Mo, V) and V-O-Mo bridging bonds [159–161]. After ammonolysis the same bands 

could be identified below 1000 cm-1. Additionally, a slight shift of Mo-O-Me and Mo-O 

bands to lower wavenumbers was revealed by analysis of band positions in the FTIR 

spectra of Mo5O14-type oxide nitrides. Gallego reported a similar behavior in the 

characterization of LaFeO3-XNX and attributed this shift to an incorporation of nitrogen in 

iron-oxygen octahedron [46]. This explanation may be adapted to the Mo5O14 structure 

consisting of molybdenum-oxygen octahedron. Band shift to lower wavenumbers is 

connected with a weakening of the bond. Hence, decreasing metal-oxygen bond strength 

may lead to an increased oxygen mobility and altered redox properties for selective 

oxidation of propene [104,162]. Compared to the spectrum of oxides an additional band at 

1055 cm-1 appeared in the spectrum of all oxide nitrides. This band could be assigned to 

the stretching mode of Mo-N bonds [163]. Detecting a Mo-N stretching mode indicated the 

incorporation of nitrogen atoms in the anion lattice of (MoV)5O14. Additionally, oxide 

nitrides with 1.3 and 1.5 wt-% nitrogen showed a N-H bending mode at 1405 cm-1 [49]. 

Hence, intensified treatment of (MoV)5O14 with ammonia resulted in the formation of 

incorporated (NH)2-.  

In summary, oxidation of Mo or V metal centers for charge compensation could be 

excluded by XAS measurements. An additional incorporation of (NH)2- was only 

detectable for samples with 1.3 and 1.5 wt% nitrogen. Elemental analysis of oxide nitrides 

confirmed the absence of hydrogen at 1.0 wt% nitrogen. Apparently, at low nitrogen 

contents the additional negative charge was only compensated by formation of oxygen 
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vacancies. Formation of (NH)2- might be parallel process by intensified treatment 

of (MoV)5O14.  

 

Figure 6-11: FTIR-spectra of (MoV)5O14 and its corresponding oxide nitrides with different 

nitrogen contents. The positions and assignments of bands are listed in Table 6-4.  

Table 6-4: Positions and assignments of refined FTIR bands of (MoV)5O14 and its 

corresponding oxide nitrides with different nitrogen contents.  

Oxide 
Oxide nitride 

1 wt.-% N 

Oxide nitride 

1.3 wt.-% N 

Oxide nitride 

1.5 wt.-% N 

Vibration mode 

(Me=Mo,V) 
 

569 565 564 559 Mo-O-Me [159] 

592 589 589 585 V-O-Mo [161] 

628 632 632 631 Mo-O-Me [160] 

731 728 732 731 Mo-O-Me [161] 

814 810 813 813 Mo-O-Me [159,161] 

865 861 865 861 Mo-O-Me [159,161] 

909 904 907 895 Mo=O symmetric 

stretching 

[159,161] 

980 976 976 955 Mo=O symmetric 

stretching 

[159,161] 

--- 1055 1057 1057 Mo-N stretching [163] 

--- --- 1405 1409 N-H bending [49] 
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6.6 Influence on electrical properties 

6.6.1 Analysis of d.c. conductivity 

Substitution of anions associated with formation of oxygen vacancies should strongly 

influence the electronic properties of the oxide nitrides. Electrical properties were 

measured by impedance spectroscopy. Nyquist plots (negative imaginary part of 

impedance -Z’’ vs. real part of impedance Z’) are shown in Figure 6-12. The spectrum of 

each sample measured at room temperature consisted of slightly depressed semicircles. 

The ohmic resistances were determined by refining an equivalent circuit to the 

experimental spectra. A parallel connection of an ohmic resistor R and a constant phase 

element (CPE) was used as an equivalent circuit [118]. Using a CPE instead of a capacitor C 

describes the deformation of semicircle in experimental data and represents a widely-

used empirical model. Additionally, the ohmic resistor in the equivalent circuit has the 

practical advantage that d.c. conductivity can easily be determined by refining ohmic 

resistances R [118]. The refinement resulted in an increased conductivity with higher 

nitrogen contents. Bulk conductivities exhibited an exponential dependence on nitrogen 

content. The increase of electrical conductivity with higher substitution degree might be 

due to the formation of oxygen vacancies [164]. This will lead to an increase in mobility of 

lattice oxygen [39,165].  

 

Figure 6-12: Left: Nyquist presentation of impedance measurements of (MoV)5O14 and its 

corresponding oxide nitrides with different nitrogen contents at 298 K in a frequency range of 1 Hz 

– 10 MHz. Spectra of oxide nitrides are enlarged presented (inset).Right: D.c. conductivities as 

function of nitrogen content.  
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The evolutions of d.c. conductivities of (MoV)5O14 and its corresponding oxide nitrides 

during thermal treatment in 20 % oxygen in nitrogen up to 650 K are shown in                  

Figure 6-13. The temperature-dependent d.c. conductivities were also calculated from 

refined ohmic resistances. All samples exhibited a semiconducting behavior 

corresponding to an increasing conductivity with temperature. In contrast to (MoV)5O14 

the conductivities of oxide nitrides slightly decreased in a temperature range of 550 K to 

620 K. In the remaining temperature range the oxide nitrides showed also a 

semiconductor behavior. The increase of conductivities was dependent on nitrogen 

content of the sample. Analyzing the evolved gas phase by mass spectrometer revealed a 

release of nitrogen (m/e 28) in the same temperature range. After release of nitrogen the 

conductivities increased again before phase transition of (MoV)5O14 to MoO3 started. 

Comparable studies on MoO3-type oxide nitrides showed that conductivities after 

nitrogen removal were the same as α-MoO3 
[48]. Conversely, conductivities of Mo5O14-

type oxide nitrides exhibited a dependence on nitrogen content above 620 K after 

removal of nitrogen. Apparently, structural defects caused by anion substitution in 

(MoV)5O14 were preserved after nitrogen removal in the temperature range of selective 

propene oxidation. 

 

Figure 6-13: Evolution of conductivities of (MoV)5O14 and its corresponding oxide nitrides 

with different nitrogen contents and evolution of ion current m/e 28 (nitrogen) of (MoV) oxide 

nitride with 1.0 wt.-% N during thermal treatment in air (green line).  
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From an Arrhenius type presentation of conductivities of all samples up to 500 K 

apparent activation energies for extrinsic conduction were calculated (Figure 6-14). 

Because of nitrogen removal from 550 to 620 K and phase transformation above 673 K in 

air no reliable activation energies could be obtained at higher temperatures. The 

activation energies for extrinsic conduction decreased with higher degree of substitution 

of oxygen ions by nitrogen ions from 0.44 eV to 0.35 eV. The decreasing activation 

energies corroborated the formation of structural defects. Apparently, formation of 

oxygen vacancies led to changes in band structure. Consequently, electron transition 

from valence band to conduction band was facilitated. 

 

Figure 6-14: Arrhenius-type presentation of conductivities of (MoV)5O14 and its 

corresponding oxide nitrides with different nitrogen contents. Activation energies of extrinsic 

conduction processes were calculated from the slope of linear evolution of conductivities.  

6.6.2 Analysis of a.c. conductivity 

A more detailed explanation for differences in conductivities could be provided by an 

analysis of a.c. conductivity σa.c.. The frequency dependent a.c. conductivity was 

calculated from real and imaginary part of the impedance Z’ and Z’’ using the relation 

S�.�.�C� = 1√2′+ + 2′′+ L ��M (6-3) 
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where l describes the thickness of the pellet and A the contact area to the electrodes. 

Figure 6-15 shows the angular frequency dependent conductivities spectra of (MoV)5O14 

measured in a temperature range of 335 K to 625 K. Two different regions were observed 

in the spectra. The low frequency range exhibited a frequency independent plateau 

region which corresponds to d.c. conductivity. Otherwise, at higher frequencies the a.c. 

conductivity increased with increasing angular frequency. This region is known as 

dispersive region. The hopping frequency ωh indicates the frequency at which the 

dispersion takes place [166]. The a.c. conductivity spectra followed Jonscher’s universal 

power law which explains the conductivity of solids: 

S�.�.�C� = S«.�. + �C�� [167].  (6-4) 

On the basis of this power law a non-linear refinement was carried out to determine 

hopping frequency ωh and d.c. conductivity σd.c.. The refined values of σd.c were in good 

agreement with results of refined equivalent circuits in chap. 6.6.1. The calculated values 

of n were in a range of 1.10 – 1.49 for (MoV)5O14. Hence, the hopping motion involved 

localized hopping without the species leaving the neighborhood [168]. From these results 

charge carrier concentration could be calculated by using following relationship between 

σd.c. and ωh: 

S«.�. = H� C� (6-5) 

with H = *�+�+�-) (N: charge carrier concentration, e: electron charge, T: 

temperature, k: Boltzmann constant). According to the literature the correlation factor 

γ was set to 1 and the distance between two adjacent sites was taken as 3 Å [169]. The 

charge carrier mobility µ was calculated by 

� = S«.�.* ∙ � (6-6) 

Performing this calculation procedure to spectra of all samples the charge carrier 

mobility as a function of temperature was calculated for all samples (Figure 6-16). The 

charge carrier mobility increased with higher temperatures. Similar differences 

concerning each sample were revealed compared to d.c. conductivities. The nitrogen 
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removal led to a slight decrease in charge carrier mobility. Above 550 K spectra of the 

oxide nitride with 1.5 wt% nitrogen did not follow the mentioned power law. Additionally, 

the charge carrier concentration did not change significantly during thermal treatment of 

each sample. Thus, all changes in conductivities could be attributed to a modification of 

charge carrier mobility after ammonolysis of (MoV)5O14.  

 

Figure 6-15: Frequency dependence of a.c. conductivity of (MoV)5O14 in a temperature 

range of 336 – 626 K in 20 % oxygen in nitrogen.  

 

Figure 6-16: Evolution of charge carrier mobility during thermal treatment in 20 % oxygen 

in nitrogen of (MoV)5O14 and its corresponding oxide nitrides with different nitrogen contents.  
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6.6.3 Dependency of conductivity on oxygen partial pressure 

The total conductivity in a solid oxide can be classified in three types: electronic p-

type (σp) or n-type (σn) and ionic conductivity (σion). Each conductivity type shows a 

different dependency on oxygen partial pressure [121]:  

®S�®�|.
> 0 (6-7) 

®S�®�|.
< 0 (6-8) 

®S'��®�|.
= 0 (6-9) 

The total conductivity σtot is given by the sum of the three types. Conductivity of 

electronic conductors changes with partial oxygen pressure as pO2
-1/4 or pO2

+1/4. According 

to eq. (6-10) the ionic conductivity can be determined by plotting σtot as a function of 

pO2
-1/4 or pO2

+1/4, respectively. However, in many cases the dependence of σtot on oxygen 

partial pressure is significantly weaker than in ideal cases given by the exponent n in 

pO2
±1/n [170]. The value of n gives information how ionic conductivity governs the electronic 

conductivity.  

S4�4 = S'�� + S� + S� = S'�� + � ∙ �|.-)/� + � ∙ �|.;)/�
 (6-10) 

The total conductivity σtot of (MoV)5O14 and its oxide nitride with 1 wt% nitrogen is 

shown in Figure 6-17 as a function of oxygen partial pressure. The determination of 

exponent n revealed that both samples were mixed p-type semiconductors (n > 0). This 

type of conductivity could be attributed to existence of acceptor levels. In addition, the 

ratio of σion to σtot was calculated and is given in Table 6-5. The substitution of O2- by N3- 

led to a significant increase in contribution of σion. σtot was almost independent of po2. The 

mobility of O2- and the concentration of oxygen vacancies influence the oxygen ion 

conductivity. Recent studies on ionic conductivity of N3- indicated a fast nitrogen ion 

conductivity [171]. Hence, incorporation of N3- led to a higher concentration of mobile ions. 
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The absolute value of σp was also increased after ammonolysis. The orbital energy of 

nitrogen 2p orbitals is slightly higher than the O 2p orbital energy [172]. Hence, new 

acceptor levels were formed by ammonolysis. Additionally, energy levels of formed 

vacancies are located close to the valence band. Subsequently, σp was increased due to 

conduction of electrons [170].  

 

Figure 6-17: Total conductivity as a function of partial oxygen pressure of (MoV)5O14 and 

its oxide nitride with 1 wt% N at 648 K and 673K. 

Table 6-5: Electrochemical properties of (MoV)5O14 and its oxide nitride with 1 wt% N. 

 n (pO2
±1/n)  

648 K 

n (pO2
±1/n)  

673 K 

σion / σtot  

648 K, 21kPa 

σion / σtot  

673 K, 21kPa 

Oxide 9.7 12.5 0.52 0.65 

Oxide nitride 

1 wt.-% N 

31.7 39.5 0.85 0.87 
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6.7 Conclusion 

Substituting oxygen ions in the anion lattice of (MoV)5O14 with nitrogen ions 

preserved the Mo5O14 structure. Nitrogen content of the Mo5O14-type oxide nitrides could 

be adjusted by varying temperature and ammonia gas flow. Average valence of metal 

centers was not affected by incorporation of nitrogen. The additional negative charge of 

incorporated nitrogen atoms compared to oxygen atoms was mainly compensated by 

formation of oxygen vacancies. Samples with higher nitrogen content showed an 

additional formation of (NH)2-. Incorporation of nitrogen ions weakened the average 

metal-oxygen bond strength. Investigations of electrical properties were carried out using 

impedance spectroscopy. Incorporation of nitrogen ions resulted in a correlation between 

increasing conductivity and nitrogen content. Hence, the formation of oxygen vacancies 

led to changes in band structure and eased electron hopping from the valence to the 

conduction band. Structural characterization was performed by XRD and XAFS. Both 

methods revealed complementary results by analyzing long-range and short-range 

structure. Incorporation of nitrogen ions led to increasing XAFS disorder parameter and 

lattice strain (XRD). A structure-function correlation between structural parameters and 

d.c. conductivity could be described (Figure 6-18).  

Temperature-programmed oxidation revealed remaining differences of conductivity 

of Mo5O14-type oxide nitrides after nitrogen removal. Furthermore, an improved stability 

during TPO compared to MoO3-type oxide nitrides was determined which can be 

associated to the non-layer structure of Mo5O14. The improved stability during TPO might 

also lead to an improved stability during treatment under reaction conditions. Compared 

to previous studies on MoO3-type oxide nitrides this range of molybdenum-based oxide 

nitrides could be successfully applied to a more relevant system for studies in selective 

oxidation of propene.  
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Figure 6-18: Structure-function correlation between structural disorder parameter, lattice 

strain and d.c. conductivity of mixed molybdenum oxide nitrides with Mo5O14 structure.  
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7 In situ characterization of mixed molybdenum 

oxide nitrides 

7.1 Introduction 

Oxygen ions of (Mo,V)5O14 were successfully substituted by nitrogen ions via 

ammonolysis to prepare mixed molybdenum oxide nitride. Investigations on the 

ammonolysis products of (Mo,V)5O14 showed oxide nitrides with a preserved crystal 

structure and an invariant cation composition. The substitution resulted in a significant 

dependence of conductivity on degree of substitution. The dependence was preserved 

after nitrogen removal. Studies on MoO3-type oxide nitrides showed that reducibility was 

significantly influenced by ammonolysis. Reducibility is expected to be a crucial property 

of catalysts in selective oxidation reactions and describes the ease of the oxygen 

extraction from a catalyst [21,173]. Hence, TPR measurements were carried out to 

investigate oxygen mobility. Enhancing thermal stability of oxide nitrides constitutes an 

essential objective of this work. Compared to MoO3-type oxide nitrides an improved 

stability of oxide nitrides can be assumed due to an increased apparent activation energy 

of nitrogen removal during TPO. Structural characterization by complementary XRD and 

XAS revealed an increasing structural disorder as a function of nitrogen content. Both 

methods represent well-known analytical methods for in situ investigations [125]. 

Accordingly, in situ experiments under catalytic conditions might give information about 

stability during treatment under reaction conditions. Gas phase composition during 

selective propene oxidation was determined by online mass spectrometry und gas 

chromatography at different temperatures to elucidate relationships between electronic 

properties and catalytic performance.  
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7.2 Experimental 

7.2.1 Temperature-programmed reduction with H2 

Temperature-programmed reduction (TPR) experiments were carried out with a 

catalyst analyzer from BEL Japan Inc. equipped with a silica glass tube reactor. Samples 

were placed on silica wool inside the reactor next to a thermocouple. A gas flow 

(5% hydrogen in argon) of 60 ml/min was adjusted during reaction. Heating rates used 

were 5, 10, 15 K/min to 1023 K while hydrogen consumption was measured using a TCD. 

For measurements 30 mg of samples were used. 

7.2.2 X-Ray Absorption spectroscopy (XAS) 

Transmission X-ray absorption spectroscopy (XAS) was performed at the V K edge 

(5.465 keV) and the Mo K edge (19.999 keV) at beamline C, and X1, respectively, at the 

Hamburg Synchrotron Radiation Laboratory, HASYLAB, using a Si(111) (V K edge) or 

Si(311) (Mo K edge) double crystal monochromator. Boron nitride (hexagonal, Alfa Aesar, 

99.5%) was used as diluent for in situ measurements. Mixtures of samples and boron 

nitride were pressed into self-supporting pellets with a diameter of 5 mm. References 

were diluted with wax (Hoechst wax C micropowder, Merck) and pressed into self-

supporting pellets with a diameter of 13 mm for ex situ measurements. Sample masses 

were calculated to result in an edge jump of Δμ(d) = 1.5 at the Mo K edge and Δμ(d) = 0.3 

at the V K edge.  

TPR experiments were carried out in an in situ XAS flow reactor at atmospheric 

pressure with flowing reactants (5% propene in helium, ~30 ml/min) and in a temperature 

range from 298 K to 763 K (5 K/min) [174]. Holding time at 763 K of the oven was aborted 

when no structural change could be observed. In situ experiments under catalytic 

conditions were carried out in a gas mixture of 5 % propene and 5 % oxygen in helium 

(~30 ml/min) while the reactor was heated up to 723 K with 5 K/min. Reactant gas flow 

rates of propene, and helium were adjusted through separate mass flow controllers 

(Bronkhorst). Additionally, a mass spectrometer (Omnistar, Pfeiffer) was connected to 

continuously monitored reactant and product gas composition.  
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Data analysis was performed using the software package WinXAS v.3.2 [88]. 

Background subtraction and normalization were carried out by fitting a linear polynomial 

to the pre-edge region and a third degree polynomial to the post-edge region, 

respectively. The X-ray absorption fine structure (EXAFS) χ(k) at the Mo K edge was 

extracted by using cubic splines to obtain a smooth atomic background, µ0(k) in the k 

range from 3 to 14 Å-1. The radial distribution function FT(χ(k)·k3) was calculated by 

Fourier transformation of the k3-weighted experimental χ(k) function, multiplied by a 

Bessel window, into the R space. XAS structural model and refinement procedure is 

described in chap. 6.4. 

7.2.3 X-ray diffraction (XRD) 

In situ XRD measurements were conducted on a STOE STADI P diffractometer 

(θ-θ geometry) using an Anton-Paar in situ cell. The experiments were carried out in a 

temperature range from 323 K to 698 K (effective heating rate 0.14 K/min) and in 

5% propene and 5% oxygen in He. Measurements were performed in reflection mode in a 

range of 20 – 47° 2θ in steps of 0.02° 2θ with a sampling time of 5 s/step. The 2θ range 

was increased to 20 – 63° 2θ for all measurements at 323 K. A total flow of 100 ml/min 

was adjusted by mass flow controllers (Bronkhorst). The gas phase composition at the cell 

outlet was continuously monitored using a non-calibrated mass spectrometer in a 

multiple ion detection mode (Pfeiffer Omnistar). Data analysis was performed by using 

software packages WinXAS v.3.2 and FullPROF suite program 1.10 [86–88]. 

7.2.4 Catalytic characterization 

Catalytic activities were measured in a conventional fixed bed reactor connected to an 

online gas chromatography system (CP-3800, Varian). The fixed-bed reactor consisted of a 

SiO2 tube (length 30 cm, inner diameter 9 mm) placed vertically in a tube furnace. The 

sample was placed on a frit in the center of the isothermal zone. The catalyst bed in the 

reactor was approximately 2 cm in height. To achieve a constant volume in the reactor 

and to quench thermal effects, catalyst samples (about 50 mg) were diluted with boron 

nitride (hexagonal, Alfa Aesar, 99.5%) to result in an overall sample mass of 250 mg. To 



116 Chapter 7 - In situ characterization of mixed molybdenum oxide nitrides 

 

ensure differential reaction conditions, the reactor was operated at low propene 

conversion levels below 10 %. 

Hydrocarbons and oxygenated reaction products (acetic aldehyde, propionic 

aldehyde, acetone, acrolein, isopropyl alcohol, n-propanol, allyl alcohol, acetic acid, 

propionic acid, acrylic acid, acrylonitrile, acetonitrile, and propionitrile) were analyzed 

using a Carbowax 52CB capillary column, connected to an Al2O3/MAPD capillary column, 

and a fused silica restriction (25 m, 0.32 mm), respectively. Each column was connected 

to a flame ionization detector. O2, N2, CO2 and CO were separated and analyzed using a 

Varian CP-3800 permanent gas analyzer connected to a thermal conductivity detector.  

Reactant gas flow rates of oxygen, propene, and helium were adjusted through 

separate mass flow controllers (Bronkhorst) to a total flow of 40 ml/min. A mixture of 

5% propene and 5% oxygen in helium was used for catalytic testing in the range of 648 - 

698 K. Additionally, a mass spectrometer (Omnistar, Pfeiffer) was connected to 

continuously monitored reactant and product gas composition.  

Conversion X of the key component k and selectivity S towards product pn were 

calculated from the measured volume fractions, Vol%, according to eq. (5-1) and 

eq. (5-2). The carbon balances were always higher than 0.98 (eq. (5-3)). The reaction 

rates for one compound were calculated from eq. (5-4). The experimental error of the 

given reaction rates and selectivities was estimated from the relative errors of reactant 

gas flow rates and catalyst sample masses. 

7.2.5 Elemental analysis 

Amounts of C, H and N were in the samples determined by using an analyzer 

(FlashEA 1112 NC, ThermoFinnigan/ThermoElectron) with CHNS-O configuration. In 

addition to measurements of samples as prepared, measurements were carried out to 

determine nitrogen contents of treated samples. 

7.3 Reducibility of Mo5O14 and its corresponding oxide nitrides 

According to the mentioned redox mechanism, availability of lattice oxygen plays an 

important role for selective oxidation of propene. Temperature-programmed reduction 
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experiments (TPR) are commonly used for characterizing the availability of lattice oxygen 

of catalysts in selective oxidation reactions [175,176]. In a first step reducibility in 

5% hydrogen in helium was investigated (Figure 7-1). The evolution of hydrogen 

consumption of all samples showed one peak attributed to the reduction to MoO2. The 

peak shifted to higher temperatures with increasing heating rate. The maximum of 

hydrogen consumption was shifted to lower temperatures after ammonolysis of 

(MoV)5O14. According to eq. (4-3) the Kissinger method was used to determine the 

apparent activation energies of reduction to MoO2 [130]. The calculation resulted in an 

apparent activation energy of 217 kJ/mol for (MoV)5O14 and 185 kJ/mol for its oxide 

nitride with 1.0 wt% N. Reducibility of mixed molybdenum oxides was significantly 

influenced by substitution of lattice oxygen ions by nitrogen ions.  

  

Figure 7-1: Left: Hydrogen consumption during TPR of (MoV)5O14 and oxide nitride with 

1.0 wt% N. Right: Kissinger plot for determination of apparent activation energies of reduction of 

(MoV)5O14 and oxide nitride with 1.0 wt% N to MoO2 according to eq. (4-3).  

Additionally, reducibility of (MoV)5O14 and the corresponding oxide nitrides in 

propene was investigated using in situ XAS during TPR in 5% propene in helium up to 

763 K (Figure 7-2). Phase transformation of (MoV)5O14  to MoO2 was observed at 700 K. 

The reduction of (MoV)5O14 proceeded in a one-step reaction to MoO2 without any 

detectable intermediate phases [20]. The measured XANES spectra were fitted with a 

linear combination (LC) of (MoV)5O14 and MoO2 reference spectra to determine the phase 

composition during TPR (Figure 7-3). The respective α-traces were calculated from the 

phase composition during TPR. A strong dependence of the onset of reduction on 

nitrogen content was shown. The onset temperature was lowered from 700 K to 650 K by 
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incorporation of nitrogen. Because of the similar long-range structure and crystallinity, 

the improved reducibility of the oxide nitrides can be attributed to an increased 

availability of lattice oxygen. This increased oxygen availability correlated with an 

increased density of oxygen vacancies. A linear correlation could be established between 

temperature of extent of reduction α = 0.5 (phase ratio Mo5O14:MoO2 = 1) and 

conductivity. Reducibility describes the lattice oxygen availability. Subsequently, the 

found relation corroborated that the increasing conductivity was associated with 

increasing oxygen availability. 

 

Figure 7-2: Evolution of in situ XANES spectra (MoV) oxide nitride with 1.0 wt% N during 

TPR from 300 K to 763 K (5% propene in He). 
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Figure 7-3: Left: Evolution of phase composition during TPR in 5 % propene up to 763 K of 

(MoV)5O14 and its oxide nitrides with 1.0 and 1.5 wt% N. Right: Temperatures at a conversion 

degree α = 0.5 during TPR as a function of conductivities of impedance measurements indicated a 

correlation between conductivity and oxygen availability. 

Evolution of ion currents of m/e 14 (nitrogen) during TPR and the amount of Mo5O14 is 

shown in Figure 7-4. Ion currents of both oxide nitride samples showed a peak which was 

attributed to removal of nitrogen. The peak of the sample with higher nitrogen content 

was more intensive and shifted to lower temperatures. The onset of nitrogen removal 

started after 10% of Mo5O14 were transformed to MoO2. Hence, it might be assumed that 

the removal of nitrogen was promoted by the transformation of tetragonal in monoclinic 

crystal system.  

 

Figure 7-4: Evolution of phase content of Mo5O14 of oxide nitrides with 1.0 and 1.5 wt% N 

(squares) and ion current m/e 14 (nitrogen) of (MoV)5O14 and its oxide nitrides with 1.0 and 

1.5 wt% N during TPR in 5 % propene up to 763 K. 
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XANES spectra of reduced samples after TPR in 5% propene up to 763 K are shown in 

Figure 7-5. Mo XANES spectra exhibited a similar trend as the reference spectrum of 

MoO2. The average valence of Mo was determined by analyzing the relative maximum 

position to the Mo K edge according to correlation in Figure 6-9 [35]. The average valence 

amounted to 3.9 for all samples which is close to that of MoO2. In addition, the pseudo 

radial distributions, FT(χ(k)·k3), of all samples showed a similar shape to the FT(χ(k)·k3) of 

MoO2 [177]. Theoretical FT(χ(k)·k3) of structure model of MoO2 could be refined to 

experimental data with good agreement (Table A 4-1). Significance of the fitted 

parameters was determined by calculating confidence limits and statistical F parameters. 

The XAFS spectra could be well described by three Mo-O and four Mo-Mo distances. The 

resulting atom distances and disorder parameters, σ2, of all samples showed no 

significant differences. The trend of V K edge XANES spectra of all samples after TPR was 

similar to the reference spectrum of V2O3 in agreement with previous investigations on 

(MoV)5O14 
[30]. The same average valence of vanadium was calculated for all samples.  

 

Figure 7-5: XANES spectra of reduction products (TPR in 5 % propene/He up to 763 K) of 

(MoV)5O14, its oxide nitrides with 1.0 and 1.5 wt% N and selected references at Mo K edge (left) 

and V K edge (right). 
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investigate structural evolution and stability of oxide nitrides. Evolution of in situ XRD 

powder patterns of tetragonal (MoV)5O14 and its corresponding oxide nitride with 1.5 

wt% nitrogen is shown in Figure 7-6. According to the literature crystal structure of 

(MoV)5O14 was stable during treatment under reaction conditions up to 698 K [20]. In 

addition, tetragonal Mo5O14-structure of Mo5O14-type oxide nitride was preserved. The 

known linear expansion of lattice parameter c with temperature was also observed for 

oxide nitride similar to that of (MoV)5O14. Conversely, the evolution of the a parameter 

showed differences (Figure 7-7). Lattice parameter a of (MoV)5O14 remained constant 

during first treatment under reaction conditions. An intermediate expansion with 

maximum elongation at 648 K of a parameter was observed. In agreement with Rietveld 

refinements of the Mo5O14 crystal structure to XRD powder patterns of samples as 

prepared the a parameter of oxide nitride was increased at the beginning of treatment 

under reaction conditions compared to (MoV)5O14. A slight decrease of the a parameter 

was observed above 623 K. During the second treatment under reaction conditions the 

evolution of a parameter was similar to that of (MoV)5O14 up to 648 K.  

Determination of lattice strain was carried out by Williamson-Hall analysis of 

20 selected hkl diffraction peaks using eq. (6-1). The Williamson-Hall plot resulted in 

straight lines. Lattice strain was calculated from the slope for each measurement. The 

evolution of lattice strain as a function of temperature is shown in Figure 7-7. The lattice 

strain of (MoV)5O14 slightly decreased at around 600 K followed by an increase up to 

698 K. During the second treatment under reaction conditions lattice strain of (MoV)5O14 

increased linear with temperature. Comparing both successive treatments, no significant 

differences in lattice strain were observed in a temperature range of 623 to 698 K. Lattice 

strain of Mo5O14-type oxide nitride increased linear with temperature up to 623 K in both 

runs. Afterwards, lattice strain decreased strongly and remained almost constant with 

increasing temperature up to 698 K.  



122 Chapter 7 - In situ characterization of mixed molybdenum oxide nitrides 

 

 

Figure 7-6: Evolution of XRD powder patterns during treatment in 5% propene, 5% oxygen 

in He. Left: (MoV)5O14, right: Mo5O14-type oxide nitride. 

 

Figure 7-7: Evolution of lattice strain of (MoV)5O14 and its oxide nitride during two 

consecutive treatments in 5% propene, 5% oxygen in He up to 698 K. 
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remained constant during the second treatment under reaction conditions. After 
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compared to that of starting (MoV)5O14. A decreasing lattice stain might be associated 
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with a partial removal of nitrogen. Elemental analysis of treated samples resulted in 

residual nitrogen content of 0.25 wt%. Consequently, Mo5O14-type oxide nitrides showed 

an increased stability during treatment under reaction conditions compared to MoO3-

type oxide nitrides.  

 

Figure 7-8: Williamson-Hall analysis of XRD powder patterns at 323 K before treatment, 

after first and second treatment under reaction conditions.  

Table 7-1: Lattice strain of (MoV)5O14 and oxide nitride with 1.5 wt% N before, after first 

and second treatment under reaction conditions calculated from Williamson-Hall analysis. 

 Oxide Oxide nitride 

1.5 wt.-% N 

Start 0.057 0.141 

After 1st treatment 0.038 0.064 

Final 0.027 0.064 

 

After in situ XRD experiment in catalytic atmosphere, a TPO of the Mo5O14-type oxide 

nitride was carried out. The evolution of ion currents (m/e 14, 18, 28, 32, 44) during TPO 

is shown in Figure 7-9. At temperatures below 373 K a peak of m/e 18 was observed 

which was attributed to water adsorbed at the surface of the catalyst. A peak of m/e 28 

and m/e 44 was identified at 615 K combined with a decrease of m/e 32. The peak of 

m/e 28 was attributed to the formation of CO because an increase of m/e 14 (nitrogen) 

was not observed. Adsorbed hydrocarbon species of treatment under reaction conditions 

were desorbed and oxidized to CO/CO2 and water. A second peak of m/e 28 was observed 

at 765 K. On the basis of the additional peak of m/e 14 at the same temperature the 
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peaks were attributed to nitrogen removal. Subsequently, the analysis of ion currents 

during TPO corroborated the results of elemental analysis of treated samples. Treated 

oxide nitrides still contained a residual amount of nitrogen.  

 

Figure 7-9: Evolution of ion currents (m/e 14, 18, 28, 32, 44) during TPO of oxide nitride 

after treatment under reaction conditions. Associated temperature program is indicated by purple 

line.  

7.4.2 X-ray absorption spectroscopy (XAS) 

Evolution of in situ XANES spectra of (MoV)5O14 and oxide nitrides with 1.0 and 

1.5 wt% nitrogen during treatment under reaction conditions is shown in Figure A 4-1. It 

confirmed the results of in situ XRD experiments that the Mo5O14-structure was preserved 

during treatment under reaction conditions. A slight shift of relative Mo K edge position 

to lower energies was observed after ammonolysis of (MoV)5O14. In addition, 

investigations on MoO3 and its corresponding oxide nitrides revealed a correlation 

between the slight shift of relative Mo K edge position and stability of oxide nitrides. The 

evolution of Mo K edge shift of (MoV)5O14 and oxide nitrides with 1.0 and 1.5 wt% N was 

determined from the XANES spectra (Figure 7-10). A second treatment under reaction 

conditions of the oxide nitride with 1.0 wt% N could not be carried out due to insufficient 

beam time. The relative Mo K edge position of (MoV)5O14 did not change significant 

during treatment under reaction conditions. A slight increase of relative Mo K edge 

position of oxide nitrides was observed during first treatment under reaction conditions. 
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Conversely, previous studies of MoO3 and MoO3-type oxide nitrides shared that the final 

relative Mo K edge position was lower than the position of the oxide. The evolution of 

relative Mo K edge position of non-milled MoO3 and its corresponding oxide nitride is 

shown in Figure A 4-2. An additional difference between both model systems was the 

behavior during second treatment under reaction conditions. Relative Mo K edge position 

of MoO3-type oxide nitrides was similar to that of MoO3 while position of Mo5O14-type 

oxide nitride was similar to that of first treatment under reaction conditions. 

Subsequently, in situ XAS experiments revealed an improved stability of (MoV) oxide 

nitrides during treatment under reaction conditions.  

 

Figure 7-10: Evolution of Mo K edge shift during treatment in 5% propene, 5% oxygen in 

helium up to 723 K.  

A refinement of XAS model of averaged distances to the experimental FT(χ(k)·k3) after 

first and second treatment under reaction conditions was carried out. The same 

refinement procedure as explained in chap. 6.4.2 was used. In agreement to refinements 

of Mo5O14 structure model to samples as prepared, only the disorder parameter σ2 

showed significant differences (Figure 7-11). Disorder parameters of shortest Mo-O 

distance of all samples decreased during first treatment under reaction conditions. 

Significant differences of σ2 of (MoV)5O14 and its oxide nitrides were observed after 

treatment. On the contrary, σ2 of the second Mo-O distance increased after the first 

treatment under reaction conditions. In addition, the increase of σ2 of oxide nitrides was 

more distinct. The evolution of σ2 after first treatment under reaction conditions 
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depended on the nitrogen content of the samples. During second the treatment under 

reaction conditions the disorder parameter remained constant. The dependences of σ2 

on nitrogen content might be due a partial removal of nitrogen. Analysis of spectra 

measured at room temperature confirmed results of in situ XAS data. Analysis of relative 

Mo K edge position revealed remaining structural defects after treatment under reaction 

conditions depending on nitrogen content. Additionally, in situ XRD experiments resulted 

in an increased lattice strain of Mo5O14-type oxide nitride after treatment under reactions 

conditions. Hence, these results were confirmed. Short Mo-O distance mainly 

represented distances in a/b plane as discussed in chap. 6.4.2. Similar disorder parameter 

of first Mo-O distance after treatment under reaction conditions were in good agreement 

with similar evolution of lattice parameter a during second treatment under reaction 

conditions.  

 

Figure 7-11: XAFS disorder parameter σ2 of two independent Mo-O distances before, after 

first and after final treatment in 5% propene, 5% oxygen in helium.  

7.5 Catalytic performance in selective propene oxidation 

Catalytic performance in selective propene oxidation was investigated at 648 K, 673 K 

and 698 K. Figure 7-12 shows the evolution of ion currents (m/e 17, 18, 28) during heating 

of Mo5O14-type oxide nitride with 1.5 wt% nitrogen in helium before catalytic testing. A 

peak of m/e 17 and m/e 18 at about 415 K could be associated with removal of water. A 

second peak of m/e 17 was detected at about 500 K. This peak corresponded to the 
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removal of NHX groups. At temperatures higher than 600 K the removal of water and 

nitrogen was detected. Catalytic performance was investigated at various progressions of 

nitrogen removal. Compared to measurements at 648 K the amount of removed nitrogen 

at 698 K was increased by a factor of 2.5.  

 

Figure 7-12: Evolution of normalized ion current m/e 28 during heating up to 698 K in 

helium before treatment under reaction conditions. Temperatures of catalytic investigations are 

marked (dashes). 

Determining reaction rates and selectivities was carried out for each sample at 

different temperatures and similar propene conversions as well as similar time on stream. 

Reaction rates for propene conversion and acrolein formation at the various 

temperatures are shown in Figure 7-13. Propene conversion and acrolein formation 

exhibited a similar evolution after nitrogen substitution. Only the rates of the oxide 

nitride with the highest nitrogen content were slightly increased at 698 K.  
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Figure 7-13: Reaction rates for propene conversion (bottom) and acrolein formation (top) 

based on catalyst’s initial weight at 648 K, 673 K and 698 K in 5 % propene and 5 % oxygen. 

Selectivities towards acrolein increased with higher nitrogen contents of the samples 

(Figure 7-14). Selectivities towards acrolein increased with higher nitrogen contents of 

the samples at every temperature. The increase of selectivity for the oxide nitride with 

1.0 wt% nitrogen was independent of temperature. Selectivities of oxide nitrides with 1.3 

and 1.5 wt% nitrogen were dependent on temperature. The change of selectivity with 

increasing nitrogen content was more distinct at low temperatures. At 698 K the increase 

of selectivity can be described by a linear regression over the whole range of nitrogen 

contents. FTIR measurements indicated the formation of N-H bonds in the samples with 

1.3 and 1.5 wt%. Hence, the formation of N-H groups might cause an additional effect on 

selectivity. Elemental analysis of samples treated at 698 K yielded the remaining nitrogen 

content of the samples (0.25 wt%). The temperature dependence of selectivities of oxide 

nitrides with 1.3 and 1.5 wt% nitrogen might be due to the partial removal of nitrogen. 

XRD analysis of these samples showed that the Mo5O14 structure was preserved during 

treatment under reaction conditions. This was corroborated by in situ XRD and XAS 

experiments (Chap. 7.4). 
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Figure 7-14: Dependency of selectivity towards acrolein on nitrogen contents at 648 K, 

673 K and 698 K in 5 % propene and 5 % oxygen. 

Compared to the evolution of selectivity towards acrolein the formation of total 

oxidation products showed an opposing trend (Figure 7-15). Selectivities towards COX 

were increased with increasing temperature. A higher nitrogen content of the samples 

led to a decreasing formation of COX. The ratio of CO:CO2 remained about 1.5 for all 

samples. Similar to the evolution of selectivities towards acrolein, a more distinct change 

in selectivities was observed for the samples with 1.3 and 1.5 wt% nitrogen. In contrast to 

formation of acrolein, the evolution of COX formation with nitrogen contents remained at 

higher temperatures.  

Lattice NHX groups of oxide nitrides might also lead to the formation of nitriles by 

ammoxidation of propene [178]. The major product of selective ammoxidation of propene 

is acrylonitrile. Acetonitrile and propane nitrile represent the most prominent by-

products in selective ammoxidation of propene [6]. Catalytic performance was 

investigated after different progressions of nitrogen removal. Formation of ammoxidation 

products could not be detected by gas chromatography. Hence, it can be assumed that 

NHX groups were removed during heating in helium. Incorporated nitrogen ions, 

compensated by formation of oxygen vacancies, showed a higher thermal stability. 

Although a partial removal of these nitrogen ions during treatment under reaction 

conditions can occur, this removal was not associated with formation of ammoxidation 

products.  
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Figure 7-15: Dependency of selectivity towards COX on nitrogen contents at 648 K, 673 K 

and 698 K in 5 % propene and 5 % oxygen. 

7.6 Correlation of conductivity and selectivity 

Characterization of (Mo,V)5O14 and corresponding oxide nitrides showed a significant 

dependence of conductivity and selectivity on the nitrogen content in the samples.    

Figure 7-16 shows the selectivity towards acrolein and COx as a function of conductivity at 

648 K. Selectivity towards acrolein increased linearly with increasing conductivity. As 

discussed above conductivity represented a measure of availability of lattice oxygen. 

Consequently, increasing oxygen mobility led to an increased selectivity towards acrolein 

and a decreased formation of COX. According to the redox mechanism nucleophilic lattice 

oxygen of the bulk is inserted in the allylic species to form acrolein. Conversely, 

electrophilic species form total oxidation products [179]. According to Grasselli the 

resulting anion vacancy migrates to another site and is replaced by adjacent lattice 

oxygen [33]. Gaseous oxygen is adsorbed at another site on the surface and replenishes 

the anion vacancies [36]:  

}+,�«© + �- ⇌ }+- + �- ⇌ }++- ⇌ 2}- + 2�- ⇌ 2}+- 

The required electrons are transported in the bulk sample. Hence, investigations of 

conductivities revealed an increased electron transport in the bulk sample making 

electrons readily available to form nucleophilic lattice oxygen O2-. 
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Figure 7-16: Selectivity towards acrolein and COx as a function of conductivities indicating 

the oxygen availability at 648 K. 

7.7 Comparison to supported catalysts 

Investigations on transition metal oxides supported on an inert support material 

represent a widely used approach in research of heterogeneous catalysts in selective 

oxidation reactions. Supported and highly dispersed metal oxides allow investigations on 

local structural motifs without considering bulk oxide properties. Several examples from 

the literature show that these supported transition metal oxides are also active in 

selective propene oxidation [180,181]. Hence, migration of anion vacancy in the bulk may 

not be mandatory for catalytic activity. However, the re-oxidation of supported catalysts 

is also associated with a transfer of electrons to adsorbed oxygen species on M-O-M 

units. Isolated monomeric species on support material showed very low catalytic 

activity [182]. Recent studies of supported vanadium oxides confirmed the assumption that 

at least two [VO4] units are involved in selective oxidation of propene. A higher degree of 

oligomerization resulted in formation of VxOy nanocrystallites leading to a decreasing 

acrolein TOF. The influence of metal loading on catalytic performance was also 

investigated for supported molybdenum oxide in different selective oxidation 

reactions [183,184]. These types of reactions occurred by a redox mechanism including 

electron transfer for re-oxidation. Selectivity to respective products increased with 

increasing MoOX surface density associated with an oligomerization of monomolybdate 
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species [184]. However, the role of electron transport in these supported catalysts is 

difficult to access because conductivity represent a bulk characteristic. Consequently, the 

influence of conductivity can best be investigated using bulk model systems. In this work, 

the correlation between oxygen mobility and selectivity towards acrolein could be shown 

for the first time without changing the crystal structure or chemical composition of the 

catalyst. 
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7.8 Summary 

Reducibility of (MoV)5O14 and its corresponding oxide nitrides was studied by TPR with 

hydrogen and propene. Substitution of oxygen ions led to an improved reducibility which 

can be attributed to an increased availability of lattice oxygen. Combining results of in situ 

XANES spectra with mass spectrometry of product gases resulted in a correlation 

between reducibility, nitrogen content, and removal of nitrogen. In addition, thermal 

stability of Mo5O14-type oxide nitrides was enhanced compared to MoO3-type oxide 

nitrides. Structural characterization of treated samples under reaction conditions 

revealed significant differences. The differences of disorder parameters of (MoV)5O14 and 

Mo5O14-type oxide nitrides decreased during treatment under reaction conditions. This 

decrease correlated to a partial removal of nitrogen. Remaining nitrogen content could be 

detected by different analytic methods despite two successive treatments under reaction 

conditions up to 698 K. Ammonolysis led to a weakening of metal-oxygen bond strength 

as well as increased bulk conductivity. Moreover, the resulting enhanced conductivity 

correlated with an increased selectivity towards acrolein in selective oxidation of 

propene. The formation of total oxidation products COX showed the opposite evolution as 

a function of conductivity. The enhanced conductivity was assigned to an improved 

electron transport in the bulk sample which might be essential for re-oxidation of the 

catalyst. Hence, the availability of nucleophilic oxygen species was improved. These 

results might also explain the known correlation between catalytic performance of 

supported transition metal oxides and transition metal oxide surface coverage. 

Apparently, Mo5O14-type oxide nitrides represent a suitable model system for studying 

correlations between conductivity, oxygen availability, and catalytic performance. 
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8 Conclusion 

8.1 Introduction 

Elucidating structure-activity relationships is an important issue in fundamental 

research on heterogeneous catalysts. Structure and chemical composition of industrial 

catalysts are often very complex. Therefore, investigations on simplified model catalysts 

are often carried out. Such investigations allow characterizing the influence of individual 

properties on catalytic performance. With the help of these relationships, the important 

factors for catalytic performance can be determined. Hence, determining these factors 

for activity and selectivity can result in a rational design of improved catalysts. Recent 

studies showed the suitability of MoO3-type oxide nitrides as model catalysts for studying 

the influence of oxygen mobility on catalytic performance. The objective of this work was 

preparing and characterizing more active and stable molybdenum-based oxide nitrides. 

Therefore, the crystallinity of MoO3 was modified by mechanical activation in a planetary 

mill. Ammonolysis of a set of ball-milled MoO3 samples resulted in MoO3-type oxide 

nitrides with various crystallinity. The results of ex situ and in situ structural 

characterization revealed a correlation between MoO3-structure and thermal stability of 

oxide nitrides. However, MoO3-type oxide nitride showed a low thermal stability under 

reaction conditions. Subsequently, the range of oxide nitrides was extended to more 

relevant catalysts for propene oxidation. Hence, mixed molybdenum oxide nitrides with 

Mo5O14-structure were prepared and characterized in detail by XRD, XAS, FTIR and 

impedance spectroscopy. The thermal stability of Mo5O14-type oxide nitrides was 

investigated using complementary in situ analytical methods. Furthermore, the effects of 

substitution of oxygen ions by nitrogen ions on catalytic performance in selective 

oxidation of propene were studied. These results were correlated to various structural 

and electrical properties.  
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8.2 Incorporation of nitrogen in molybdenum-based oxide nitrides 

Modification of the anion lattice of MoO3 and (MoV)5O14 by incorporation of 

nitrogen was studied in this work. The respective crystallographic structures were 

preserved during ammonolysis. The MoO3-structure consists of layers of corner- and 

edge-sharing MoO6 octahedrons. Oxygen ions next to the interlayer space were mainly 

substituted by nitrogen ions. After decomposition of NH3 nitrogen ions can be 

incorporated.  

FTIR spectra of MoO3-type oxide nitrides showed strong N-H stretching and 

bending vibration modes. These vibration modes indicated the incorporation of NHX 

species. Mechanical activation of MoO3 resulted in an improved accessibility for hydrogen 

atoms. This was shown by an increased formation of OH groups or molybdenum hydrates. 

These OH groups can react with incorporated nitrogen ions to NHX species (eq. (8-2)). 

Additionally, the formation of NHX species could also occur when nitrogen ions were 

incorporated in MoO3 (eq. (8-3)). The incorporation of NHX species occurred without 

formation of oxygen vacancies according to following Kröger-Vink notation.  

2*~���� + 3}|� = 2*|A + \|∙∙ + 3~+} (8-1) 

*|A + }~|∙ = *~|� + }|� (8-2) 

2*~���� + 2}|� = *~|� + 2~+} (8-3) 

The successful substitution of oxygen ions by nitrogen ions in (MoV)5O14 was 

shown by detection of Mo-N vibration modes in the FTIR spectra of Mo5O14-type oxide 

nitrides. The formation of oxygen vacancies mainly compensated the additional negative 

charge of nitrogen ions compared to oxygen ions. The oxidation of Mo and V centers for 

charge compensation was excluded by determining the average valences of Mo and V by 

XAS measurements. Only the samples with higher nitrogen contents showed an 

additional formation of (NH)2-. The formation of NHX species was significantly lowered 

compared to MoO3-type oxide nitrides. FTIR spectra and elemental analysis of (MoV)5O14 
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and Mo5O14-type oxide nitrides showed the absence of OH groups. Hence, a reaction of 

nitrogen ions and OH groups according to eq. (8-2) could not occur.  

8.3 Structure-function relationships of MoO3-type oxide nitrides 

with various crystallinity 

The crystallinity of MoO3 and its corresponding oxide nitrides was successfully 

modified by ball-milling in a planetary mill. Size-strain analysis of XRD powder patterns 

was carried out by single-line analysis and Fourier analysis. Ball-milling of MoO3 resulted 

in a decrease in crystallite sizes as calculated from different diffraction peaks. Subsequent 

ammonolysis led to an incorporation of nitrogen associated with an increase of lattice 

strain.  

According to the redox mechanism, the ease of extraction of lattice oxygen is 

expected to play an important role for catalytic performance in selective oxidation of 

propene. The ease of extraction of lattice oxygen from a catalyst can be investigated by 

studies on the reducibility of the catalyst. Recent studies showed that the reducibility was 

significantly varied by modification of the anion lattice. The reducibility of MoO3 with 

varying crystallinity and its corresponding oxide nitrides was investigated during 

isothermal and non-isothermal reduction with hydrogen and propene. Analysis of solid-

state kinetics during isothermal reduction revealed that the rate-determining step was 

well described by R2-model. R2 model simplifies the particle shape to a cylinder. A rapid 

nucleation on the surface of the crystal was assumed. Decreasing the crystallite size as 

well as modifying the anion lattice of MoO3 resulted in a significant enhanced reducibility. 

In addition, the apparent activation energies of the rate-determining step for the 

reduction of MoO3 to MoO2 were calculated from analysis of solid-state kinetics. A 

correlation between crystallize size and apparent activation energy was shown. Ball-

milling of MoO3 led to a decrease in apparent activation energies. This dependence of 

reducibility on crystallite size was preserved after ammonolysis. Incorporation of nitrogen 

ions caused an additional decrease of apparent activation energies.  

Catalytic performance of MoO3 and MoO3-type oxide nitrides with various 

crystallinity was tested. A decrease in crystallite size led to significantly increased reaction 
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rates for propene conversion and acrolein formation. The incorporation of nitrogen led to 

slightly increased reaction rate for propene conversion at the beginning of the catalytic 

testing. However, this increase was not long-time stable because of the lower thermal 

stability of MoO3-type oxide nitrides. Otherwise, the product distribution was significantly 

affected by varying crystallinity and modifying the anion lattice. MoO3-type oxide nitrides 

showed an increased formation of acrolein while formation of COX was decreased. In 

addition, the insertion of oxygen in C2-position of propene was diminished resulting in a 

decreased formation of acetone and acetic acid.  

8.4 Thermal stability of molybdenum-based oxide nitrides 

Incorporation of nitrogen in MoO3 resulted in significant coloration of the samples 

due to formation of structural defects. Hence, in situ DR-UV-Vis spectroscopy represented 

a suitable method to investigate the thermal stability of MoO3-type oxide nitrides under 

reaction conditions. Absorption in the low energy range increased significantly after 

incorporation of nitrogen. A decrease at the same energy during thermal treatment was 

correlated to the removal of nitrogen. Destruction of defects was associated with the 

removal of nitrogen and was detected by in situ DR-UV-Vis spectroscopy. The onset of 

nitrogen removal decreased with increasing milling-time. A correlation between 

increased thermal stability of MoO3-type oxide nitrides and increased crystallite size 

calculated from the (020) and (040) diffraction peaks was elucidated. The calculated 

crystallite sizes corresponded to the length of interlayer space in the MoO3-structure. 

Consequently, the mechanical activation of MoO3 led to a decrease in thermal stability of 

MoO3-type oxide nitrides. The range of molybdenum-based oxide nitrides was extended 

to Mo5O14-type oxide nitrides. Mo5O14-structure represents an important structural 

motive for heterogeneous catalysts. Recent studies showed that catalysts with Mo5O14-

structure are active in various selective oxidation reactions. It was proposed that Mo5O14-

type oxides represent the major component of highly active MoVW catalysts. This 

component is expected to provide high electronic conductivity. V-stabilized Mo5O14-

structure is known to be active in selective oxidation of propene. (MoV)5O14 crystallized in 

a non-layered structure. 
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Thermal stability of Mo5O14-type oxide nitrides under catalytic conditions was 

investigated by in situ XRD and XAS. XRD lattice strain and XAFS disorder parameter of 

Mo5O14-type oxide nitrides revealed a decrease in structural disorder during first 

treatment under reaction conditions. Structural disorder was invariant during second 

successive treatment under reaction conditions. Compared to (MoV)5O14 significant 

differences of structural disorder of Mo5O14-type oxide nitrides were preserved after 

treatment under reaction conditions. These differences might be correlated to a partial 

removal of nitrogen. An elemental analysis of samples treated at 698 K yielded a 

remaining nitrogen content of the samples (0.25 wt%).   

8.5 Correlations between conductivity and catalytic activity of 

Mo5O14-type oxide nitrides 

A detailed structural and functional characterization of Mo5O14-type oxide nitrides 

was carried out to obtain structure-function correlations. Molybdenum-based oxide 

nitrides represent suitable model system for studying correlations between conductivity, 

oxygen availability, and catalytic performance.  

Figure 8-1 summarizes all correlations between results of structural and functional 

characterization. The substitution of oxygen ions by nitrogen ions led to an increased 

conductivity. The increase of conductivity was dependent on the degree of substitution. 

The increased conductivity was correlated to the increased reducibility observed in TPR 

experiments. This behavior could be associated with increasing oxygen availability. The 

incorporation of nitrogen ions resulted in an increased structural disorder while 

preserving the Mo5O14-structure. XRD as well as XAS revealed complementary results by 

analyzing lattice strain ε (XRD) and XAFS disorder parameter σ2. Furthermore, the 

enhanced conductivity correlated with an increased selectivity towards acrolein and a 

decreased selectivity towards total oxidation products COX. Subsequently, the increased 

formation of acrolein was related to increased electron transfer and oxygen availability.  
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Figure 8-1: Correlations between conductivity and results of structural and functional 

characterization.  

Selectivity in propene oxidation is affected by the availability of different oxygen 

species. According to the “Mars-van-Krevelen”-mechanism nucleophilic lattice oxygen O2-

and electrophilic oxygen species O- participate in the catalytic cycles (Figure 8-2, top). 

Reaction of propene with nucleophilic lattice oxygen results in the formation of acrolein 

and water. From a defect chemistry point of view, oxygen vacancies and mobile electrons 

are formed (eq. (8-4)). The metal centers of the catalyst are partial reduced by the 

formed electrons (eq. (8-5)).  
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`�~� + 2}|� → `�~�} + ~+} + 2\|∙∙ + 4�′ (8-4) 

��; + ��′ → ���-��; (8-5) 

 Conversely, COX is formed by conversion of propene with electrophilic oxygen 

species. These electrophilic oxygen species represent intermediates in transferring gas-

phase oxygen into lattice oxygen ions of the bulk catalyst (eq. (8-6)). The required four 

electrons are given by the solid. The re-oxidation of the catalyst can occur at a different 

reactive site of the catalyst.  

}+,�«© + �- ⇌ }+- + �- ⇌ }++- ⇌ 2}- + 2�- ⇌ 2}+- (8-6) 

Incorporation of nitrogen ions in the oxide catalyst led to formation of oxygen 

vacancies. (Figure 8-2, bottom). These processes significantly influenced the electric 

properties of the catalysts. Investigations on the influence of oxygen partial pressure on 

conductivity revealed that (MoV)5O14 and its corresponding oxide nitrides are p-type 

semiconductors. P-type semiconductors are electron-deficient in the lattice and 

characterized by an excess of lattice oxygen. P-type mixed oxides conduct electrons by 

means of positive holes. Electronic p-type conductivity was increased after incorporation 

of nitrogen. Hence, electrons can be more easily transported in the bulk from the metal 

cations to re-oxidation site. Here, electrons might be more available to form nucleophilic 

lattice oxygen from adsorbed gas-phase oxygen. In contrast to n-type semiconductors, 

electrons can be more easily removed from metal cations. Hence, the adsorption and 

transformation of gas-phase oxygen might occur far more readily on this type of 

semiconductors.  
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Figure 8-2: Top: Schematic presentation of redox mechanism (“Mars-van-Krevelen”) for 

selective oxidation of propene to acrolein (adapted from [3,33]). Bottom: Schematic representation 

of structural and functional changes after modification of anion lattice of molybdenum-based 

model catalysts by incorporation of nitrogen.   
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Milling-time was increased from bottom to top. The regions of deformation and stretching 

vibration modes of O-H (blue rectangle) and N-H (green rectangle) are marked. Right: Normalized 

intensity of different O-H vibration modes. Band intensities were normalized to intensity of band at 

989 cm-1. ........................................................................................................................................... 36 
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11 Appendix 

A1 Characterization of ball-milled MoO3 and its oxide nitrides 

Table A 1-1: Results of Rietveld refinements of ball-milled MoO3.  

 MO MO60 MO120 MO180 MO240 

a / Å 3.9618(1) 3.9632(1) 3.9622(1) 3.9630(1) 3.9621(1) 

b / Å 13.8593(3) 13.8656(3) 13.8688(3) 13.8673(4) 13.8661(4) 

c / Å 3.6964(1) 3.6979(1) 3.6968(1) 3.6971(1) 3.6965(1) 

V / Å3 203.0 203.2 203.1 203.2 203.1 

GOF 1.4 1.2 1.2 1.4 1.4 

Chi2 2.0 1.7 1.5 1.9 2.0 

 

Table A 1-2: Results of Rietveld refinements of MoO3-type oxide nitrides with various 

crystallinity. 

 MON MON60 MON120 MON180 MON240 

a / Å 3.9619(1) 3.9632(1) 3.9604(1) 3.9599(1) 3.9583(1) 

b / Å 13.8630(5) 13.8656(4) 13.8857(4) 13.8768(5) 13.8872(6) 

c / Å 3.6995(1) 3.6994(1) 3.6977(1) 3.6979(1) 3.6983(1) 

V / Å3 203.2 203.2 203.3 203.2 203.3 

GOF 1.3 1.4 1.6 1.3 1.4 

Chi2 1.6 1.9 2.4 2.0 1.8 
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Figure A 1-1: Left: Size Fourier coefficients as a function of column length calculated from 

0k0 diffraction peaks. Right: Distribution function of averaged distances in real space of MoO3-

type oxide nitrides from 0k0 diffraction peaks. 

Table A 1-3: Positions and assignments of FTIR bands of ball-milled MoO3 and its 

corresponding oxide nitrides [102,103]. 

 δOMo2 δOMo3 δOMo3 δOMo3 δO=Mo νOMo3 νOMo3 νOMo2 νOMo2 νO=Mo 

MO 228 300 330 350 375 487 598 818 867 989 

MON 227 296 327 349 374 485 595 817 866 989 

MO60 228 301 331 351 376 485 603 819 875 989 

MON60 227 299 328 350 375 483 602 816 873 991 

MO120 227 301 330 351 376 484 603 818 876 989 

MON120 227 300 329 350 375 481 602 817 874 989 

MO180 226 301 328 350 374 484 604 818 879 989 

MON180 226 298 328 350 371 478 604 817 876 989 

MO240 227 300 330 351 376 481 605 817 877 989 

MON240 226 298 327 350 374 477 604 817 873 987 
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Figure A 1-2: Fourth derivation of DR/UV-Vis spectra of non-milled MoO3, MO240 and its 

corresponding oxide nitrides.  

A2 Reducibility ball-milled molybdenum oxides and oxide nitrides 

 

Figure A 2-1: Schematic presentation of cylindrical particle shape according to contracting 

are model (R2) and assumed progress during reaction.  
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A3 Characterization of mixed molybdenum oxide nitrides 

 

Figure A 3-1: Normalized Mo-XANES spectra of (MoV)5O14 and two oxide nitrides with 

different nitrogen contents at 298 K.  

 

Figure A 3-2: Normalized V-XANES spectra of (MoV)5O14 and two oxide nitrides with 

different nitrogen contents at 298 K. 

19.95 20.00 20.05 20.10 20.15

(MoV)
5
O

14

Oxide nitride 1.0 wt-% N

 

 

N
o
rm

. 
A

b
so

rp
tio

n

E / keV

Oxide nitride 1.5 wt-% N

5.46 5.48 5.50 5.52

Oxide nitride 1.0 wt-% N

 

 

N
o
rm

. 
A

b
so

rp
tio

n

E / keV

(MoV)
5
O

14

Oxide nitride 1.5 wt-% N



Chapter 11 - Appendix 171 

 

 

Figure A 3-3: Refinements of XANES data for V K edge using four Gaussian functions and 

one arctangent function of vanadium oxide references. 

A4 In situ characterization of mixed molybdenum oxide nitrides 

Table A 4-1: Type, number (N), and XAFS disorder parameter (σ2) of atoms at a distance R 

from the Mo atoms in reduced (MoV)5O14 and oxide nitrides with different nitrogen contents. 

Experimental distances and disorder parameters were obtained from refinement of a monoclinic 

MoO2 model structure (k range from 3 to 14 Å-1, R range from 1.07 to 3.96 Å, Nind =10 ,                 

Nfree = 3 - 10) 

Type Oxide 

 

N          R / Å      σ2 / Å2 

Oxide nitride 

1 wt.-% N 

N         R / Å       σ2 / Å2 

Oxide nitride 

1.5 wt.-% N 

N         R / Å       σ2 / Å2 

Mo-O  2f 1.952 0.00138c 2f 1.952 0.00149c 2f 1.951 0.00159c 

Mo-O 2f 1.992 0.00138c 2f 1.990 0.00149c 2f 1.992 0.00159c 

Mo-O  2f 2.054 0.00138c 2f 2.054 0.00149c 2f 2.053 0.00159c 

Mo-Mo  1f 2.531 0.00138c 1f 2.530 0.00149c 1f 2.529 0.00159c 

Mo-Mo  1f 3.116 0.00473 1f 3.114 0.00498 1f 3.116 0.00512 

Mo-Mo 6f 3.710 0.00217C 6f 3.708 0.00241C 6f 3.707 0.00265C 

Mo-Mo  2f 3.885 0.00217c 2f 3.887 0.00241c 2f 3.887 0.00265c 

Residual 6.4 6.3 6.2 

E0 / eV -1.63 -1.49 -1.81 
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Figure A 4-1: Evolution of XANES spectra of (MoV)5O14 (top) and (MoV) oxide nitrides with 

1.0 (bottom, left) and 1.5 wt% (bottom, right) N during treatment (5% propene, 5% oxygen in 

helium) in a temperature range from 300 K to 723 K.  

 

Figure A 4-2: Evolution of relative Mo K edge position during treatment of non-milled 

MoO3 and its corresponding oxide nitride in 5% propene, 5% oxygen in helium up to 723 K. 
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