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Abbreviations

AEPR Double integral intensity of as received EPR signal

AP Gaussian peak area

A‖ Parallel component of the hyperfine coupling tensor

A⊥ Perpendicular component of the hyperfine coupling tensor

AR Area of a defined reflection

ATR Attenuated Total Reflectance

BC Carbon balance

β∗2
2 In plane delocalization coefficient

c Elemental surface concentration derived by XPS

CT transition Charge Transfer transition

3-CP 3-cyanopyridine

dP Diameter of catalyst particles

EB Binding energy derived from XPS

EDX spectroscopy Energy-dispersive X-ray spectroscopy

Eg Absorption edge energy

EPR Electron paramagnetic resonance

EtOH Ethanol

FTIR spectroscopy Fourier transform infrared spectroscopy

GC Gas Chromatography

ge Free electron g value

giso Isotropic g value

g‖ Parallel component of the g tensor

g⊥ Perpendicular component of the g tensor

GHSV Gas Hourly Space Velocity

hfs hyperfine structure

ICDD International Center of Diffraction Data

ICP-OES Inductively Coupled Plasma-Optical Emission Spectrometry

IVCT transition Inter valence Charge transfer transition

MAS Magic Angle Spinning

MS Mass Spectrometry

Ox Oxidation

3-PIC 3-picoline
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RCL Intensity ratio of EPR signals I(623K)/I(295K)

Red Reduction

RT Room temperature

SBET Surface area according to Brunauer, Emmett and Teller

S3−CP Selectivity of 3-cyanopyridine

STY Space-time yield

TAP Temporal-Analysis-of-Products

TB Measured bed temperature in a reactor

TEM Transmission Electron Microscopy

TN Temperature during nitridation

TO Adjusted oven temperature

TPO Temperature Programmed Oxidation

UV/Vis-DRS Ultraviolet/Visible-Diffuse Reflectance Spectroscopy

X3−PIC Conversion of 3-picoline

XPS X-ray Photoelectron Spectroscopy

XRD X-ray Diffraction

Y3−CP Yield of 3-cyanopyridine
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1. Introduction and Objectives

Aliphatic, aromatic and heteroaromatic nitriles are important intermediates for producing phar-

maceuticals, agricultural pesticides, dyestuffs and textiles.

One economically and ecologically efficient route to synthesize a variety of different nitriles is

the ammoxidation of aliphatic or methyl-substituted aromatic and heteroaromatic hydrocarbons

in the presence of ammonia and air in the gas phase using suitable solid catalysts. This reaction

would be most sustainable, energy-efficient and eco-friendly if it was possible to achieve a nitrile

selectivity of 100 % and high space-time yields (STY).

Up to now, this goal is not yet reached. Although conventional catalysts based on mixed oxides

of transition metals provide high selectivities at fairly high conversion for selected nitriles such

as benzonitrile and 3-cyanopyridine [1], the STY bear still enough potential for improvement.

In the late 1990s, a new class of vanadium oxynitrides (VAlON) has been discovered, which

however, was only used for ammoxidation of propane to acrylonitrile [2, 3]. Although the nitrile

selectivity was somewhat lower compared to MoVTeNbO usually used for this reaction, 5 - 10

times higher STY have been reached with the new VAlON catalysts [4–6].

During my preceding diploma work, VAlON and VZrON oxynitrides were very successfully

tested for the ammoxidation of 3-picoline (3-PIC) to 3-cyanopyridine (3-CP) [7]. The obtained

STY exceeded the state of the art by a factor of three [8], though at slightly lower selectivity ac-

cording to [1]. These promising results inspired us to perform a more comprehensive exploration

of V containing oxynitrides for ammoxidation of aromatic hydrocarbons.

It is the aim of this work to elucidate structure-reactivity relationships of vanadium containing

oxynitrides in the ammoxidation of 3-PIC to 3-CP, which has been chosen as a model reaction by

an integrated approach of catalytic test and characterization studies including in situ spectroscopy.

The ultimate goal was to optimize the catalytic performance towards high selectivity and STY.

To this end, the following sub-tasks have been considered in the thesis:

• Development of novel VZrAlON catalysts by combination of the most active (VZrON)

and selective (VAlON) catalysts,

1

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



1. Introduction and Objectives

• Investigation of the influence of incorporation of phosphorus into VZrON catalysts,

• Examination of the influence of mixing VMON and MoxOyNz catalysts (M = Al or Zr),

• Evaluation of the impact of redox-active M in VMON catalysts (M = Mo or Sb).

2
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2. State of the Art

The ammoxidation belongs to the class of heterogeneous catalytic gas phase reactions and

has been investigated for more than 60 years [9, 10]. In presence of ammonia, air and a suitable

catalyst alkanes and alkenes as well as methyl-substituted aromatics and heteroaromatics R-

CH3 are transferred into nitriles at temperatures higher than 300 ◦C. The ammoxidation can

be regarded as oxidative ammonolysis. Besides the desired nitrile only water is produced as

by-product at 100 % selectivity according to the reaction:

R− CH3 + 3/2 O2 + NH3
catalyst, T > 300◦C−−−−−−−−−−−−→ R− CN + 3 H2O. (2.1)

Conventional catalysts contain supported or unsupported redox active transition metals such as

V, Mo, or Cr as key components in the form of pure oxides [11–14], oxyfluorides [15–17] or

phosphor containing oxides [18–22].

In Table B.3 a short overview is given on some heteroaromatic ammoxidation reactions to clarify

the still persistent research interest in this kind of reaction. In particular, active and selective

catalysts for the ammoxidation of dimethoxytoluene to dimethoxybenzonitrile are still missing

up to now. In addition, the synthesis of aliphatic dinitriles such as adiponitrile via ammoxidation

is of great interest. Processes starting from cyclohexane, cyclohexene or methylcyclohexane are

reported, but conversions and selectivities did not exceed 40 % [23–25].

On the contrary, a story of success possesses the oxidative ammonolysis of propene to acryloni-

trile, which was the first industrially implemented and commercialized ammoxidation technol-

ogy [26, 27]. From the late 1950s still up to now, the worldwide demand on polyacrylonitrile

fibers is almost covered by the production of acrylonitrile via this process [11], but an efficient

alternative route for producing acrylonitrile is needed due to e.g. the advancing scarcity of

propene [28]. One promising route seems to be the ammoxidation of propane to acrylonitrile.

However, the development of functional, highly active and selective catalysts for activation of an

alkane is experimentally challenging due to its higher activation energy [29–31].

3
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2. State of the Art

One active class of catalysts for this reaction is the oxynitride VAlON [2,3]. Propane conversions

around 60-80 % and selectivities to acrylonitrile about 50 - 65 % are reported at high space ve-

locities (GHSV). Although the nitrile selectivity was somewhat lower compared to MoVTeNbO,

higher STY (up to 10 times) have been reached with the new VAlON catalysts [4–6, 32].

Recently, it was found that VAlON and VZrON oxynitrides also bear a high activity and STY in

the ammoxidation of heteroaromatics, e.g. 3-picoline (3-PIC) to 3-cyanopyridine (3-CP) [7, 8].

However, the latter ammoxidation was already industrialized in 1983 by Degussa [33]. A

vanadium containing long-term stable catalyst with the general formula SbaVbTicXd supported

on SiO2 (X = alkali metal) is used. A selectivity to 3-CP (S3−CP ) of 95.8 % at nearly full

conversion of 3-PIC (XPIC) is obtained at 370 ◦C with a maximum STY of 156 g/lh [1, 34].

In contrast to acrylonitrile being a bulk chemical 3-CP belongs to fine chemicals. The latter

compound is used as intermediate to produce nicotinic acid and amide by hydrolysis (see Fig.

2.1). 14 000 ton of nicotinic acid and 8000 ton of the related nicotinic amide were globally

manufactured in 1995 [35]. In 2006 the worldwide production of both increased to about 35

000 to 40 000 ton [18]. Up to now, the direct oxidation of 3-PIC to nicotinic acid in the gas

phase is not established (see Fig. 2.1) since sufficient catalysts are missing and side-reactions

like decarboxylation are occurring. Also, the low sublimation temperature of nicotinic acid may

be a problem in implementation of an industrial process [35].

Figure 2.1.: Heterogeneous catalytic gas phase routes to nicotinic acid starting from 3-PIC [35]

Nicotinic acid and its derivates are needed in different fields. Most notably, nicotinic acid

is applied as additive. In animal nutrition it is supposed to improve the natural capability of

productive livestocks, and it is also added to beverage, food and cosmetic products. Humans can

not produce nicotinic acid (vitamin B3) and amide on its own; and the importance of nicotinic

4
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2. State of the Art

acid ingestion was not recognized until 2nd decade in 1900. Thitherto, many humans suffered

from the disease called pellagra due to an insufficient ingestion of vitamin B3, resulting mostly

from undernourishment. However, nowadays this disease is still not extinct [36, 37].

The mechanism of heteroaromatic ammoxidation over oxide catalysts has been investigated

for several years, starting with the early work of Andersson et al. [38], while no such studies are

available for oxynitrides.

For oxide catalysts it has been proposed that the ammoxidation starts with adsorption of the

aromatic ring followed by hydrogen abstraction from the alkyl group, formation of a benzyl-like

intermediate and in situ generation of an -OH group that converts gaseous NH3 to NH+
4 by proton

transfer. In due course, it was suggested that NH+
4 is supposed to react with the benzyl-like

intermediate to a benzylamine species, which is transformed to the nitrile and desorbs from

the surface of the catalyst. A Mars-van Krevelen mechanism proceeds during this reaction

including participation of lattice oxygen [39–45]. Also, imido =NH or amido -NH2 species

on the catalyst surface are considered as active N-insertion species, however their role in the

aromatic ammoxidation is still not fully elucidated [41, 46, 47].

From extensive studies of toluene ammoxidation over phosphor and vanadium containing oxide

catalysts it was proposed that highly active and selective catalysts must fulfill four crucial

features: i) They should provide chain- or layer-like surface vandyl units; ii) These units should

be located at a proper distance to enable adsorption of the aromatic ring and reaction of the

methyl group at the neighboring site, iii) The mean surface V valence state should be close to +4

and iv) the catalyst must be able to incorporate NH3 from the gas phase [40].

The activation of NH3 from the gas feed via transient incorporation into the catalyst lattice

during toluene ammoxidation has been evidenced by isotopic labeling experiments using the

Temporal-Analysis-of-Products (TAP) reactor and 15NH3 as gaseous feed component [48]. For

VAlON catalysts, TAP experiments with labeled 15NH3 in the ammoxidation of propane have

shown, too, that N insertion into hydrocarbons occurs via surface N sites [49]. Thus, the insertion

of N as well as O via a double Mars-van Krevelen mechanism is considered to be responsible

for their high catalytic performance in the ammoxidation of propane. The structure-reactivity

relationship proposed for ammoxidation of 3-PIC to 3-CP over VZrON and VAlON catalysts also

confirms that such N insertion process is of great importance in the ammoxidation of 3-PIC [8].

This structure-reactivity relationship is described in-depth later on.

In general, transition metal oxide catalysts are only capable of catalyzing selective oxidation

reaction via a Mars-van Krevelen redox cycle if oxygen anions of the lattice are highly mobile

5
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2. State of the Art

and migrate. Thus, a well-directed incorporation of anionic defects and vacancies (point defects

as well as 2-D and 3-D defects) in transition metal oxides might not only support electron

migration and therefore influence the redox-activity of the transition metal site but also support

the migration of O and N containing species.

Moreover, it was considered that the surface acidity of V containing catalysts has a crucial

impact on the catalytic performance in the partial oxidation of heteroaromatics [50]. This is

also true for the ammoxidation of heteroaromatics since a benzyl-like intermediate is formed.

Different strategies are known to influence the surface acidity and basicity of a solid material.

One common way is to dope oxide compounds with basic ions such as Na+ or K+ [51, 52]. A

second strategy is based on the idea to modify the anionic lattice via introduction of anions such

as fluoride [53] or nitride [54–56].

Metal nitrides and oxynitrides are accessible via nitridation of the corresponding metal oxide

precursor [57, 58]. This reaction in pure ammonia implies the substitution of three oxygen

anions by two nitride anions leaving one vacancy in the anionic lattice according to the following

equation:

3 O2− + 2 NH3 ⇀↽ 2 N3− + 3 H2O. (2.2)

A high flow of ammonia is generally used to remove the water from the equilibrium and adjust

the balance state to the right site of the reaction. In principle, the nitridation of metal oxide

precursors might be an excellent route to synthesize effective ammoxidation catalysts since this

reaction introduces anionic defects and nitrogen containing sites such as N3− into the catalyst,

modifies the surface acidity and reduces the valence state of redox-active metal sites.

Moreover, nitrides and oxynitrides are promising materials in various fields of applications due

to their outstanding physical and chemical properties [58]. Compared to oxides, metal nitrides

possess superior physical properties such as hardness, mechanical and tensile strength and high

melting points. In addition, they provide electronic and magnetic properties resembling those

of metals, such as electronic conductivity, Hall coefficient, magnetic susceptibility and heat

capacity [59]. Their extreme hardness and excellent corrosion resistance make them suitable

as cutting tools and hard coatings [60–62]. Among nitrides and oxynitrides also non-metal

compounds such as phosphorus nitride and carbon nitrides CNx have attracted considerable

attention. L. Chen et al. [63] succeed the synthesis of amorphous P3N5 hollow spheres, which

might have a great potential for encapsulation and delivery in drugs. CNx coatings are used in

6
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thin film-Schottky-solar cells and computer hard discs of IBM, as layers in humidity sensors and

electrochemical gas detectors [64].

As already indicated, transition metal nitrides and oxynitrides have also received considerable

attention in the field of heterogeneous catalysis. In ammonia synthesis [65, 66], Fischer-Tropsch

[67], hydrodenitrogenation [68, 69], hydrodesulfurization [70] and ammoxidation [4–6], they are

proved to be active, and in some cases they possess superior selectivity, stability and resistance

to poisoning. For example, the decomposition of hydrazine being traditionally catalyzed over

iridium supported on alumina, is also efficiently catalyzed over MoNxOy catalysts [71]. Nitrides

and oxynitrides are proved to be active in photo catalytic water splitting to hydrogen, too [72,73].

Structure-reactivity relationship of VAlON and VZrON in the ammoxidation of 3-PIC VAlON

and VZrON catalysts synthesized via co-precipitation and nitridation were proved to be active

in the ammoxidation of 3-PIC to 3-CP [7, 8]. Results for the catalytic testings showed that the

catalytic performance of these two systems differ significantly. VAlON catalysts are less active,

but more selective than VZrON catalysts. A maximum STY of 399 g/lh was reached using

VZrON catalysts with a ratio of V/Zr = 0.25. In comparison to the benchmark catalyst with the

general formula SbaVbTicXd/SiO2 (X = K+) STY could be triplicated using VZrON oxynitrides.

Both catalyst classes, VZrON and VAlON, suffer from a lower selectivity compared to the latter

benchmark catalyst.

By a multitude of ex situ characterization techniques such as XPS and UV/Vis-DRS and in situ

EPR spectroscopy, it was possible to elucidate the structural differences in these two catalyst

classes under working state and to build up structure-reactivity relationship.

In contrast to VAlON catalysts, VZrON oxynitrides are characterized by a higher polymerisation

degree of VO2+ sites indicated by results derived from EPR spectroscopy, UV/Vis-DRS and XPS.

The chemical composition calculated from XPS suggested a surface enrichment of V for VZrON,

but not for VAlON. Additionally a higher mean oxidation state of V was observed for VZrON,

which was close to V5+. In contrast, two different V sites could be detected by XPS for VAlON

catalyst. Both V sites in VAlON differ in their mean V oxidation state, one V valence close to +3

and the second close to +4. Additionally, only for VAlON with V/Al ≥ 0.25 a nitrogen site with

a binding energy being typical for N3− could be detected by XPS. As opposed to this, the near

surface region of VZrON catalyst was N-free.

Moreover in situ EPR investigations on VZrON and VAlON suggested that the latter catalyst can

provide a significant higher amount of VO2+ under reaction conditions. In combination with

7
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2. State of the Art

VZrON catalysts must be present as V5+ and not as V3+ or V4+ under reaction conditions.

Development of strategies Based on the knowledge gained from the structure-reactivity

relationship of VAlON and VZrON different strategies were followed to improve the selectivity

and to increase the conversion and STY in the ammoxidation of 3-PIC.

Firstly, three different routes were investigated to generate N containing surface sites in highly

active VZrON catalysts to improve the selectivity of this catalyst class without losing the activity:

• Since for VAlON catalysts nitride sites could be detected on the surface, it was assumed

that adding Al in VZrON might help to stabilize surface nitrogen species. For this reason,

VZrAlON catalysts were synthesized by simultaneous co-precipitation of V, Al and Zr.

• VPO catalysts are well known for their superior catalytic performance in the ammoxidation

of heteroaromatics [18–22]. Moreover, it is well known from literature, that ZrPON

oxynitrides possess a variety of nitrogen surface sites in contrast to VZrON catalysts

[55, 74]. For these reasons the impact of adding phosphor into VZrON was investigated.

• Different types of molybdenum nitrides are known. VMO (M = Al or Zr) precursors

mechanically mixed with MoO3 were nitrided by a defined nitridation protocol described in

literature to form molybdenum nitrides besides VZrON and VAlON, respectively [75–77].

With the help of this route a defined amount of nitride site was supposed to be introduced

into VMON catalysts.

Secondly, it was additionally focused on novel VMON oxynitrides. Since active ammoxidation

catalysts contain beside V as redox-active site also Sb [34, 78], it was decided to elucidate the

potential of VSbON catalysts in the ammoxidation of 3-PIC. Finally, the two redox-active metal

sites, V and Mo, were combined via an aqueous route to investigate the impact of VMoON

catalysts in the ammoxidation of heteroaromatics.
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3.1. Combining VAlON and VZrON to VZrAlON catalysts

As described in section 2, the high activity and low selectivity of VZrON compared to VAlON

catalysts is mainly attributed to three structural features: VZrON catalysts possess an almost

N-free surface and a higher polymerisation degree of VOx sites, moreover they provide a lower

amount of reduced V sites under reaction conditions compared to VAlON catalysts. With

this knowledge it was decided to investigate whether a combination of VZrON and VAlON

catalysts leads to an improvement of the catalytic performance. The combination of V, Zr and Al

was realized by co-precipitation. Thus obtained oxide precursors are denoted in the following

discussion as VZrAlO. These oxide precursors were nitrided afterwards and are abbreviated

with VZrAlON. Different V/(Al+Zr) ratios were adjusted during co-precipitation ranging from

0.15 up to 0.60. The respective V/(Al+Zr) ratio is enclosed behind the formula VZrAlO and

VZrAlON, respectively. The Al/Zr ratio was fixed to 1.5. However, one sample was prepared

with Al/Zr = 0.8 and V/(Al+Zr) = 0.5 to elucidate the impact of the Al/Zr ratio.

In the following section the structural and catalytic properties of these VZrAlON catalysts are

discussed and compared with results received previously for VZrON and VAlON catalysts [8].

3.1.1. Catalytic performance

Catalytic data for the VZrAlON oxynitride series with Al/Zr = 1.5 are depicted as function of

the bulk V/(Al+Zr)ICP ratio in Fig. 3.1 A and B. Conversions X3−PIC , selectivities S3−CP and

yields Y3−CP received at a bed temperature TB = 360 ◦C are presented for two different space

velocities GHSV = 2713 h−1 and 5728 h−1 in these figures.1 It should be noted that no change

of the catalytic performance was observed with time on stream for VZrAlON catalysts.

1The catalytic performance of VAlON catalysts was measured at GHSV = 2713 h−1. Due to the high activity of

VZrON catalysts, no catalytic data could be obtained at GHSV = 2713 h−1 since the stability of the temperature

in the catalyst bed was not ensured. For this reason the GHSV was increased to 5728 h−1 for this catalyst

class [7, 8]. For comparison VZrAlON catalysts were tested for both GHSV values.

9
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Generally, equal trends can be observed for both space velocities, but a higher GHSV value

reduces X3−PIC slightly. By rising the V/(Al+Zr) ratio, initially the conversion increases up to a

ratio of 0.5. At a ratio of 0.6 the conversion decreases by 20 % for GHSV = 2713 h−1 and by

32 % for GHSV = 5728 h−1, respectively. However, for both space velocities S3−CP increases

as a function of the V concentration. This outstanding behaviour of the selectivity was already

observed in the VAlON series, but not for the VZrON series [8].

Figure 3.1.: Catalytic performance of VZrAlON catalysts (Al/Zr = 1.5) at TB = 360 ◦C depending on the

V/(Al+Zr) ratio derived by ICP-OES analysis for A) GHSV = 5728 h−1 and B) GHSV =

2713 h−1

Since the bulk V/(Al+Zr)ICP ratios differ dramatically from the surface V/(Al+Zr)XPS ratios

(see Tab. 3.2 in section 3.1.2), the catalytic performance of the VZrAlON, VAlON and VZrON

series are given in Fig. 3.2 A and B as a function of the surface metal ratios derived by XPS.

By comparing the conversion of the VZrAlON series with VAlON as a function of the surface

ratios at GHSV = 2713 h−1 (see Fig. 3.2 A), it must be concluded that VZrAlON catalysts are

more active than VAlON catalysts. In contrast, VZrAlON catalysts are less active than VZrON

catalysts at GHSV = 5728 h−1.

By rising the V/(Zr+Al)XPS up to 0.2 in VZrAlON catalysts, S3−CP increases continuously for

both space velocities in agreement with the correlations given in Fig. 3.1 A and B.

At V/(Al+Zr)XPS ≈ 0.2 almost identical selectivities are observed in the VZrAlON catalyst

series for both space velocities. Thus, for the VZrAlON catalysts with V/(Al+Zr)XPS ≈ 0.2 the

selectivity is almost independent of the space velocity (see Fig. 3.2 B).

10
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catalysts at each V/(Zr+Al)XPS ratio. Not until the ratio V/(Zr+Al)XPS reaches a value of > 0.1,

an improvement of S3−CP is observed compared to VAlON catalysts.

Figure 3.2.: Catalytic performance of VZrAlON series at TB = 360 ◦C compared to VAlON and VZrON

catalysts [7, 8] as function of the V/MXPS ratio; A) X3−PIC and B) S3−CP

To elucidate the potential of VZrAlON catalysts the impact of the bed temperature TB on the

catalytic performance was investigated for the VZrAlON series (Al/Zr = 1.5) for both GHSV

values. The results of this study are plotted in Fig. A.1. At low and at high GHSV the conversion

increases with rising bed temperature for each V/(Zr+Al) ratio. The maximum value of X3−PIC

is detected for the VZrAlON with a V/(Al+Zr) ratio of 0.5 at each TB. Moreover, values of

selectivities are almost constant over a wide temperature range at GHSV = 5728 h−1 for each of

the VZrAlON catalysts. At a lower GHSV the selectivity increases slightly for the samples with

V/(Zr+Al) ≥ 0.25, while for the catalyst with the lowest V/(Zr+Al) ratio a dramatic decrease of

S3−CP can be detected by rising TB. The best catalytic performance with respect to STY was

found for the catalyst VZrAlON-0.5. At TB ≈ 380 ◦C a value of STY 488 g/lh is reached.

A comparison of the catalytic performance as function of TB of the best catalysts in the VZrON

and VZrAlON series is depicted in Fig. 3.3 A. As clearly indicated by this plot, the conversion

increases from 50 % to 100 % for the VZrON-0.25 catalyst, when increasing TB from 320 to

360 ◦C. In this course S3−CP decreases from 74 to 65 %. Conversion values above 90 % for the

VZrAlON-0.5 catalyst are not reached below TB = 375 ◦C.

In contrast to VZrON-0.25, the VZrAlON-0.5 catalyst possesses an almost constant selectivity

over a wide temperature range. Due to the latter unique catalytic property of the VZrAlON-0.5

catalyst a STY of 488 g/lh can be reached at TB = 380 ◦C, whereby the maximum STY for the

VZrON-0.25 catalyst is merely close to 400 g/lh at TB = 360 ◦C.
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Additionally, it can be seen by the comparison in Fig. 3.3 A that at equal values of X3−PIC for

VZrON-0.5 and VZrAlON-0.5 the latter catalyst has a higher selectivity. For these reasons, it

can be concluded that the combination of VZrON and VAlON catalysts leads to a new material

which has indeed better catalytic properties in the ammoxidation than the corresponding pure

catalysts VAlON and VZrON.

Figure 3.3.: Catalytic performance of VZrAlON-0.5 as function of the bed temperature TB in comparison

to A) VZrON-0.25 at GHSV = 5728 h−1 [7] and B) VZrAlON-0.5 (Al/Zr = 0.8) at GHSV =

2713 h−1

Finally, the impact of the Al/Zr ratio of VZrAlON oxynitrides on the catalytic performance was

studied. A comparison of the catalytic performance of two VZrAlON-0.5 catalysts with Al/Zr

= 1.5 and 0.8 is shown in Fig. 3.3 B as a function of TB. For the catalyst with Al/Zr = 0.8 the

conversion also increases with rising TB and approaches the one for the catalyst with Al/Zr = 1.5

at TB = 360 ◦C. But S3−CP is slightly lower for the catalyst with Al/Zr = 0.8. Consequently, the

catalytic performance cannot be improved significantly by decreasing the Al/Zr ratio and rising

the Zr content in VZrAlON, respectively.

In conclusion it can be stated:

• The conversion and the selectivity increase continuously with rising V/(Al+Zr)ICP ratio

from 0.1 to 0.5. The VZrAlON-0.5 catalyst (X3−PIC = 98 %, S3−CP = 77 %, Y3−CP =

75 %) is more active and selective than the VZrAlON-0.1 catalyst (X3−PIC = 66 %, S3−CP

= 57 %, Y3−CP = 38 %) at TB = 360 ◦C & GHSV = 2713 h−1.

• Based on the surface V/AlXPS and V/(Al+Zr)XPS ratios VAlZrON catalysts are more

active and slightly more selective than VAlON catalysts at TB = 360 ◦C & GHSV =

12
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2713 h−1. However, the selectivity of the best VAlON-0.5 catalyst (X3−PIC = 80 %, S3−CP

= 79 %, Y3−CP = 63 %) is slightly higher than for the best VZrAlON-0.5 catalyst (X3−PIC

= 98 %, S3−CP = 77 %, Y3−CP = 75 %).

• Based on the surface V/ZrXPS and V/(Al+Zr)XPS ratios, VZrAlON are more selective

and less active than VZrON catalysts at TB = 360 ◦C & GHSV = 5728 h−1. Almost equal

yields are reached for the best VZrON-0.25 catalyst (X = 97 %, S3−CP = 65 %, Y3−CP =

63 %) and best VZrAlON-0.5 catalyst (X3−PIC = 82 %, S3−CP = 77 %, Y3−CP = 63 %).

• For TB > 360 ◦C the conversion increases continuously for VZrAlON-0.5 with an almost

constant selectivity (e.g. X3−PIC = 93 %, S3−CP = 78 % and Y3−CP = 73 % at TB =

382 ◦C) resulting in a maximum STY of 488 g/lh. In comparison, the conversion also

increases continuously for VZrON-0.25 with rising TB , but this goes along with a decrease

of the selectivity. Therefore, a maximum STY of 399 g/lh is reached for VZrON-0.25 at

TB = 360 ◦C.

• It was found that also the Al/Zr ratio has an impact on the catalytic performance of

VZrAlON catalysts. But no significant improvement of the catalytic performance at TB =

360 ◦C and GHSV = 2713 h−1 is observed by changing the Al/Zr ratio from 1.5 to 0.8.

Finally, these results illustrate that the combination of VAlON and VZrON to VZrAlON leads to

an improvement of the catalytic performance.

3.1.2. Comparison of structural properties of VZrAlON with those of

VAlON and VZrON catalysts

Chemical composition and BET surface areas The chemical compositions of fresh and used

VZrAlON catalysts as well as the N/V and V/(Al+Zr) ratios derived by ICP-OES and CHN

analysis are given in Tab. 3.1. In addition, the surface areas SBET and the N content in wt.-% are

listed for each sample. Several trends for VZrAlON can be derived from this table. For the fresh

catalysts with Al/Zr = 1.5 the N content increases up to a V/(Al+Zr) ratio of 0.5. Also the values

of SBET increase up to a ratio of 0.5 and then drop dramatically for larger ratios. This dramatic

loss of surface area by 100 m2/g for VZrAlON-0.6 might be one possible reason for the loss of

conversion compared to VZrAlON-0.5 (see Fig. 3.1 A and B).

Moreover, by comparing the chemical composition and the N content given in wt.-% for each

fresh and used sample it is easily seen, that the bulk N content decreases after use. This effect

was also detected for VAlON and VZrON catalysts. No general trend can be derived from the

N/V bulk ratio - neither for the fresh nor for the used VZrAlON catalysts implying that not
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only V sites are nitrided. For VAlON catalysts it was observed that the N/V ratio was almost

constant with overall V/Al ratios, indicating that V might be preferentially nitried. Also for

VZrON catalysts no general trend was observed for the N/V ratio when rising the V/Zr ratio in

the VZrON catalyst series.

Table 3.1.: Chemical compositions, N contents, N/V and V/(Zr+Al) ratios as well as surface areas SBET

of fresh and used VZrAlON catalysts

VZrAlON sample Chemical composition N [wt.-%] N/V V/(Al+Zr) SBET [m2/g]

0.1, fresh V0.39ZrAl1.55O5.60N0.27 1.51 0.68 0.15 199.0

0.1, used V0.40ZrAl1.54O7.39N0.16 0.84 0.41 0.16 167.4

0.25, fresh V0.77ZrAl1.50O6.25N0.40 2.04 0.53 0.31 154.4

0.25, used V0.78ZrAl1.54O7.10N0.35 1.70 0.46 0.31 112.0

0.5, fresh V1.32ZrAl1.51O7.12N0.71 3.07 0.54 0.54 152.8

0.5, used V1.32ZrAl1.52O8.45N0.45 1.84 0.34 0.52 110.0

0.6, fresh V1.48ZrAl1.53O7.39N0.55 2.32 0.38 0.58 55.4

0.6, used V1.49ZrAl1.53O8.75N0.47 1.85 0.31 0.59 46.9

0.5, fresh V0.99ZrAl0.77O5.50N0.57 3.11 0.58 0.56 119.0

0.5, used V1.00ZrAl0.77O6.92N0.35 1.76 0.35 0.57 95.4

The change of the Al/Zr ratio from 1.5 to 0.8 in VZrAlON affects mainly the surface area, which

is about 33 m2/g lower for the fresh sample with Al/Zr = 0.8 compared to the sample with Al/Zr

= 1.5. Moreover it can be seen that the N/V ratios and the N content are almost in the same range

for both samples - as well as in the fresh and used catalyst.

Surface analysis by XPS More information about the surface composition was derived by

XPS. Among the VZrAlON samples in Tab. 3.1 the fresh catalysts with Al/Zr = 1.5 and 0.1 ≤
V/(Al+Zr) ≤ 0.5 were investigated via XPS. Additionally the used catalyst VZrAlON-0.1 and

VZrAlON-0.5 (Al/Zr = 1.5) were analyzed to clarify the impact of the ammoxidation on the

surface composition and the N sites.

First of all, relevant surface ratios are summarized for fresh and used samples in Tab. 3.2. Marked

differences are seen for the surface and bulk composition of the fresh VZrAlON catalysts as

indicated by the elemental ratios given in Tab. 3.1 and Tab. 3.2. For each fresh sample the surface

V/(Al+Zr) ratio is lower than the corresponding bulk ratio. Moreover, the deviation between the

bulk and surface V/(Zr+Al) ratios becomes more pronounced with rising the V concentration

in the VZrAlON series. This means that vanadium is enriched in the bulk. Also the bulk and

surface N/V ratios differ strongly indicating that N is partly enriched in the bulk as well. Finally

the surface Al/Zr ratios are higher than the bulk Al/Zr ratios which are around 1.5 according to
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the chemical compositions given in Tab. 3.1. This means that in each of the fresh VZrAlON

samples Al is enriched on the surface.

Table 3.2.: Relevant surface ratios of fresh and used VZrAlON catalysts with Al/Zr = 1.5 derived by XPS

sample V/(Al+Zr) N/V Al/Zr V/Zr V/Al

fresh VZrAlON-0.1 0.10 0.00 1.99 0.20 0.15

fresh VZrAlON-0.25 0.18 0.22 1.79 0.50 0.28

fresh VZrAlON-0.5 0.20 0.35 1.96 0.59 0.30

used VZrAlON-0.1 0.09 0.70 1.85 0.26 0.14

used VZrAlON-0.5 0.28 0.32 2.17 0.90 0.41

Also the chemical nature of the surface differs in the fresh and used VZrAlON series and depends

strongly on the adjusted V/(Zr+Al) ratio as evident from EB values and elemental surface

concentrations c, which are listed in Tab. 3.3 for the fresh samples and in Tab. 3.4 for the used

samples.

To compare the mean surface V oxidation state in VZrAlON catalysts, ΔEB values instead of

EB(V2p3/2) are used and were calculated from ΔEB = EB(O1s) - EB(V2p3/2). This equation

considers the change of surface oxygen state according ref. [79] and gives a more precise

information about the V surface valence. The correlation between ΔEB values and the mean

V surface oxidation state found for VxOy samples is depicted in Fig. 3.4 [79]. Own calculated

ΔEB values for fresh and used VZrAlON catalysts are arranged in this figure to illustrate the

changes of V surface valence. At low V/(Al+Zr) ratios merely one V site (labeled with V1) is

detected for the fresh catalysts (see Tab. 3.3). Its ΔEB value points to a mean surface V oxidation

state close to + 4.3 as it is seen from Fig. 3.4. As indicated by a decrease of ΔEB for the site

V1 the mean surface vanadium oxidation state rises from + 4.3 to 5.0 with rising the V/(Al+Zr)

ratio in the fresh VZrAlON catalyst series. Moreover, for the fresh VZrAlON-0.5 catalyst an

additional V site (labeled with V2) can be detected being the dominant V surface site according

to the elemental surface concentration. Its ΔEB value indicates that the mean oxidation state of

this site is close to + 3.5 (see Fig. 3.4).

Interestingly, for all fresh VZrAlON catalysts two types of Al species can be detected. Both of

these Al sites possess binding energies, which clearly deviate from the Al2p binding energy of

Al2O3 (EB = 74.5 - 75.6 eV) [80, 81]. 2 Remarkably, a binding energy of around 69 eV for the

Al1 site is extremely low and to our knowledge such low binding energy was never observed for

an Al containing surface site. Even for elemental Al merely binding energies of 72.7 eV are

2For the fresh VAlON series one Al2p signal was found at 74.4 eV for V/Al≤ 0.25; merely at V/Al = 0.5 a second

Al site with EB = 71.9 eV could be detected. It was assigned to Al-N-V units, since also in the V2p3/2 region a

second V site with a considerable low EB value of 513.9 eV was observed [7, 8].
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Table 3.3.: Binding energies EB and elemental surface concentrations c [at.-%] of fresh VZrAlON

catalysts derived by XPS

fresh VZrAlON-0.1 fresh VZrAlON-0.25 fresh VZrAlON-0.5

XPS peak site EB [ eV] c [at.-%] EB [ eV] c [at.-%] EB [ eV] c [at.-%]

V2p3/2 V1 517.1 3.62 517.4 5.83 518.2 2.77

V2p3/2 V2 - - - - 516.8 3.8

Al2p Al1 69.5 4.91 69.9 3.88 69.8 8.69

Al2p Al2 72.8 19.53 73.5 17.19 73.8 12.68

Zr3d3/2 Zr1 181.1 12.3 181.7 11.75 182.0 10.92

O1s O1 530.7 59.6 530.8 46.12 531.1 49.23

O1s O2 - - 532.6 8.25 532.5 5.38

N1s N1 - - 397.3 0.38 397.6 1.08

N1s N2 - - 400.3 0.32 401.0 0.58

N1s N3 - - 402.9 0.57 403.4 0.63

Table 3.4.: Binding energies EB and elemental surface concentrations c [at.-%] of used VZrAlON catalysts

derived by XPS

used VZrAlON-0.1 used VZrAlON-0.5

XPS peak site EB [ eV] c [at.-%] EB [ eV] c [at.-%]

V2p3/2 V1 516.6 2.8 517.4 1.20

V2p3/2 V2 - - 514.8 1.91

Al2p Al1 70.3 4.44 71.2 8.31

Al2p Al2 73.8 15.54 74.7 8.03

Zr3d Zr1 181.8 10.81 182.5 7.54

O1s O1 526.5 4.82 527.1 4.96

O1s O2 529.9 42.92 529.6 46.37

N1s N2 399.5 1.97 399.2 1.20

N1s N3 - - 400.8 0.98

reported in literature [82]. However, the binding energy value of the second Al species (labeled

with Al2) might hint to the presence of Al-N-M bonds (M = Al, Zr or V), since it is close to

those observed for aluminum nitrides (73.5 to 73.6 eV) [83, 84].

In contrast, only one Zr surface species could be detected by XPS in the fresh VZrAlON series,

for which EB rises from 181.1 to 182.0 eV with increasing V/(Zr+Al) ratio. According to

literature, the position of the Zr3d3/2 peak in ZrO2 is found at 182.4 eV [85,86]. 3 This suggests

a surface reduction of Zr4+ to Zr3+ by nitridation at least at low V/(Al+Zr) ratios since binding

energies of the Zr3d3/2 peak for the samples VZrAlON-0.1 and VZrAlON-0.5 differ about 1 eV.

3In the series of fresh VZrON catalysts EB of Zr3d3/2 peak was found to be 182.2 eV for each adjusted V/Zr

ratio, which ranges from 0.1 to 0.5. This indicates that Zr surface sites are not reduced. Also a substitution of O

by N can be excluded in the coordination sphere of Zr sites [7, 8].
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Figure 3.4.: Changes of the surface V valence in fresh and used VZrAlON catalysts (Al/Zr = 1.5)

according to the linear plot of mean surface V oxidation state vs. ΔEB values found for

VxOy [79]

Additionally, a partial reduction of Zr in the fresh VZrAlON-0.1 sample could explain the low

EB value of the corresponding Al2 site. Generally, the binding energy of an atom is influenced

by its environment; the more electron-rich, the lower EB. Thus, a Zr3+ species is supposed to

attract the electrons in a Zr-O-Al surface unit weaker than a Zr4+ species. Therefore, the electron

density around the Al atom in a Zr3+-O-Al3+ environment is supposed to be higher than in a

Zr4+-O-Al3+ environment which in turn might lead to lower EB values expected for the Al2 site.

While the surface of the VZrAlON-0.1 catalyst initially does not contain any nitrogen, which

was also the case for VZrON series [8], the surface of fresh VZrAlON catalysts with higher

V/(Al+Zr) ratios shows the presence of three N species with EB between 397.3 and 403.4 eV.

Based on literature data, site N1 can be attributed to nitride (N1sZrN = 397.3 - 397.6 eV [87,88],

N1sAlN = 396.5 eV [83, 84, 89] and N1sV N = 397.4 eV [90]). The species N2 with EB values

of 400 - 401 eV are most probably due to NHx (x = 1 or 2) [91]. The species N3 might be

assigned to NH+
4 , but consider that the N3 site might be also attributed to bimolecular-like -N=N-

sites according to [6, 86, 91]. However, ATR results being in detail discussed in the next chapter

confirm the presence NH+
4 sites in the fresh VZrAlON catalysts since a typical band of NH+

4 can

be detected for each sample ranging from 1441 to 1419 cm−1(see Fig. 3.6 A). No hints for an

N=N vibration could be found.

The surface concentration of each N site and the overall sum of N surface sites Ns are plotted as

a function of the surface V/(Al+Zr)XPS ratio in Fig. 3.5. In general, the concentration of each N
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site increases with rising V surface concentration in fresh VZrAlON catalysts indicating that

V plays a crucial role for the formation of these N species. The concentrations of N2 and N3

increase linearly with V/(Al+Zr) ratio suggesting that the sites N2 and N3 are mainly located

in the coordination environment of V sites. For the nitride-like site an exponential growth can

be observed, which indicates that not only V sites are nitrided. This is also supported by a

non-constant bulk and surface N/V ratio (see Tab. 3.1 and Tab. 3.2). It might be possible that

also Al sites possess N in their coordination sphere since the EB value of the Al2p peak with

73.8 eV is too low for Al-O bonds.

Figure 3.5.: Surface concentrations c [at.-%] of N species as a function of the surface V/(Zr+Al)XPS

ratio in fresh VZrAlON catalysts (Al/Zr = 1.5)

Significant changes of the surface composition and surface sites are observed in VZrAlON

samples after ammoxidation (compare results in Tab. 3.3 and Tab. 3.4). While the total surface N

content for sample VZrAlON-0.5 remains almost constant, the N3− species (N1) is no longer

seen in the used catalyst. Rather the concentration of the remaining NHx species (N2 and N3)

increases. In the sample VZrAlON-0.1 an NHx species (N2) appears on the surface for the first

time. Simultaneously, the bulk N content decreases for both samples after use (see Tab. 3.1).

This suggests that N3− species from the bulk are moving to the surface under reaction conditions

where they are partly transformed into NHx species N2 and N3. Alternatively, nitrides N3− can

be converted to molecular N2. This has been experimentally observed during TPO experiments

upon heating VMo oxynitrides in air (see chapter 3.4) and was also assumed by Wiame et al.

and L. Le Gendre et al., who investigated the thermal oxidative decomposition of several metal

oxynitrides [92, 93]. The electrons released during this reaction can be taken up either by a

neighboring V site, which is reduced in turn or by O2 from the gas phase which forms O2− via
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the sequence [94]:
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O2
+e−−−→ O−

2
+e−−−→ O2−

2 −→ 2 O− +2e−−−−→ 2 O2−. (3.1)

The O2− species might fill the vacancies in the lattice while O− species in the neighborhood

of a reduced V site can be converted to O2− upon oxidation of the former. Note that the ΔEB

value of site V1 decreases (indicating oxidation) while the one of site V2 increases (indicating

reduction) for the VZrAlON-0.5 catalyst during ammoxidation (see Fig. 3.4). Obviously, the net

release of nitride species from the catalyst during ammoxidation gives rise to a complex system

of dynamic changes. However, it is indicated that in the used VZrAlON-0.5 catalysts the site V1

might be located in a matrix of Zr sites while site V2 is rather connected to Al containing species

since the surface ratio of V2/V1 = 1.6 is equal to the adjusted bulk Al/Zr (see again Tab. 3.1).

This assignment also means that Zr containing V sites (V1) are oxidized during ammoxidation

while Al containing V sites (V2) are reduced (see also Fig. 3.4) in the course of ammoxidation.

This assignment will be later on supported by results of in situ EPR spectroscopy.

ATR spectroscopy and surface acidity ATR spectroscopy was additionally applied to get

more information about the chemical nature of N sites. The spectra for the fresh and used

VZrAlON series with Al/Zr = 1.5 are given in Fig. 3.6 A and B.

Two distinct bands can be observed for fresh VZrAlON samples at around 1441 and 1629 cm−1

being typical for δ(NH+
4 ) and δ(H2O) vibration [95], respectively. Moreover, a shift of the

δ(NH+
4 ) vibration to lower wavenumber is detected with rising V/(Al+Zr) ratio, which points to

the fact that the oxidation state of the metal site to which NH+
4 sites are bound differ.

For the fresh VZrAlON-0.5 sample additional bands are detected at 896 and 1068 cm−1. The

band at 1068 cm−1 is assigned to the ν(V=O) vibration of VOx species. For isolated VOx sites

in supported VOx/Al2O3 and VOx/ZrO2 this band appears around 1040 cm−1 [96]. However,

this band is shifted to higher wavenumber for the VZrAlON-0.5 oxynitride, indicating that the

chemical environment of V=O has changed via nitridation. The band at 896 cm−1 might originate

from M-N-M (M = Al, Zr or Al) units.

ATR spectra of all used VZrAlON are given in Fig. 3.6 B. They are mainly characterized by one

intense vibration at around 1424 cm−1 and a broad band ranging from 1551 to 1665 cm−1. This

might indicate that besides δ(NH+
4 ) and δ(H2O) vibrations also vibrations of NHx sites (x < 4)

contribute to the ATR spectra. Note that e.g. the δ(NH2) band is expected in the same region [97].

For the used VZrAlON-0.5 sample two distinct N containing sites could be also detected by XPS.
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Remarkably, the intensity of both bands in the δ(N-H) region increases upon use suggesting that

more of such surface species are formed during reaction. This agrees properly with the higher

surface concentration of N2 and N3 species detected by XPS in the used catalysts (see Tab. 3.4),

which arise from NHx (x = 1-4) species as well.

Figure 3.6.: ATR spectra of VZrAlON catalysts with Al/Zr = 1.5 at RT as function of the V/(Al+Zr) ratio,

Al/Zr = 1.5; A) Fresh samples, B) Used samples

To elucidate the surface acidity of VZrAlON oxynitrides the adsorption of pyridine followed

by FTIR spectroscopy was applied. Both Brønstedt and Lewis acid sites can be detected by

this method [98]. No typical bands for these two sites are detected by FTIR spectroscopy for

the fresh VZrAlON series with 0.12 ≤ V/(Al+Zr) ≤ 0.53 and Al/Zr = 1.5. Also for VZrON

catalysts acid sites were not observed by this method [7, 8]. Only for VAlON oxynitrides at low

V/Al-ratios typical vibration bands for Lewis acid sides could be seen. Hence, the formation of

Lewis acid sites at low V concentrations can be suppressed by using a mixture of V, Zr and Al.

XRD analysis The fresh and used catalysts of the VZrAlON series with Al/Zr = 0.8 and 1.5

are almost X-ray amorphous as indicated by the powder XRD pattern given in Fig. A.2. Only

for the used catalyst VZrAlON-0.1 very broad peaks can be detected indicative of a crystalline

structure might start to form in this sample. A reliable assignment to a certain phase is impossible.

This agrees with previous observations showing that also VAlON catalysts are almost X-ray

amorphous [7, 8]. In contrast, VZrON catalysts showed typical reflection for slightly disordered

crystalline ZrO2 [7, 8]. Hence, from the XRD point of view VZrAlON catalysts are more similar
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the VAlON oxynitrides. This suggests that the formation of crystalline ZrO2 can be suppressed

by adding Al indicating that Zr and Al are forming a highly disordered network in the solid.

3.1.3. In situ experiments using EPR spectroscopy

In situ EPR studies of VZrAlON catalysts during nitridation The nitridation of the VZrAlO-

0.5 oxide precursor (Al/Zr = 1.5) was followed by in situ EPR spectroscopy using a diluted NH3

stream.

The in situ investigation during nitridation was designed in the following way: The sample was

first heated from RT to 120 ◦C in N2 and was cooled down to RT again after 1 h. Then it was

switched to 20 % NH3/N2 at RT and stepwise heated to 410 ◦C. After cooling the sample from

410 ◦C to RT in NH3/N2, it was finally switched at RT to N2. The sample was exposed to latter

condition for 14 h. Spectra at elevated temperatures were recorded as a function of time for at

least 30 min.

In Fig. 3.7 A the EPR spectrum for the untreated precursor at RT and the EPR spectrum after

heating in N2 at 120 ◦C are depicted. The EPR spectrum of the untreated oxide precursor

shows a hyperfine structure (hfs) signal due to isolated VO2+ sites, which is superimposed on a

broad background signal arising from interacting V4+ sites within cluster-like moieties. Upon

switching from N2 to NH3 flow at 120 ◦C the hfs signal of VO2+ increases slightly indicating

beginning reduction of V5+ (see Fig. 3.7 B).

By rising the nitridation temperature to 300 ◦C not only the EPR signal intensity increases with

time, but also the shape of the signal changes (see Fig. 3.7 C). The increase of the EPR signal

intensity points to a further reduction of V5+ to V4+ while the change of the shape implies that

new isolated and polymerized V sites are created at this temperature. At 410 ◦C the EPR signal

intensity decreases (see Fig. 3.7 D), and an additional sharp line can be seen possessing no hfs

and a g value close to two (see Fig. A.3 B). Probably, this signal arises from F-centers.

In Fig. A.3 A EPR spectra derived at RT after the in situ nitridation are depicted. The brown

signal was directly measured after in situ nitridation, while the green signal was obtained after

exposure of the sample to N2 at RT for 14 h. However, the access of N2 leads to an increase

of the EPR signal intensity. Since the N2 is for sure not completely oxygen-free, a partial

reoxidation of V3+ to V4+ can be assumed indicating that V3+ is partially oxidized to V4+ under

ambient conditions. The corresponding 2nd derivatives of these two spectra given in Fig. A.3 C

and D illustrate that in both spectra a sharp isotropic line typical of F-centers is hidden under

the hfs signal of VO2+. Therefore, a stability of these defects against reoxidation is proved.
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Figure 3.7.: In situ EPR signals for nitridation of the VZrAlO-0.5 oxide precursor;

A) Untreated and after heating in N2 at RT; B) Heating in N2 or NH3/N2 at 120 ◦C for 1 h;

C) NH3/N2, 300 ◦C; D) NH3/N2, 410 ◦C; insets: 2nd derivative of the EPR signal

By comparing the 2nd derivatives of the EPR signals given as insets in Fig. 3.7 B - D, it can

be concluded that F-centers are not formed until reaching a nitridation temperature close to

400 ◦C. These results clearly indicate that the thermal ammonia treatment of the VZrAlO-0.5

oxide precursor results in the formation of vacancies according to the nitridation reaction. This

reaction formally predicts the substitution of three O2− anions by two N3− anions and one

anionic vacancy. To clarify the stability and the contribution of these introduced vacancies to the

catalytic properties, in situ EPR spectroscopy was also used during ammoxidation.

In situ EPR studies of VZrAlON catalysts during ammoxidation The in situ investigation

during ammoxidation was designed in the following way: Spectra were recorded at RT before

any treatment and after in situ ammoxidation at RT. After heating the catalysts in air/NH3 (4.5 :

1) to 350 ◦C water was added to the air/NH3 stream at 350 ◦C. Subsequently it was switched

to the complete feed at 350 ◦C (air/NH3/H2O/3-PIC). This was followed by stopping the 3-PIC

stream, so that the catalyst was again exposed to air/NH3 at 350 ◦C. Then the gaseous stream was

changed again from air/NH3 to N2 (10 ml/min) and finally the sample was cooled from 350 ◦C

to RT in N2. EPR spectra recorded at elevated temperature were measured for each condition

with time on stream until a steady state was reached.

First of all, the EPR signals for the ex situ nitrided fresh VZrAlON oxynitrides measured at RT
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should be compared in Fig. 3.8 A as a function of the V/(Zr+Al) ratio. Additionally, the EPR
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signals after the in situ ammoxidation experiment measured at RT are depicted for this series

in Fig. 3.8 B. The 2nd derivative of each EPR signal is given in Fig. 3.8 A’ - B’. Generally, the

EPR signal intensity decreases with rising V concentration for the untreated VZrAlON series.

This trend was also observed for the VAlON series [7]. The corresponding EPR signals for the

VAlON series as a function of the V/Al ratio are given in Fig. 3.9 A and B including the 2nd

derivatives of each signal.

Figure 3.8.: EPR signals and their 2nd derivatives (’) for VZrAlON depending on the V/(Zr+Al) ratio at

RT; A/A’) Untreated catalysts; B/B’) After in situ ammoxidation experiment

By comparing the EPR signals for both series, it can be concluded that the signal intensity is

higher for the VAlON than for the VZrAlON. This is also supported by the correlation given in

Fig. 3.9 C, which shows the double integral intensities AEPR for both series depending on the

bulk V/(Al+Zr) and V/Al ratios, respectively. This suggests that the degree of V reduction is

higher for VAlON than for VZrAlON samples as already indicated by XPS results. The shape

of the EPR signal of the VZrAlON samples is closer to that of VAlON than to that of VZrON

catalysts. A EPR spectrum for VZrON-0.25 is given in Fig. 3.9 D. In contrast to VAlON and

VZrAlON, a hfs is hardly seen for the VZrON sample pointing to a high amount of polymerized

VO2+ sites. Thus, aggregation of isolated VO2+ sites to V4+Ox clusters can be suppressed by

combining VZrON and VAlON to VZrAlON.

More information about an additional signal of vacancies for the oxynitride series can be obtained

by comparing the 2nd derivatives of the EPR signals (see Fig. 3.8 A’ - B’ and Fig. 3.9 B). Without

doubt, an additional sharp signal can be seen in the EPR spectrum of the untreated VZrAlON
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Figure 3.9.: Additional information to Fig. 3.8; A) EPR signals for untreated VAlON series at RT; B)

2nd derivatives of EPR signals in A; C) Double integral intensities (AEPR) for EPR signals

measured at RT for VZrAlON and VAlON; D) EPR signal for VZrON-0.25 measured at RT

catalyst with V/(Zr+Al) = 0.5 and weakly for the 0.25 ratio. For the ratio 0.1 the sharp isotropic

signal is not seen. It might be weak and therefore hidden under the strong signals of isolated and

polymeric VO2+ sites, or it is missing because vacancies are simply not formed. Additionally,

also for the VAlON and VZrON series no typical signal for a paramagnetic defect can be detected

(see Fig. 3.9 B) indicating that the formation of vacancies in a high amount is only favored for

VZrAlON oxynitrides. Comparing the EPR signals of the VZrAlON series for the untreated

oxynitrides with the EPR signals derived after in situ ammoxidation at RT, clearly the sharp line

is still visible for the highest V/(Zr+Al) ratio. Moreover, for each VZrAlON catalyst an increase

of the EPR signal can be observed during in situ ammoxidation (see Fig. 3.8 A and B), which

implies a change of the V oxidation state during ammoxidation.

The fact that the defect signal is properly seen only in the VZrAlON-0.5 catalyst with the

highest V content suggests that these defects might be located close to the coordination sphere

of vanadium. This raises the question at which vanadium site it is exactly located and which is

the valence of this site. These questions are hard to answer. However, the electron spin of the

trapped electron does not couple with the spin of a V4+ site. Otherwise it would not be seen

anymore. Therefore, it seems to be reasonable that the sharp electron line must be caused by a

defect site which is located near to the coordination sphere of V5+. Furthermore, the structure of

the fresh VZrAlON-0.5 catalyst seems to differ from all samples. By comparing the normalized

EPR spectra measured at RT for this sample before and after use in the in situ experiment (see
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Fig. A.4 A and B), clearly marked changes of the hfs can be observed for the highest ratio of

V/(Zr+Al) while the structure of the vanadyl site for VZrAlON-0.1 catalyst stays almost the

same. This effect will be discussed in more detail in the following chapter.

In situ studies of VZrAlON catalysts in the presence of ammoxidation feed components

To elucidate the impact of the catalyst structure on the catalytic performance for VZrAlON as

well as the reason and the moment of the observed structure change of the VZrAlON-0.5 catalyst,

EPR spectra taken at elevated temperatures will be discussed below. For comparison, also

the data for the VZrAlON-0.1 catalyst are incorporated since the catalytic performance differs

significantly for the V/(Zr+Al) ratios 0.1 (X3−PIC = 66 % ;S3−CP = 57 %) and 0.5 (X3−PIC =

98 % ;S3−CP = 77 %).

In Fig. 3.10 A and B EPR signals derived at RT are compared with those measured in air/NH3

at 350 ◦C for the two catalysts VZrAlON-0.1 and -0.5. Several trends are indicated by this

comparison. First of all, according to Curie’s law, the loss of EPR signal intensity for the

sample VZrAlON-0.1 must be regarded as thermal effect since the expected ratio of ICL =

I(623K)/I(295K) amounts to 0.5. As opposed to this, the EPR signal intensity increases for the

sample VZrAlON-0.5, which points to a partial reoxidation of V3+ to V4+ (ICL = 9.7).

Figure 3.10.: EPR signals for VZrAlON under air/NH3 at 350 ◦C with time on stream compared to EPR

signal derived for untreated sample at RT; A) VZrAlON-0.1, ICL = 0.5; B) VZrAlON-0.5,

ICL = 9.7

Moreover, while the hfs of the isolated VO2+ sites for VZrAlON-0.1 stays almost the same,

significant changes can be observed for the VZrAlON-0.5 oxynitride. First of all, the typical

sharp signal for the defect sites decreases and secondly the hfs parameters change. This is already
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indicated by the change of the line positions with respect to the spectrum of the untreated sample

(exemplified by dotted lines in Fig. 3.10 B). By spectra simulation (discussed below) it could be

shown that the EPR spectrum of the VZrAlON-0.5 sample at RT might consists of four different

paramagnetic sites: a defect signal, a signal for cluster-like V4+Ox sites, and two signals for two

types of isolated VO2+ sites. The superposition of two isolated sites in the EPR spectrum of

the untreated catalysts is especially well seen by the asymmetric signal in the low field range.

Unfortunately, the resolution of these two isolated sites is not sufficient to observe two separated

peaks. However, heating this catalyst in an air/NH3 stream results in a high amount of one

isolated site while the afore predominant second isolated site is hardly detectable (see dotted

lines in Fig. 3.10 A).

More detailed information about the local structure of the isolated VO2+ sites can be derived

by calculating the spin Hamiltonian parameters for the EPR signals using the program SIM14S.

Also the relative ratio of the paramagnetic sites is accessible by this method. In principle three

types of paramagnetic sites (Vsingle, Vpoly & defect) must be superimposed for the EPR signal

of the VZrAlON-0.5 catalyst to obtain a satisfactory fit, while for the signal of VZrAlON-0.1

sample the superposition of two types of paramagnetic sites was sufficient (Vsingle & Vpoly).

A comparison of simulated spectra with experimental spectra is shown in Fig. A.5. The spin

Hamiltonian parameters (A‖, A⊥, g‖ and g⊥), the parameters Δg‖/Δg⊥ and β∗2
2 , and the ratios

of the paramagnetic species CS : CP : CD are presented in Tab. 3.5 not only for VZrAlON-0.5,

but for the VZrAlON-0.1 catalyst too.4

The parameter Δg‖/Δg⊥ can be regarded as a measure for the total axial distortion of VO2+

species in powder samples. It can be derived from the following relation:

Δg‖
Δg⊥

=
g‖ − ge
g⊥ − ge

. (3.2)

The higher Δg‖/Δg⊥ the shorter the V=O bond or longer the bonds in the equatorial plane of

the VO2+ sites become [99]. The so-called in-plane delocalization coefficient β∗2
2 reflects the

extent to which the free electron is delocalized towards the ligands in the basal plane of the VO2+

species and is given by:

β∗2
2 =

7

6
Δg‖ − 5

12
Δg⊥ − 7

6
[(A‖ − A⊥)/P ] with P = 184.5 G. (3.3)

β∗2
2 becomes 1 for a pure VO2+ ion and decreases with rising covalent character of the bonds in

4For the spectrum of the untreated catalyst VZrAlON-0.5 the amount of both isolated sites was added (CS = CS1 +

CS2
).
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As already indicated by EPR spectra given in Fig. 3.10 and A.4 two different VO2+ sites can

be detected for the untreated VZrAlON-0.5 catalyst at RT, but not for VZrAlON-0.1. The two

isolated sites in the VZrAlON-0.5 catalyst differ clearly in their spin Hamiltonian parameters

(see Tab. 3.5). The calculated ratio of CS1 : CS2 = 1 : 1.6 suggests that the concentration of S2

is higher than for S1. It is almost identical to the adjusted Al/Zr bulk ratio in this sample (see

Tab. 3.1) indicating that S1 might be rather connected to Zr and S2 to Al containing VO2+ sites.

In Tab. 3.6 the spin Hamiltonian parameters and their Δg‖/Δg⊥ and β∗2
2 are given for different

prepared VZr as well as VAl containing samples [7, 100–106]. In general, VOx/ZrO2 samples

possess a higher value of Δg‖/Δg⊥ than VOx/Al2O3. This supports the assignment of S1 and S2

in the fresh VZrAlON-0.5 catalyst.

Moreover, reduction in H2 of VOx/Al2O3 compounds weakens the V=O bond in isolated VO2+

sites and decreases β∗2
2 values, but also relaxes the tetragonal distortion as evident from Δg‖/Δg⊥

values (see Tab. 3.6). However, distinct structural differences are observed for S1 and S2 in

VZrAlON-0.5 compared to VO2+ sites in VOx/Al2O3, VOx/ZrO2 and V2O5/Al2O3-ZrO2 samples.

The spin Hamiltonian parameters of S1 assigned to VO2+ sites being in a matrix of Zr are less

distorted than VO2+ sites in VOx/ZrO2 and even do not resemble those calculated from the EPR

spectrum of VZrON-0.25. Additionally, β∗2
2 of S1 is higher than those for reduced or nitrided

samples indicating that the ligand coordination sphere for the isolated site S1 is free of nitrogen.

As opposed to this, the β∗2
2 and Δg‖/Δg⊥ values of VO2+ in S2 deviate strongly from those given

for calcined and reduced VOx/Al2O3 as well as from those for V2O5/Al2O3-ZrO2. This might

be a hint that the oxygen ligands of the VO2+ sites in the basal plane are partly substituted by

nitrogen.

Moreover, the spin Hamiltonian parameters of the VO2+ site in the VZrAlON-0.1 sample (RT,

untreated) are more related to those found for pure AlVOx (see Tab. 3.6). This suggests that

the VO2+ sites possess no nitrogen in their coordination sphere. This is also supported by XPS

results, which suggest that the surface of the latter sample is initially almost free of nitrogen.

When the VZrAlON-0.1 catalyst is heated to 350 ◦C in air/NH3, no significant changes of

the spin Hamiltonian parameters for VO2+ sites are detected. In contrast, heating the catalyst

VZrAlON-0.5 in air/NH3 to 350 ◦C, only the second isolated VO2+ site S2 remains while S1

diminishes possibly due to oxidation to pentavalent VO3+. According to the previous assignment

of S1 and S2, Zr containing VO2+ sites are oxidized to VO3+ . This assumption is supported

by the fact that for pure VZrON catalysts the mean V surface oxidation state was close to +5

(proved by XPS and EPR results) [8] indicating that the close proximity of V and Zr sites favor
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Table 3.5.: Spin Hamiltonian parameters, Δg‖/Δg⊥ and β∗2
2 for EPR signals of VZrAlON-0.1 and -0.5
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3. Results

Table 3.6.: Characteristic parameters of VO2+ species found in EPR spectra of V containing solids

sample A‖ [G] A⊥ [G] g‖ g⊥ Δg‖/Δg⊥ β∗2
2

VOx/ZrO2 [100] 188.0 64.0 1.926 1.979 3.27 0.70

impregnation

VOx/ZrO2 [101] 179.6 64.5 1.925 1.977 3.05 0.65

slurry method

VOx/ZrO2 [101, 102] 185.6 61.2 1.930 1.979 3.10 0.71

impregnation

K-doped VOx/ZrO2 [103] 186.2 62.5 1.925 1.974 2.70 0.70

impregnation, non-calcined

VZrON-0.25 [7] 182.4 61.9 1.940 1.980 2.79 0.70

co-precipitation, nitridation

VOx/Al2O3 [104] 191.0 63.0 1.942 1.974 2.1 0.75

impregnation, as received, monolayer

VOx/Al2O3 [104] 179.0 73.0 1.947 1.950 1.1 0.63

impregnation, reduced, monolayer

VOx/Al2O3 [104] 194.0 66.0 1.938 1.979 2.8 0.75

impregnation, as received, doublelayer

VOx/Al2O3 [104] 181.0 78.0 1.946 1.953 1.1 0.61

impregnation, reduced, doublelayer

VOx/γ-Al2O3 [105] 177.0 63.0 1.933 1.975 2.54 0.65

impregnation, reduced

AlVOx [107] 177.9 56.9 1.935 1.969 2.00 0.70

citrate-method

2.5 wt.-% V2O5/Al2O3-ZrO2 [106] 196.0 71.0 1.972 1.989 2.28 0.76

impregnation

20 wt.-% V2O5/Al2O3-ZrO2 [106] 177.0 61.3 1.986 1.989 1.23 0.72

impregnation

an oxidation state close to + 5. Simultaneously, the concentration of the defect signal decreases

and the remaining isolated site S2 possesses an outstanding high Δg⊥/Δg‖ ratio indicating that

the axial distortion increases for VO2+ site in S2. This suggests that N sites in the equatorial

plane of VO2+ in S2 are partly transformed by heating the catalyst in air/NH3 to 350 ◦C leaving

to NHx sites. The anionic defects being linked to V5+ sites might be replaced by O2− or NHx.

In Fig. A.6 A and B the impact of adding water to the air/NH3 stream at 350 ◦C on the EPR

signals is depicted. When adding water to the air/NH3 stream at 350 ◦C almost no changes on

the EPR signals can be observed for both samples. Also for VAlON catalysts it was observed

that water has no impact on the catalytic performance or catalyst structure [7, 8].

As opposed to this, when switching to the complete feed including 3-PIC for both catalysts,

VZrAlON-0.1 and VZrAlON-0.5, the EPR signal intensities increase with time (see Fig. 3.11
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3. Results

A and B) and decrease again when switching the 3-Pic component off (see Fig. 3.12 A and B).

This points to the reducing impact of 3-PIC. Remarkably, the hfs signal is more pronounced in

the EPR spectra of VZrAlON-0.1, indicating that the percentage of isolated VO2+ sites is much

higher in this sample under working state than for the sample with V/(Al+Zr) = 0.5. Interestingly,

only for VZrAlON-0.1 the hfs parameters are slightly changed under working state, while those

of VZrAlON-0.5 stay almost the same (see Tab. 3.5).

Figure 3.11.: EPR signals for VZrAlON derived under feed conditions at 350 ◦C with time on stream;

A) VZrAlON-0.1; B) VZrAlON-0.5

Figure 3.12.: EPR signals for VZrAlON derived after stopping 3-PIC stream at 350 ◦C;

A) VZrAlON-0.1; B) VZrAlON-0.5
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3. Results

A comparison of the EPR signals derived at 350 ◦C under feed conditions for the VZrAlON series

with Al/Zr = 1.5 is given as a function of the V/(Al+Zr) ratio for two different times on stream in

Fig. A.7 A - B. In addition, their 2nd derivatives are shown in Fig. A.7 A’ - B’. As indicated also

by this comparison, the parallel components A‖ and g‖ of the hfs signal change stronger with time

on stream at low V/(Zr+Al) ratios (see also Tab. 3.5). This implies that the V=O bond of the VO2+

sites seems to be prone to the reaction stream in the sample VZrAlON-0.1. Thus it seems that

the higher the amount of V in VZrAlON catalysts the lower the degree of V=O distortion under

working state. Indeed, from Tab. 3.5 it is evident that the structure of VO2+ sites in catalyst with

the lowest V/(Al+Zr) ratio seems to be less distorted at RT and at elevated temperatures under

air/NH3. Not until switching to the entire feed composition, Δg‖/Δg⊥ increases significantly

from 1.70 to 3.20 with time on stream for the latter sample. When switching off the 3-PIC

component in the feed the distortion of VO2+ sites is only reversible for VZrAlON-0.1, but not

for VZrAlON-0.5 sample. This implies that the distortion of VO2+ sites in the VZrAlON-0.1

catalyst is mainly introduced in the course of the ammoxidation reaction, possibly due to a

reversible adsorption of 3-PIC on VO2+ sites.

When switching finally from air/NH3 to N2, the EPR signal intensity stays almost the same

for both samples (see Fig. A.8). As it is evident from Tab. 3.5 the composition and structure

of paramagnetic sites of VZrAlON-0.5 changes again. While the hfs of the perpendicular

component of VO2+ sites stays almost the same, it can be seen that the hfs of the parallel

component changes. This suggests that transient vacancies are formed close to the coordination

sphere of VO2+ since NH3 and O2 are missing in the gaseous stream. Additionally, the sharp

signal for the defect site (related to V5+ species) becomes more pronounced in the EPR signal.

The increase of this defect signal intensity upon switching from air/NH3 to N2 might be due

to the fact that paramagnetic oxygen is missing in the stream and therefore the magnetically

interaction between O2 and the defect site diminishes. This implies that defect sites are indeed

located on the surface of the VZrAlON-0.5 catalyst.

Conclusively, results of in situ investigations clearly indicate that the two catalysts VZrAlON-

0.1 and -0.5 work differently during ammoxidation due to the fact that they expose already

initially different types of N and V containing sites on their surface. Although X3−PIC is close

to 100 % for VZrAlON-0.5 and about 32 % higher than for VZrAlON-0.1 (360 ◦C, GHSV

= 2713 h−1), the latter catalyst is significantly less selective. This might be due to the fact

that the catalyst VZrAlON-0.1 provides initially only N-free V containing sites on its surface.

This is not only proved by EPR results, but also by results from XPS. The nitridation of the

VZrAlO-0.1 oxide precursor does not lead to the formation of surface N3− species or defect sites.

Defect sites and N3− surface species are detected only in a significant concentration for the fresh
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VZrAlON-0.5 catalyst. These nitride sites are located near to the VAl containing species while

VZr containing sites seems to be free of nitride-like sites. Although these N3− anions are missing

after ammoxidation for the latter catalyst, it seems that, thanks to their introduction by nitridation,

defect sites in the near coordination sphere of V5+ sites are formed, which might be replaced by

O or/and N containing species originating from the gas phase during the ammoxidation. Due to

the loss of N3− in the course of ammoxidation additional transient vacancies might be formed,

which might be also refilled in a sense of a double Mars-van Krevelen mechanism by O and/or N

containing species. This is also supported by the fact that two N sites are detected by XPS for

the used VZrAlON-0.5 catalyst, but not for the used VZrAlON-0.1 catalyst. This suggests that

these transient formed vacancies are refilled by both, O and N sites, which originate from the

gas feed. At least it is clear that the defect concentration is much higher for VZrAlON-0.5 than

for VZrAlON-0.1. Finally, these effects might lead to the outstanding better selectivity of the

VZrAlON-0.5 in comparison to the VZrAlON-0.1 catalyst.

3.1.4. Conclusions on VZrAlON catalysts in relation to VZrON and VAlON

The combination of VZrON and VAlON oxynitrides to VZrAlON leads to a new material with

androgynous properties with respect to the structural and catalytic characteristics.

Compared to VZrON catalysts, S3−CP could be significantly improved at TB = 360 ◦C, but

also a loss of X3−PIC was observed. Compared to VAlON catalysts, VZrAlON catalysts are

more active and slightly more selective at TB = 360 ◦C (see Fig. 3.2). By investigating the

catalytic performance of VZrON and VZrAlON as a function of TB, it can be concluded that

VZrAlON catalysts provide improved catalytic performance. In contrast to VZrON catalysts,

S3−CP is almost constant over a wide TB range for VZrAlON catalysts, so that at TB > 360 ◦C

the conversion is continuously increasing at almost constant selectivity. The latter trend was also

observed for VAlON catalysts, but not for VZrON catalysts [7].

Interestingly, structural investigation showed that VZrAlON catalysts are completely X-ray

amorphous before and after use in ammoxidation. This was also observed for VAlON catalysts,

but not for VZrON catalysts, in which a significant amount of crystalline ZrO2 could be detected.

Hence, by combining Al and Zr, the formation of crystalline ZrO2 can be suppressed indicating

that the fraction of Zr, being a part of the highly disturbed V containing network, is much higher

in VZrAlON materials than in VZrON. Moreover, by combining Zr and Al different N containing

sites could be detected in the near surface region by XPS. While VZrON catalysts possess an

almost N-free surface despite a high bulk N content, VAlON catalysts provide nitrogen on the

surface in form of nitride sites N3− [8].
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For VZrAlON catalysts with V/(Al+Zr) ≥ 0.25 three different N containing sites could be

initially detected by XPS. Results of EPR spectroscopy and XPS suggest that the mean V surface

oxidation state of VZrAlON catalysts ranges between those found for VAlON and VZrON

catalysts. Furthermore, a strong VOx site polymerization observed for VZrON catalysts is

suppressed by combining VAlON and VZrON materials. This might contribute to the improved

selectivity for mixed VZrAlON catalysts. Moreover, the enrichment of V in the bulk increases

with rising V/(Zr+Al) ratio. The latter trend was also observed for VAlON, but not for VZrON

materials [7, 8]. All catalyst classes VZrON, VAlON and VZrAlON are mainly free of surface

acid sites as proved by adsorption and desorption experiments using FTIR spectroscopy and

pyridine as probe molecule.

By in situ EPR spectroscopy under ammoxidation and nitridation conditions a novel structural

property could be identified for VZrAlON catalysts which was not observed for VZrON or

VAlON catalysts. A significant concentration of paramagnetic defects (probably F centers)

could be identified for catalysts with V/(Al+Zr) ≥ 0.25, which seems to be related to V5+

species in VZrAlON and which participate during ammoxidation. Results of in situ nitridation

and XPS suggests that these defects are introduced beside nitride-like sites during nitridation.

Additionally, XPS and in situ EPR investigations showed that in fact N3− anions are released

under ammoxidation conditions, but the resulting transient vacancies as well as paramagnetic

defects might be quickly refilled by O and/or N containing sites from the gas phase. In principle,

by comparing the in situ results for VZrAlON-0.1 and VZrAlON-0.5 catalysts this process is

only possible when initially a high concentration of N3− sites are introduced into the coordination

sphere of catalytically active V species.

Unfortunately, no further improvement of the catalytic performance could be observed when

changing the V/(Al+Zr) ratio from 0.5 to 0.6 in the VZrAlON series so far. A dramatic reduction

of the surface area might be the main reason for the observed decrease of X3−PIC . Therefore, a

systematic exploration of the synthesis parameters during nitridation and co-precipitation might

be useful keeping a ratio of Al/Zr = 1.5; such a study could be helpful for a further improvement

of the catalytic performance of VZrAlON catalysts.
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3.2. VZrPON catalysts

As mentioned in section 2, it was assumed that the addition of P to VZrON might improve

the selectivity of VZrON catalysts while maintaining their high activity. Since it was reported

in literature that ZrPON materials with Zr/P = 0.9 possess a variety of different N sites on

their surface [55, 74], it was decided also to adjust the P/Zr ratio to 0.9. The introduction of V

into ZrPO in different concentration (V/Zr = 0.1 - 0.9) was realized by adding NH4VO3 to the

synthesis of ZrPO, which was done according to literature by the citrate method [108]. The latter

synthesis method requires a calcination step before nitridation to remove the carbon.

Thus, the impact of nitridation on structure and performance of the calcined oxide has been

studied as well. The precalcined oxide are labeled VZrPO-x.x while the precalcined nitrided

samples are called VZrPON-x.x in the following chapter. x.x denotes the V/Zr ratio. The

structural and catalytic properties of VZrPON samples are compared with those of VZrPO and

VZrON samples. In addition, structural data for the used VZrPON oxynitrides and used VZrPO

oxides are discussed when needed. As already indicated, both the structure and the catalytic

performance of VZrPO and VZrPON catalysts were investigated as a function of the V/Zr ratio

whereby the Zr/P ratio was kept constant at 0.9.

3.2.1. Catalytic performance

In Fig. 3.13 the catalytic performances are plotted as functions of the V/Zr ratio for VZrPON and

VZrPO catalysts. Additionally, the catalytic performance of the VZrON series is given [7, 8].

First of all, VZrPO and VZrPON catalysts with equal V content show identical conversion

values, which pass through a maximum at a medium ratio of V/Zr = 0.56. S3−CP for VZrPO

catalysts is slightly higher than for the VZrPON catalysts at lower V content but falls below

the selectivity of the latter at the highest V/Zr ratio. Compared to P containing VZrPON, the

P-free VZrON catalysts are much more active at low V/Zr ratios while S3−CP is comparable to

that of VZrPON catalysts. Thus it turns out that the introduction of P into the VZrON structure

does not lead to the desired improvement of the catalytic performance. This is surprising since,

based on literature data over VPO catalysts, a positive effect on the catalytic performance was

expected. Also a better selectivity of the VZrPO catalyst series compared to the VZrPON series

is unexpected since it was assumed that nitridation leads to the formation of surface N sites,

which can participate in the ammoxidation and lead to a better selectivity. However, catalytic

data for VZrPON and VZrPO catalysts suggest that the introduced N sites in VZrPON catalysts

carries no function during catalysis or/and are changed during ammoxidation.
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Figure 3.13.: Catalytic performance of VZrPO and VZrPON compared to VZrON at TB = 360 ◦C;

GHSV(VZrPO) = 3242 h−1, GHSV(VZrPON) = 3242 h−1; GHSV(VZrON) = 5728 h−1

Therefore, additional catalytic studies of the best catalyst in the VZrPON series (VZrPON-0.53)

were done to clarify whether VZrPON catalysts are changing under stream on time and whether

this change is related to a structure change. The catalytic performance of this catalyst depending

on the reaction time is depicted in Fig. 3.14 A.

Figure 3.14.: Catalytic performance for VZrPON-0.53; A) As a function of time on stream at 360 ◦C;

B) As a function of the flow ratio F(air)/F(NH3) for a reaction time of ca. 1 h for each ratio

While X3−PIC is nearly constant, S3−CP is slightly changing with time on stream. Starting from

65 %, S3−CP drops after 40 min to a minimum of 59 % and returns afterwards to ca. 62 %.

Apparently, the structure of the VZrPON catalyst is changing during the initial reaction period.

This already indicates that the nature or/and the relative concentration of surface N sites is rapidly
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Moreover, the variation of the air/NH3 ratio should clarify the impact of the gaseous NH3

concentration on S3−CP for VZrPON catalysts. In Fig. 3.14 B the catalytic performance of

VZrPON-0.53 is depicted as a function of the air/ammonia feed ratio F(air)/F(NH3). It can be

seen that X3−PIC increases with rising air content in the feed up to a ratio of F(air)/F(NH3) =

5 and then remains virtually constant while S3−CP decreases continuously upon lowering the

NH3 content. This shows clearly that a high NH3 concentration is essential to maintain high

selectivity while high activity is mainly related to a high oxygen content.

3.2.2. Structural characterization of VZrPON by ex situ analysis in

comparison to VZrPO and VZrON

Chemical composition, BET surface areas and XPS The bulk compositions and surface

areas SBET of the fresh VZrPO and VZrPON catalysts are compared in Tab. 3.7. In addition,

the N contents derived from CHN analysis for the fresh and used samples are listed in the latter

table. Relevant bulk and surface ratios are shown in Tab. 3.8 whereby the surface ratios are given

in brackets.

Table 3.7.: Surface areas SBET and bulk compositions of fresh VZrPO and VZrPON samples in addition

to N content given in wt.-% for fresh and used samples

sample SBET [m2/g] composition N [wt.-%], fresh N [wt.-%], used

VZrPO-0.1 192 ZrV0.11P1.18O6.23 0 2.67

VZrPO-0.5 75 ZrV0.56P1.22O7.86 0 1.86

VZrPO-0.9 52 ZrV0.96P1.19O7.59 0 0.51

VZrPON-0.1 122 ZrV0.11P1.16O6.71N0.59 3.35 2.94

VZrPON-0.5 65 ZrV0.56P1.21O6.15N0.53 2.83 2.60

VZrPON-0.9 25 ZrV0.97P1.17O7.40N0.47 2.91 1.61

The Zr/P ratio in the fresh oxide series VZrPO is close to 0.9 as desired. This does not change

by nitridation. Therefore, a loss of phosphorous via the formation of volatile phosphine during

ammonia treatment does not occur at a nitridation temperature of 500 ◦C. 5 The Zr/P ratio on the

surface is slightly lower than in the bulk for all fresh VZrPO and VZrPON samples indicating

that P is slightly enriched on the surface. The Zr/V ratio is almost the same in the surface and in

the bulk, except for VZrPO-0.1 and the corresponding oxynitride. In these samples V is enriched

on the surface as reflected by a markedly lower Zr/V surface ratio.

5Fripiat et al. emphasized that at nitridation temperatures beyond 800 ◦C a release of P probably via PH3 occur for

ZrPON materials [55].
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Table 3.8.: Relevant bulk and surface ratios for fresh and used VZrPO and VZrPON catalysts;

values given in brackets: surface ratios

fresh samples used samples

sample Zr/V Zr/P N/V N/P Zr/V Zr/P N/V N/P

VZrPO-0.1 9.10 0.84 0 0 - - - -

(5.88) (0.76) 0 0 (2.26) (0.81) (1.20) (0.36)

VZrPO-0.5 1.78 0.82 0 0 - - - -

(2.00) (0.64) 0 0 - - - -

VZrPO-0.9 1.04 0.84 0 0 - - - -

(0.86) (0.62) 0 0 - - - -

VZrPON-0.1 9.10 0.86 5.36 0.51 - - - -

(6.67) (0.65) (2.00) (0.19) (5.48) (0.69) (1.89) (0.24)

VZrPON-0.5 1.78 0.83 0.95 0.44 - - -

(1.74) (0.63) (0.71) (0.26) (1.65) (0.67) (0.78) (0.32)

VZrPON-0.9 1.03 0.85 0.48 0.40 - - -

(1.25) (0.61) (0.43) (0.21) (1.03) (0.64) (0.55) (0.34)

Remarkably, the total N content (see Tab. 3.7) and the N/V ratios in the VZrPON series decrease

with rising V content, while the N/P ratios remain nearly constant (see Tab. 3.8). This suggests

that P-O bonds may be more prone to nitridation than V-O bonds and incorporation of N into the

VZrPO oxides is rather linked to the P content. Compared to the bulk N/V ratios, the surface N/V

ratios of the fresh VZrPON catalysts are lower indicating that N is enriched to some extent in the

bulk. Incorporation of N into the oxides does not only occur during nitridation but also upon

using the VZrPO oxides directly as catalysts in the ammoxidation as can be seen in Tab. 3.7. As

likewise observed for fresh VZrPON catalysts, the total N content decreases for the used VZrPO

oxides with rising V content. In contrast to the oxides the VZrPON oxynitrides loose N during

use in the ammoxidation. However, the remaining N concentration in the structure is still higher

than in the used VZrPO samples. Additional results derived from XPS investigations on fresh

and used VZrPO and VZrPON samples are given in Tab. 3.9.

Besides the binding energies EB for each element ΔEB and the percentage of nitrogen N are

listed in this table too. In the XP spectra the P2p peak is found at a binding energy of ca. 132.6

eV for all samples, which is very similar to the EB values in VPO compounds [109]. However,

differences were observed for the N1s and V2p3/2 peaks. The ΔEB values are essentially the

same for all fresh oxynitrides and amount to 14.1. A slight decrease in ΔEB values from 14.1

to 13.6 is observed for the entire catalyst series VZrPON after use in the ammoxidation, which

points to a slight increase in the surface V valence state from 4.0 to 4.3. ΔEB values of fresh

oxides VZrPO are also almost similar, ranging between 13.5 and 13.7 eV, which corresponds to

a mean surface V valence state of ca. 4.3. From the comparison of the ΔEB values of the fresh
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Table 3.9.: Binding energies EB and ΔEB values for fresh and used VZrPO and VZrPON catalysts as a

function of V/Zr ratio and the percentage of nitrogen N on the surface

sample EB [ eV] N [%] ΔEB [ eV]

O1s P2p V2p3/2 N1s

Fresh catalysts

VZrPO-0.1 530.4 132.6 516.7 - - 13.7

VZrPO-0.5 530.4 132.6 516.8 - - 13.6

VZrPO-0.9 530.3 132.7 516.8 - - 13.5

VZrPON-0.1 530.0 132.6 515.8 400.4; 398.2 29.5; 70.5 14.2

VZrPON-0.5 529.8 132.6 515.6 400.9; 398.4 4.2; 95.8 14.1

VZrPON-0.9 529.8 132.7 515.7 400.6; 398.6 14.3; 85.7 14.1

Used catalysts

VZrPO-0.1 530.5 132.6 516.4 399.8 100 14.1

VZrPON-0.1 530.4 132.6 516.8 400.7; 398.8 51.3; 48.7 13.6

VZrPON-0.5 530.3 132.6 516.7 400.7; 399.0 67.9; 32.1 13.6

VZrPON-0.9 530.3 132.6 516.7 401.0; 399.6 45.5; 54.5 13.6

and used VZrPO-0.1 oxide with those of the corresponding VZrPON-0.1 oxynitride, it can be

concluded that the surface of the oxide is slightly reduced during ammoxidation while that of the

oxynitrides is slightly oxidized.

Two different XPS peaks were detected in the N1s region for all fresh and used VZrPON catalysts

ranging from 400.4 - 401.0 and 398.2 - 399.6 eV, respectively. Fripiat et al. observed three

different N1s peaks in ZrPON oxynitrides with Zr/P = 0.9 [110]. They assigned these peaks to

nitride anions N3− (397.7 eV), surface NHx species with 1 ≤ x ≤ 4 (399.2 eV), and NH+
4 ions

(400.4 eV). Based on this work, we attribute the peaks at 399.8 - 401.0 eV to NH+
4 ions and

the peaks at 398.2 - 399.6 eV to -NH2 and/or -NH surface groups. Wiame et al. have studied

the influence of nitridation temperature TN on the nitrogen environment in VAlON catalysts

using also XPS [91]. They found surface species of the latter type already at temperatures of

TN = 250 ◦C, while nitride species in the vicinity of V began to form only at 500 ◦C and their

amount increased with rising TN . In contrast to VAlON or VZrAlON catalysts [8], the formation

of nitridic V-N surface species can be excluded since no peaks at typical binding energies like

in VAlON or VZrAlON catalysts (≈ 397.5 eV) are detected. Thus, it is likely that the second

N surface site in VZrPON is rather connected to P or Zr which, however, does not change the

position of the P2p peak. This may be due to the rather low amount of surface N species. The

N/P surface ratio merely amounts to 0.19 - 0.34. This means that nominally only one of the

four P-O bonds is replaced by P-N. Most probably this is not enough to cause a P binding

energy shift that differs significantly from experimental error, which is 0.1 - 0.2 eV. Inspection

of Tab. 3.9 shows that EB values for the two N1s signals do not differ much for all fresh and
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used VZrPON catalysts; however their relative intensity changes. In general, the percentage of

NHx (x = 1 or/and 2) surface species dominates in the fresh VZrPON catalysts, in particular for

higher V/Zr ratios, while the percentage of NH+
4 species increases after use in the ammoxidation.

Interestingly, the used oxide VZrPO-0.1 contains only NH+
4 surface species reflected by a single

N1s peak at 399.8 eV.

XRD, TEM and MAS NMR investigations Results obtained from XRD suggest that the struc-

ture of VZrPON oxynitrides differ significantly compared to P-free VZrON catalysts.

The powder patterns for fresh and used VZrPO and VZrPON are shown in Fig. 3.15 A - D.

Figure 3.15.: Powder patterns for fresh and used VZrPO and VZrPON catalysts as a function of the V/Zr

ratio; A) Fresh VZrPO; B) Fresh VZrPON; C) Used VZrPO and D) Used VZrPON; (a =

0.9; b = 0.5 and c = 0.1)

Below a ratio of 0.5 calcined VZrPO catalysts are almost X-ray amorphous. At a ratio higher than

0.5 the formation of a crystalline phase can be observed for VZrPO catalysts. Through nitridation

of the oxides the reflection intensity of the latter crystalline phase decreases considerably. Hence,

the crystalline phase is partly destroyed by the thermal ammonia treatment. The position and

the intensity ratios of the detected reflections do not coincide with those of phases listed in the

ICDD database. Nevertheless the position and the intensity ratio of the reflections suggest that

the observed crystalline phase is related to the pure phases ZrV2O7 and ZrP2O7 (see assignment

in Fig. A.9). Due to this relation it was assumed that the latter reflections might be caused by the

solid solution ZrV2−xPxO7.
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Beside numerous publications on the binary ZrP2O7 and ZrV2O7 phases [111–115], only a

few papers are published on the mixed phase ZrV2−xPxO7 [116]. Nevertheless, MAS NMR

spectroscopy was proved to be especially suitable to characterize the solid solutions ZrV2−xPxO7.

Own MAS NMR results of the oxides and oxynitrides with V/Zr = 0.9 are summarized in

Fig. 3.16. In the 31P MAS NMR spectrum of VZrPO-0.9 two peaks can be seen. The signal

at -28.9 ppm originates from V-O-P units, while the second signal at -41.7 ppm is caused by

P-O-P bridges. Accordingly, the detected peak at -822 ppm in the 51V MAS NMR spectrum

can be assigned to V-O-P units [116]. The additional signal at -612 ppm is characteristic for

V2O5 [117].

Figure 3.16.: 31P (left) and 51V (right) MAS NMR spectra for VZrPO-0.9 and VZrPON-0.9 at RT;

*: spinning side bands

The latter phase was not observed in the conventional XRD powder pattern (see Fig. 3.15 A),

but it can be well seen in the XRD pattern recorded using synchrotron radiation (see Fig. A.9)

indicating that V2O5 has a nanocrystalline character. 6 In the MAS NMR spectrum of the

corresponding nitrided sample VZrPON-0.9 the signal for V2O5 is missing. Reduced V sites

are not visible by solid state NMR. This suggests that V2O5 has been reduced by the ammonia

treatment. Despite a higher accumulation time for the measurements of the oxyitride, the intensity

of the signal assigned to VPO4−
7 decreases in both the 31P and 51V spectrum. Additionally, a

small shift of the 51V signal from -822 to -816 ppm and of the 31P signal from -41.7 ppm to -40.1

ppm can be seen by comparing the spectra of VZrPO and VZrPON.

6XRD patterns recorded at BESSY with synchrotron radiation provides a much higher sensitivity to nanocrystalline

phases.
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Also in the corresponding XRD pattern, a small shift of all reflections to higher theta values

can be observed. These shiftings indicate a slight change of the unit cell of the crystalline

phase and may originate from a structure, which possesses N sites. Moreover, TEM-EDX

investigations on the VZrPO series were performed to confirm the presence of the ZrVPO7 and

to obtain information about the morphology of these samples. The results of this study are given

in Fig. A.10 to Fig. A.12. In the image of VZrPO (V/Zr = 0.9) there are domains, in which

lattice plans can be observed (see Fig. A.10). The local chemical composition in these domains

detected by EDX has an atomic ratio of V:Zr:P = 1:1:1. Hence, the detected reflections in the

pattern of VZrPO-0.9 originate certainly from the solid solution ZrV2−xPxO7. Also for the oxide

sample VZrPO-0.5 traces of the latter crystalline phase can be detected by TEM-EDX and XRD

measurements (see Fig. A.11). For the oxide sample with the lowest V content (V/Zr = 0.1) no

hints can be found for this phase using X-ray and TEM-EDX methods (see Fig. A.12 and 3.15).

Analysis of the structure and surface acidity by FTIR spectroscopy More detailed infor-

mation about structural changes upon nitridation can be obtained by comparing the ATR spectra

given in Fig. 3.17. Bands from 1500 - 1200 cm−1 (ν(P=O)), 1200 - 900 cm−1 (ν(P-O)) and 650 -

300 cm−1 (δ(O-P-O)) are characteristic for phosphorous oxide compounds [118].

The spectrum of the fresh VZrPO-0.1 sample shows a broad P-O band at 999 cm−1 (see Fig. 3.17

A, spectrum a). The V=O vibration being typical for vanadyl sites VO3+ is expected at around

1030 cm−1 [96] and can not be observed in the spectrum of the latter sample. The V content

might be too low for this vibration. Only in the spectra of VZrPO-0.5 and -0.9 with markedly

higher V content, the V=O vibration is superimposed on the P-O band. In the spectrum of

VZrPO-0.5, additional bands appear below 1000 cm−1, which can be considered as a fingerprint

of the crystalline ZrV2−xPxO7 phase. In agreement with XRD data given in Fig. 3.15, the bands

of the latter phase become more pronounced for VZrPO-0.9, in which this phase is dominating.

In principle, bands in this range arise from ν(M-O-M) vibrations [119, 120]. Thus, P-O-P

bridging groups in sodium pyrophosphate Na4[P2O7] give rise to stretching vibrations νas = 915

cm−1 and νs = 730 cm−1 [121], while V-O-V units in sodium pyrovanadate Na4[V2O7] vibrate

at νas = 710 cm−1 and νs = 533 cm−1 [122]. Based on these data, bands at 874 and 650 cm−1

for the spectra given in Fig. 3.17 A are assigned to ν(P-O-P) and those at 715 cm−1 and 533

cm−1 to ν(V-O-V) vibrations. The band around 800 cm−1, which is especially strong in sample

VZrPO-0.9 containing the mixed ZrV2−xPxO7 as main component, may come from a V-O-P

stretching mode.

The very weak band around 1620 cm−1 arises from a δ(H2O) vibration. Thermal treatment in

NH3 gives rise to a new band at around 1430 cm−1, which is typical for NH+
4 species [123]
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Figure 3.17.: ATR spectra of fresh VZrPO (A), fresh VZrPON (B), used VZrPO (C) and used VZrPON

(D) catalysts depending on V/Zr ratio; a = 0.1, b = 0.5, c = 0.9
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(compare spectra in Fig 3.17 B). Moreover, the bands assigned to the crystalline ZrV2−xPxO7

phase disappear completely in sample VZrPON-0.5 and widely in VZrPON-0.9, in agreement

with XRD and MAS NMR data. For VZrPON-0.9, new bands at 977, 887 and 817 cm−1 can be

observed, which presumably hide those of the residual crystalline ZrV2−xPxO7 phase. Obviously,

the M-O-M sites (M = P and/or V) in the latter phase are splitted by nitridation, which makes the

sample widely X-ray amorphous. Bands at 887 and 817 cm−1 may originate from condensed

P-N units, while the shoulder at 977 cm−1 can be attributed to P-O(H) groups [118]. Possibly,

P-O-M bonds (M = P or V) undergo ammonolysis according to the equation:

P −O −M + NH3 → P −NH2 + HO −M. (3.4)

The ATR spectra of all samples after use in the ammoxidation are shown in Fig. 3.17 C - D. By

comparing the spectra of the VZrPO oxides before and after use it is clearly seen that position

and shape of the bands do almost not change during treatment in the ammoxidation flow. The

only difference is a NH+
4 band that arises in the spectra at lower V concentration, but is hardly

seen in the used sample VZrPO-0.9. Interestingly, the fingerprint of the crystalline ZrV2−xPxO7

phase is still well visible in the spectra of the used oxide with V ≥ 0.5, indicating a high stability

of this phase under ammoxidation conditions. In the spectrum of the used VZrPON-0.9 sample,

the ZrV2−xPxO7 fingerprint signals at 879, 808 and 719 cm−1 gain intensity after use (compare

spectra c in Fig. 3.17 B and D), suggesting that this phase is restored during ammoxidation. Also

bands of NH+
4 at 1425 cm−1 appear again, but their intensities are almost equal in the series of

used VZrPON catalysts and do not correlate with the V concentration.

To support the identification of different N containing sites in VZrPON series, additional FTIR

spectra of self-supporting wafers for fresh VZrPON were recorded at 300 ◦C in vacuum. These

spectra are given in Fig. 3.18.

For comparison, IR bands of phosphordiamidic acid used as reference are presented in Tab. B.1

[97].

On this basis, the band at 1558 cm−1 is assigned to P-NH2 vibrations, while the band at 1420

cm−1 is typical for δ(NH+
4 ) vibration. This band has also been observed in the ATR spectra of

fresh and used VZrPON samples recorded under ambient conditions. Moreover, the presence of

NH+
4 surface species is confirmed by the XPS results. No bridging P-NH-P unit can be identified,

since bands around 3074 cm−1 are missing. Vibrations of doubly bound -P=N-P- units formed by

condensation of neighbouring P-NH2 and M-OH groups according to equation 3.5 are expected

in a range from 1420 to 1250 cm−1 (νas) and 950 to 800 cm−1 (νs) [123].
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P −NH2 + HO −M → −P = N −M + H2O; M = P or Zr. (3.5)

A band at 1372 cm−1, which might arise from νas (-P=N-P-) vibrations, is well seen in the

spectrum of sample VZrPON-0.9 (see spectrum c in Fig. 3.18). In agreement with XPS data, this

suggests that N is preferentially incorporated in the vicinity of P.

Figure 3.18.: FTIR spectra of fresh VZrPON catalysts with different V/Zr ratios measured in transmission

mode at 300 ◦C in vacuum; a = 0.1, b = 0.5 and c = 0.9

The surface acidity of fresh and used VZrPO and VZrPON catalysts with V/Zr = 0.1 was

investigated by adsorption of pyridine. Typical signals of Lewis and Brønsted surface sites could

be detected at elevated temperature. However, even the relative quantification is not possible,

since the characteristic band of Lewis acid sites at 1445 cm−1 in the fresh oxynitride VZrPON-0.1

is partly superimposed by a second broad band, which may be assigned to NH+
4 sites (compare

spectra given in Fig. A.13). For this reason, only the Brønsted band at 1545 cm−1 has been

analyzed for evaluating surface acidity. The resulting relative band areas AB normalized on

SBET at 1545 cm−1 are shown in Tab. 3.10 for the fresh and used oxide and oxynitride catalysts

with V/Zr = 0.1.

From Tab. 3.10, it is evident that the number of Brønsted acid sites increases slightly during

ammoxidation for both oxide and oxynitride catalysts. In general, the oxynitride samples possess

more Brønsted acidic sites than the corresponding oxide catalysts. The higher concentration

of Brønsted acidic sites for VZrPON compared to VZrPO might be a consequence of P-O-M
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bond breaking according to equation 3.4, which becomes more pronounced in the course of

ammoxidation.

Table 3.10.: Relative concentration of Brønsted acid sites [a.u.] for fresh and used oxide and oxynitride

with V/Zr = 0.1

Fresh sample AB/SBET Used sample AB/SBET

VZrPO-0.1 8.9 VZrPO-0.1 16.8

VZrPON-0.1 12.6 VZrPON-0.1 27.8

3.2.3. In situ experiments

Nitridation of VZrPO catalysts followed by coupled in-situ-EPR/Raman/UV-Vis spectroscopy

To gain more detailed insight in the structural changes during nitridation, calcined VZrPO oxides

were additionally investigated by coupling EPR, UV/Vis and Raman spectroscopy in situ at

elevated temperatures. By coupling these spectroscopic techniques changes of the V oxidation

state and chemical environment can be followed simultaneously during nitridation.

The nitridation was investigated in situ for VZrPO samples with V/Zr ratios ranging from 0.1 ≤
x ≤ 0.9.

First of all, samples were heated in N2 at 120 ◦C for 90 min, followed by a treatment in a diluted

NH3/N2 stream at a maximum temperature of 410 ◦C. However, spectra were measured at RT

before any treatment as well as after treatment in N2 and NH3/N2 flow and cooling in the same

atmosphere, since this led to spectra with higher quality.

In Fig. 3.19, normalized EPR spectra are presented to visualize changes of the spectral shape.

The as-received intensities are given in form of their double integrals AEPR written on the right

side of each EPR spectrum. All spectra show a well-resolved hfs which arises from isolated

VO2+ sites in square-pyramidal or octahedral coordination. Two single VO2+ species labeled

with S1 and S2 and a broad isotropic singlet caused by cluster-like magnetically interacting

VO2+ sites denoted as C must be superimposed to reproduce the experimental EPR spectra

(see Tab. 3.11). A comparison of the experimental and simulated spectra is given in Fig. A.14.

Spin Hamiltonian parameters for both isolated sites in sample VZrPO-0.1 before any treatment

(spectrum a in Fig. 3.19) and for all VZrPO samples after heating in NH3/N2 flow are listed

in Tab. 3.11. Additionally the parameters Δg‖/Δg⊥ and β∗2
2 are given, as well as the intensity

ratios of the single and cluster site signals, S1 : C : S2.

For the untreated oxides the double integral intensities AEPR increase with rising V content

as expected (see spectra a-c in Fig. 3.19). However, the signal intensity grows strongly after
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treatment in NH3/N2 flow, which goes along with an increase in the relative contribution of

the cluster signal. Interestingly, the gain in total intensity upon switching from N2 to NH3/N2

flow, which reflects the reduction of V5+ to V4+ is most pronounced for the sample with the

lowest V content VZrPO-0.1, while it is almost negligible for VZrPO with the highest V content

VZrPO-0.9. The reason might be, that the partial reduction of V to EPR-silent V3+ occurs with

rising V concentration. This is also supported by UV/Vis data, which will be discussed later.

Figure 3.19.: Normalized in situ EPR spectra of VZrPO oxides with different V/Zr ratios (a = 0.1, b =

0.5 and c = 0.9) measured at RT; a-c: untreated VZrPO; a*-c*: after heating in N2 for 90

min at 120 ◦C; a**-c**: after heating in NH3/N2 for 30 min at 410 ◦C;

numbers: AEPR derived by double integration of the experimental EPR signal

Spin Hamiltonian parameters of the two isolated VO2+ species provide more information about

the local environment. The g and A parameters of species S1 are very close to those of partially

reduced VOPO4 · 2H2O [124, 125], containing single VO2+ defects (g‖ = 1.938, g⊥ = 1.982, A‖
= 192 G and A⊥ = 69 G). The structure of the latter vanadyl site consists of VO5 chains linked

via PO4 tetrahedral resulting in polymeric (VOPO4)n layers.

The axial geometry of the second isolated VO2+ species S2 in VZrPON-0.1 is less distorted, as

can be concluded from the smaller Δg‖/Δg⊥ ratio. The spin Hamiltonian parameters of this

site are similar to those derived for the corresponding P free VZrON catalysts (g‖ = 1.940, g⊥
= 1.980, A‖ = 182.4 G and A⊥ = 69.9 G). Therefore, species S2 might be attributed to isolated

VO2+ sites connected via oxygen bridges to Zr rather than to P. From Tab. 3.11, it is evident

that the two isolated species S1 and S2 are equally abundant in the untreated sample VZrPO-0.1,

while the intensity of species S2 decreases in relation to that of species S1 in VZrPON-0.1 after
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Table 3.11.: Spin Hamiltonians for EPR signals of in situ formed VZrPON catalysts and VZrPO-0.1

EPR spectrum VZrPO-0.1 (a) VZrPON-0.1 (a**) VZrPO-0.5 (b**) VZrPON-0.9 (c**)

species S1a S2a S1a∗∗ S2a∗∗ S1b∗∗ S2b∗∗ S1c∗∗ S2c∗∗
A‖ [G] 202.3 198.5 192.8 181.8 190.5 184.4 188.0 188.5

A⊥ [G] 74.1 69.5 69.0 54.4 68.7 53.9 67.3 53.8

g‖ 1.923 1.933 1.937 1.939 1.940 1.938 1.942 1.939

g⊥ 1.978 1.976 1.981 1.972 1.981 1.972 1.981 1.971

Δg‖/Δg⊥ 3.26 2.63 3.08 2.09 2.98 2.12 2.83 1.98

β∗2
2 0.73 0.75 0.72 0.74 0.71 0.76 0.70 0.79

S1 : C : S2 1 : 3.7 : 1 1 : 5.1 : 0.8 1:11.6:0.7 1 : 18.9 : 0.6

NH3 treatment. This suggests that VO2+ species connected to Zr (site S2) are easier reduced to

EPR silent V3+ than those connected to P (site S1) during nitridation.

With rising V content, A‖ parameters of site S1 and site S2 become more similar and finally

converge to≈ 188 G for the sample VZrPO-0.9. The latter sample contains P, V and Zr in almost

equal amounts. Given that a rather homogeneous distribution of V is established throughout the

structure, this would imply that both V sites S1 and S2 should be connected via oxygen bridges

to both P and Zr. This may average to some extent the differences in their local environment.

Comparing Δg‖/Δg⊥ and β∗2
2 values of VZrPON with those of VAlON catalysts 7 or VZrAlON

catalysts possessing V-N bonds, significant differences are evident for nitrided VZrPON samples.

This suggests that a partial substitution of V-O by V-N moieties observed for VAlON and

VZrAlON (see Tab. 3.5) can be excluded for VZrPON catalysts. In other words, the first

coordination sphere of V sites in the latter catalysts is most probably almost N3− free. This

agrees properly with results of XPS and FTIR spectroscopy, which also suggest that N might be

preferentially linked to P and not to V sites.

UV/Vis spectra after treatment in N2 recorded along with the EPR spectra are shown in Fig. 3.20

A. All three spectra of VZrPON samples are characterized by a broad band in the low wavelength

range caused by CT transitions of V5+ [96,126–130]. The adsorption edge energy Eg additionally

given in Fig. 3.20 decreases with rising V content in the VZrPO series.8 As expected, this points

to increasing formation of vanadyl clusters, which is also evident from the broad isotropic signal

in the EPR spectra of magnetically interacting cluster-like VO2+ sites. Upon heating in an

NH3/N2 flow, the intensity of the CT below 400 nm decreases while it rises strongly in the visible

range above 500 nm, where d-d transitions of V3+ and V4+ sites are expected (see Fig. 3.20

B) [96, 126–130]. It is clearly seen, that the increase in absorbance above 500 nm is highest for

7Values of VAlON-0.5 samples were found to be β∗2
2 = 0.67 - 0.69 and Δg‖/Δg⊥ = 3.30 - 3.46.

8The absorption edge energy Eg for this transition was determined by finding the intercept of the straight line in

the low-energy rise of a plot of [F(R)hν]2 against hν, where hν is the incident photon energy.
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the sample VZrPO-0.9 with the highest V content. This suggests a stronger reduction during

nitridation. Most probably, this leads to a certain percentage of EPR silent V3+, beside EPR

visible V4+.

Figure 3.20.: Normalized in situ UV/Vis spectra measured at RT for VZrPO oxides as a function of V/Zr

ratios; A) After heating in N2 flow for 90 min at 120 ◦C; B) After heating in NH3/N2 flow

for 30 min at 410 ◦C

In situ Raman spectra recorded along with EPR and UV/Vis spectra are plotted in Fig. A.15

only for the sample VZrPO-0.9 with the highest V content before and after treatment in NH3/N2

flow, since for the other samples the signal-to-noise ratio was not sufficient. Bands at 994, 702,

525, 486, 405 and 285 cm−1 are assigned to nanocrystalline V2O5, which are obviously to

small to be detected by XRD (see Fig. 3.15), but can be seen using 51 MAS NMR spectroscopy

(see Fig. 3.16). Bands at 883 and 817 cm−1 may be assigned to V-O-P vibrations, while the

signal at 1045 cm−1 might originate from V=O vibrations of single V5+ species. Most probably

these bands belong to the crystalline ZrV2−xPxO7 phase. By comparing the Raman spectra in

Fig. A.15 it can be concluded, that the intensities of all bands decrease during NH3 treatment.

This is caused by reduction of V5+. However, it is also seen, that the bands of V2O5 nanocrystals

decrease faster than those of ZrV2−xPxO7, indicating that the latter phase is more stable against

reduction by NH3.

3.2.4. Structure-reactivity relationships in VZrPON catalysts

Compared to VZrON catalysts, an improvement of the catalytic performance was not reached

by adding P into VZrON catalysts. The highest achievable conversion of 3-PIC obtained over
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VZrPON catalysts is only about half as high, while S3−CP of VZrPON-0.9 exceeds that of the

best P-free VZrON-0.25 catalysts only slightly.

Marked structural changes caused by incorporation of P might be responsible for this different

catalytic behavior. This is confirmed by a variety of characterization methods. For VZrON

catalysts, a pronounced formation of crystalline ZrO2, though containing some dispersed V

sites in Zr lattice positions, forces agglomeration of the majority of V within VxOy clusters

in which V takes markedly higher mean valence state. Moreover, the surface of the P free

VZrON catalysts remained essentially free of N, since the latter was almost completely enriched

in the bulk structure. The incorporation of P leads first of all to higher dispersion of V in

VZrPON oxynitrides. This is shown by the EPR spectra, which possess a well resolved hfs at

each V/Zr ratio. Moreover, the formation of a crystalline ZrV2−xPxO7 phase suppresses the

agglomeration of VOx species. This phase, in which V is tetrahedrally coordinated by O, is

confirmed by results derived from XRD, TEM-EDX, MAS NMR and ATR spectroscopy. Both

effects, high V site isolation and low O coordination, are known to diminish catalytic activity but

improve selectivity in selective oxidation reactions [131, 132]. Additionally, a high percentage

of V5+ increases activity, though at the expense of selectivity, while deep reduction to V3+

deactivates ammoxidation catalysts [40]. Coupled in-situ-EPR/UV-Vis results suggest that in the

VZrPON-0.9 catalyst with the highest V content, a marked reduction to inactive V3+ takes place

during nitridation, which might account for the drop in activity compared to VZrON catalysts.

Surprisingly, the selectivity values are not much higher than for VZrON catalysts at low V

content. This suggests that factors other than V dispersion might govern the 3-CP selectivity. For

VZrON and VAlON oxynitrides, the close vicinity of V and N sites within V-N-M moieties (M =

Al or Zr) as well as negligible surface acidity was found to be beneficial for the high catalytic

performance, besides high V dispersion. While V sites are highly dispersed also in VZrPON

and VZrPO catalysts, XPS, FTIR and EPR results suggest that N in these catalysts, although

being present on the surface, is preferentially linked to P but not incorporated in the vicinity of V.

This possibly disfavors a concerted oxidation/N-insertion mechanism catalyzed by -O-V-N-M-O-

sites, which might lower the 3-CP selectivity.

Comparing VZrPO and VZrPON catalysts, initially N free VZrPO oxides take up N when

exposed to ammoxidation conditions, while the corresponding VZrPON catalysts loose N under

the same conditions. A similar effect has been observed by Florea et al. for VAlO and VAlON

catalysts in the ammoxidation of propane [2, 3, 91]. In their experiments, the equilibrated N

content established during reaction was governed by the NH3/O2 ratio in the feed. Moreover it

was found, that the selectivity to acrylonitrile increased with the total N content in the catalysts,

while the propane conversion was not influenced. In the series of the used VZrPON catalysts,
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a similar dependence of the 3-CP selectivity is found, yet not on the total N content but on the

surface N content reflected by the N/P ratio derived from XPS. This is not only evident within

the series of VZrPON catalysts, but also from a comparison of S3−CP and surface N/P ratio of

the used VZrPO catalyst series, in which N originates exclusively from the reaction feed. This

suggests that the same surface N species are formed in VZrPO as well as in VZrPON catalysts

under reaction conditions, as supposed accordingly by Florea et al. for the VAlO/VAlON system.

Besides the N content, it was supposed that the surface acidity may influence the S3−CP as well,

since the incorporation of P in the surface of VZrPON catalysts might lead to Brønsted acidity

by formation of P-OH bonds and to Lewis acidity arising from empty 3d orbitals of P. Acidic

surface sites can hinder fast desorption of the basic 3-CP and thus diminish selectivity as a

consequence of deep oxidation. From FTIR spectroscopy of adsorbed pyridine, the characteristic

band of pyridine adsorbed on Lewis acid sites is not accessible, since the relevant wave number

range is masked by an NH+
4 band. However, a band being characteristic of Brønsted sites is

clearly seen in both VZrPO and VZrPON catalysts, which is essentially missing in the spectra

of VZrON catalysts. From catalytic results it is evident, that S3−CP for non-acidic VZrON

is lower compared to VZrPO catalysts and almost identical to VZrPON catalysts at low V/Zr

ratios. This suggests that a certain amount of surface N species being present for VZrPO but

not for VZrON, might have a higher impact on the selectivity than surface acidity. The surface

concentration of Brønsted sites is higher for VZrPON-0.1 than for VZrPO-0.1 and so VZrPO-0.1

catalyst is more selective. This is most probably due to a higher N/P ratio of VZrPO-0.1 sample.

This dominating impact of the N/P ratio on S3−CP can be also seen within the catalysts of the

VZrPON series. S3−CP and N/P surface ratios increase simultaneously with rising V/Zr ratio in

the VZrPON series. Finally, the selectivity improving impact of N is also supported by catalytic

tests with varying the air/NH3 flow, in which highest S3−CP values were found for the lowest

air/NH3 ratio. However, during nitridation N seems to be preferentially incorporated in the

vicinity of P resulting in mainly P-NH2 and P=N-M (M = P or Zr) groups, while the formation of

surface nitride-like -V-N-M- moieties, considered to be essential for an effective ammoxidation

following a concerted oxidation/N-insertion mechanism, seems to be suppressed for both VZrPO

and VZrPON catalysts, despite nitridation of the latter material.

50

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3. Results

3.3. VMON/MoxOyNz catalysts (M = Zr or Al)

In order to generate additional N surface sites in VAlON and VZrON catalysts, both correspond-

ing oxide precursors VMO (M = Al or Zr) with V/Al = 0.5 and V/Zr = 0.25 were mixed with

MoO3. These mixtures were subsequently nitrided according to a nitridation protocol to form

high-surface nitrides of Mo [75–77]. MoO3 was selected for its ability to introduce additional

redox-active sites and because of its easy conversion into nitrile.

Different ratios of the VMO oxide precursor to MoO3 were adjusted. The nitrided compounds

are called in the following discussion VMON/MoxOyNz. Additionally, the corresponding pure

compounds VAlON-0.5, VZrON-0.25 and MoxOyNz were synthesized and characterized to

clarify if the nitridation of mechanical mixed VMO/MoO3 leads to the formation of new chemical

bonds. The V/M ratios were chosen to be 0.5 for VAlON and 0.25 for VZrON, since in previous

studies it was found, that these catalysts possess the best catalytic performance in the VAlON

and VZrON series [7, 8]. Among described metal nitrides in literature, the compound Mo2N

was chosen since for this kind of nitride comprehensive nitridation studies were done resulting

in an elaborated nitridation procedure, which provides the synthesis of a high-surface nitride,

starting from conventional MoO3 [75,76]. Therefore, the as-received untreated VMO compounds

synthesized via co-precipitation were mechanically mixed with MoO3 and subsequently nitrided,

since it was expected that this might lead to chemical bonds between VMON and MoxOyNz.

In the next chapter the results for catalytic performance and structural analysis of VMON/MoxOyNz

will be discussed in comparison to pure VMON catalysts. This chapter also explains why the

formula MoxOyNz is used instead of Mo2N.

3.3.1. Catalytic performance

The catalytic performance (X3−PIC and S3−CP ) is shown for both VMON/MoxOyNz series as

a function of the VMO content on MoO3 in Fig. 3.21 A and B. For comparison the catalytic

performance of the pure VZrON-0.25 and VAlON-0.5 samples are added as well, whereby

X3−PIC and S3−CP are labeled with open symbols for these two catalysts.

First of all, there is a clear difference in the catalytic performance of pure VZrON-0.25

and VAlON-0.5 compared to the Mo containing samples. Interestingly, the catalysts of the

VAlON/MoxOyNz series possess almost identical selectivity values, which are slightly higher

than that of the pure VAlON-0.5 catalyst. The conversion for the latter series increases con-

tinuously with rising amount of VAlON-0.5 and seems to approach the value of X3−PIC mea-

sured for the pure VAlON-0.5 catalyst. However, the trend in the catalytic performance of

51

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3. Results

Figure 3.21.: Catalytic performance of VMON/MoxOyNz catalysts as a function of the VMON content

and catalytic performance of pure VMON catalysts (TB = 360 ◦C and GHSV = 2713 h−1);

A)VZrON-0.25/MoxOyNz (closed symbols) and pure VZrON-0.25 (open symbols)

B) VAlON-0.5/MoxOyNz (closed symbols) and pure VAlON-0.5 (open symbols)

the VZrON/MoxOyNz series is contrary to that of the VAlON/MoxOyNz series. In this case

S3−CP decreases continuously and approaches to the value obtained for pure VZrON-0.25.

Also the conversion increases initially, but remains constant at 65 wt.-% VZrO-0.25/MoO3

suggesting that the conversion, which is reached for the pure VZrON-0.25 sample cannot be

achived by increasing the amount of VZrON in the VZrON/MoxOyNz catalyst series. It seems,

that with rising VZrON-0.25 content a deactivation of the catalytic performance takes place for

VZrON/MoxOyNz, but not for VAlON/MoxOyNz.

3.3.2. Structural comparison of VMON/MoxOyNz samples with the

corresponding VMON catalysts (M = Al or Zr)

Information by XRD First of all, the XRD pattern for the sample derived by nitridation of

pure MoO3 is discussed, since different nitrides of Mo are known and can form [133, 134]. The

XRD pattern of the nitrided MoO3 is given in Fig. 3.22. It is mainly characterized by two broad

reflections around 40 ◦ and one narrow peak at ca. 26 ◦. The comparison with ICDD database

suggests, that a mixture of different N and O containing Mo phases is formed. MoO2 and

tetragonal as well as monoclinic Mo2N are expected as main phases. Surprisingly, the intensity

ratio of the two reflections around 40 ◦ does not fit with those of monoclinic or tetragonal Mo2N.

This indicates that another phase is hidden under the experimental pattern.
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Figure 3.22.: Powder XRD pattern of nitrided MoO3 including potential attributions according to the

ICDD database

It might be an oxynitride phase MoON, which accounts for the experimental XRD pattern.

Unfortunately, up to now a XRD pattern for pure MoON is not reported. However, the pattern of

MoOC is shown for comparison in Fig. 3.22. By comparing the positions and intensities of the

two reflections of the latter phase with those of the experimental pattern, it is clearly seen that

MoOC fits to the experimental pattern more precisely. It is very probable that MoON should

give rise to a similar pattern. Additionally very small traces of crystalline MoN might be also

produced. 9

When the VAlO-0.5 oxide precursor is added to MoO3 in different amount by grinding, it can be

seen by XRD, that the nitridation leads to almost identical crystalline phases. The corresponding

XRD patterns are compared in Fig. 3.23 A as a function of the VAlO/MoO3 ratio , whereby 100 %

means that the pure VMO precursor was nitrided under the same conditions like the VMO/MoO3

samples. However, pure VAlON-0.5 is amorphous despite rising the maximum nitridation

temperature from 610 to 700 ◦C compared to previous investigated VAlON catalysts [7,8]. When

increasing the VAlON amount in the VAlON/MoxOyNz catalyst series, the reflection intensities

of the MoxOyNz phases rise first up to a loading of 25 wt.-% and decrease again at a ratio higher

than 25 wt.-%.

Almost identical trends can be observed for the XRD patterns of the VZrON/MoxOyNz series,

which are shown in Fig. 3.23 B, but in contrast to VAlON/MoxOyNz additional reflections of a

9For simplification the abbreviation VMON/MoxOyNz is used, but it should be kept in mind that indeed at least 5

different crystalline Mo-, N- and/or O-containing phases are present in MoxOyNz .
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Figure 3.23.: Powder XRD patterns of fresh VMON/MoxOyNz catalysts;

A) VAlON-0.5/MoxOyNz (a = 100, b = 5, c = 15, d = 25 and e = 35 wt.-% );

B) VZrON-0.25/MoxOyNz (a = 100, b = 35, c = 45 and d = 65 wt.-% )

Figure 3.24.: Powder XRD patterns of used VMON/MoxOyNz catalysts;

A) VAlON-0.5/MoxOyNz (a = 100, b = 5, c = 15, d = 25 and e = 35 wt.-% );

B) VZrON-0.25/MoxOyNz (a = 100, b = 35, c = 45 and d = 65 wt.-% )
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structural disturbed Zr containing phase are detected. These reflections are exclusively present in

the pure VZrON-0.25 sample, which was nitrided in the same way as to the VZrON/MoxOyNz

catalysts. In Fig. 3.25 A reflections of ZrO2 and Zr2ON2 taken from the ICDD database are

shown together with the normalized experimental XRD patterns of fresh and used VZrON-0.25

catalysts. This comparison suggests, that the structural disturbed Zr-containing phase observed

in the fresh VZrON-0.25 and VZrON/MoxOyNz catalysts is more related to the Zr2ON2 phase

than to the ZrO2 phase.

Figure 3.25.: Powder XRD patterns of A) Fresh and used VZrON-0.25 catalysts and B) Used VZrON-

0.25/MoxOyNz catalyst including attributions according to ICDD database

However, no evidence can be found by XRD that a new crystalline V-Mo containing phase is

formed suggesting that the two compounds VMON and MoxOyNz are not interacting structurally,

neither in the VAlON/MoxOyNz nor in the VZrON/MoxOyNz series.

Moreover, marked changes in both VMON/MoxOyNz catalyst series can be observed by XRD,

when using these catalysts for ammoxidation. The XRD patterns of the used VMON/MoxOyNz

samples are given in Fig. 3.24 A and B. A new crystalline phase can be observed for all Mo

containing samples in the XRD patterns, whereby the reflection intensity and position fit well

with those of MoO3. In addition, small traces of MoO2 are still visible in the patterns of all

used Mo-containing catalysts (see also Fig. 3.25 B). Reflections hinting to a N containing Mo

phase cannot be observed anymore. For the VZrON/MoxOyNz series still typical reflections

of a structural disturbed Zr containing phase are detected, but in all samples the reflection

positions of the latter phase shifts about 0.3 ◦ to lower angle values. Hence, independent on the

percentage of VZrON, the unit cell of this Zr containing phase is changed during ammoxidation
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for the VZrON/MoxOyNz series and for the pure VZrON-0.25 catalyst (see also Fig. 3.25 A

and B). From Fig. 3.25 A it is clear, that the shift to lower theta values is due to the release of

nitrogen, since the pattern of the used catalysts is now more related to ZrO2 than to Zr2ON2.

Moreover, by comparing the reflection intensities of the Zr containing phase in the pattern of

the used VZrON-0.25 catalyst with those of the used VZrON/MoxOyNz catalysts (see Fig. 3.24

B), it is evident, that the formation of the inactive crystalline Zr containing phase is much more

pronounced for the VZrON/MoxOyNz catalysts than for the pure VZrON-0.25 catalyst.

Surface areas and chemical composition In Tab. 3.12 the N contents and the surface areas

SBET of the used and fresh catalysts for the VMON/MoxOyNz series as well as for the pure

compounds are listed. The pure MoxOyNz compound possesses a surface area higher than 100

m2g−1 as desired.

Table 3.12.: N contents and surface areas SBET of fresh and used VMON/MoxOyNz catalysts and the

corresponding pure compounds VMON and MoxOyNz

N [wt.-%] SBET [m2g−1]

sample fresh used fresh used

pure MoxOyNz 7.2 - 109 -

pure VAlON-0.5 3.8 2.0 90 68

pure VZrON-0.25 4.0 2.1 20 4

5 wt.-% VAlON-0.5/MoxOyNz 7.46 0.50 118 5

15 wt.-% VAlON-0.5/MoxOyNz 6.04 0.54 70 9

25 wt.-% VAlON-0.5/MoxOyNz 6.18 0.83 80 10

35 wt.-% VAlON-0.5/MoxOyNz 4.66 1.00 90 15

35 wt.-% VZrON-0.25/MoxOyNz 4.12 0.60 33 2

45 wt.-% VZrON-0.25/MoxOyNz 3.52 0.65 18 2

65 wt.-% VZrON-0.25/MoxOyNz 3.28 0.72 57 1

For the two VMON/MoxOyNz catalyst series several effects can be observed. First of all, for

both fresh catalyst classes the N content decreases with rising the VMON amount. During

ammoxidation both series loose a considerable amount of N indicating that the observed phase

transformation of MoxOyNz to MoO3 is the main reason for this N loss. Moreover in between

both series of the used catalysts the N content increases slightly. This might be due to the fact,

that the amount of VMON increases continuously so that also N rises as expected.

Remarkable is the trend of the surface area in these catalyst series. The catalysts in both

VMON/MoxOyNz series loose most of their surface area during ammoxidation. This trend is

particularly dramatic for the VZrON/MoxOyNz and VZrON-0.25 catalysts. Independent of the

amount of VZrON-0.25 in the VZrON/MoxOyNz catalysts, the surface area drops to values ≤ 2
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m2g−1. In contrast, the smallest value for SBET in the used VAlON/MoxOyNz is observed for the

lowest VAlON content. Moreover, the surface area increases continuously with rising VAlON

content. Apparently , the loss of N during ammoxidation and therefore the transformation

of the MoxOyNz phases to MoO3 are affecting the surface area of VAlON/MoxOyNz and

VZrON/MoxOyNz catalysts in a different manner.

3.3.3. Conclusions on VMON/MoxOyNz catalysts

The mechanical mixing of VMO precursors with MoO3 followed by subsequent nitridation leads

to VMON/MoxOyNz solids, which possess initially only at low VMO amount higher surface

areas than the corresponding pure VMON compounds. No hints could be found that VMON

phases are chemically bound to MoxOyNz. The latter compound is probably a mixture of several

phases such as Mo2N, MoON, MoN and MoO2. Thus, VMON and MoxOyNz might rather exist

in separated phases.

Catalytic tests as a function of the VMON content in VMON/MoxOyNz catalysts show that no

significant improvement of the catalytic performance was reached compared to the pure VMON

catalysts. Results from XRD indicate clearly that Mo2N, MoON and MoN are not stable under

ammoxidation conditions and are retransformed to well crystallized MoO3. The loss of N and the

crystallization to MoO3 in the course of ammoxidation have different impacts on the structure and

catalytic performance of the two VMON/MoxOyNz series. For the VZrON/MoxOyNz catalyst

series a dramatic drop of the surface area during ammoxidation can be observed. However, this

effect is also observed for the pure VZrON-0.25 catalyst. Nevertheless, the latter catalyst is more

active than VZrON/MoxOyNz catalysts, although the values of SBET of the used samples are in

the same range. XRD investigations of the used VZrON/MoxOyNz hint to a higher concentration

of inactive crystalline ZrO2 compared to that in the used VZrON-0.25 catalyst. Thus, in the

VZrON/MoxOyNz catalysts a considerable number of active V species might be covered by

MoO3 or/and ZrO2, which are not accessible anymore during ammoxidation. On the contrary,

the surface area increases with rising VAlON content in the used VAlON/MoxOyNz series.

Interestingly, the loss of surface area is more pronounced than the loss of activity. In this case,

both effects, the decrease of SBET and the covering of active V sites with MoO3 might be the

reason for the loss of activity in the VAlON/MoxOyNz series compared to the pure VAlON-0.5

catalyst.
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3.4. VMoON catalysts

In the following chapter the potential of VMo containing oxynitrides will be discussed. Different

V/Mo ratios were adjusted ranging from 0.25 up to 2.0. In contrast to previously described

VMON/MoxOyNz catalysts VMo containing solids were synthesized via an aqueous route, in

which both V and Mo containing salts were pre-mixed in solution and subsequently precipitated

together, with the aim to prevent separation of the two redox-active elements V and Mo as

it observed in the above described VMON/MoxOyNz samples. Precalcined oxides are called

VMoO-x.x and oxynitrides calcined prior nitridation are abbreviated as VMoON-x.x. x.x

denotes the V/Mo ratio. At this point it should be emphasized again, that the VMoON catalysts

being nitrided at 500 ◦C were precalcined under identical conditions like VMoO catalysts. On

the contrary, the maximum nitridation temperature of 700 ◦C was used for VMON/MoxOyNz

samples. A lower nitridation temperature for VMoON samples was chosen to avoid the formation

of MoxOyNz phases. Structure and catalytic performance of the VMoON catalysts are discussed

in the following chapter in comparison to their calcined VMoO oxides.

3.4.1. Catalytic performance

The catalytic performance of the VMoON oxynitrides is depicted in Fig. 3.26 as a function of

the V/Mo ratio.

Figure 3.26.: Catalytic performance VMoON oxynitrides as a function of the V/Mo ratio at TB = 360 ◦C

and GHSV = 2713 h−1

It can be seen, that the conversion increases with rising V/Mo-ratio for VMoON oxynitride

catalysts, while the values of the selectivity range between 86 and 96 %. 10 The best catalytic

10This effect is significant, as it will be clarified by following results.
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Interestingly, a short activation period is observed for the VMoON catalysts with V/Mo ≥
1.0. As depicted in Fig. 3.27 A the conversion as well as the selectivity increase rapidly with

time on stream for the catalyst VMoON-1.5 and VMoON-2.0. This catalytic behavior was

not observed for the corresponding calcined oxide catalysts VMoO-1.5 and VMoO-2.0, which

possess a constant selectivity and conversion with time on stream. This indicates that the structure

VMoON catalyst changes rapidly during ammoxidation.

Figure 3.27.: A) Catalytic performance with time on stream of VMoON-1.5 and VMoON-2.0 at TB =

360 ◦C and GHSV = 2713 h−1; B) Catalytic performance of VMoON-1.5 and VMoON-2.0

as a function of TB (GHSV = 2713 h−1)

Moreover, the conversions and selectivities of the VMoON-1.5 oxynitride and calcined VMoO-

1.5 oxide are compared in Fig. 3.27 B for different bed temperatures TB. As it is evident from

this comparison, the oxynitride is more selective and more active, especially at a bed temperature

of 360 ◦C. For both catalysts the conversion increases with rising bed temperature. However, the

oxynititride looses selectivity with increasing TB. At TB = 385 ◦C conversions above 90 % at

S3−CP = 84 % are reached with the oxynitride, while the conversion of the oxide catalysts is 10

% lower, yet with almost similar selectivity of S3−CP = 86 %.

3.4.2. Ex situ characterization of VMoO and VMoON catalysts

Chemical composition and surface area of VMo catalysts The chemical compositions and

the surface areas SBET of fresh and used VMo oxides and oxynitrides are given in Tab. 3.13.
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From the chemical composition in the fresh calcined VMoO oxide series it can be seen, that the

desired V/Mo was achieved in each catalyst, and this ratio does almost not change by nitridation.

The surface area of the fresh calcined VMoO oxide decrease with rising V/Mo ratio, while

no trend can be derived from the surface area in the series of the fresh VMoON catalysts. By

nitridation of the calcined oxides to the oxynitrides VMoON nitrogen is incorporated. The

highest N content can be observed for the sample VMoON-1.5. However, the N/V ratio for the

fresh VMoON samples scatters strongly and shows no correlation to the bulk V content. Also

for the surface area of the latter series no general trend can be deduced. Remarkably, a dramatic

loss of the incorporated N can be observed for the oxynitride series during ammoxidation, which

is especially high for the sample VMoON-1.5 with the highest N concentration. These trends

suggest, that N does not correlate with the bulk V content, rather with another species.

Table 3.13.: Chemical compositions, N/V bulk ratios and surface areas SBET of fresh and used VMoON

oxynitrides and VMoO oxides derived by ICP-OES and CHN analysis

Chemical compositions N/V-ratio SBET

[m2g−1]

catalyst name fresh used fresh used fresh used

VMoO-0.25 V0.28MoO3.82 - - - 7.0 -

VMoO-0.5 V0.46MoO4.57 - - - 6.9 -

VMoO-1.0 V0.96MoO4.76 - - - 5.7 -

VMoO-1.5 V1.50MoO7.20 V1.48MoO6.56N0.09 - 0.06 3.2 5.1

VMoO-2.0 V1.96MoO8.31 V2.00MoO8.08N0.11 - 0.06 4.0 4.3

VMoON-0.25 V0.25MoO3.21N0.12 V0.25MoO3.43N0.07 0.48 0.30 10.0 6.3

VMoON-0.5 V0.48MoO3.90N0.24 V0.45MoO4.10N0.12 0.50 0.27 4.2 4.1

VMoON-1.0 V0.99MoO5.16N0.26 V0.97MoO5.03N0.08 0.27 0.08 3.7 5.8

VMoON-1.5 V1.45MoO5.76N0.97 V1.48MoO7.00N0.08 0.67 0.04 16.1 4.4

VMoON-2.0 V1.96MoO6.38N0.54 V1.97MoO8.11N0.18 0.27 0.09 19.0 3.7

Information by XRD The powder XRD patterns of the fresh calcined VMoO samples are

given in Fig. 3.28 A as a function of the V/Mo ratio. Several trends can be derived from this

investigation.

At low V/Mo ratios like 0.25 and 0.5 crystalline MoO3 is detected as main crystalline phase

beside traces of crystalline V2MoO8. The most intense peaks in the patterns of VMoO-0.25 and

-0.5 originate from MoO3 (see dotted green line). The amount of crystalline V2MoO8 increases

with rising V/Mo ratio, but not continuously as it can be seen by comparing the most intense

undisturbed reflection of V2MoO8 at around 22◦ for each XRD pattern in the VMoO series

(see dotted blue line). Remarkably, for the oxide sample with V/Mo = 1.5 only reflections of
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crystalline V2MoO8 are observed, indicating that this catalyst contains only one crystalline

phase.

For a ratio V/Mo = 2.0 additional reflections assigned to V2O5 and MoO3 can be detected beside

V2MoO8, indicating that the solid reaction between MoO3 and V2O5 to V2MoO8 has not been

completed. This would explain, why the crystalline amount of V2MoO8 is much lower in the

sample VMoO-2.0 compared to VMoO-1.5. Although, the VMoO catalysts were synthesized

and calcined under more or less identical conditions, it can be seen from XRD results, that the

mixed crystalline phase V2MoO8 forms to a different extent.

Figure 3.28.: Powder XRD pattern of A) Fresh VMoO catalysts and B) Fresh VMoON catalysts as

function of the V/Mo ratio as indicated

To quantify the relative amount of crystalline V2MoO8 in the fresh VMoO oxides, the area AR

of the reflection at 21.6 ◦ was taken as a measure for the concentration of crystalline V2MoO8.

For each pattern a baseline correction in the range from 20 to 22.5◦ was done on the untreated

experimental XRD pattern. It was found, that a pseudo-Voigt-1 function reproduces the shape of

the experimental reflection most reliably. A plot of AR versus the experimental V/Mo ratio in

VMoO catalysts is given in Fig. 3.29.

Remarkably, this relation seems to be related to the selectivity behavior derived from catalytic test
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of crystalline V2MoO8 in VMoO catalysts has an important impact on the selectivity found for

VMoON oxynitrides.

Figure 3.29.: Reflex area AR at 21.6 ◦ in the XRD pattern of the fresh VMoO oxide series

The corresponding XRD patterns of the fresh VMoON oxynitrides are given as a function of the

V/Mo ratio in Fig. 3.28 B. Apparently, the nitridation of the calcined VMoO oxides has a dramatic

impact on the crystalline phases (compare patterns in Fig. 3.28 A and B). Two border cases

can be distinguished. For the oxynitride sample with the lowest V/Mo ratio intense reflections

assigned to crystalline MoO2 are detected. For the sample with a ratio V/Mo = 1.5 almost no

peaks are observed, merely weak and broad signals indicate that MoO2 might be present, yet in

very low amount. Conclusively, crystalline MoO3 in VMoO samples is reduced by the nitridation

merely to crystalline MoO2. The formation of crystalline Mo containing oxynitride or nitride

compounds is not indicated by XRD. This is not surprising, since the maximum nitridation

temperature for VMoO samples is about 200 ◦C lower in comparison to that for VMO/MoxOyNz

samples. Interestingly, crystalline V2MoO8 is obviously totally destroyed during nitridation.

Also V2O5, being exclusively present in the calcined VMoO-2.0 sample is not seen anymore in

the corresponding XRD pattern of the fresh oxynitride. Instead reflections of VO2 are detected.

This indicates that V2O5 is reduced to VO2.

Since the crystalline amount of V2MoO8 does not continuously increase with the V/Mo ratio

and also the N content seems to be not related to the entire bulk V content in fresh VMoON

samples, the idea arose to correlate the N content in the fresh VMoON series with the amount of

crystalline V2MoO8 in fresh calcined oxides.

This was done for the calcined VMoO samples with 0.25 ≤ V/Mo ≤ 1.5. In Fig. 3.30 A the
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samples. This plot shows, that the N content does not continuously increase with the V/Mo

ratio in the fresh VMoON series. Instead, the N concentration of the fresh VMoON samples

increases more or less continuously with the amount of crystalline V2MoO8 in the oxide VMoO,

suggesting that it is V2MoO8 which is preferentially nitrided upon treatment of the VMoO oxides

in NH3 flow. (see Fig. 3.30 B). Therefore, traces of an amorphous V containing phase must

be present in each VMoO sample with different amount relative to crystalline V2MoO8. This

amorphous V containing phase seems to be less prone to nitridation and seems to be especially

high for the VMoO-1.0 sample. Further kinetic studies on VMoO catalysts using UV/Vis-DRS

are presented in the next chapter and support this idea.

Figure 3.30.: A) N content in fresh VMoON samples as a function of their V/MoICP−OES ratios

B) N content of fresh VMoON samples as a function of the peak area AR of the V2MoO8

peak at 2Θ = 21.6 ◦; numbers: V/MoICP−OES ratios of VMoON catalysts

The sample VMoO-2.0 is not included in the plot of Fig. 3.30 B, since the nitrogen content of

the nitrided sample VMoO-2.0 is slightly higher than expected from the correlation in Fig. 3.30

B (2.47 wt.-%/89.7 a.u.). Note that this calcined oxide VMoO-2.0 contains some crystalline

V2O5, which might be prone to nitridation as well. Probably, the additional nitrogen was taken

up by V2O5.

When using the oxynitrides of the VMoON series for ammoxidation again dramatic changes

of the crystalline phases are detected. The XRD patterns of the used oxynitrides VMoON

are depicted in Fig. 3.31 A for V/Mo ranging from 0.5 to 2.0, plotted with those of ICDD

database in Fig. 3.31 B - D. Again, the XRD pattern of used sample with the ratio 1.5 is of
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exceptional importance in the VMoON series, since according to the ICDD database three more

or less structurally equal phases VMoO5, V4Mo6O25 and V6Mo4O25 describe the experimental

reflections in the pattern of the latter sample (see Fig. 3.31 B - D ) most precisely.

Figure 3.31.: A) Powder XRD pattern of used VMoON oxynitrides as a function of the V/Mo ratios as

indicated; B) - D) XRD pattern of VMoO5, V4Mo6O25 and V6Mo4O25 from the ICDD

database

Without doubt, V4Mo6O25 and V6Mo4O25 can not be distinguished by XRD, since these two

phases possess almost equal reflection positions and intensity ratios (see Fig. 3.31 C and D). For

simplification these two kinds of solid solutions are abbreviated in the following discussions

with V4/6Mo6/4O25.
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Also the XRD pattern of non-stoichiometric VMoO5 is closely related to the two V4/6Mo6/4O25

oxide phases, merely the reflection at 25 ◦ and around 33 ◦ are more intense. Comparing

the intensity ratios and the peak positions of these three phases with the experimental pattern

of the used VMoON-1.5 catalyst, it has to be considered that, besides V4/6Mo6/4O25, also

non-stoichiometric VMoO5 may be formed during ammoxidation, since the reflections of the

experimental pattern at 25 ◦ and around 33 ◦ are slightly to intense.

The XRD patterns of the catalysts with V/Mo = 0.5 and 1.0 contain a number of additional peaks

assigned to MoO3 and (VxMoy)O14, beside those belonging to the mixture of V4/6Mo6/4O25 and

VMoO5.

Also the pattern of the used VMoON-2.0 catalysts shows additional reflections, which belong to

NH4Mo3O14 and NH4V4O10. This is expected, since in the corresponding XRD patterns of fresh

catalysts (calcined VMoO-2.0 and nitrided VMoON-2.0) VxOy and MoxOy phases are detected

due to an incomplete reaction of V2O5 and MoO3 to V2MoO8.

Finally, the XRD pattern of the used oxide catalysts with V/Mo = 1.5 is compared with that

of the fresh oxide catalyst in Fig. A.16. Remarkably, almost no changes two XRD pattern are

observed. This indicates that a phase transformation similar to that in the corresponding VMoON

catalysts does not take place in the VMoO oxides.

UV/Vis-DRS and EPR studies of the fresh calcined VMoO oxide series UV/Vis spectra of

the fresh VMoO samples are shown in Fig. 3.32 A and A’. In general, below 500 nm intense

bands due to CT transitions of V5+ and Mo6+ are expected, while weak bands for reduced metal

sites such as V4+, V3+ and Mo5+ occur above 500 nm [96, 126–130].

The most intense signal below 500 nm is measured for the VMoO sample with the lowest V

concentration (see Fig. 3.32 A). Upon increase of the V content the intensity of the CT bands

decreases in the VMoO series. This might be due to the darkening of the samples with increasing

V/Mo ratio, indicating a partial reduction of V5+ and possibly also Mo6+. This leads to a dramatic

drop of the CT band intensity in the range below 500 nm in favor of an intensity increase above

500 nm, in the range of d-d transitions of reduced V and Mo species occur. This is particularly

well seen from the plot of the normalized UV/Vis spectra (see Fig. 3.32 A’), suggesting that the

percentage of V and/or Mo reduction rises with increasing V/Mo ratio.

Deconvolutions of the UV/Vis spectra in Fig. 3.32 A’ were done using five Gaussian curves to

derive additional information about the chemical nature of Mo and V species. The resulting

Gaussian areas AP for each peak are compared in Fig. 3.33 A (see also Tab. B.2). One deconvo-

luted spectrum of VMoO-0.5 is depicted in Fig. 3.33 B. A first view on the plot given in Fig. 3.33
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Figure 3.32.: UV/Vis spectra at RT of fresh VMoO oxide as a function of the V/Mo ratio;

A) As-received spectra, A’) Normalized spectra

Figure 3.33.: A) Peak areas AP of Gaussian peaks 1 - 5 derived by deconvolution of UV/Vis spectra of

the VMoO series; B) Experimental UV/Vis spectrum at RT of VMoO-0.5 including results

of deconvolution

A shows that AP for each of the five Gaussian peaks rises differently with the V/Mo ratio in the

VMoO series. Remarkably, peak 3 (395 - 378 nm) and peak 5 (≈ 737 nm) possess an almost

identical curve progression in this plot indicating that these two transitions belong to the same

type of metal site. It is very probable that the Gaussian peak 5 reflects the V4+ d-d transition in

crystalline V2MoO8, while the subband 3 might represent CT transitions of V5+ and Mo6+ in
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Moreover, it is again indicated that the V2MoO8 phase is especially prone to the nitridation,

since the plot of the bulk N content vs. the V/MoICP−OES ratio shows an almost identical trend

(see Fig. 3.30 A). This supports additionally the idea, that crystals of V2MoO8 are preferentially

nitrided in the VMoON series. The peak areas of the Gaussian peak 1 (240 - 250 nm) and peak 2

(275 - 305 nm) decrease with rising V/Mo ratio. For sure, these two signals must be assigned to

CT transitions of MoO3, which was also detected by XRD (see Fig. 3.28 A). 11

For further comparison of the UV/Vis spectra of the VMoO series the absorption edge energies

Eg were determined for each spectrum in the VMoO series. A plot of Eg against V/Mo is given

in Fig. 3.34. In principle, the parameter Eg is interpreted in two ways according to literature.

A shift of the absorption edge energy to lower energies is often assigned to an increase of the

VOx polymerisation degree in supported VOx samples [129, 137]. For pure MoOx samples

it is also assigned to the change of the molybdenum oxidation state and coordination sphere,

respectively [138].

Figure 3.34.: Eg values derived from UV/Vis spectra at RT of fresh VMoO samples

Own calculated Eg values as a function of the V/Mo ratio in the VMoO series show, that the Eg

can be regarded as a mirror for the concentration of crystalline V2MoO8. The greater the amount

of crystalline V2MoO8, the smaller the value of Eg.

To evaluate the presence or absence of Mo5+ in the fresh VMoO series, EPR spectroscopy was

applied at RT and 77 K. These spectra are compared in Fig. 3.35 A - B. The inset in Fig. 3.35 A

11Commercial MoO3 shows three distinct bands at 238, 333 and 365 nm, which where determined by spectrum

deconvolution of the UV/Vis spectrum measured at RT (see Fig. A.17). According to literature [135, 136], the

band at 238 nm might arise from CT transitions in tetrahedrally coordinated molybdenum, whereby the most

intense band at 333 nm must be assigned to octahedrally coordinated molybdenum. The presence of the third

peak indicates, that this kind of MoO3 is not defect-free. However, its origin cannot distinctly assigned.
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represents the double integral intensity AEPR of the EPR signals as a function of the V/Mo ratio

in VMoO samples.

In the EPR signals measured at RT an isotropic line dominates in the spectra for V/Mo ≥ 0.25,

which accounts for the presence of magnetically interacting 4+V-O-V4+ sites. The g value is

typical for V containing interacting sites. Merely for the ratios 0.25 and 0.5 a typical hfs signal of

VO2+ contributes additionally to the EPR signal, but its contribution is very low compared to the

isotropic signal. The correlation between AEPR and the V/MoICP−OES suggests, that the amount

of V4+ detected by EPR at RT might be mainly attributed to V4+ sites in the crystalline V2MoO8

phase, since an almost similar curve progression can be derived, when plotting AR against V/Mo

(see Fig. 3.29). Moreover, the curve progression of Gaussian peak 5 in Fig. 3.33 assigned to d-d

transitions of V2MoO8 resemble that of AEPR vs. V/MoICP−OES given in Fig. 3.35 A. The giso

value of 1.96 found for the EPR signal of VMoO-1.5 is characteristic for pure V4+Ox clusters in

V2MoO8 [139].

Figure 3.35.: EPR signals of fresh VMoO oxides as a function of the V/Mo ratio; A) Measured at RT; B)

Measured at 77 K; inset: plot of AEPR vs. V/MoICP−OES for EPR signals derived at RT

The EPR spectra measured at 77 K of the VMoO series (see Fig. 3.35 B) show a narrow intense

signal for V/Mo > 0.5. The two giso values of 1.97 and 1.89 calculated for the spectrum of VMoO-

1.5 suggests that besides V4+ also traces of Mo5+ sites are present in VMoO samples [138–142].

In addition, redox experiments on the VMoO series were performed to evaluate the real reason

for the fluctuating selectivities in the VMoON catalyst series (see again Fig. 3.26). For these

experiments, initially each VMoO sample was heated in a 9 % O2/Ar atmosphere to 300 ◦C. After

reaching steady state, the flow was switched to a diluted 9 % H2/Ar stream. By this treatment a

68

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3. Results

reduction of redox active metal sites (e.g. V5+ or/and Mo6+ to V4+ or/and Mo5+ ) is induced,

which is accompanied by an increase of the absorption above 500 nm. This effect was followed

at a fixed wavelength of 700 nm. After reaching steady state again, the gas flow was immediatly

switched at 300 ◦C to a 9 % O2/Ar atmosphere to evalute which reduced sites can be reoxidized.

An example for the time-dependend change of the absorbance during reduction and reoxidation

is shown in Fig. 3.36, including the respective fit functions calulated by assuming the kinetic

model described in chapter 5.3.

Figure 3.36.: Experimental absorbance functions and fit functions for the treatment of VMoO-1.5 in A)

H2/Ar flow and B) O2/Ar flow; (λ = 700 nm, T = 300 ◦C)

As already indicated by the deconvolution of the UV/Vis spectra derived at RT for the VMoO

series, two distinct transitions contribute to the absorbance at 700 nm. This is also supported

by the fit analysis of the time-dependent reduction and reoxidation curves. Merely by taking

two different V sites into account for each VMoO sample the experimental curves of reduction

and reoxidation could be successfully fitted using the kinetic model described in chapter 5.3.

The resulting relative concentrations of these two sites (abbreviated in this case with site 1 and

site 2) for the reduction and reoxidation process are compared in Fig. 3.37. First of all, it can

be seen by this plot that site 1 has a much higher relative concentration than site 2. However,

the concentration of both sites in the VMoO series correlates somehow. A high concentration

of site 1 provokes a low concentration of site 2 and vice versa. Again, an S-shaped correlation

can be found for the VMoO series indicating that the predominant site 1 can be attributed to

V4+ sites in crystalline V2MoO8, while the second site 2 might represents the V containing

amorphous residuum. Remarkably, the redox behavior of site 1 and 2 differs significantly. Site 1

and therefore V4+ sites in crystalline V2MoO8 can be completely reoxidized. On the contrary, it

is evident from Fig. 3.37, that site 2 stays in its reduced state and cannot be fully reoxidized.
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Figure 3.37.: Relative number of V sites estimated via kinetic studies on VMoO samples as a function of

the V/Mo ratio using UV/Vis-DRS

Moreover, from a comparison of this plot with the selectivity behavior in Fig. 3.26 it is evident

that the two V sites 1 and 2 have an opposite impact on the selectivity of VMoON samples.

A low amount of site 2 (V containing amorphous residue) and a high amount of site 1 (V in

V2MoO8) leads to a better selectivity of VMoON catalysts.

Finally, the UV/Vis spectra of the fresh VMoON series measured at RT are given in Fig. 3.38

A for different V/Mo ratios. Clearly, the nitridation of the calcined VMoO samples changes

the oxidation state of the redox-active metal sites, since the spectra of VMoON samples show a

much stronger absorbance above 500 nm (compare Fig. 3.32 A and Fig. 3.38 A).

Figure 3.38.: UV/Vis spectra of VMoON catalysts as a function of the V/Mo ratio measured at RT;

A) Fresh samples; B) Used samples
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This may suggest that the fresh nitided samples contain mainly V3+ and V4+ as well as probably

Mo5+. Interestingly, a strong decrease of absorbance above 500 nm is observed for the same

samples after use in the catalytic reaction (see Fig. 3.38 B) and a new distinct band around 525

nm can be observed. This points to a marked reoxidation of reduced V sites under reaction

conditions. In the region above 500 nm also inter valence charge transfer transitions (IVCT)

are expected [126]. Possibly, the pronounced band at 525 nm is due to an IVCT transition,

which could originate from edge-sharing V-O-Mo units. These V-O-Mo species are characteristic

for the solid solutions V4/6Mo6/4O25 and VMoO5, but almost do not exist in the structure

V2MoO8 [143–146].

XPS investigations The fresh and used samples of the VMoO-1.5 oxide and VMoON-1.5

oxynitride were additionally investigated by XPS to evaluate the chemical surface composition

and the nature of N species on their surface. Binding energies EB, ΔEB values and the surface

concentration c are listed in Tab. 3.14 for each detected surface element. Useful surface ratios

are additionally given in Tab. 3.15 for each sample.

Table 3.14.: Binding energies EB and surface concentrations c [at.-%] for surface sites of fresh and used

VMoO-1.5 and VMoON-1.5 catalysts derived by XPS;

values in brackets: ΔEB values

fresh VMoO-1.5 used VMoO-1.5

XPS peak site EB [ eV] c [at.-%] EB [ eV] c [at.-%]

N1s N1 - - 401.6 3.35

V2p V1 517.4 (13.3) 7.62 516.8 (13.6) 6.87

V2p V2 517.2 (13.0) 2.90 517.4 (13.0) 4.63

O1s O1 530.7 61.36 530.4 56.53

Mo3d Mo1 233.03 13.61 232.6 10.5

fresh VMoON-1.5 used VMoON-1.5

XPS peak site EB [ eV] c [at.-%] EB [ eV] c [at.-%]

N1s N1 402.3 3.15 401.5 1.5

V2p V1 517.8 (13.2) 1.99 516.6 (13.9) 6.13

V2p V2 - - 517.6 (12.9) 9.05

O1s O1 531.0 59.57 530.5 65.31

Mo3d Mo1 233.1 8.26 232.6 5.70

Mo3d Mo2 - - 233.1 5.06

For the fresh calcined oxide VMoO-1.5 two V surface species can be observed differing slightly

in their mean oxidation state, which is close to 4.5 according to their ΔEB and EB values.

For the fresh oxynitride only one V surface site can be detected possessing a mean oxidation

state close to 4.5. There is no hint for deeply reduced V surface sites although UV/Vis-DRS
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results suggests, that mainly V4+ and possibly also V3+ are present in the sample. Since the

samples were exposed to ambient atmosphere after nitridation, it is possible that V surface sites

are partially reoxidized. However, merely one N site can be seen by XPS with an unusually

high binding energy; therefore no nitride-like site is exposed on the surface of VMoON samples.

Moreover, the surface N/V ratio (0.22) deviates dramatically from the bulk N/V ratio (0.67)

indicating that N sites are mainly located in the bulk and not in the near-surface region. Several

N containing sites come into consideration for assigning the EB value of the N1s signal, e.g.

azide-like sites N−
3 , -N≡N- sites or -N=N- sites. However, a reliable assignment merely by the

XPS binding energy value is impossible.

Table 3.15.: Experimental surface ratios of fresh and used VMoO-1.5 and VMoON-1.5 samples derived

from XPS measurements compared to expected surface ratios of defined stoichiometric VMo

solid solutions

ratio fresh VMoON-1.5 used VMoON-1.5 fresh VMoO-1.5 used VMoO-1.5

V/Mo 1.74 1.41 0.77 1.10

O/V 4.15 4.30 5.83 4.92

O/Mo 7.21 6.07 4.51 5.38

N/V 0.22 0.10 - 0.29

ratio V4Mo6O25 V6Mo4O25 V2MoO8 VMoO5

V/Mo 0.7 1.5 2.0 1.0

O/V 6.3 4.2 4.0 5.0

O/Mo 4.2 6.3 8.0 5.0

The nature of the N surface site changes during ammoxidation. In the used VMoON-1.5

oxynitride catalyst a EB value of 401.5 eV is observed. Moreover, an almost identical EB value

can be detected for the VMoO-1.5 oxide catalyst after use in ammoxidation. This is surprising,

since it indicates that the oxide and oxynitride catalysts inserts nitrogen into the benzyl-like

intermediate in the same manner. The surface concentration of N in the used VMoO-1.5 oxide

is even higher as evident from the surface N/V ratios of the used VMoO-1.5 and VMoON-1.5

samples (see Tab. 3.15), although the oxynitride catalyst is more active and selective than the

corresponding oxide catalyst.

Additionally, two distinct V surface sites are detected now for both used samples, but the

difference in ΔEB for V1 and V2 is much more pronounced for the used VMoON-1.5 than

for the used VMoO-1.5 catalyst. Remarkably, two different Mo surface states are seen for the

VMoON-1.5 catalysts after ammoxidation.

By comparing the experimental surface ratios in used VMoON-1.5 and VMoO-1.5 with those of

defined binary VxMoyOz solid solutions (see Tab. 3.15) it seems probable that the surface of used

VMoON-1.5 is similar to that of V6Mo4O25 and not to V4Mo6O25. This is easily understood,
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since the adjusted bulk V/Mo ratio is also 1.5 for the latter sample. Moreover, the surface ratios

of the fresh VMoON-1.5 catalyst seem to be related to V2MoO8 with a lack of oxygen. This

might hint to a substitution of oxygen by nitrogen.

As already indicated in the previous chapter the substitution of oxygen by nitrogen in VMoO

series seems to be related to the amount of crystalline V2MoO8. Taking the nitridation reaction

into account, a substitution of O by N in V2MoO8 according to equation 2.2 would lead to a

compound with the theoretical formula V2MoO5N
vac
2 . The abbreviation vac in this formula

reflects the introduction of an anionic vacancy when substituting three oxygen anions by two

nitride-like anions. Unfortunately, neither the bulk chemical composition (see Tab. 3.13) nor

the surface composition (see Tab. 3.15) coincide with this theoretical formula. In principle, this

might be due to two reasons. Firstly, to obtain an oxynitride with a formula of V2MoO5N
vac
2 a

strong resistance to reoxidation must be ensured. This requirement is not necessarily adhered.

The high sensitivity to ambient air and formation of a passivation layer, respectively, is already

indicated by the fact, that no typical EB values for nitride-like sites can be detected in the near-

surface region of the fresh VMoON-1.5 sample by XPS. Secondly, it must be considered that the

adjusted bulk ratio of V/Mo = 1.5 additionally does not agree with the formula V2MoO5N
vac
2 .

This adjusted bulk V/Mo ratio seems to have also an impact on the surface composition of the

fresh VMoO-1.5 sample, since latter does not resemble that of V2MoO8, although only well

crystallized V2MoO8 can be detected by XRD for this compound. This is also true for the used

VMoO-1.5 catalyst. In fact, the surface composition of the fresh VMoO-1.5 sample resembles

more the theoretical composition of V4Mo6O25, while the used VMoO-1.5 catalyst is closer to

the theoretical composition of VMoO5 (see Tab. 3.15).

Consequently, results obtained by XRD for the fresh and used VMoO and VMoON series doe

not mandatorily describe precisely in each case the surface of the latter compounds. However,

it should be emphasized that a phase transformation of the fresh VMoON-1.5 catalysts during

ammoxidation indicated by XRD leads to the formation of a surface with a similar composition

as crystalline V6Mo4O25. To support this observation, additional in situ investigations of

the catalysts VMoON-1.5 and VMoO-1.0 were done. Besides Raman microscopy also EPR

spectroscopy as bulk technique was applied in situ on the two compounds VMoO-1.5 and

VMoON-1.5.
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3.4.3. In situ experiments

Ammoxidation over VMoON and VMoO catalysts followed by in situ EPR spectroscopy

The EPR signals of the untreated catalysts VMoO-1.5 and VMoON-1.5 measured at RT are

depicted in Fig. 3.39. Additionally, the resulting EPR signals at RT after the in situ experiments

are given for these two samples in the latter figure.

Figure 3.39.: EPR spectra measured at RT before and after in situ ammoxidation experiment using VMo

catalysts; A) VMoON-1.5 and B) VMoO-1.5

In all cases, an isotropic signal being characteristic for magnetically interacting 4+V-O-V4+ sites

is detected. Neither the EPR signal of the oxynitride nor that of the oxide shows a hfs, indicating

the absence of isolated VO2+ sites in both samples. All four EPR signals in Fig. 3.39 A and B

differ clearly in their line width and intensity. Moreover it can be seen, that the EPR signal of the

fresh VMoON-1.5 catalyst has changed through the in situ experiment.

In Fig. A.18 the double integral intensity AEPR is shown for each EPR signal. As evident from

this figure, AEPR of the EPR signal of the untreated oxide catalyst VMoO-1.5 is much higher

than that of the untreated oxynitride indicating that the amount of cluster-like V4+Ox is lower

for the sample VMoON-1.5. Interestingly, it is the other way around for the EPR signals after

the in situ experiment. The double integral intensity AEPR is much higher for VMoON-1.5 than

for VMoO-1.5 after the in situ experiment. This suggests, that V sites in the VMoO-1.5 catalyst

are slightly oxidized from V4+ to V5+ during ammoxidation, while V species in VMoON-1.5

catalysts are predominantly oxidized from V3+ to V4+. However, it has to be considered that

Mo5+ can also contribute to the EPR signals and that these signals were recorded at RT and do

not give a reliable information about the amount of V4+ of the catalysts in working state, as it
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The in situ EPR investigation started with heating the catalyst initially in N2 to 350 ◦C. Afterwards,

the gas flow was switched from N2 to a mixture of 2.3 ml/min air and 0.5 ml/min NH3 at 350 ◦C.

The resulting time-dependent EPR spectra recorded in air/NH3 stream are given for both catalysts

in Fig. 3.40 A and B. For the catalyst VMoO-1.5 the EPR signal shape and intensity stay almost

constant, while for the oxynitride the signal intensity increase with time. The gain of the EPR

signal intensity for the VMoON-1.5 sample may point to a phase transformation, in the course

of which V3+ is reoxidezed to V4+. The latter reoxidation process is also supported by the

observed change of the UV/Vis spectra of VMoON-1.5 catalyst (compare spectra of VMoON-1.5

in Fig. 3.38 A and B). Comparing the position of the EPR signals with time on stream for

VMoON-1.5 catalysts, no significant shift of the signal position can be observed.

Figure 3.40.: In situ EPR spectra at 350 ◦C as a function of time; catalyst treatment in air/NH3;

A) VMoON-1.5 catalyst and B) VMoO-1.5 catalyst

When switching from the air/NH3 mixture at 350 ◦C to the entire feed air/NH3/3-PIC the EPR

signal of the VMoON-1.5 catalyst increases further, while again almost no changes can be

observed under equal conditions for VMoO-1.5 sample ( see Fig. 3.41 A and B).

The difference in EPR signal intensity under reaction conditions for the two catalysts might be

mainly due to a different concentration of V4+, yet partial reduction to Mo5+ can also contribute

to the EPR signals. In principle, when these two paramagnetic metal sites would contribute to

the experimental isotropic EPR signal, three types of paramagnetic interactions must be taken

into account. Besides 4+V-O-V4+ species also 4+V-O-Mo5+ and 5+Mo-O-Mo5+ species have
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Figure 3.41.: In situ EPR spectra at 350 ◦C as a function of time; catalyst treatment in air/NH3/3-PIC;

A) VMoON-1.5 catalyst and B) VMoO-1.5 catalyst

to considered. Already from the direct comparison of the two normalized EPR spectra derived

at 350 ◦C after 60 min under feed conditions (see Fig. A.19), it is clear, that the shape of these

two signals differs. Therefore, spectra simulations of the EPR signals were done to clarify the

situation. The results of the spectra simulations are given in Tab. 3.16. A plot of the calculated

and experimental signals is shown in Fig. A.20.

Table 3.16.: Parameters for the species x derived by spectra simulation of the EPR signals of VMoON-1.5

and VMoO-1.5 (feed, 350 ◦C, 60 min); WIDL = line width; C = relative and percentage

contribution; AEPR: percentage double integral of the EPR signal; giso: isotropic g-value

sample site x giso C WIDL AEPR [a.u.]

VMoO-1.5 1 1.95 1 (30 %) 516 6.8 · 106

VMoO-1.5 2 1.89 2.28 (70 %) 941 15.5 · 106

VMoON-1.5 1 1.94 1.1 (30 %) 781 10.8 · 106

VMoON-1.5 2 1.90 1.66 (44 %) 670 16.3 · 106

VMoON-1.5 3 2.00 1(26 %) 744 9.6 · 106

The experimental EPR signal at 350 ◦C of VMoO-1.5 could be successfully reproduced by

taking two types of magnetically interacting sites into account. The isotropic g-values of 1.93

and 1.89 point to the fact, that the EPR signal under reaction conditions consists of cluster-like

4+V-O-V4+ sites and cluster-like 5+Mo-O-Mo5+ sites for the VMoO-1.5 catalyst. The percentage

contribution of V4+Ox and Mo5+Ox suggest, that the concentration of reduced Mo5+ cluster-like

species is much higher than that of V4+ under working state.
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On the contrary, three different isotropic lines have to be superimposed to describe the experimen-

tal EPR spectrum of VMoON-1.5 under reaction conditions. Their g-values differ significantly.

The two isotropic signals with g = 1.90 and 1.94 can be detected almost in equal amounts. Site

1 might arise from magnetically interacting V4+-O-V4+ clusters, while site 2 may be assigned

to magnetically interacting Mo5+-O-Mo5+ clusters. Interestingly for both sites the isotropic

g value deviates slightly from that reported in literature (g = 1.96 for V4+Ox and g = 1.89 for

Mo5+Ox) [138–142], indicating that an exchange interaction might influence the two g-values

mutually. Surprisingly, the third signal in VMoON-1.5 found by spectra simulation has an

isotropic g-value of 2.00, which is in principle somewhat too high for both V4+Ox and Mo5+Ox

clusters. Possibly, exchange interaction within mixed V-O-Mo units modifies the internal field

which in turn leads to such a g shift. Indeed, electron transfer between V and Mo has been

experimentally detected. For edge-shared V-O-Mo units in V6Mo4O25 an IVCT transition V5+-

O-Mo5+ ←→ V4+-O-Mo6+ has been observed, in which one electron is shifted. Hence, the third

signal with g = 2.00 might arise from edge-shared V4+-O-Mo6+ units, in which the exchange

interaction is caused by neighbored V4+-O-Mo6+ and/or V5+-O-Mo5+ sites. The assignment of

these three structure units (Mo5+-O-Mo5+, 4+V-O-V4+ and V5+-O-Mo5+/V4+-O-Mo6+) sites

demand the presence of two different Mo and at least two different V sites. Results derived by

XPS for the used VMoON-1.5 catalyst confirm the presence of such sites.

Moreover, results from spectra simulations suggest, that a higher concentration of cluster-like

V4+-O-V4+ sites is detected for VMoON-1.5 (AEPR = 10.8 · 106 a.u.) than for VMoO-1.5

catalysts (AEPR = 6.78 · 106 a.u.) under ammoxidation conditions; thus the higher selectivity

of VMoON-1.5 compared to VMoO-1.5 might be due to a higher concentration of V4+ under

reaction conditions (see Fig. 3.27 B). However, besides V4+-O-V4+ species, probably also edge-

shared V4+-O-Mo6+ and V5+-O-Mo5+ sites may play a significant role during ammoxidation to

achieve high a selectivity.

Therefore, in situ Raman microscopy studies on VMoON-1.5 and VMoO-1.5 were done to

monitor the changes of the two catalysts during ammoxidation. Results from this study are

presented in the next section.

In situ Raman microscopy investigations during ammoxidation using VMoON-1.5 and

VMoO-1.5 catalysts In Fig. 3.42 two Raman spectra taken at RT on an object plate are

depicted for VMoON-1.5 and VMoO-1.5, as well.

Distinct bands assigned to V2MoO8 are detected in the sample VMoO-1.5 [147, 148], while

the Raman spectra of the corresponding oxynitride show two broad bands at around 1500 cm−1

assigned to a ν(N=N) vibration [149–151]. However, the broad band superimposed on the
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Figure 3.42.: Raman spectra measured at RT on an object plate of A) VMoO-1.5 and B) VMoON-1.5

N=N vibration band indicates that besides N=N species also other nitrogen containing species

contribute to the spectrum. In agreement with XRD, XPS and UV-Vis results it can be stated that

V2MoO8 is destroyed during nitridation.

The in situ Raman microscopy studies during ammoxidation were performed in a fixed bed

reactor. First of all, the two samples were heated in He to 200 ◦C. Then it was switched to

NH3/He at the same temperature, subsequently oxygen was added to the feed and finally it was

switched to the entire reaction feed including 3-PIC. After heating to the reaction temperature of

360 ◦C, spectra were taken with time on stream. 3-PIC and 3-CP were condensed in a cooling

trap at the exit of the reactor, while the composition of the rest gas was analyzed via MS.

It turned out that almost no changes were detected for the Raman spectra of VMoO-1.5 catalyst

under ammoxidation conditions as it exemplified by the spectra given in Fig. A.21. This is

consistent with results from XRD and UV/Vis, which also indicate that the structure of the

catalyst is almost stable under ammoxidation conditions.

In contrast, marked changes on the Raman spectra are seen already before switching to the

reaction feed during in situ investigations with VMoON-1.5 sample. In Fig. 3.43 A Raman

spectra taken at elevated temperature are depicted for the latter sample. As evident from this

figure, new bands appear when switching from NH3/He to an oxygen containing stream at around

240 ◦C, while the vibration bands assigned to -N=N- units diminish. New narrow intense bands

at 707, 849 and 918 cm−1 appear for the first time. Simultaneously, less intense bands at around

1682 cm−1 occur, which can be assigned to overtone vibrations of the bands at 707, 849 and
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918 cm−1. Interestingly, no typical bands of V=O (1030 cm−1) and Mo=O (996 cm−1) units are

seen, indicating the absence of these structure units [152]. Bands between 600 and 980 cm−1

are characteristic for solid solutions of V and Mo [153]. The assignment of these bands will be

discussed below.

Figure 3.43.: A) In situ Raman spectra of VMoON-1.5, a: in He (25 ml/min) , b: in 16 % NH3/He,

c: in NH3/O2/He (1 : 1.25 : 4); B) MS spectra recorded during switching from NH3/He to

NH3/O2/He

Moreover, a strong increase of the mass traces being typical for molecular N2 could be observed

in the mass spectrum , when switching from an NH3/He to NH3/O2/He stream. Interestingly,

the concentration of O2 (mass 32) is increasing slowly, while simultaneously the concentration

of NO, NO2 and N2O does not increase (see Fig. 3.43 B). This suggest that during the change

of catalyst structure, in which mainly N2 is released, also a consumption of oxygen takes place.

Note that when oxygen was added to stream, the oven temperature increased from 240 to around

350 ◦C and decreased again due to an exothermic reaction. This indicates, that the structure

of the VMoON-1.5 catalyst is extremely sensitive to an oxygen containing feed at elevated

temperatures. The phase transformation occurs already as soon as O2 is added to stream, which

is accompanied by a release of molecular N2 and an uptake of O2 from the gas phase.

This is also supported by results of temperature programmed oxidation (TPO) experiments with

VMoON-1.5 depicted in Fig. A.22. After desorption of H2O and NH3 below 300 ◦C, an increase

of the mass 28 is observed. Simultaneously the sample starts to consume oxygen at around

260 ◦C.
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Moreover, in the course of the in situ Raman microscopy experiment it was switched from a

mixture of NH3/O2/He to the complete feed containing 3-PIC, H2O, NH3, O2 and He at around

250 ◦C. Subsequently, it was heated to the reaction temperature of 360 ◦C.

In Fig. 3.44 in situ Raman spectra of the VMoON-1.5 catalyst are shown recorded with time on

reaction stream.

Figure 3.44.: In situ Raman spectra of VMoON-1.5 under feed conditions as function of time; reaction

time ≈ 110 min

As evident from this comparison, a significant shift of the main bands from 833 to 849 cm−1

is observed. Also bands at 668 cm−1 and around 958 cm−1 shift to higher wavenumbers with

time on reaction stream. This shifting can have several reasons. First of all, this shift is not

related to crystal growth, since no decrease of the band width is observed simultaneously. Thus,

the shift is caused by another effect. It might be due to a change of the valence state and/or a

change of the V content. Supportingly, an increase of the V concentration during ammoxidation

in the near-surface region for the VMoON-1.5 catalyst is already indicated by XPS results

(compare results of fresh and used VMoON-1.5 catalysts in Tab. 3.14). Since the experimental

chemical surface composition of the used VMoON-1.5 catalysts calculated from XPS is close

to that of V6Mo4O25, it is probable, that the Raman bands after ca. 110 min are characteristic

for the latter phase. The strong band at 849 cm−1 might reflect V-O-Mo bonds, while the two

bands at 701 cm−1 and 972 cm−1 might be mainly attributed to Mo-O-Mo and V-O-V stretching

vibrations. However, these Raman bands are also close to those observed for Mo5O14 containing

V sites [154, 155].
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Finally, the rapid increase of selectivity S3−CP and conversion X3−PIC (see Fig. 3.27 A) with

time on stream for VMoON-1.5 catalyst might be caused by the migration of V species from

the bulk to the surface and the formation of a surface with a composition and structure close to

V6Mo4O25.

3.4.4. Conclusions on VMoON catalysts

VMoON oxynitride catalysts are highly selective ammoxidation catalysts. In this work, it turned

out that a ratio of V/Mo = 1.5 in VMoON catalysts provides the best catalytic performance

(X3−PIC = 76 %, S3−CP = 96 % and STY = 228 g/lh at TB = 360 ◦C and GHSV = 2713 h−1).

On the contrary, the corresponding VMoO-1.5 oxide catalyst is less active and selective. In

contrast to VMoO catalysts a short activation period was observed for VMoON catalysts, in

which both S3−CP and X3−PIC increase. This suggests that the structure of VMoON catalysts

is changed under ammoxidation conditions and that the catalytically active species in the as

received oxynitride are at least less active than the catalytically active sites in the structure of the

equilibrated formed catalyst.

Results from XRD, XPS and UV/Vis-DRS as well as in situ EPR spectroscopy and in situ Raman

microscopy investigations confirm that marked structural changes are observed for VMoON-

1.5 catalysts during ammoxidation, while the structure of the VMoO-1.5 catalyst is almost

not changed. A mixture consisting of V6Mo4O25, V4Mo6O25 and VMoO5 is formed during

ammoxidation in the oxynitrides as indicated by XRD.

Interestingly, conversion increases with rising V/Mo ratio in the VMoON series, while the

selectivity takes values between 86 and 96 %. By comprehensive analytical studies applied ex

situ before and after use in ammoxidation as well as in situ during ammoxidation on VMoON

oxynitrides and VMoO oxides, it was found that the selectivity in the VMoON catalyst series

is related to the chemical nature of V species formed during calcination of VMoO oxide

precursors. VMoO oxides contain crystalline V2MoO8 besides an amorphous V containing

phase. The correlation between the selectivity of VMoON catalysts and the percentage of

crystalline V2MoO8 with respect to amorphous V containing phase suggests that the latter does

not contribute to a high selectivity. Rather a high amount of crystalline V2MoO8 seems to be

beneficial to obtain high selectivities in the ammoxidation of 3-PIC with VMoON catalysts.

Additionally, it turned out by kinetic UV/Vis-DRS studies, that V2MoO8 can be reduced in a

reducing atmosphere and fully reoxidzed, while the amorphous V containing phase stays in its

reduced state.
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amorphous structure is created by nitridation at 500 ◦C containing a high percentage of reduced

V species as it is suggested by UV/Vis-DRS results and in situ EPR spectroscopy. This effect is

especially well seen for the sample with V/Mo = 1.5, which contains the highest content of crys-

talline V2MoO8 among the investigated VMoO samples prior nitridation; thus the corresponding

oxynitride also contains the highest N content among the investigated VMoON samples. During

ammoxidation a mixture of a new solid solution is formed consisting of V6Mo4O25, V4Mo4O25

and VMoO5. It seems that the higher the amount of V2MoO8, the higher the amount of the latter

mixture. Thus the catalyst VMoON-1.5 shows the highest selectivity to 3-CP in the VMoON

series. So it is reasonable, that the selectivity in the VMoON catalyst series is related to the

chemical nature of V species formed during calcination of VMoO oxide precursors.

Interestingly, the formation of V6Mo4O25, V4Mo4O25 and VMoO5 is accompanied by a reox-

idation of V sites and a loss of nitrogen indicating that nitridation plays a crucial role for this

phase transformation. Results of in situ Raman microscopy studies coupled with MS as well as

TPO results indicate that N sites in VMoON catalysts are released as molecular N2. In principle,

by comparing the oxygen concentration in the solid solution V2MoO8 with that in the mixture

(V6Mo4O25, V4Mo4O25 and VMoO5), it is clear that the mixture contains types of solid solutions

which possess less oxygen than V2MoO8. This implies indirectly that by nitridation of VMoO

and V2MoO8, respectively, oxygen anions are replaced by nitrogen and anionic vacancies accord-

ing to the equation 2.2. In contrast to VZrAlON, VAlON or VZrON catalysts, these vacancies

are annealed in VMoON oxynitrides under ammoxidation conditions by formation of a mixture

containing V6/4Mo4/6O25 and VMoO5, which is accompanied by a release of nitrogen. The latter

three solid solutions have one common structural feature in contrast to V2MoO8. They provide

a high concentration of edge-shared V-O-Mo units, while the structure of V2MoO8 is mainly

characterized by edge-shared V-O-V units. XPS as well as UV/Vis-DRS results on VMoON-1.5

catalysts after use in ammoxidation suggest, that therefore a distinct IVCT transition can occur

in these catalysts, which might facilitate the electron transport from the bulk to the surface and

vice versa. This effect probably may account for the higher selectivity of VMoON-1.5 catalyst

in comparison to the VMoO-1.5 catalyst. The lower conversion of the latter catalyst is probably

mainly due to the fact that the oxide contains a lower amount of V surface sites as it is evident

from results of XPS.

Moreover in situ EPR investigation indicates, that the percentage of cluster-like V4+-O-V4+

and certainly of V5+-O-Mo5+ ←→ V4+-O-Mo6+ units is much higher in VMoON-1.5 catalysts

than in VMoO-1.5 catalysts under working state. Moreover, it is evident from XPS that both

catalyst classes are able to incorporate nitrogen into their structure during ammoxidation. For
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concentration for VMoO-1.5. This suggests that the incorporation of nitrogen into the benzyl-like

intermediate proceeds in the same way. Nitrogen species being introduced by nitridation in the

VMoON catalysts obviously only support the phase transformation from V2MoO8 to V6Mo4O25,

V4Mo4O25 and VMoO5. Thus, nitrogen sites introduced by nitridation do possibly not contribute

to the higher selectivity of VMoON catalysts compared to VMoO catalysts.

Finally, this structure-reactivity relationship suggests, that a catalyst consisting of stable V6Mo4O25

nanocrystals might be an excellent catalyst for the ammoxidation of heteroaromatics. However,

to our knowledge, no literature is published which provides a synthesis procedure for this kind

of material.
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3.5. VSbON oxynitrides

Beside VAlON, VZrON and VMoON catalysts, it was decided to investigate also the potential

of VSbON catalysts. VSbO oxide precursors were synthesized by a long-term refluxing proce-

dure. Different V/Sb ratios were adjusted during this synthesis. These VSbO oxide precursors

were treated in three different ways: 1) VSbO oxide precursors were calcined at 500 ◦C and

subsequently nitrided at 500 ◦C. These samples are called precalcined VSbON-x.x oxynitrides.

2) VSbO oxide precursors were directly nitrided at 500 ◦C. These samples are called non-

precalcined VSbON-x.x* oxynitrides and are labeled with a star. 3) VSbO oxide precursors were

calcined at 500 ◦C. These samples are called calcined VSbO-x.x oxides. x.x denotes the V/Sb

ratio, which was adjusted from 0.2 to 2.0. These three types of VSb containing compounds were

catalytically and structurally characterized. The major focus of the investigation in this section is

on the precalcined VSbON oxynitride series.

3.5.1. Catalytic performance

In Fig. 3.45 A - D the catalytic performance of precalcined VSbON catalysts is depicted as a

function of time on stream t for four different V/Sb ratios ranging from 0.2 up to 2.0.

Figure 3.45.: Catalytic performance for precalcined VSbON oxynitrides as a function of the V/Sb ratio

and time on stream at TB = 360 ◦C and GHSV = 2713 h−1;

A) VSbON-0.2; B) VSbON-0.5; C) VSbON-1.0 and D) VSbON-2.0
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Depending on this ratio the catalysts can be subdivided into deactivating and non-deactivating

catalysts. At a ratio higher than 0.5 the conversion X3−PIC decreases with reaction time at almost

constant selectivity S3−CP . At ratios lower than 1.0 an almost constant conversion is observed

with time, while S3−CP increases slightly. In the precalcined VSbON series the best catalytic

performance can be reached using a ratio of V/Sb = 0.5, since this catalyst has a stable catalytic

activity over time and a yield of about 80 %. However, the highest selectivity of almost 100 % in

the precalcined VSb oxynitride series can be observed for the lowest V/Sb ratio.

Two oxynitride catalysts with V/Sb = 0.5 and 1.0 were prepared without precalcination prior

to nitridation (VSbON-0.5* and VSbON-1.0*) to elucidate the influence of the precalcination

step on the catalytic performance of oxynitrides. Additionally the catalytic performance of a

calcined VSbO oxide with V/Sb = 0.5 was investigated. A comparison for the results of this

study is given by Fig. 3.46 A - D.

Figure 3.46.: Catalytic performance of different prepared VSb containing catalysts as a function of the

time on stream at TB = 360 ◦C and GHSV = 2713 h−1;

A) VSbON-0.5; B) VSbON-0.5*; C) VSbO-0.5 and D) VSbON-1.0*

By comparing Fig. 3.46 A - C it can be seen, that the precalcined VSbON-0.5 oxynitride and the

non-precalcined VSbON-0.5* oxynitride as well as the corresponding calcined oxide VSbO-0.5

differ in their catalytic performance despite an almost identical bulk V/Sb ratio (see Tab. 3.18).

Interestingly, for the oxide a slight decrease of the conversion is seen with time on stream, while

the two corresponding oxynitrides possess an almost stable conversion with time on stream.

85

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3. Results

The highest and almost constant selectivity of ≈ 95 % can be observed for the VSbO-0.5 oxide.

For the precalcined as well as for the non-precalcined VSb oxynitrides a slight increase of

S3−CP can be observed with time on stream, whereby the highest conversion is achieved by the

non-precalcined VSbON-0.5* catalyst. The highest yield of 3-CP is obtained with VSbON-0.5*.

Moreover, by comparing Fig. 3.45 C and Fig. 3.46 D it can be seen, that omitting the calcination

step is not avoiding the deactivation process. For both catalysts VSbON-1.0 and VSbON-1.0*

a decline of X3−PIC appears with time. However, also for these two catalysts a difference in

the catalytic performance is detected. By comparing the catalytic performance at 300 min, a

higher conversion and selectivity for the non-precalcined catalysts VSbON-1.0* can be observed

(compare dotted lines in Fig. 3.45 C and Fig. 3.46 D). This trend is also valid for X3−PIC of the

catalysts VSbON-0.5 and VSbON-0.5* (see Fig. 3.46 A and 3.46 B).

For a better comparison of the catalytic performance of VSb catalysts, the initial values of

X0
3−PIC , S0

3−CP and Y0
3−CP at t = 0 are summarized in Tab. 3.17 for VSb containing catalysts

12. Generally, all the already mentioned trends discussed for the relations given in Fig. 3.45 and

3.46 can be confirmed by comparing the initial catalytic performance listed in this table. The

highest initial conversion and yield can be reached using a non-precalcined oxynitride catalyst

with V/Sb = 1.0. The highest selectivity among VSb catalysts can be observed for the oxide

VSbO-0.5 catalyst, but the initial conversion is significantly lower in comparison to the other

VSb catalysts.

Table 3.17.: Initial catalytic performances for VSb containing catalysts

catalyst X0
3−PIC S0

3−CP Y0
3−CP remark

VSbON-0.2 76 93 71 X3−PIC = const., slight increase of S3−CP

VSbON-0.5 88 91 80 X3−PIC = const., slight increase of S3−CP

VSbON-1.0 91 82 75 decrease of X3−PIC , S3−CP = const.

VSbON-2.0 85 83 70 decrease of X3−PIC , S3−CP = const.

VSbON-0.5* 96 86 82 X3−PIC = const., slight increase of S3−CP

VSbON-1.0* 98 87 85 decrease of X3−PIC , S3−CP = const.

VSbO-0.5 82 95 77 slight decrease of X3−PIC , S3−CP = const.

3.5.2. Structural characterization of VSbON catalysts

Chemical composition and BET surface areas The chemical composition derived by CHN

and ICP-OES analysis of fresh and used VSbO oxides, precalcined VSbON oxynitrides and

12The values X0
3−PIC , S0

3−CP and Y0
3−CP were calculated by finding the intercept of each line with the ordinate at

t = 0 given in Fig. 3.45 and 3.46 via linear regression.
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non-precalcined VSbON* oxynitrides are listed in Tab. 3.18. Additionally the N/V ratios and

surface areas SBET are given for each of these samples.

Table 3.18.: Chemical compositions, N/V bulk ratios and surface areas SBET of fresh and used VSb

catalysts derived by ICP-OES and CHN analysis

Chemical compositions N/V-ratio SBET

[m2g−1]

catalyst name fresh used fresh used fresh used

VSbO-0.25 V0.21SbO2.37 - 0 - 8.3 -

VSbO-0.5 V0.50SbO2.60 V0.50SbO3.23N0.08 0 0.15 3.0 5.3

VSbO-1.0 V1.06SbO4.18 - 0 - 4.5 -

VSbO-2.0 V1.98SbO6.85 - 0 - 8.3 -

VSbON-0.25 V0.26SbO1.12N0.04 V0.24SbO1.82N0.03 0.14 0.15 12.8 10.9

VSbON-0.5 V0.50SbO1.26N0.04 V0.50SbO2.25N0.05 0.07 0.11 21.0 10.6

VSbON-1.0 V1.01SbO2.14N0.05 V1.02SbO3.00N0.18 0.05 0.17 33.0 8.0

VSbON-2.0 V2.17SbO4.07N0.46 V2.04SbO5.27N0.36 0.21 0.18 28.0 6.7

VSbON-0.5* V0.52SbO1.41N0.04 V0.50SbO2.40N0.07 0.07 0.15 19.3 13.5

VSbON-1.0* V0.97SbO1.32N0.07 V1.01SbO3.51N0.19 0.07 0.19 26.5 9.4

First of all, the highest N content among the fresh VSb oxynitrides can be detected for precalcined

VSbON-2.0 oxynitride, while the N contents for the fresh precalcined VSbON catalysts with

V/Sb < 2.0 are almost equal and much lower. Comparing the chemical composition of the fresh

precalcined and fresh non-precalcined catalysts, it is evident for both V/Sb ratios of 0.5 and

1.0, that it is not possible to introduce more nitrogen into VSb containing catalysts via direct

nitridation of the non-calcined oxide precursors.

When the fresh precalcined VSbON catalysts are used in the ammoxidation, a clear trend

concerning the N content is visible. The bulk N content continuously increases with rising the V

concentration. This phenomenon is also seen for the two used non-precalcined VSbON-0.5* and

VSbON-1.0* samples. Moreover, the N content either increases or declines in dependence of the

V/Sb ratio through use in ammoxidation. When a ratio of V/Sb = 0.5 and 1.0 is adjusted, the N

content increases during ammoxidation in the precalcined and non-precalcined VSbON series.

For the lower and higher ratios 0.25 and 2.0 a loss of nitrogen is observed.

A loss of volatile Sb during nitridation or ammoxidation can be excluded, since the ratios of

V/Sb in the fresh and used catalyst are almost the same. Additionally, the C content in all used

VSb catalysts ranges only between 0.05 and 0.1 wt.-%, suggesting that deposition of carbon

species on the catalyst surface can be neglected. Thus, the observed deactivation is not caused

by C deposition or leaching.
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XRD In Fig. 3.47 A, B and C the XRD patterns of fresh calcined VSbO oxides as well as fresh

and used precalcined VSbON oxynitrides are depicted as a function of the V/Sb ratio.

Depending on the V/Sb ratio different crystalline phases can be detected for the fresh calcined

VSbO oxides (see Fig. 3.47 A). At low V concentration typical reflections for antimony oxide

phases are dominating in the XRD pattern. According to the ICCD database mainly Sb2O4 is

generated beside traces of SbO2 and SbVO4. By rising the V/Sb ratio the amount of crystalline

SbVO4 increases, while the crystalline antimony oxide phases are hardly observed.

Figure 3.47.: Powder XRD pattern for VSb containing catalysts depending on the V/Sb ratio (a = 0.2, b =

0.5, c = 1.0 and d = 2.0); A) Fresh calcined VSbO oxides; B) Fresh precalcined VSbON

oxynitrides and C) Used precalcined VSbON oxynitrides

The corresponding XRD patterns for the fresh precalcined oxynitrides VSbON are also given

as a function of the V/Sb ratio in Fig. 3.47 B. Each pattern in this series is characterized by

several strong narrow reflections, which can be assigned to elemental antimony. According to

the most intense reflection of Sb at around 29 ◦, the highest amount of crystalline Sb is observed

for the VSbON-1.0 catalyst, in which the bulk concentration of Sb and V is almost equal. For

V/Sb ≥ 1.0 the reflection intensity of elemental Sb decreases again. The lowest concentration of

elemental crystalline Sb is surprisingly observed for the oxynitride catalysts with V/Sb = 0.2, in
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which the bulk concentration of Sb is five times higher than the V concentration. This trend is

supported by calculating the area of the most intense reflection of the Sb phase at 28.6 ◦ in the

XRD pattern of the fresh VSbON catalysts (see Fig. 3.48). Obviously, amorphous and crystalline

antimony oxide phases are almost resistant to deep reduction during nitridation. Consequently, a

substitution of O by N in these phases might not occur. Especially, SbVO4 might be decomposed

to elemental Sb and VxOy, VxOy and/or VxNy during nitridation. This would explain, why the

fresh catalysts VSbON-1.0 contains the highest percentage of elemental Sb.

Figure 3.48.: Relative concentration of elemental Sb in fresh precalcined VSbON catalysts derived by

calculation of the peak area AR at 28.6 ◦ assuming a line shape based on pseudo-Voigt,

Lorentz or Gaussian functions

Moreover, in the XRD patterns of the fresh precalcined oxynitride catalysts with V/Sb ratios

≥ 1.0 additional weak broad reflections are seen. These reflections can be assigned to reduced

V2O3. Interestingly, traces of V2O3 can be detected only for those precalcined VSbON catalysts

by XRD, which deactivate with time on stream.

By inspecting the XRD powder patterns of the used precalcined VSbON oxynitrides, which are

given in Fig. 3.47 C, again marked changes can be observed, indicating that ammoxidation has

also a strong impact on the crystalline phases in VSbON oxynitrides. First of all, the narrow

reflections being typical for elemental Sb are strongly loosing intensity. Considering the feed

composition during ammoxidation, which is more oxidizing than reducing, this effect can be

understood easily. Moreover two new additional phases can be detected in the XRD pattern of

the used VSb oxynitrides with V/Sb ≥ 1.0. According to the ICDD database these new phases

are VO2 and NH4V4O10.
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oxynitride with V/Sb = 1.0 are shown to elucidate the impact of the precalcination step on

crystalline phases. Without doubt, the formation of crystalline Sb can also be observed in the

XRD pattern of the non-precalcined fresh VSbON-1.0* catalyst, yet in a significantly lower

amount than for the precalcined VSbON-1.0 catalyst (see also Fig. 3.49).

Figure 3.49.: Impact of calcination on crystalline phases of VSbON catalysts; A) Powder XRD pattern of

fresh precalcined VSbON-1.0 and non-precalcined VSbON-1.0*, B) Peak area AR of the Sb

reflection at 28.6 ◦ for fresh precalcined VSbON and non-precalcined VSbON* oxynitrides

with V/Sb = 0.5 and 1.0, C) XRD patterns of fresh and used non-precalcined VSbON-0.5*

catalysts, D) XRD patterns of fresh and used calcined VSbO-0.5 oxide catalysts

Fig. 3.49 B compares the area of the most intense Sb reflection at 28.6 ◦ of precalcined and

non-precalcined fresh oxynitrides. It is evident from this plot, that also for V/Sb = 0.5 the

formation of elemental Sb is partially suppressed when precalcination prior to nitridation is

omitted. However, the effect is more pronounced for the ratio V/Sb = 1.0 than for 0.5. Thus,

it must be concluded that the precalcination of VSbO precursors prior nitridation favors the

formation of elemental crystalline Sb during nitridation. This might be due to the fact, that the

calcination prior nitridation generates a higher concentration of SbVO4. From this compound

elemental Sb is formed.
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Moreover, the XRD patterns of the fresh and used oxynitrides VSbON-0.5* are depicted in

Fig. 3.49 C. A dramatic loss of elemental Sb is indicated by the decrease of the Sb reflection

intensity in the used sample, as it is also the case for precalcined VSbON catalysts.

Additionally the XRD patterns of fresh and used VSbO-0.5 oxide catalysts are given in Fig. 3.49

D. In contrast to the oxynitride catalysts, almost no changes can be observed for the reflection

intensity and position. As mentioned above, beside traces of SbO2 and SbVO4 mainly Sb2O4 is

detected by XRD in these samples.

Characterization by XPS More information about the chemical surface composition and N

containing surface sites was gained by XPS. Among the precalcined VSbON series, the fresh and

used catalysts VSbON-0.5 and VSbON-2.0 were investigated by XPS. Additionally, XPS results

of fresh and used non-precalcined VSbON*-0.5 as well as calcined VSbO-0.5 are discussed. The

binding energies EB , the surface concentration c for each detected surface site in these catalysts

and elemental ratios are given in Tab. 3.19.

XPS results of precalcined VSbON catalysts with V/Sb = 0.5 and 2.0: Results of the XPS analysis

for the fresh and used catalysts of the precalcined VSbON series are discussed first. Among

the precalcined VSbON catalysts the fresh and used VSbON-0.5 and VSbON-2.0 samples were

analyzed.

First of all, from Tab. 3.19 it is evident, that the EB values of the respective surface elements in

the two fresh precalcined catalysts VSbON-0.5 and VSbON-2.0 are almost the same, however

their surface concentrations c differ clearly. Three types of N sites can be observed for both fresh

samples with EB values between 397 and 402 eV. The site N1 with the lowest N1s binding energy

can be assigned to nitride-like sites, while N2 might reflect NHx sites (x = 1 or 2). N3 sites are

due to NH+
4 species. Interestingly, the surface concentration c of the three N sites increases with

their binding energies and site N3 dominates in fresh VSbON-0.5 and VSbON-2.0 catalysts. The

VSbON-2.0 catalyst contains a much higher surface N concentration than VSbON-0.5 which is

consistent with the respective bulk N contents (see also Tab. 3.18).

Moreover, two distinct V sites are present on the surface of both catalysts. Their binding energies

EB and ΔEB values are characteristic for a mean surface V valence state of 4.5 and 4.0 according

ref. [79] and Fig. 3.4. Interestingly, the concentrations of both V sites differ clearly in the

two fresh catalysts. For the fresh VSbON-2.0 catalysts the percentage of the higher oxidized

V site V2 is remarkably higher than that of the reduced site V1. In VSbON-0.5 with the low

V/Sb ratio the reduced site V1 dominates on the surface. Therefore, it must concluded, that

the mean V surface oxidation state is significantly lower for the fresh VSbON-0.5 than for the

91

fresh VSbON-2.0.

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



3. Results

Table 3.19.: Binding energies EB , surface concentrations c [at.-%] and elemental surface ratios of fresh

and used VSb containing catalysts derived by XPS; values in brackets: ΔEB values
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Remarkably, the VSbON-0.5 catalyst possesses also two types of Sb and O sites, in contrast to

VSbON-2.0. This might be due to the presence of an additional antimony oxide phase, which

could be detected by XRD for VSbON-0.5, but not for the VSbON-2.0 catalyst.

In addition, the surface V/Sb ratios differ dramatically for the two fresh catalysts. A very high

surface V/Sb ratio of 6.14 in VSbON-2.0 indicates, that the near surface region of this catalyst is

rich of V and poor of Sb. On the contrary, the surface V/Sb ratio of the fresh VSbON-0.5 catalyst

is almost identical to the bulk V/Sb ratio, meaning that this catalyst provides more Sb than V on

its surface. The surface N/V ratios are slightly higher than the bulk N/V ratios for VSbON-0.5

and VSbON-2.0. This suggests, that N sites are enriched on the surface in the fresh catalysts.

The surface characteristics of the two precalcined VSbON catalysts are changed after use in the

ammoxidation. First of all, in both samples a decrease of the surface V/Sb ratio occurs. This

effect is especially pronounced for the catalyst VSbON-2.0, in which V/Sb drops from 6.14 to

0.22. Indeed, this might be the main reason for the observed deactivation process in VSbON

catalysts with V/Sb ≥ 1.0, since active V sites seem to migrate into the bulk to a considerable

extent. A closer look to the V2p3/2 region shows, that for both used precalcined catalysts only

one V surface site remains, which differs in its oxidation state for the two catalysts as indicated

by the difference in binding energy and ΔEB value. This V site possesses a higher mean surface

oxidation state in the VSbON-2.0 than in the VSbON-0.5 catalyst.

Interestingly, the surface concentration of the remaining V surface site in the used catalysts

is only slightly higher for VSbON-2.0 compared to VSbON-0.5. Also the V/Sb ratios do not

differ much. Nevertheless the 3-PIC conversion values of both catalysts clearly differ (compare

Fig. 3.45 B and D). After around 450 min time on stream, the VSbON-2.0 sample converts

only 40 % of 3-PIC, while VSbON-0.5 still converts 80 % of the 3-PIC. This suggests, that the

nature of the surface Sb site might have an important impact on the conversion, too. Indeed, two

types of surface Sb sites are detected by XPS for the fresh and used catalyst VSbON-0.5, which

differ significantly in their oxidation state, since the difference in binding energies between

Sb1 and Sb2 amounts to 1.3 eV. Typically, as reported in literature the binding energies of the

Sb3d3/2 peak in the series of the antimony oxides Sb2O3, Sb2O4 and Sb2O5 increase with the

oxidation state of Sb from 539.5 eV (Sb3+) up to 540.4 eV (Sb5+) [156, 157]. This points to

the fact, that site Sb2 in both VSbON catalysts possesses a valence state close to +5, while the

site Sb1 might be threevalent. Moreover, a partial reoxidation of Sb3+ to Sb5+ is indicated in the

catalysts VSbON-0.5, because the concentration of Sb1 decreases, while the concentration of

Sb2 increases during ammoxidation.
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Changes in the N1s region also occur, when using these two catalysts for ammoxidation. The

amount of the N species with the low binding energy value N1 assigned to N3− surface sites

drops markedly for both catalysts. This suggests, that nitride-like nitrogen species are not stable

during ammoxidation in VSbON-0.5 and VSbON-2.0 catalysts. The surface concentrations of

the nitrogen sites N2 (assigned NH−
2 or NH2− ) and N3 (assigned to NH+

4 ) stay almost constant

for the VSbON-0.5 catalysts during ammoxidation, while the surface concentration of N2 and N3

decreases during ammoxidation for VSbON-2.0. This effect is surprising, since it indicates that

the N3− surface sites in VSbON catalysts are not converted into N2 and N3 during ammoxidation

as it is suggested for VZrAlON-0.5 catalyst in chapter 3.1. However, it should be noted, that

also the V concentration is changed during ammoxidation; thus the N/V ratios increase during

ammoxidation for both catalysts.

XPS results of fresh and used VSbO-0.5 and VSbON-0.5* compared to VSbON-0.5: To learn

more about the impact of N sites on the catalytic performance in VSb containing catalysts,

also the fresh and used VSbO-0.5 oxide as well as non-precalcined VSbON-0.5* catalyst were

investigated by XPS. Results of this study are also listed in Tab. 3.19.

For the non-precalcined fresh catalyst VSbON-0.5* almost no changes are visible in the N1s

region in comparison to the results of the fresh precalcined VSbON-0.5 sample. Also three N

sites can be detected in almost identical amounts. This is also in agreement with the bulk N

content, which is almost identical for both catalysts (see Tab. 3.18). However, a clear difference

can be observed for the surface V/Sb ratios for the two fresh samples. A ratio of V/Sb of 0.91

in the fresh non-precalcined catalyst VSbON-0.5* indicates a stronger enrichment of V on the

surface compared to VSbON-0.5. However, the percentage of the sites V1 and V2 in the latter

sample is almost equal. Moreover the amount of the reduced Sb sites Sb1 is lower for the fresh

non-precalcined catalysts than for the precalcined sample. This suggests, that the calcination

step prior to nitridation promotes the reduction of V and Sb sites in VSbON catalysts. This

is surprising since calcination in air in principle depletes the reduction degree of redox-active

metal sites. However, in agreement with XPS results, the stronger reduction of the precalcined

VSbON-0.5 sample in comparison to the non-precalcined sample is also indicated by XRD

results, in which the amount of elemental crystalline Sb is lower for the non-precalcined sample

than for the precalcined one.

The surface Sb sites of the used VSbON-0.5 and VSbON-0.5* catalysts differ in their nature, as

well. In the catalyst VSbON-0.5* only one Sb surface site can be observed, which possesses

an EB value characteristic of an oxidation state close to +5. On the other hand, two different

V sites can be still well distinguished in the used sample of the latter non-precalcined catalyst.

In contrast to the precalcined catalyst, the amount of the nitrogen sites N2 and N3 increases in
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the course of ammoxidation for VSbON-0.5*, while the nitrogen site N1 totally disappeared in

the VSbON-0.5* catalyst after use in the ammoxidation. In addition, also a slight reoxidation of

both V sites can be observed and the V/Sb ratio drops from 0.91 to 0.19 indicating also in this

sample a partial migration of V into the bulk during catalysis.

Interestingly the chemical surface nature of the VSbO-0.5 catalyst differ significantly from that

of VSbON-0.5 and VSbON-0.5* before and after use in ammoxidation. For the fresh calcined

VSbO-0.5 oxide only one V site can be detected at around 517.6 eV, corresponding to an

oxidation state of +5. Also, only one Sb site with a binding energy being characteristic for Sb5+

is exposed in the near-surface region of the fresh oxide catalyst. Additionally, a small peak in the

N1s region can be seen for NH+
4 sites, which originates from the synthesis of the oxide precursor,

in which NH4VO3 was used. Only for this catalyst three N sites with distinct different binding

energies are formed during ammoxidation. Furthermore one of the two V sites has a remarkable

low binding energy (EB = 513.2 eV), which is typical for V-N bonds. Likewise, two different

sites are detected for Sb with a high difference in their binding energies (EB (Sb2) - EB (Sb1) =

3.3 eV). The EB value of the second Sb site Sb2 is the lowest detected EB value among all the

investigated VSb samples.

These results suggest, that only the VSbO-0.5 oxide catalyst is able to form stable Sb-N and

V-N bonds during ammoxidation. Possibly, also Sb-N-V sites are created during ammoxidation

resulting in a stronger reduction of V and Sb sites.

Relationship between catalytic performance of VSbO-0.5, VSbON-0.5 & VSbON-0.5* and their

surface N and V species: To understand in-depth the impact of the three surface nitrogen sites on

the catalytic performance, N/M ratios (M = V or Sb) were calculated from the XPS results of the

used VSbO-0.5, VSbON-0.5 and VSbON-0.5* catalysts. These ratios are presented in Tab. B.4,

while the catalytic performance of these catalysts at the end of the catalytic test is presented in

Fig. 3.50 A.

Interestingly, no direct correlation can be found between the catalytic performance of the three

catalysts and the surface Ns/Vs, Ns/Sbs, Ns/Ms (M = Sbs + Vs) and bulk N/Vbulk ratios indicating

that it is not the total amount of surface N species which is important for the catalytic performance,

but rather the nature of N sites and metal sites to which they are bound. Therefore, the idea arose

to correlate the surface (Nx+Ny)/Vs and (Nx+Ny)/Sbs ratios with the corresponding catalytic

performance. 13

In Fig. 3.50 B and C the (Nx+Ny)/Vs and (Nx+Ny)/Sbs ratios are presented for the used VSbO-

0.5, VSbON-0.5 and VSbON-0.5* catalysts. It turned out, that only for the ratios (Nx+Ny)/Vs

13x and y denotes the N sites 1, 2 or 3 (x �= y).
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a correlation to the S3−CP and X3−PIC can be found. With declining (N1+N2)/Vs and rising

(N2+N3)/Vs ratios the selectivity S3−CP declines and the conversion X3−PIC rises in the cat-

alyst series VSbO-0.5, VSbON-0.5 and VSbON-0.5*. Such relationship is not found for the

(Nx+Ny)/Sbs ratios.

Figure 3.50.: A) Catalytic performance of VSbO-0.5, VSbON-0.5 and VSbON-0.5* catalysts at the end

of the catalytic test (numbers: corresponding surface areas SBET of used catalysts in m2/g);

B) Surface (Nx + Ny)/Vs ratios and C) Surface (Nx + Ny)/Sbs ratios of used VSbO-0.5,

VSbON-0.5 and VSbON-0.5* catalysts calculated from XPS results

The chemical meaning of (N1+N2)/M and (N2+N3)/M, respectively, is significantly different.

This is due to the fact that the electrophilic character of the three N sites increases in the order

N1 < N2 < N3 according to their EB values. This means that the sum of N1+N2 has a more

nucleophilic character, while the sum of N2+N3 reflects a more electrophilic character. From the

catalytic performance it is evident, that electrophilic N sites such as NH+
4 bound to V sites are

highly active, but poorly selective. Moreover, N sites with nucleophilic character like N3− bound

to V sites are more selective, but less active. Obviously, these N sites must be locally bound to V

sites since for the (Nx+Ny)/Sbs ratios no correlation can be found to the catalytic performance.

Note that the conversion increases, while selectivity decreases with rising surface area of the

used catalysts (shown in Fig. 3.50). Thus, it has to be considered that the difference in catalytic

performance for these three catalysts may simply due to the difference in surface area. However,

the catalytic performance of VSbON-0.5, VSbON-0.5* and VSbO-0.5 changes with time on

stream (see again Fig. 3.46 A, B and C). While S3−CP increases slightly at constant X3−PIC
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values for the two oxynitrides VSbON-0.5 and VSbON-0.5* with time on stream, X3−PIC

decreases slightly at constant S3−CP values for the VSbO-0.5 catalyst. These changes in catalytic

performance suggest, that the impact of the chemical nature of V and N containing surface

species on the catalytic performance dominates on the surface area effect. Additionally, the

surface area of VSbO-0.5 increases in the course of the ammoxidation from 3 to 5 m2/g, while

conversion decreases slightly with time on stream. If the surface area would have an important

effect on the catalytic performance, one would expect, that X3−PIC increase with reaction time.

This also supports that the difference in catalytic performance is mainly due to the difference of

V and N containing surface sites and not due to different surface areas.

Finally, it should be emphasized that this correlation does not mandatorily disagree with the

mechanism postulated earlier for the ammoxidation of heteroaromatics on oxide catalysts since

in each of the three catalysts NH+
4 sites are detected on the surface, which helps to insert N

into the benzyl-like intermediate to form 3-CP. Rather the catalyst VSbO-0.5 might incorporate

gaseous ammonia from the reaction stream as nitride-like sites near to the coordination of V,

which can be also transformed to NH+
4 in the course of the ammoxidation. This incorporation

goes along with reduction of surface V species.

3.5.3. Conclusions to VSbON catalysts

VSb containing catalysts are a complex catalytic system. The catalytic performance of these

catalysts is sensitive to the adjusted V/Sb ratio and the thermal treatment (nitridation, calci-

nation and a combination of precalcination and nitridation). Three different types of VSb

containing catalysts were catalytically and structurally characterized: Oxynitrides being calcined

prior nitridation (VSbON-x.x), oxynitrides being directly nitrided without a precalcination step

(VSbON-x.x*) and oxides being only calcined in air (VSbO-x.x).

For the VSbON catalyst type the catalytic performance and structure has been investigated for

different V/Sb ratios ranges from 0.25 up to 2.0. It turned out that VSbON oxynitrides with

V/Sb ≤ 0.5 show a constant conversion with time on stream, while for ratios higher than 0.5

a rapid loss of conversion was detected with time on stream. This loss of X3−PIC might be

due to the fact that the surface of VSbON catalysts is initially rich of V, but poor of Sb at high

V/Sb ratios as it is evident from XPS results. During ammoxidation a considerable high V

concentration moves to the bulk; thus the number of catalytically active V sites decreases with

reaction of time. Simultaneously, elemental crystalline Sb formed by nitridation in VSbON

catalysts is reoxidized. By XRD it was found, that SbVO4 is destroyed by nitridation, whereby

the VSbON oxynitride with a V/Sb ratio of 1.0 contains the highest amount of elemental Sb. This
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indicates that the elemental Sb originates from the decomposition of SbVO4. As a consequence

of this decomposition process, V from SbVO4 might be enriched as VxOy and/or VxOyNz on

the surface for catalysts with V/Sb > 0.5 as indicated from XRD and XPS results. Omitting

the calcination step prior nitridation decrease the concentration of elemental Sb and therefore

decline the enrichment of VxOy species on the surface, maybe due to the fact that the percentage

concentration of SbVO4 is lower compared to the precalcined oxynitrides. However, as a

consequence the catalytic deactivation is rather not that fast as for precalcined VSbON catalysts,

but can be still observed. On the contrary, SbxOy phases being exclusively present in oxide

samples prior nitridation with V/Sb ≤ 0.5, seems to be resistant to reduction by nitridation.

The comparison of the catalytic performances and structural properties of differently prepared

VSb catalysts with V/Sb = 0.5 shows that unexpectedly for VSbO-0.5 catalysts nitride like V-N

and probably Sb-N units are formed in the near-surface region during ammoxidation, which goes

along with a decline of the mean surface V oxidation state. Nitride like sites introduced into

VSbON-0.5 and VSbON-0.5* catalysts diminish during nitridation, instead NHx sites (x = 1-4)

remain on the surface. For this reasons, the VSbO-0.5 catalyst is more selective but less active

than VSbON-0.5 and VSbON-0.5*.
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4.1. Catalytic performance of oxynitrides

Ternary VAlZrON and VZrPON as well as binary VMoON and VSbON oxynitrides and

VMON/MoxOyNz (M = Al or Zr) catalysts have been catalytically tested as a function of

the V concentration in the ammoxidation of 3-PIC to 3-CP.

The catalytic performance (X3−PIC , S3−CP , Y3−CP and STY) of the best catalysts in the

VAlZrON, VZrPO, VMoON and VSbON oxynitride series is compared in Fig. 4.1 A. The

highest conversion X3−PIC is detected for VZrAlON-0.5, whereby X3−PIC decreases in the

following order: VZrAlON-0.5 ≈ VSbON-0.5* > VMoON-1.5 » VZrPON-0.5. The highest

selectivity S3−CP is observed for VMoON-1.5, whereby S3−CP decreases in the following order:

VMoON-1.5 > VSbON-0.5* > VZrAlON-0.5 > VZrPON-0.5. For comparison also an industrial

catalysts, called CPCAT, has been catalytically characterized as reference to classify the catalytic

potential of oxynitrides precisely. In Fig. 4.1 B and C the catalytic activity of this benchmark

catalyst is compared to that of VZrAlON-0.5 and VZrON-0.25. Although the industrial catalyst

is more selective than VZrAlON-0.5 and VZrON-0.25, it is clearly seen that due to a much

higher activity of VZrAlON-0.5 and VZrON-0.25 the space-time yield is significantly improved.

Moreover, the combination of highly-active VZrON catalysts with selective VAlON oxynitrides

improves the selectivity at slightly lower conversion at TB = 360 ◦C. Interestingly, for both

catalysts CPCAT and VZrAlON-0.5, the selectivity is almost not changed when increasing TB by

18 ◦C, while X3−PIC increase for both. By comparing the catalytic performance of VZrAlON-0.5

and VSbON-0.5* in Fig. 4.1 A, it is evident that also VSb containing oxynitrides bear a great

potential in the ammoxidation of 3-PIC since a high conversion at a high selectivity is reached

with the latter catalyst at TB = 360 ◦C and GHSV = 2713 h−1. Thus it is expected that at higher

space velocities such as 5728 h−1, the space-time yield might be higher for VSbON-0.5* than

that of VZrAlON-0.5. This suggests additionally that probably a combination of highly active

VZrON catalyst with VSbON catalysts might be also a beneficial route to improve STY in the

ammoxidation of heteroaromatics.
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Figure 4.1.: Comparison of the catalytic performances (X3−PIC , S3−CP , Y3−CP ) of oxynitrides with an

industrial catalyst CPCAT including STY (given as numbers);

A) Catalytic performance at TB = 360 ◦C (GHSV = 3242 h−1 for VZrPON-0.5; GHSV =

2713 h−1 for VZrAlON-0.25, VMoON-1.5 and VSbON-0.5*); B) Catalytic performance at

TB = 360 ◦C of CPCAT, VZrAlON-0.5 and VZrON-0.25 (GHSV = 5728 h−1); C) Catalytic

performance at TB = 378 ◦C of CPCAT and VZrAlON-0.5 (GHSV = 5728 h−1)

4.2. Structure-reactivity relationships

Structural changes during nitridation of the oxide precursors and during ammoxidation have

been elucidated using a variety of characterization methods (e. g. ICP-OES, XRD, XPS, TPO,

FTIR, UV-vis, Raman). In situ EPR and Raman spectroscopy were applied during ammoxidation

and nitridation including also simultaneously coupled in situ-EPR/UV-vis/Raman spectroscopy

to enlighten relationships between catalyst structure and the catalytic performance.

In previous studies it turned out that VAlON catalysts were more selective, but less active than

VZrON catalysts, due to a lower mean V valence state and a higher dispersion of V sites. With

the ternary VAlZrON material the selectivity S3−CP of VAlON could be almost maintained, yet

at significantly higher conversions. Thus space-time yields higher than those for VZrON, VAlON

and the benchmark catalysts could be achieved. This successful improvement is attributed to

the exposure of proper V-N sites on the surface of VAlZrON, in which V obeys a mean valence

state close to +4, as well as to the formation of anion defects close to V5+ species in VAlZrON.
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In contrast, crystalline ZrO2 and highly oxidized VxOy clusters are formed on the nitrogen

free surface of binary VZrON catalysts [7, 8]. These structural properties are supposed to be

responsible for high activity but low selectivity of VZrON. This distinct VxOy site agglomeration

is not observed for VAlON materials and also not for VZrAlON. Thus it can be suppressed by

combining VZrON and VAlON to VZrAlON.

Incorporating phosphorus into VZrON catalysts has a detrimental impact on the catalytic per-

formance. This effect of P in VZrPON catalysts is due to the strong dilution of active V sites

(low activity) and the incorporation of N in the neighborhood of P, but not of V. This leads to low

selectivity since a beneficial synergism between the redox-active V sites and the N incorporation

sites via V-N junctions is not achieved. At V/Zr and Zr/P ratios close to 1.0 the formation of

crystalline ZrV2−xPxO7 phase occurs, in which tetrahedrally V sites are even highly diluted.

The combination of VMON and high-surface area MoxNyOx to VMON/MoxNyOx (M = Al or

Zr) catalysts does not lead to an improvement of the activity compared to that of pure VAlON

and VZrON catalysts. This is due to the fact that VMON and MoxNyOx are not structurally

interacting, rather MoxNyOx is retransformed to MoO3. During this reoxidation not only N sites

of MoxNyOx get lost but also the surface area decreases. Besides the loss of surface area it has to

be considered that MoO3 and the higher percentage of ZrO2 might merely dilute the more active

VMON catalyst part or/and even deactivates VMON due to covering active sites of VMON by

MoO3 or ZrO2.

The highest selectivity of S = 96 % is shown by VMoON catalysts. This might be due to an in

situ formed surface structure during ammoxidation, which resembles that of the solid solution

V6Mo4O25. The change of the oxynitride structure is accompanied by a partial release of nitrogen

incorporated during preceding nitridation and a short activation period. In contrast to VMoO

oxide catalysts containing mainly V2MoO8 and being less active and seletive than VMoON

catalysts, V6Mo4O25 contains long-range ordered edge-shared V4+/5+-O-Mo5+/6+ surface units

that enable an effective electron transport. These surface units provide active N species in the

immediate vicinity of a redox-active site for incorporation into the substrate.

Also oxynitrides containing V and Sb as redox-active components are efficient catalysts in the

ammoxidation if a ratio of V/Sb ≤ 0.5 is adjusted. VSb containing catalysts being nitrided

in pure ammonia are more active and slightly less selective than the corresponding calcined

VSb oxide catalysts. Most remarkably, VSbO oxides are able to form V-N in the course of

ammoxidation accompanied by V surface reduction, while oxynitrides do not contain nitride-like

V surface species after ammoxidation, but V-NHx units (x = 1-4). However, oxynitrides and
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and VMoON catalysts.

Conclusively, highly effective V containing ammoxidation catalysts must contain tailored V-N

surface sites with moderately reduced V species. VxOy clusters are highly active but favor total

oxidation to CO and CO2. Highest selectivity is realized by edge-sharing V-O-Mo units with

optimum redox potential for effective electron transport without promoting over oxidation. High

selectivities can be reached also with VSb containing catalysts, which are also able to generate

surface V-N junctions. Besides surface V-N junctions, defect sites in the anionic lattice helps to

improve selectivities, as it is exclusively the case for VZrAlON.

Therefore, the presence of direct V-N junctions as well as anionic defects on the surface are

essential for high nitrile selectivity. This is fulfilled the best for VZrAlON, VSbON and VAlON

catalysts, but not for VZrON or VZrPON catalysts.
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5.1. Catalyst syntheses

In general, the catalyst preparation strategy for oxynitrides and nitrides is almost identical. The

preparation starts with the synthesis of an mixed metal oxide, so called oxide precursor, which

was subsequently converted into the oxynitride or nitride by thermal treatment of the oxide

precursor in a stream of pure ammonia at high temperatures.

In general, the nomenclature is as follows in this work: Predried compounds obtained directly

from a liquid route are called oxide precursors. Samples being thermally treated in air are

generally designated as oxides or calcined oxides. In contrast, directly processed oxide precursors

via nitridation are called oxynitrides, although some of those compounds are not any more

oxyitrides after catalysis. Mostly, catalysts before and after ammoxidation are designated as fresh

and used catalysts, respectively. x.x attached to the abbreviated catalysts compounds denotes

always a V to metal ratio.

Synthesis of mixed VZrAlON compounds Oxide precursors VZrAlO with V/(Al+Zr) ratios

ranging from 0.1 to 0.6 were synthesized using the co-precipitation method. The Al/Zr ratio was

adjusted to 1.5 and for one sample to 0.8. NH4VO3 (Aldrich, 99 % +) was suspended in distilled

water (0.1 M) and subsequently acidified with 65 % HNO3 (Roth, pure) to pH = 3 at 70 ◦C under

stirring (pH-Meter Seven Multi, Mettler Toledo). The colour of the solution turned from yellow to

dark orange. Meanwhile, both salts, Al(NO3)3 · 9 H2O (Sigma Aldrich, 98 % +) and ZrO(NO3)2

(Aldrich, tech.), were dissolved at 70 ◦C in distilled water maintaining an entire concentration of

0.15 M. The acidified V solution was slowly added to the colourless Al-/Zr-solution. Dropwisely

the pH of the final solution was raised to 7 at 70 ◦C under stirring using NH4OH (Merck, 25 %).

A yellow precipitate was formed, whereby the degree of gelefication depended strongly on the

adjusted metal ratios. In all cases, high amounts of Zr assisted the formation of a gel-like state of

the co-precipitated solid. The solid was filtered and washed twice with distilled water. Finally,

the raw product was dried at 120 ◦C for 16 h. The predried yellow solids were crushed in a mill

103

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



5. Experimental part

to get a fine powders. Approximately, 6 g of each VZrAlO precursor was directly nitrided in a

calcination oven for 6 h at 600 ◦C using an ammonia (3.8, air liquide) flow of 30 l/h and a heating

ramp of 5 K/min. By this treatement the colour changed from yellow to black, independently

from the adjusted metal ratios. The resulting oxynitrides are denoted as VZrAlON-x.x with x.x

being the V/(Al+Zr) ratio. After catalytic test the colour changed as a function of the chemical

composition. For V/(Al+Zr) = 0.1 (Zr/Al = 1.5) the colour changed to dark green, while for

higher ratios such as V/(Al+Zr) = 0.5 (Zr/Al = 1.5) the catalysts stay almost black.

Synthesis of VZrPO, VZrPON and ZrPO compounds VZrPO oxide precursors were syn-

thesized by the citrate method with V/Zr ratios of 0.1, 0.5 and 0.9. Respective samples are

denoted as VZrPO-x.x, with x.x being the V/Zr ratio. The atomic Zr/P ratio was adjusted to

0.9 (V + Zr = const.). The desired amount of NH4VO3 (Sigma Aldrich, 99%) was suspended

in water under stirring at 70 ◦C (0.02 M) and subsequently acidified with HNO3 (19 M) to

pH = 3. A second solution was prepared by dissolving the appropriate amount of ZrO(NO3)2

(Sigma–Aldrich, tech.) in water under stirring at 70 ◦C (0.02 M). To this solution, the acidic

NH4VO3 solution was added under stirring at 70 ◦C. After adding the corresponding amount

of phosphoric acid (3 M), a gel was formed, which was stirred for 1 h at 70 ◦C, before 55 g of

solid citric acid was added under stirring. These solutions were refluxed for 16 h under stirring at

70 ◦C. Different blue colours were observed depending on V concentration in the final solution.

Then, water was evaporated using a rotating evaporator, and the resulting brown powder was

dried at 120 ◦C for 16 h. After grinding, the powder was calcined in air (6 l/h) for 16 h at

500 ◦C and for another 6 h at 600 ◦C to remove the carbon. The resulting yellow powders, called

VZrPO-x.x oxides, were carbon free. To obtain oxynitrides, the calcined VZrPO oxides were

pressed and crushed to particles with a diameter between 0.8 and 1 mm. In a home-made shaking

fluidized bed reactor, 6 ml of VZrPO particles were loaded. These particles were treated in

flowing NH3 (40 l/h) for 6 h at 500 ◦C. During this treatment, the sample colour turned from

yellow to grey or black depending on the V concentration. The resulting oxynitrides are denoted

as VZrPON-x.x with x.x being the V/Zr ratio.

Synthesis of VMON/MoxOyNz catalysts (M = Zr or Al) The synthesis of VMON/MoxOyNz

catalysts (M = Zr or Al) included three steps. First of all, VMO oxide precursors were synthesized

via co-precipitation with V/Al = 0.5 for VAlO and V/Zr = 0.25 for VZrO sample. During co-

precipitation the appropriate amount of NH4VO3 (Sigma Aldrich, 99 %) was dissolved in distilled

water at 70 ◦C. This solution was then acidified by adding dropwise 65 % HNO3 (Roth, 65 %)

until a pH of 3 (pH-Meter Seven Multi, Mettler Toledo) was adjusted. The V containing solution
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was mixed with an aqueous solution of 0.5 M Al(NO3)3 · 9 H2O (Sigma Aldrich, 98 % +) or of

0.5 M ZrO(NO3)2 (Aldrich, tech.). Subsequently, 2 M NH4OH (Merck, 25 %) was added until a

pH of 7 was reached (pH-Meter Seven Multi, Mettler Toledo), whereupon a yellow precipitate

(VAlO-0.5) and a yellow gel (VZrO) was formed. The solids were removed by filtration, washed

twice with distilled water, and dried for 16 h at 120 ◦C. These dried VMO oxide precursors

were mixed with MoO3 (Sigma Aldrich, 99,5 % +) in a mortar adjusting different ratios of

VMoO/MoO3 for several minutes. Finally, 10 g of each of these mixtures were nitrided in an

ammonia stream of 26 l/h. The nitridation temperatures was first rised from RT to 350 ◦C and

hold for 30 min (10 K/min), then from 350 ◦C to 450 ◦C (1 K/min) and hold for 30 min, and

subsequently from 450 ◦C to 700 ◦C (3 K/min). The latter nitridation temperature was hold for

1 h. Finally, samples were cooled in Ar to RT. At RT it was switched from Ar to 2 l/h air. This

condition was kept for 1 h. Pure VMON catalysts and MoxOyNz were nitrided by the same

procedure. During nitridation the colour of each sample was turned from yellow to black.

Synthesis of VMoO and VMoON catalysts VMoO (V/Mo = 0.25 - 2.0) precursors were

synthesized via an aqueous route. The appropriate amount of NH4VO3 (Sigma Aldrich, 99%)

was dissolved under stirring in distilled water at 75 ◦C. To this yellow solution the appropiate

amount of the salt (NH4)6Mo7O24 · 4 H2O (Sigma Aldrich, ACS reagent) was added to adjust

the desired V/Mo ratios. A clear red-orange coloured solution was observed, which was then

acidified by adding dropwise with 65 % HNO3 (Roth, pure) up to a pH of 2 (pH-Meter Seven

Multi, Mettler Toledo). During this treatment, a yellow or red solid was formed. Finally, this

suspension was stirred for at least 2 h at 75 ◦C. Water was evaporated using a rotating evaporator,

and the resulting brown powder was dried at 120 ◦C for 12 h. After grinding, these oxide

precursors were calcined in air (5.0, air liquide) at 500 ◦C for 6 h using a heating ramp of

5 K/min to obtain VMoO oxides. These calcined VMoO oxides were subsequently nitrided at

500 ◦C for 5 h using a ammonia flow (3.8, air liquide) of 30 l/h and a heating ramp of 5 K/min.

The latter samples are called VMoON-x.x oxynitrides or in some cases precalcined VMoON-x.x

oxynitrides. x.x denotes the V/Mo ratio.

Synthesis of VSbON catalysts VSbO oxide precursors were synthesized by long-term reflux-

ing. Sb2O3 (Sigma Aldrich, 99.9 %) and NH4VO3 (Aldrich, 99 % +) were added as powder into

distilled water at RT (0.2 M). The initially inhomogeneous suspension was refluxed at 90 ◦C

for 20 h. During refluxing the colour of the suspension turned from dirty white to deep grey.

The water was removed using an rotating evaporator. Finally, the glittery black powder was

dried for 2 h at 75 ◦C. These predried VSbO oxide precursors were processed in three different
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routes resulting in threed different catalyst classes: 1 ) VSbO oxide precursors were calcined

in air (5.0, air liquide) at 500 ◦C for 6 h using a heating ramp of 5 K/min and a flow of 5 l/h.

Subsequently, those calcined compounds were nitrided at 500 ◦C for 6 h with 5 K/min using an

ammonia (3.8, air liquide) flow of 30 l/h. This catalyst class is abbreviated with VSbON-x.x

and called precalined oxynitrides. 2) VSbO oxide precursors were directly nitrided at 500 ◦C

for 6 h with 5 K/min using an ammonia (3.8, air liquide) flow of 30 l/h. This catalyst class is

abbreviated with VSbON-x.x* and called non-precalined oxynitrides. 3) VSbO oxide precursors

were calcined in air (5.0, air liquide) at 500 ◦C for 6 h using a heating ramp of 5 K/min and a

flow of 5 l/h. This catalyst class is abbreviated with VSbO-x.x and called oxides. x.x denotes the

V/Sb ratio.

5.2. Catalytic tests

General remarks to the catalytic setup Catalytic tests were performed in a fixed bed glass

reactor with an inner diameter of 1.5 cm. The liquid feed components were fed into the gas

stream by continuous evaporation of an aqueous solution with a fixed molar ratio of 1:8 (3-PIC

(Aldrich, 99 %) : water) using a syringe pump (74900 series, Cole-Parmer Instument Company).

Gaseous feed components air (5.0, air liquide) and NH3 (3.8, air liquide) were dosed by pre-

calibrated mass flow controller (Bronkhorst). The respective gaseous space velocities GHSV

are given for each presented test result in chapter 3. The catalyst bed temperature TB inside

the reactor was measured by an additional thermocouple. The products were collected in a

cooling trap and analyzed off-line using a GC-17A (Shimadzu) equipped with an auto sampler

(AOC-20i) and a WCOT fused Silica CP-SIL 8CB column (Varian). The GC was callibrated

by the external method using solutions of EtOH containing 3-CP (98 %, Acros Organics) or

3-PIC (99 %, Aldrich). Carbon oxides (CO2 and CO) as by-products were quantified on-line by

a non-dispersive infrared analyser (BINOS100 2M, Rosemount). The calibration of the latter

analyser was carried out using test gas mixture CO/CO2/He (4 %/4 %/92 %; vol.-%; air liquide).

The zero point was adjusted using N2 (5.0, air liquide). The carbon balance BC was determined

for each test (BC = 97 - 100 %).

The industrial catalyst CPCAT (VTiSbSiOx) was used as received. General information about

this catalyst can be found in [34].

General implementation of the catalytic tests Catalyst powder was pressed to pellets, chrus-

hed and sieved to obtain particles with a diameter of 1.0 - 1.25 mm. These catalyst particles
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were diluted with glass beads possessing a diameter of 1.25 - 1.55 mm. The volumetric ratio of

catalyst particles : glass beads was adjusted to 1 : 1.7. This catalyst mixture in the reactor was

embedded in addition in glass beads. This loaded reactor was connected to the catalytic setup.

A common catalytic test was designed in the following way. First of all, the filled reactor was

heated under air/NH3 to 190 ◦C using a heating ramp of 10 K/min. Subsequently, the desired

amount of 3-PIC/H2O was added to the air/NH3 flow. The molar ratio of 3-PIC : air : NH3 : H2O

was adjusted to 1 : 28 : 5 : 8. This condition was maintained at least for one our. Afterwards

products were collected at 190 ◦C in a cooling trap filled with EtOH for a half an hour. The latter

solution was transfered to 50 ml standard flask, which was then analyzed via off-line by GC to

monitor the real concentration of 3-PIC in the reaction flow. Then it was heated to the desired

reaction temperature (> 300 ◦C, 10 K/min). In general, the oven temperature TO was always

lower than the measured bed temperature TB. After ca. 20 min a new cooling trap with EtOH

was connected to the reactor exit and 3-PIC as well as 3-CP were collected also for a half an

hour. The concentration of 3-PIC and 3-CP related to 50 ml EtOH were determined also off-line

by GC. COx contents in the stream were measured afterwards connecting a cooling trap filled

with 10 % H2SO4/EtOH solution to the exit of the reactor. After passing this cooling trap the

gas mixture was sent to the infrared analyser (BINOS100 2M, Rosemount), where CO and COx

contents were measured. Finally, after taking several catalytic data the reaction temperature was

cooled to 190 ◦C, the 3-PIC/H2O stream was turned off and it was cooled to RT.

Examination of catalytic data The conversion X3−PIC , yield Y3−CP and selectivity S3−CP

were calculated from:

X3−PIC =
n0
3−PIC − n3−PIC

n0
3−PIC

· 100; (5.1)

n3−PIC =
2 · An3−PIC

f3−PIC

and n0
3−PIC =

2 · An0
3−PIC

f3−PIC

; (5.2)

Y3−CP =
n3−CP − n0

3−CP

n0
3−CP

· υ3−PIC

υ3−CP

· 100; (5.3)

n3−CP =
2 · An3−CP

f3−CP

, n0
3−CP =

2 · An0
3−CP

f3−CP

and
υ3−PIC

υ3−CP

= 1; (5.4)

S3−CP =
Y3−CP

X3−PIC

· 100. (5.5)
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The value n0 describes the used molar flux. An denotes the peak area of the respective GC peak

and f as calibration factor was derived from external calibration using known concentrations of

3-PIC and 3-CP. The carbon balance BC for each catalytic experiment ranges from 97 to 100 %.

It was calculated according to:

BC =
Cout

3−PIC + Cout
3−CP + Cout

CO + Cout
CO2

C in
3−PIC

; (5.6)

C in
3−PIC = n0

3−PIC ·MC
3−PIC , Cout

3−PIC = n3−PIC ·MC
3−PIC ; (5.7)

Cout
3−CP = n3−CP − n0

3−CP ·MC
3−CP ; (5.8)

Cout
COx

=

VCOx · VM ·MC
COx

·
z∑

i=1

V out
g

100
. (5.9)

The space-time yield STY characterize the effectiveness of a catalyst and is given by:

STY =
n3−CP ·M3−CP

VC

. (5.10)

VC denotes the catalyst volume, while m3−CP stands for the mass of generated 3-CP per hour.

5.3. Characterization methods

Elemental analysis ICP-OES measurements were performed with a Varian 715-ES spectrom-

eter calibrated for the required elements. All values were verified by double determination. Ten

milligrams of catalyst was dissolved in 4 ml HF and 4 ml aqua regia in a microwave oven (Anton

Paar/Perkin-Elmer) at ca. 60 bar and ca. 120 ◦C. The obtained solution was filled up to 100 ml

with distilled water and measured.

CHN analysis was performed with an EA 1110 CHN analyzer (CE Instrumenta) calibrated for

the required elements and equipped with an auto sampler. In a home-made tin crucible, 10–30 mg

of each catalyst powder was placed. Measured data were evaluated with Eager 200 for windows

software. All values were verified by double determination.
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MAS NMR 31P and 51V MAS NMR spectra were recorded on a Bruker AVANCE 400 spectrom-

eter (Larmor frequencies: ν31P = 161.9 MHz; ν51V = 105.2 MHz) using a 2.5 mm magic angle

spinning (MAS) probe (Bruker Biospin). 51V MAS NMR (I = 7/2) spectra were recorded with a

sweep width of 1 MHz and an excitation pulse duration of 0.8 μs ensuring a linear irradiation

regime for reducing the distortion of the spectra. VOCl3 was used as reference for the chemical

shift of 51V. The recycle delay was chosen as 1 s, and accumulation numbers of 10,060 (sample

VZrPO-0.9, νrot = 28 kHz) and 62,800 (sample VZrPON-0.9, νrot = 25 kHz), respectively, were

used for an acceptable signal-to-noise ratio. 31P MAS NMR measurements (νrot = 25 kHz) were

performed with a recycle delay of 120 s, a π/2 pulse length of 6 μs and 180 (sample VZrPO-0.9)

or 623 (sample VZrPON-0.9) transients. 31P chemical shifts are referenced against H3PO4.

Surface area Surface areas of the samples were determined according to BET method [158,

159]. The BET surface area of VZrPO and VZrPON catalysts was determined by nitrogen

adsorption at 77 K (ASAP2010). For all other samples the surface area was determined by

krypton adsorption at 77 K.

UV/Vis-DRS UV/Vis-DRS spectra were recorded on a Varian Cary 400 spectrometer equipped

with an praying mentis and heatable in situ-cell (Harrick) [160]. Gas supply was realized by

mass flow controllers (Bronkhorst). All spectra were measured against the baseline of the white

standard BaSO4 (Merck) in diffuse reflection mode from 200 to 800 nm with a scan rate of

300 nm/min. A dilution of dark samples with BaSO4 was necessary to decrease the absorbance.

The redox properties of VMoO samples were investigated with UV/Vis-DRS technique using a

kinetic approach. The diluted sample (BaSO4 : sample = 6 : 1) was first heated in 9 % O2/Ar

(55 ml/min) to 300 ◦C using a heating ramp of 10 K/min. UV-Vis spectra were recorded until

steady state conditions were reached under these conditions (preoxidation). After stopping the

O2 flow and flushing the loaded in situ-cell with pure Ar, the flow was switched to 9 % H2/Ar

(55 ml/min) at 300 ◦C. The change of the absorbance was followed at 700 nm as a function

of time using the kinetic program of Varian software. The time-dependent absorbance change

functions for the reduction of preoxidized VMoO compounds could be only fitted successfully

by the following equation:

[V 4+] = [aV 5+] · [1− exp(−akred · t)] + [bV 5+] · [1− exp(−bkred · t)]. (5.11)

Then the flow of H2 was stopped and the cell was again flushed with Ar. For reoxidation it was

again switched to 9 % O2/Ar (55 ml/min). The time-dependent absorbance change functions
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for the reoxidation of prereduced VMoO compounds could be only fitted successfully by the

following equation:

[V 5+] = [aV 4+] · exp(−akreox · t) + [bV 4+] · exp(−bkreox) · t. (5.12)

XRD analysis XRD powder patterns were recorded in transmission geometry with Cu Kα1

radiation on a Stoe STADI P diffractometer, equipped with a position sensitive detector (PSD).

Processing and assignment of the powder patterns was done using the software Win Xpow (Stoe)

and the powder diffraction file (PDF) database of the International Center of Diffraction Data

(ICDD).

The diffractogram in Fig. A.9 was obtained at the μ-spot beam line of the Berlin synchrotron

facility BESSY. Details of the beam line can be found in [161]. The sample was fixed in a

borosilicate capillary of a diameter of 0.7 mm. A double crystal monochromator was used to

provide highly monochromatic X-rays (E = 15 kV). The scattered intensities were collected

20 cm behind the sample with a two-dimensional X-ray detector (MarMosaic CCD; 3072 x 3072

pixel). The scattering data were converted to diagrams of scattered intensities as a function of

the scattering vector using the algorithm of the software package Fit2D [162].

XPS analysis X-ray photoelectron spectra (XPS) were recorded on a VG ESCALAB 220iXL

instrument with Mgα1 radiation (E = 1253.6 eV). The samples were fixed with a double-adhesive

carbon tape on a stainless steel sample holder. The peaks were fitted by Gaussian–Lorentzian

curves after Shirley background subtraction. The electron binding energy was referenced to the

carbon 1s peak at 284.8 eV. For quantitative analysis of the near-surface region, the peak areas

were determined and divided by the element-specific Scofield factor and the analysator-depending

transmission function.

FTIR spectroscopy FTIR spectra at ambient conditions of VZrPO, VZrPON and VZrAlON

catalysts were recorded in attenuated total reflection (ATR) mode using an Alpha-P FTIR

spectrometer (Bruker).

Spectra of VZrPON (V/Zr = 0.1; 0.5; 0.9) were recorded at room temperature in transmission

mode on a Nicolet 6700 FTIR spectrometer equipped with a heatable and evacuable IR cell and

CaF2 windows. In this case, 50 mg of each catalyst powder was pressed to a self-supporting

wafer and heated to 300 ◦C under vacuum before collecting the spectrum.
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Surface acidity was analyzed by transmission FTIR spectroscopy (Bruker IFS 66) of pyridine

adsorbed at 20 ◦C on self-supporting wafers after pretreatment in flowing He at 250 ◦C. Des-

orption spectra were recorded stepwise during heating the catalyst with preadsorbed pyridine to

350 ◦C. Band areas at 1540 cm−1 for Brønstedt and at 1450 cm−1 for Lewis acid sites were used

to elucidate the surface acidity.

Ex situ and in situ EPR spectroscopy In situ-EPR and ex situ-EPR spectra in X-band (ν

≈ 9.5 GHz) were recorded with the cw-spectrometer ELEXSYS 500-10/12 (Bruker) using a

microwave power of 6.3 mW, a modulation frequency of 100 kHz and a modulation amplitude

of 0.5 mT. The magnetic field was measured with respect to the standard 2,2-diphenyl-1-

picrylhydrazyl (DPPH). For the in situ-EPR measurements a home-made quartz plug-flow

reactor connected to a gas-dosing system containing mass flow controllers (Bronkhorst) was

implemented in the rectangular cavity of the spectrometer.

For all in situ EPR experiments during ammoxidation using VZrAlON (V/(Zr+Al) = 0.1; 0.25

and 0.5), 100 mg of the catalyst particles (dP = 315 - 710 μm) were used. Spectra were recorded

at RT before any treatment. After heating the respective catalysts in air/NH3 (4.5 : 1) to 350 ◦C

water was added via a saturater to the air/NH3 stream at 350 ◦C. Subsequently it was switched to

the complete feed at 350 ◦C (3-PIC : air : NH3 : H2O = 1 : 30 : 6 : 8) at 350 ◦C. That followed by

stopping the 3-PIC stream at 350 ◦C, so that the catalyst was again exposed to air/NH3 at 350 ◦C,

then the gaseous stream was changed again from air/NH3 (4.5 : 1) to N2 (10 ml/min) at 350 ◦C

and finally the sample was cooled from 350 ◦C to RT in N2. Spectra at elevated temperatures

were recorded as a function of time for at least 1 h. For qualitative analysis via off-line GC (see

section: General implementation of the catalytic tests), the exit of the reactor was connected to a

cooling trap filled with EtOH to collect 3-PIC and 3-CP from the reaction stream at 350 ◦C.

For the in situ EPR experiments during ammoxidation using VMoON-1.5 and VMoO-1.5, 45 mg

of the catalyst particles (dP = 315 - 710 μm) has been used. The sample was first heated in

10 ml/min N2 to 350 ◦C. Then it was switched to air/NH3 (4.5 : 1) at this temperature. After ca.

1 h, 3-PIC was added to the latter stream (molar ratio of 3-PIC : air : NH3 = 1 : 30 : 6). Finally,

the sample was cooled to RT in N2.

For the in situ EPR experiments during nitridation of VZrAlO-0.5 precursor, 112 mg of the

catalyst particles (dP = 315 - 710 μm) were used. The sample was first heated from RT to 120 ◦C

in N2 (10 ml/min) and was cooled after 1 h again to RT. Then it was switched to 20 % NH3/N2

(37.5 ml/min) at RT and it was stepwise heated to 410 ◦C. After cooling the sample from 410 ◦C

to RT in NH3/N2, it was finally switched from NH3/N2 to N2 at RT. The sample was exposed to
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latter condition for 14 h. Spectra at elevated temperatures were recorded as a function of time for

at least 30 min.

Computer simulation of EPR spectra was performed with the program SIM14S of Lozos et

al. [163] using the spin Hamiltonian

H = μB · S · g · B0 + SAI. (5.13)

μB reflects the Bohr magneton, g the g tensor, S the electron spin operator, B0 the magnetic field

vector, A the hyperfine tensor, and I is the nuclear spin operator.

TPO experiments TPO experiments on VMoON oxynitride were performed on a chemisorp-

tion apparatus (Autochem 2910, Micromeritics) which was coupled to quadrupole mass spec-

trometer (Omnistar, Pfeiffer-Vacuum). 100 mg of the sample was used. Before any heating, the

sample space was rinsed with He for 30 min. Then it was switched to the gaseous mixture 5 %

O2/He at 40 ◦C. After 10 min the sample was heated with 10 K/min in 50 ml/min 5 % O2/He to

500 ◦C. Mass traces in Fig. A.22 are scaled and summarized as groups.

Simultaneous in situ-EPR/UV–vis/Raman measurements Simultaneous in situ-EPR/UV–

vis/Raman studies during nitridation of VZrPO catalysts were performed using the equipment

described in-depth in [164]. 115 mg of the VZrPO oxide particles (dP = 315 - 710 μm) were

heated in N2 flow (10 ml/min) to 120 ◦C, before switching to 20 % NH3/N2 (50 ml/min) at the

same temperature.

In situ Raman microscopy studies The Raman investigations were performed with a UV/Vis/

NIR Raman spectrometer (LabRam HR, Horiba-Jobin Yvon) equipped with a confocal micro-

scope, Notch filters and a CCD detector. The laser was focused on the sample by a long working

distance objective (x 100) using a Ar+-K+ laser (2018 RM, Spectra physics). The green exciting

line at 514 nm was taken for each measurement, while the laser power was never higher than

1 mW. Exposition times ranged typically between 1 min and 15 min. The Raman setup included

a heatable oven equipped with a home-made quartz reactor including a thermocouple hollow.

Heating ramps were usually set to 3 K/min. 0.7 ml of the undiluted catalyst particles were loaded

into the reactor (dP = 315 - 710 μm). A liquid mixture containing water and 3-PIC was dosed

via a syringe pump (74900 series, Cole-Parmer Instument Company), while gas flows of NH3,

O2 and He were controlled by mass flow controllers (Bronkhorst). The molar ratio of the feed

components 3-PIC : 20% O2 in He : NH3 : H2O during reaction conditions was adjusted to
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1 : 28 : 5 : 8. The GHSV was set to 2713 h−1. Condensable products (unconverted 3-PIC and

3-CP) were collected in EtOH, while the rest gas was analyzed via on-line mass spectrometry

(VG ProLab, Thermo Electron Corporation). A qualitative analysis of 3-PIC and 3-CP was done

using off-line gas chromatography Shimadzu GC-2014 equipped with a Shimadzu auto sampler

AOC-20i, a FID detector and column Nukol.
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A. Supporting Figures

Figure A.1.: Catalytic performance of VZrAlON catalysts with Al/Zr = 1.5 as a function of the bed

temperature TB; GHSV as indicated
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Figure A.2.: Powder XRD pattern of A) fresh VZrAlON and B) used VZrAlON with Al/Zr = 1.5

depending on the V/(Zr+Al)); a = 0.5, b = 0.25, c = 0.12

Figure A.3.: In situ EPR signals derived during nitridation of the VZrAlO-0.5 oxide precursor (Al/Zr =

1.5); A) obtained after in situ nitridation at RT, B) - D) 2nd derivatives of EPR signals given

in A)
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Figure A.4.: Comparison of normalized EPR spectra measured at RT for untreated VZrAlON and after

the in situ experiment; A) VZrAlON-0.1, Al/Zr = 1.5; B) VZrAlON-0.5, Al/Zr = 1.5

Figure A.5.: Experimental EPR signals compared to calculated EPR signals of VZrAlON catalysts

derived by spectra simulation
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Figure A.6.: In situ EPR signals for VZrAlON under air/NH3/H2O at 350 ◦C with time on stream; A)

VZrAlON-0.1, Al/Zr = 1.5 ; B) VZrAlON-0.5, Al/Zr = 1.5

Figure A.7.: In situ EPR signals and their 2nd derivatives (’) for VZrAlON under feed conditions (3-PIC,

H2O, air, NH3) after 10 and 60 min, Al/Zr = 1.5
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A. Supporting Figures

Figure A.8.: In situ EPR signals measured at 350 ◦C after switching from air/NH3 to N2; A) VZrAlON-

0.1, Al/Zr = 1.5; B) VZrAlON-0.5, Al/Zr = 1.5

Figure A.9.: Powder pattern for the fresh calcined VZrPO-0.9 oxide measured at μ spot beam line of the

Berlin synchrotron facility BESSY placed over by reflections of ZrP2O7, ZrV2O7 and V2O5
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A. Supporting Figures

Figure A.10.: TEM image of VZrPO-0.9 sample

Figure A.11.: TEM image of VZrPO-0.5 sample

vi

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



A. Supporting Figures

Figure A.12.: TEM image of VZrPO-0.1 sample

Figure A.13.: FTIR spectra of pyridine adsorbed on VZrPON-0.1 (a) and VZrPO-0.1 (b) at RT
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A. Supporting Figures

Figure A.14.: Comparison of experimental EPR spectra and calculated EPR spectra (a** - c**: spectra

after treatment in NH3 at RT, a: spectrum for untreated sample VZrPO-0.1)

Figure A.15.: In situ Raman spectra of sample VZrPO-0.9 a) Measured at room temperature after heating

in N2 flow for 90 min at 120 ◦C; b) Recorded after heating in NH3/N2 flow for 30 min at

110 ◦C and c) for 90 min at 160 ◦C d) and for 30 min 300 ◦C
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A. Supporting Figures

Figure A.16.: Comparison of XRD patterns measured for the fresh (a) and used (b) VMoO-1.5 oxide

catalyst

Figure A.17.: Experimental UV/Vis spectrum at RT of MoO3 (Aldrich) including results of deconvolution
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A. Supporting Figures

Figure A.18.: Double integral intensity AEPR of EPR signals derived at RT before and after in situ

ammoxidation experiment

Figure A.19.: Normalized EPR spectra of VMoO-1.5 and VMoON-1.5 derived under feed conditions

(air/NH3/3-PIC) at 350 ◦C after 60 min
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A. Supporting Figures

Figure A.20.: Experimental and calculated EPR signals of VMoO-1.5 and VMoON-1.5 derived under

feed (air/NH3/3-PIC) conditions at 350 ◦C after 60 min

Figure A.21.: In situ Raman spectra taken as a function of time under reaction stream at 360 ◦C using

VMoO-1.5 catalyst
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A. Supporting Figures

Figure A.22.: Scaled mass traces derived from temperature programmed oxidation (TPO) of fresh

VMoON-1.5 catalyst in 5 % O2/He - followed by MS; different scaling factors as in-

dicated in the legend (x 10 and x 30)
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B. Supporting Tables

Table B.1.: Nitrogen containing species in HPO2(NH2)2 and their vibration modes at 120 ◦C according

to [97]

wave number [cm−1] assignment wave number [cm−1] assignment

3074 νs (P)-NH-(P) 1467 δ NH+
4

870; 696 νas; νs P-NH-P 830-750 νs P=N-

3385; 3269; 1586 νas; νs; δ (P)-NH2 690 νs P-N(P)-P

Table B.2.: Peak positions and peak areas of Gaussian peaks derieved by deconvolution of normalized

UV/Vis spectra

VMoO-0.25 VMoO-0.5 VMoO-1.0 VMoO-1.5

λ [nm] Ap [a.u.] λ [nm] Ap [a.u.] λ [nm] Ap [a.u.] λ [nm] Ap [a.u.]

260 27.4 254 15.1 251 7.9 240 6.9

305 76.6 296 75.8 278 66.7 275 44.8

395 64.2 392 106.7 379 108.0 378 186.0

568 14.4 564 11.2 560 17.6 561 12.8

736 2.4 737 35.2 737 31.5 737 109.6

xiii
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B. Supporting Tables

Table B.3.: A selection of ammoxidation reactions using heteroaromatics; *: catalyst precursor
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B. Supporting Tables

Table B.4.: Surface and bulk N/V ratios of fresh and used VSb catalysts
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