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Abstract 

Heterogeneous catalysts have proven to increase the efficiency of many chemical 

reactions of industrial importance. The interaction between catalyst and reactant decreases 

energy barriers of the target reactions but it can also induce reversible or irreversible changes of 

the catalyst surface. Detailed knowledge of the underlying mechanisms of these changes can 

provide further pathways for an optimization of the performance of catalysts. The identical 

location imaging (ILI) concept, introduced earlier, enables to detect the structure responses of 

target samples to relevant catalytic conditions. ILI includes detailed investigations of the pristine 

structure of the target samples, exposure of the samples to relevant reaction conditions, and 

examination of the samples after the reaction. In the present study ILI using a specially designed 

TEM grid reactor was carried out for two model catalysts, (Mo,V)Ox and (Mo,V,Te,Nb)Ox with 

M1-type crystallographic structure, in order to investigate the interplay between structure 

response and catalytic properties. 

In this study scanning transmission electron microscopy (STEM) measurements were 

performed to study local structure variations of pristine (Mo,V)Ox. Here the concept of tiling was 

applied to separate structural defects from the structure of the ideal orthorhombic bulk. In 

addition to the previously reported intergrown phases, several different kinds of extended defects 

and local structural motifs, which can be arranged further into extended defect structures, were 

detected and classified. Moreover, STEM combined with electron energy loss spectroscopy 

(EELS) was carried out to characterize variations of the local metal content and their correlation 

with local structure details. 

Further, a quasi in-situ TEM grid reactor was developed in order to detect reaction 

induced structural changes at the nanoscale. Preliminary test experiments, such as thermal 

decomposition of lead carbonate and reduction of Cu/ZnO/Al2O3, ensured a precise temperature 

calibration and the possibility of a secure sample transfer between the TEM grid reactor and the 

microscope. Further, changes of the structures at the nanoscale and catalytic conversion were 

detected for the CO oxidation reaction over a Pt foil and Pt nanoparticles.  

Comparative quasi in-situ and in-situ STEM studies were conducted to investigate 

structure responses of orthorhombic (Mo,V)Ox samples to various conditions. Different 

responses of the surface, near-surface, and defect structure were observed and found to depend 
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on redox properties of the atmosphere and on pressure (N2 or conditions relevant for the 

oxidative dehydrogenation of ethane; high vacuum). In addition, comparative studies of the 

structure responses of orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox to the oxidative 

dehydrogenation of ethane reaction were performed under relevant conversion conditions. The 

differences between activation temperatures and observed responses were further linked to 

differences between the pristine structures of orthorhombic (Mo,V)Ox and M1-type 

(Mo,V,Te,Nb)Ox. 

In summary, the present thesis demonstrates the potential of identical location imaging to 

investigate structure changes at the nanoscale where orthorhombic (Mo,V)Ox and M1-type 

(Mo,V,Te,Nb)Ox samples serve as examples. Further, the results evidence correlations between 

the activity of these catalysts and the adaptabilities of their structures. 
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Kurzfassung 

 Heterogene Katalysatoren haben bewiesen, dass sie die Effizienz bei vielen chemischen 

Reaktionen von kommerzieller Bedeutung erheblich steigern können. Dabei werden 

Energiebarrieren der Reaktionen durch die Wechselwirkung zwischen dem Katalysator und den 

Reaktanten zwar gesenkt, jedoch kann die Wechselwirkung auch zu reversiblen oder 

irreversiblen Strukturänderungen der Katalysatoroberfläche führen. Eine detaillierte Kenntnis der 

grundlegenden Mechanismen dieser Strukturänderungen kann zusätzliche Information zur 

Optimierung der Leistung von Katalysatoren liefern. Das bereits eingeführte Konzept der 

Abbildung identischer Bereiche (“identical location imaging”, ILI) erlaubt die Beobachtung von 

Strukturänderungen der Katalysatorprobe unter entsprechenden katalytischen Bedingungen. 

Dabei beinhaltet ILI genaue Untersuchungen der ursprünglichen Probenstruktur, die 

Durchführung entsprechender chemischer Reaktionen an der Probe sowie die Untersuchung der 

Probe nach der Reaktion. In der vorliegenden Arbeit wurde ILI mit einem speziell konstruierten 

TEM-Grid-Reaktor durchgeführt, um den Zusammenhang zwischen Strukturänderung und 

katalytischen Eigenschaften bei zwei Modellkatalysatoren, (Mo,V)Ox und (Mo,V,Te,Nb)Ox mit 

M1-artiger Kristallstruktur zu untersuchen.  

In diesen Untersuchungen wurde Transmissionselektronen-Mikroskopie (“transmission 

electron microscopy”, STEM) zur Analyse lokaler Strukturänderungen an der ursprünglichen 

(Mo,V)Ox Probe eingesetzt. Dabei hat sich das theoretische Konzept des “Kachelns” (tiling) zur 

Unterscheidung zwischen Strukturdefekten und der Idealstruktur des orthorhombischen 

Volumens bewährt. Zusätzlich zu bereits bekannten Verwachsungsphasen wurden weitere 

ausgedehnte Defekte sowie lokale Strukturmotive, die sich zu größeren Defektstrukturen 

zusammenfügen, beobachtet und klassifiziert. Desweiteren ließ sich STEM mit 

Elektronenenergieverlust-Spektroskopie (“energy loss spectroscopy”, EELS) kombinieren, um 

Änderungen im lokalen Metallgehalt der Proben und deren lokaler Struktur aufzuzeigen. 

Zusätzlich kam ein neu entwickelter quasi-in-situ-TEM-Grid-Reaktor zum Einsatz, der 

die Beobachtung von reaktionsbedingten Strukturänderungen im Nanoskalenbereich ermöglicht. 

Erste Experimente zur thermischen Zersetzung von Bleikarbonat sowie der Reduktion von 

Cu/ZnO/Al2O3-Proben lieferten eine genaue Temperaturkalibrierung und zeigten die Möglichkeit 

eines sicheren Probentransfers zwischen TEM-Grid-Reaktor und Mikroskop. Außerdem wurden 
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bei der CO-Oxidation an Platin-Folien und Nanoteilchen Strukturänderungen im Nanobereich 

bei der katalytischen Konversion beobachtet. 

Vergleichende quasi-in-situ- und in-situ-STEM-Messungen lieferten weiterhin Aussagen 

über Struktureinflüsse auf orthorhombische (Mo,V)Ox-Proben bei unterschiedlichen 

Reaktionsbedingungen. Die Ergebnisse zeigen verschiedene Einflüsse auf die Oberfläche, die 

oberflächennahen Bereiche und entsprechende Defektstrukturen, die von Redoxeigenschaften 

der Gasatmosphäre und dem Druck (N2 oder Bedingungen bei der oxidativen Dehydrierung von 

Ethan; Hochvakuum) abhängen. Schließlich wurden vergleichende Untersuchungen zum 

Einfluss der oxidativen Dehydrierung von Ethan auf die Struktur von orthorhombischen 

(Mo,V)Ox- und M1-artigen (Mo,V,Te,Nb)Ox-Proben unter verschiedenen 

Konversionsbedingungen durchgeführt. Der unterschiedliche Zusammenhang zwischen 

Aktivierungstemperatur und Struktur konnte auf Unterschiede zwischen den ursprünglichen 

Kristallstrukturen der orthorhombischen (Mo,V)Ox-und M1-artigen (Mo,V,Te,Nb)Ox-Proben 

zurückgeführt werden. 

Insgesamt zeigt die vorliegende Arbeit die Leistungsfähigkeit der Methode der 

Abbildung identischer Bereiche (ILI) bei der Untersuchung von Struktureinflüssen im 

Nanobereich, wobei orthorhombische (Mo,V)Ox- und M1-artige (Mo,V,Te,Nb)Ox-Proben als 

Beispiele dienen. Darüber hinaus zeigen die Ergebnisse den Zusammenhang zwischen der 

Aktivität dieser Katalysatoren und der Veränderbarkeit ihrer Strukturen. 
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1 Introduction 

Heterogeneous catalysts can significantly increase the economical outcome of the 

industrial processes via decreasing the energy demand and improving the selectivity.
1-2

, 

Common heterogeneous catalyst systems have highly sophisticated structures, which make 

further tailoring of the catalyst structure and composition towards the desired lifetime 

enhancement, activity and selectivity difficult. Moreover, the possibility of a catalyst to 

dynamically response to the reaction media can cause significant structural differences between 

the equilibrated catalyst that can be revealed by common ex-situ investigations and its reactive 

intermediate states, which involves the interaction of the catalyst with reactants, intermediates 

and/or products.
3-4

 This interaction can induce the formation of thermodynamically more stable 

surface and can be influenced by the presence of defects.
5
 Therefore, a catalyst can be considered 

as a living system that is composed of a dynamic surface layer stabilized by the bulk structure, 

which is influenced by the defect chemistry and forms the real structure of a catalyst. 

Surface dynamics during a catalytic reaction have, for instance, already been reported for 

complex mixed molybdenum and vanadium based oxides.
6-7

 In addition, this family of oxides 

represents suitable candidates for the investigation of the real structure and their structure 

responses to different atmospheres as various oxides with different composition can crystallize in 

the same orthorhombic structure, which is often referred to as M1-type.
8-9

 Moreover, these 

oxides can be active and selective in the oxidative of small alkanes to functionalized 

hydrocarbons.
9-11

 However, further lifetime and activity improvements require a detailed 

understanding of their real and working structure. 

This thesis provides detailed structural insights of the real structure and composition of 

complex molybdenum and vanadium based mixed oxides and corresponding structural changes 

at the nanoscale, which are induced by the reaction media. Chapter 2 provides a catalogue of 

structural variations, which can occur in pristine (Mo,V)Ox and is accompanied by a quantitative 

defect evaluation. Chapter 3 demonstrates the real composition of pristine (Mo,V)Ox and reveals 

compositional details of the surface and extended defects. It further provides important 

correlations between structure and composition. Chapter 4 describes the concept of the quasi in-

situ TEM reactor, which was used for identical location imaging and shows that it is possible to 

conduct catalytic experiments on a TEM grid under relevant conditions. Chapter 5 depicts the 
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influence of different atmospheres on orthorhombic (Mo,V)Ox which was investigated by quasi-

in-situ TEM and highlights the importance of the redox properties of the reaction media. 

Additionally the chapter provides in-situ heating experiment results, which show the influence of 

the pressure gap on the structure response. Chapter 6 provides comparative studies of the pristine 

orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox as well as their structural changes 

induced by the oxidative dehydrogenation of ethane (ODE) investigated under relevant 

conditions. Chapter 7 presents the final conclusions with respect to the correlation of activity and 

stability. 

1.1 Transmission electron microscopy 

Transmission electron microscopy (TEM) is a powerful tool for the structural 

investigations down to the atomic level and to the lightest elements.
12-15

 Various combinations of 

the analytical techniques, which are available in a modern TEM, provide outstanding 

performance for a thorough characterization of heterogeneous catalysts. For instance, these 

techniques include bright field and dark field imaging, which are based on the different origins of 

the main contrast and can, therefore, be sensitive to the different elements, energy X-ray 

dispersion (EDX) spectroscopy and electron energy loss spectroscopy (EELS), which are 

sensitive to the composition and can even provide information of the electronic states, and 

electron diffraction, which allows to determine the crystal structure.
16-20

  

Moreover, two in-situ imaging techniques, environmental TEM (ETEM) and 

microelectromechanical systems (MEMS) were developed in order to track reaction induced 

changes under operando conditions.
21-22

 In the ETEM approach the gas is directly incorporated 

into the octagon of the microscope. Thus, conventional TEM heating holder can be used, but a 

special microscope design is required, which relies on inserting differential pumping apertures at 

the pole pieces. The MEMS-based cell is a reaction chamber with two electron-transparent 

windows, made from Si3Nx. The holder is further equipped with a gas inlet and outlet (usually 

with pressure controls) and a heating element.
21, 23-24

  Unfortunately, both methods have some 

limitations. The operating pressure for ETEM is in the 1-10 mbar range, because otherwise 

multiple electron scattering from the gas in the system cause too much noise or the gas can 

damage the parts of the microscope, which require high vacuum in the operation mode, i.e. the 

electron source. If the reactants are, for instance, corrosive they cause additional limitations of 
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pressure, feed gas composition and flow.
25

 The benefit of this method is a resolution of about 0.1 

nm.
26

 Compared to ETEM the MEMS-based calls can be operated at atmospheric or even higher 

pressure.
21, 27

 However, light elements and detailed atomic resolution images, which would allow 

for the desired interpretative depth, cannot be obtained in this system because scattering from the 

windows and/or reaction gas will become too significant.   

Convenient ex-situ imaging includes the comparison of two batches of the same catalyst 

imaged before and after the reaction. But the variation of the reaction conditions along the 

reactor can cause significant differences between probes, which were taken from different 

reactor parts.
28

 

The disadvantages of the ex-situ and in-situ TEM can be balanced by the quasi in-situ 

TEM approach. This approach is based on identical location imaging (ILI) of the same catalyst 

location before and after reaction.
29

 Currently there are several approaches, which are designed 

for different reaction conditions:  

a. The sample can be initially mounted on a TEM holder, which makes it easier to 

observe the same position.
30

  

b. The sample can be transferred between the reactor and the microscope without 

exposure to ambient atmosphere.
31-32

 

Between all the quasi in-situ systems it is worse mention single crystal flow reactor that 

is designed to allow secure transfer to a TEM in any moment by a transfer system. Thus, the 

catalyst surface can be monitored at each step of the reaction.
33

 

The quasi in-situ TEM reactor setup, which is applied in the present study is described in 

chapter 4 and provides ambient pressure conditions and allows for the detection of the catalytic 

conversion. 

1.2  Target catalysts 

Mixed metal oxides are promising candidates for a variety of catalytic reactions with high 

activity and selectivity.
34

 The complex structure of these oxides provides different active centers 

on the same catalyst, which enables the same catalyst to stabilize a set of different reactions 

and/or several steps in multistep reactions.
35

 In addition, the activity of a catalyst is influenced by 

the crystallographic structure – different phases or phase mixture can show different catalytic 
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behavior.
36

 Even the same atoms, that occupy different crystallographic sites within the same 

phase, might possess different valence states and therefore show different catalytic properties.
8
  

Molybdenum and vanadium based oxides are suitable targets to correlate the atomic 

structure of the catalyst and its activity because several oxides with different composition can 

crystallize in an orthorhombic or so-called “M1” phase (ICSD 55097, Figure 1-1).
37

 This 

structure is composed of {(A)Mo5} pentagonal building blocks, where A=Mo,Nb, which are 

connected by linker sites with mixed Mo and V occupation, so that hexagonal and heptagonal 

channels are created. Te can be located inside the hexagonal channels and with lower probability 

inside the heptagonal channels.
8
 In case of Te absence the hexagonal channels can be partially 

occupied by V (around 5% and 20%).
6, 38

 Additionally, mixed molybdenum and vanadium based 

oxides can exist in different phases or as phases mixtures and/or exhibit structural defects. 

(Mo,V)Ox can exist as orthorhombic, trigonal, tetragonal or amorphous phase.
39

 The 

orthorhombic and trigonal phases are reported to be efficient catalysts, but the orthorhombic one 

exhibits higher activity for the ODE reaction, while both phases show high performance for 

partial oxidation of acrolein to acetic acid.
39-40

 (Mo,V,Te,Nb)Ox can also crystalize in the M2 

phase (ISCD 55098).
41-42

 Moreover, orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox can 

exhibit trigonal or amorphous intergrown phases and other set of defects, which are further 

described in chapters 2 and 6.
43-44

 

 

Figure 1-1 The M1 structure (ISCD 55097) viewed along the crystallographic c-direction, mixed 

colors: mixed site occupancies. 
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Molybdenum and vanadium based oxides were proposed to be active in the oxidation of 

ethane to ethylene in 1978.
45

 Further studies enhanced the potential application range of these 

oxides family to several partial oxidation or ammoxidation reactions of light alkanes and are 

summarized in Table 1-1. 

Table 1-1: partial oxidation reaction results over selected catalysts
*
 

Target Catalyst Products reported References 

Ethane 
(Mo,V)Ox Ethylene, acetic acid, COx 

39, 46 

(Mo,V,Te,Nb)Ox Ethylene, COx 
47-49 

Propane 

(Mo,V)Ox Acrylic acid, propene, acetic acid, COx 
9, 37 

(Mo,V,Te,Nb)Ox 
Acrylic acid, propene, acetic acid, acrolein, 

acetone, COx 
35, 47, 50-57 

Propene 

(Mo,V)Ox Acrylic acid, acetic acid, acetone, COx 
9 

(Mo,V,Te,Nb)Ox 
Acrylic acid, acetaldehyde, acetic acid, acrolein, 

acetone, COx 
57 

N-butane (Mo,V,Te,Nb)Ox Maleic anhydride, acrylic acid, acetic acid, COx 
47 

*Products are listed even if they were detected only in trace amounts and/or specific conditions. 

As demonstrated in the Table 1-1 the reaction products can differ for the two catalysts. 

For instance, it is reported that both (Mo,V)Ox and (Mo,V, Te,Nb)Ox oxides are efficient 

catalysts for the selective oxidation of propane, but (Mo,V,Te,Nb)Ox is highly selective to 

acrylic acid while further oxidation to COx happen over (Mo,V)Ox.
9
 Thus, these catalysts can 

show similar as well as different catalytic behavior during the same reaction, which provides the 

main hypothesis of this project: different M1 phases show different structure responses to the 

same applied chemical potential. The investigation of structural differences induced by the 

reaction conditions can clarify this hypothesis. In this thesis, the oxidative dehydrogenation of 

ethane (ODE) was chosen as the test reaction.  

1.3 ODE  

ODE can potentially reduce the costs for the production of ethylene by 20% compared to 

the currently applied steam cracking process.
58

 However, additional to the formation of ethylene, 

further oxidation to acetic acid and COx can also occur. The oxidation process over 

(Mo,V,Te,Nb)Ox is summarized in the kinetic model presented in Figure 1-2.
59
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Figure 1-2: ODE reaction scheme reproduced from 
59

. X and Z:  two different sites; -O and –OH: 

oxidize and hydroxyl type centers respectively. 

Despite the variety of different ODE studies, the information about structural changes, 

which were induced by the reaction conditions, is rather scarce. The available data are 

summarized in the Table 1-2. Unfortunately, the commonly used X-ray diffraction (XRD) is not 

sensitive enough to detect the local surface structure response. Reported ETEM experiments, 

which were carried out under vacuum conditions, might be affected by pressure-gap related 

effects. Meanwhile, in-situ X-ray photoelectron spectroscopy (XPS) suggests the possibility of 

surface modifications, demonstrating V enrichment under steam. 
6, 51
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Table 1-2: Structural changes induced under ODE conditions 
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C2H6:O2:N2 

3:6:11 

C2H6:O2: 

(Ne+He) 

3:2:5 

350 N.r. 

Te disappearance in 

reducing 

atmosphere 

7
 

In-situ 

XRD 
(Mo,V)Ox ~1 

Air; 

H2:N2(Ar) 

1:19; 

C2H6:N2 1:9; 

C2H6:O2:N2 

1:1:8 

 

 

300 

Selectivity 

and 

conversion 

depend on 

pore size, 

which can be 

changed 

during the 

reaction as 

structure 

response to 

ODE 

No impurities 

detected during 

reduction, but slight 

peak shifts and 

lattice parameters 

change; heptagonal 

channels size 

changes possible 

under redox 

treatment, but it can 

be reversed during 

ODE 

38
 

XRD 

TEM 

(Mo,V,Te,Nb)

Ox 
~1 

C2H6:O2:N2 

9:7:84 

 

440-

550 

Catalyst 

deactivation 

over 500°C 

Over 500°C Te 

removal from M1, 

MoO2 formation; 

63
 

*
N.r. – non-reported 

**
AcrA – acrylic acid 



Introduction 

 

8 

 

1.4 Outline of the thesis 

Chapter 2 demonstrates the benefits of the concept of tiling for simplifying the structural 

description of orthorhombic (Mo,V)Ox and further separation and classification of structural 

defects. The observed defects are further classified as local defects, which include triangular and 

linear structural motifs and can act as building blocks for larger defects arrangements, and 

extended defects, which include surface regions, different kinds of intergrowth and interstitial 

regions. The defects structures, occurrence and locations are summarized in a structural 

catalogue.  

Chapter 3 shows compositional variations inside orthorhombic (Mo,V)Ox, which includes 

unit cell inhomogeneities related modifications and differences between the bulk, surface and 

grain boundaries (intergrown regions). The observed inhomogeneities are further correlated to 

different parts of the structure. 

Chapter 4 provides the description of the quasi in-situ TEM grid reactor setup and shows 

the main benefits of the approach by using well-investigated model reactions. Temperature 

calibration was obtained by thermal decomposition of a lead carbonate, which has three distinct 

decomposition steps and can be correlated to thermogravimetric analysis (TGA). Detectable 

conversion is demonstrated for CO oxidation reaction over a polycrystalline Pt foil, where an 

oscillating behavior of CO and CO2 signals was detected in the proton transfer reaction mass 

spectrometer (PTR-MS) traces. CO oxidation is also used to demonstrate nanoscale changes of 

Pt nanoparticles tracked via ILI. Secure sample transfer is confirmed using FHI Standard  

catalyst (Cu/ZnO/Al2O3) for methanol synthesis, which exhibits Cu nanoparticles in the 

reductive atmosphere, that easily oxidize under ambient conditions.
64

 

Chapter 5 demonstrates the differences of the structure responses of orthorhombic 

(Mo,V)Ox at different conditions of heat treatment, which includes in-situ imaging under high 

vacuum and  quasi in-situ imaging under N2 atmosphere and ODE reaction, where the changes 

were tracked via ILI using the quasi in-situ TEM setup. The present study demonstrates a 

structural flexibility of defect-rich areas of the catalyst and suggests the migration of atoms into 

surface-near structural channels, which leads to structural reorganizations towards oxygen-

deficient motifs as the main structure response mechanism under mild reducing conditions. 



Introduction 

 

9 

 

Chapter 6 provides differences between the pristine structures of orthorhombic (Mo,V)Ox 

and M1-phase (Mo,V,Te,Nb)Ox in terms of structural defects, which were observed in the two 

samples, and demonstrates the differences in their structure responses to relevant ODE 

conditions. This was further correlated to the flexibilities of the structures of the two examined 

catalysts. 

In chapter 7 final conclusions obtained by this work are summarized. 
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2 Structural complexity in heterogeneous 

catalysis: cataloging local nano-structures 

2.1 Abstract  

We present an analytical route towards a detailed and quantitative description of 

individual defects in heterogeneous catalysts. The investigation is based on a high resolution 

scanning transmission electron microscopy (STEM) study using complex (Mo,V)Ox mixed oxide 

as an example. Tiling the structural regions simplifies the identification of local modifications in 

the microstructure. Up to 19 different structures were observed that can be listed and classified 

into different structural motifs, intergrowth, channels, interstitial regions, and inclinations. The 

observed defects are expressed by the rearrangement of the {(Mo)Mo5O27} building blocks, 

exhibit different sizes, penetrate the bulk and can form decoupled surface regions that partially 

cover the crystallographic bulk. The evaluation of 31 crystals yields an average defect 

concentration of 3.3% and indicates the absence of identical particles. We have, for example, 

observed 54 of these rearranged structures close to the surface of one (Mo,V)Ox particle (100x50 

nm
2
). A detailed analysis of the atomic arrangement at the surface of this particle suggests a 

surface composition of (Mo610V230M70)Ox (M= Mo and/or V). The resulting catalog of motifs 

reproduces individual fragments of the real structure of a catalyst and can reveal detailed defect-

activity correlations that will contribute to a better understanding of heterogeneous catalysis. 

2.2 Introduction  

Heterogeneous catalysis has emerged to a ubiquitous technology, whose products 

promote our everyday life. Parallel optimizations of catalytic and synthetic protocols of solid 

catalysts have rendered this technology into the future chemical approach for efficient energy 

conversion. Those solid catalysts are intrinsically composed of defects in their bulk and surface 

structure, which can significantly alter the catalytic performance.
1
 Defects, however, are often 

Reproduced with permission from Masliuk, L.; Heggen, M.; Noack, J.; Girgsdies, F.; Trunschke, 

A.; Hermann, K. E.; Willinger, M.-G.; Schloegl, R.; Lunkenbein, T., Structural Complexity in 

Heterogeneous Catalysis: Cataloging Local Nano-Structures. J. Phys. Chem. C 2017, 121, 24093-

https:/doi.org/10.1021/acs.jpcc.7b08333 Copyright 2017 American Chemical Society. 24103 
 

https://doi.org/10.1021/acs.jpcc.7b08333
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treated as white spots on the catalytic landscape since they are, due to the lack of translational 

symmetry, hard to pinpoint. Qualitative and quantitative defect estimation could reflect 

important defect-activity correlations, which will boost the understanding in heterogeneous 

catalysis and will simplify a prospective catalyst tailoring. 

To bridge this knowledge gap, we focus on a real space, atomic-resolved quantitative 

defect description using local characterization techniques. Local insight into structural features of 

limited translational symmetry can be obtained by transmission electron microscopy (TEM) 

imaging. Recent developments in TEM allow for capturing local fluctuations of the 

crystallographic bulk structure at the atomic scale and have stimulated research in heterogeneous 

catalysis.
2-4

 The local analytical strength of TEM has, for instance, provided valuable insights 

into the surface coverage of Cu/ZnO/Al2O3 catalysts for methanol synthesis or manganese 

surface enrichment in nanosized MnWO4.
5-7

  

Using aberration corrected scanning transmission electron microscopy (STEM) we 

explore local structural variations in activated orthorhombic (Mo,V)Ox, which selectively 

catalyzes the oxidative dehydrogenation (ODH) of ethane to ethene.
8
 The structure of 

orthorhombic (Mo,V)Ox is complex enough to compete as relevant oxidation catalysts. Its 

complexity further allows for a broad structural flexibility.
9
 Although details of orthorhombic 

(Mo,V)Ox have already been elucidated by STEM imaging using high angle annular dark field 

(HAADF) and annular bright field- (ABF) detectors, studies on the defect structures of M1 phase 

mixed oxides are rare.
9-12

 However, an in-depth and quantitative defect analysis that describes 

local atomistic and chemical details of structural parameter alterations within this complex 

catalyst is missing. 

 In selective oxidation catalysis, a detailed knowledge of individual defects may be 

important for understanding oxygen activation, electron migration to the surface and 

reversible/irreversible surface enrichments. 

Our approach is based on a simple visualization of local structural anomalies using the 

concept of structural tiling (Figure 2-1). In brief, the tiling covers the periodic structure with 

building blocks (tiles) of equal or different shape.
13-14

 Clearly, 2D tiling does not reflect the 

complete 3D structural information. However, a proper tiling model can specifically highlight 

structural defects that break the perfect periodicity of the otherwise regular, crystalline 

structure.
15

 Using the concept of tiling our detailed and local investigation identifies new 
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structural motifs that are expressed by new connectivities of {(Mo)Mo5O27} building blocks, 

intergrowth regions, octagonal channels, interstitial regions, and inclinations. The results are 

complemented by a statistical analysis and grouped in catalog of local structures. In addition, 

alterations of the local composition induced by the structural re-arrangements and their general 

impact on heterogeneous catalysis are also discussed. 

2.3 Results and discussion  

2.3.1 The orthorhombic tiling  

In general, orthorhombic (Mo,V)Ox mixed oxides, crystallize in the so-called M1 

structure and are composed of pentagonal {(M)Mo5O27} building blocks that are connected via 

corner-sharing MoO6 or VO6 octahedra and form hexagonal and heptagonal channels (Figure 2-

1a).
16-18

 In ternary (Mo,V)Ox mixed oxides the {(Mo)Mo5O27} units can be differently connected 

and, thereby, determine the crystal structure.
16-17

 The ideal microstructure of orthorhombic 

(Mo,V)Ox viewed along the crystallographic c-axis is shown in Figure 2-1a. As suggested 

recently the ideal orthorhombic M1 structure can be described by combining the central cations 

of the pentagonal {(M)Mo5O27} building blocks along the corner-sharing, neighboring, single 

octahedral sites (Figure 2-1).
19-20

 

In the M1 unit cell the central Mo cations of the {(Mo)Mo5O27} building blocks are 

situated in a common plane perpendicular to the crystallographic c-axis.
21

 Thus, the Mo vertices 

of this tiling can be connected torsion free which allows for a direct measurement of the lengths 

and angles of the hexagonal tiles (Figure 2-1a-c). The present tiling is similar to that described 

for structurally complex, orthorhombic alloys that crystallize in the so called T-Al-Mn-Pd phase 

and exhibit a local 5-fold symmetry with respective tiling angles at the vertices of 72° and 

144°.
15

 As opposed to the complex metal alloys the ideal tiling of ternary, orthorhombic 

(Mo,V)Ox mixed oxide derived from the crystal structureexhibits tiling angles of 77° and 141° 

(Figure 2-1b).
21

 The deviation may result from the influence of the local distortion of different 

pentagonal blocks that are present in the M1 structure referenced with respect to the central Mo 

cation in {(Mo)Mo5O27} and depends on the applied synthesis protocol: Each central Mo cation 

in {(Mo)Mo5O27} is surrounded by five Mo cations where the Mo-Mocentral-Mo angle fluctuates 

between 68° and 71°.
22, 39

 The corner sharing octahedra around the {(Mo)Mo5O27} units also 

form a distorted pentagon that is rotated by 36° and exhibits M-Mocentral-M (M=Mo,V) angles 
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that vary between 70° and 74°. The corner sharing octahedra are surrounded by five channels 

(C), heptagonal and hexagonal, realizing C-Mocentral-C angles from 70° to 76°.
21

 The distorted  

 

Figure 2-1: (a) Structural model of the M1 structure viewed along [001].  Black hexagons: standard 

tiling; Mo/V and V/Mo sites: preferred occupancy of Mo and V, respectively.21 (b) Schematic 

combination of A and B tiles (AB), their length (m, n) and angles (, ) as obtained from the ideal 

crystal structure of the M1 phase.21 (c) HAADF-STEM image of the M1 structure viewed along 

[001] superimposed by the standard tiling. m´ and n´: lengths measured directly from the 

experimental image. (d) Overview HAADF-STEM image of M1 nanorods. 
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pentagonal channel arrangements are connected by the S1 and S2 site that act as inversion 

centers. The S1 and S2 cationic sites connect two adjacent heptagonal and hexagonal channels, 

respectively. In addition, the S2 site is located in the center of the tiling of the orthorhombic M1 

phase. Distortions in the polyhedra of complex (Mo,V) mixed oxides are not uncommon and 

depend on the nature of the cations and their oxidation states.
12

 The different oxidation states of 

the cations confined in the anionic configuration lead to different out-of-center distortions. For 

instance, fully oxidized molybdenum cations in an octahedral environment exhibit out-of-center 

displacements that are directed towards faces and edges, whereas V
5+ 

cations are shifted towards 

the vertices.
22

 Therefore, the complex microstructural arrangement of the orthorhombic M1 

phase may be to some extent determined by the atomic displacements of the cations positioned in 

their individual anionic configuration. In addition, the orthorhombic symmetry of M1 forbids a 

long range 5-fold symmetry that is, for instance, observed in quasi-crystals. 

For the above mentioned complex metal alloys the tiles can be transformed into each 

other by shifting and rotation, while for ternary (Mo,V)Ox mixed oxide an additional mirror 

operation is needed.
15

 An AB combination of tiles is required to describe the unit cell of 

orthorhombic (Mo,V)Ox mixed oxide (Figure 2-1b). Figure 2-1c shows a HAADF-STEM image 

viewed along the [001] zone axis of complex (Mo,V)Ox superimposed with combined AB tiles. 

Within the error of the measurement the measured angles and distances match the structural 

parameters obtained from the ideal crystal structure shown in Figure 2-1b. In addition, slight 

imperfections in the orientation of the (Mo,V)Ox particle in the electron microscope may result 

in small variations of the tiling parameters. In this study the tiles were constructed individually 

for each particle. Further, the labels “ideal tiling” and “standard tiling” refer to the tiling taken 

from the ideal crystal structure and from specific (Mo,V)Ox particles as obtained from HAADF-

STEM imaging, respectively.
21

 In agreement with other reports, the investigated orthorhombic 

(Mo,V)Ox mixed oxide crystallizes in a rod-like structure (Figure 2-1d) that grow along the 

crystallographic c-axis.
8, 20-21

 In addition, the measured particle size distribution presented in 

Figures S2-1 and S2-2 confirms an anisotropic particle shape. 
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Figure 2-2: HAADF-STEM images of the M1 structure viewed along [001]. (a) Displacement of 

separated M1 phases. The red tile highlights this mismatch. (b) Magnified region showing re-

connected {(Mo)Mo5O27} units. (c) M1 tiling at the surface region. (d) Schematic representation of 

the relative orientation of different tiles. Black hexagons: standard tiling; white tiles: rotated 

standard tiling; yellow and cyan circles: cations of the {(Mo)Mo5O27} units; red and pink circles: 

unusual positions of cations; red arrow: translation vector; yellow line: mirror plane. 

X-ray diffraction analysis (XRD) (Figure S2-3) of the investigated M1 phase shows no 

indications for crystalline impurities or discernable defects in the orthorhombic structure. The 

observed deviations in the relative reflection intensities from the ideal theoretical values result 

from preferred crystal orientation effects caused by the crystallite morphology and sample 

preparation. Local TEM analyses of, altogether, 31 particles reveal the presence of new structural 

motifs, intergrowth, octagonal channels, interstitial regions, and inclinations. Based on local 

TEM investigations the average and median defect concentrations, considering all local and 

visible geometric modifications within orthorhombic (Mo,V)Ox mixed oxide, amounts to 3.3 % 

and 1.6%, respectively (Table S2-1). Those defects interrupt the crystallographic bulk structure, 

form structurally decoupled, extended surface regions and/or appear individually at the particle 

surface. XRD is an averaging, integral bulk method, in which the coherently diffracting domains 

contribute to the mean with the weight of their respective volumes. Hence, the XRD pattern of 

the (Mo,V)Ox mixed oxide (Figure S2-3) is dominated by the large domains of the orthorhombic 

structure and hardly influenced by the various defects visible in TEM.  

Figure 2-2 may act as an example of how the local structural analysis benefits from the 

concept of tiling. The applied tiling indicates structurally decoupled regions. The HAADF-
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STEM image in Figure 2-2a appears partially blurred. To identify the reason of blurring an 

additional image focusing on the initially blurred part was recorded (Figure S2-4). The 

comparison of both images indicates the presence of thickness differences of two structurally 

separated M1 parts. However, the contrast of Figure 2-2a is already high enough to identify the 

tiling. In addition, Figure 2-2a highlights a defect layer that discontinues the ideal M1 structure 

and proceeds along the crystallographic b-axis. The displacement vector (x,y) can be expressed 

by a linear combination of bulk lattice vectors projected onto a 2D plane with x and y yielding 

approximately 0.5a and 0.4b, respectively, where a and b correspond to the lattice parameters of 

the ideal crystal structure. The observed displacement in Figure 2-2a may result from strain 

relaxation induced by local changes in the connectivities of pentagonal {(Mo)Mo5O27} (Figure 

2-2b) units during synthesis. The tiling, highlighted in Figure 2-2, also simplifies the 

identification of surface regions with different connectivities and/or local alterations of the 

standard M1 structure that would otherwise be overlooked (Figure 2-2c). These regions partially 

cover the ideal orthorhombic (Mo,V)Ox crystals and occur in 45 % of the investigated particles.  

Thus, the tiling can act as a measure to directly differentiate the standard bulk structure (black 

tiling) from local structural modifications observed in the structure of the surface region (white 

tiling and triangles in Figure 2-2c). 

Both standard bulk and surface parts exhibit orthorhombic (Mo,V)Ox motifs. The 

orthorhombic tiles in the surface region, however, display differences that are expressed by a 

slight rotation (tiles A and B) of 12° (Figure 2-2d) compared to the standard bulk tiling. 

Furthermore, tile C represents a mirrored or rotated image of tile B. These local geometric 

inconsistencies represent local structural re-arrangements that can be expressed by changes in the 

connectivity of the pentagonal {(Mo)Mo5O27} building blocks and induce strain. In the transition 

region of bulk and surface structural strain may be relieved by the appearance of triangular 

motifs. Figure 2-2c underlines the occurrence of different structural defects that can co-exist 

close to the surface of complex (Mo,V)Ox mixed oxide. 

2.3.2 Structural motifs  

Figures 2-2 and 2-3a,b suggest that the present structural fluctuations originate from 

different arrangements of the pentagonal building blocks where the local connectivity of the 

{(Mo)Mo5O27} motifs does not reflect the structural arrangement expected for the orthorhombic 

M1 phase. This modified connectivity of the pentagonal building blocks can be observed in 
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various forms and occurs with different probability (Figure 2-3c,1-8, Figure S2-5). The new 

structural motifs that involve two or three neighboring {(Mo)Mo5O27} building blocks can be 

grouped into two different categories: triangular (Figure 2-3c, motifs 2, 3) and linear. The linear 

motifs are divided into mirrored, translated, shared, twinned and rotated motifs (Figure 2-3c, 

motifs 4-8), respectively. 

 

Figure 2-3: (a) HAADF-STEM image of the surface region and several defect types. (b) Magnified 

region with all kinds of local motifs (c) Schematic representation of structural motifs with average 

distances between central cations of the {(Mo)Mo5O27} units: 1) standard M1 motif, 2) and 3) two 

types of the triangular motifs, 4) mirrored motif, 5) translated motif, 6) shared motif, 7) twinned 

motif, 8) rotated motif. Corresponding HAADF-STEM images of each motif are given in 

Figure S2-5. 

In Figure 2-3c, motif 1 the standard motif for orthorhombic (Mo,V)Ox that corresponds to 

a single tile is schematically presented. The triangular motifs (Figure 2-3c, motifs 2, 3) can be 

distinguished by two different connections of the {(Mo)Mo5O27} units and exhibit structural 

features that have already been observed in the standard M1 tile. 

― The pentagonal units are connected by two cation sites. The distance between the 

{(Mo)Mo5O27} building block equals the width of the standard tiling 

(Figure 2-3c, motif 1). The triangular arrangement of the {(Mo)Mo5O27} units 

results in an internal arrangement of cations that can also be found in the trigonal 

crystal structure (Figure 2-3c, motif 2).  

― The pentagonal {(Mo)Mo5O27} units are connected by one cation site. The length 

corresponds to the side of the standard M1 tiling (Figure 2-3c, motif 1). This 
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triangular motif exhibits a hexagonal channel and appears in the center of the 

trigonal unit cell (Figure 2-3c, motif 3). 

The measured distances inside both triangular motifs match the respective length of the 

standard tiling of the orthorhombic phase. Therefore, it is expected that the mismatch strain 

between the triangular motifs and the M1 phase should be small. This might explain the 

significant enrichment of triangular motifs at the boundary of ordered bulk and surface regions 

compared to other defects (Figures 2-2c and 2-3). Furthermore, changes in the local geometric 

environment influence the distances and distortions of the pentameric units in the triangular 

motifs (Figure S2-6). 

A mirrored motif is shown schematically in Figure 2-3c, motif 4 and can be described as 

a {(Mo)2Mo10O52} unit in which two octahedra of one {(Mo)Mo5O27} cluster share corners with 

two octahedra of an adjacent {(Mo)Mo5O27} cluster. Translated motifs are shifted 

{(Mo)Mo5O27} motifs and form corner-shared {(Mo)2Mo10O52} units (Figure 2-3c, motif 5). In 

shared motifs (Figure 2-3c, motif 6), two {(Mo)Mo5O27} units are connected sharing one MoO6 

octahedron providing edge-sharing {(Mo2)Mo9O48} linkers. The twinned motifs (Figure 2-3c, 

motif 7) are similar to the shared motifs but share two Mo cations. The rotated motif is presented 

in Figure 2-3c, motif 8. It is composed of two pentagonal units and one or two added cations 

(Mo,V) that are hosted in an anionic configuration. This motif has been observed only rarely. 

The distances between the central Mo cations in neighboring {(Mo)Mo5O27} units 

depend on the local environment (Figure 2-3 and Figure S2-6), but as a general trend the 

distances of the {(Mo)Mo5O27} units decrease in the order: regular (~1.5 nm: Mocentral-Mocentral 

distance along the width of the hexagonal tiling; ~1.2 nm: Mocentral-Mocentral distance along the 

side of the hexagonal tiling) ≥ rotated (~1.2 nm: Mocentral-Mocentral distance) > mirrored/translated 

(~0.9 nm: Mocentral-Mocentral distance) > shared/twinned (~0.6 nm: Mocentral-Mocentral distance). 

The influence of the local environment and connectivity on the Mocentral-Mocentral distance is 

illustrated in Figure S2-6 for different triangular motifs (Figure S2-6a) and for a tetragonal 

arrangement of shared motifs (Figure S2-6b). 

Complex orthorhombic (Mo,V)Ox is a metastable compound in the phase space of 

extended oxide structures. The formation of this microstructure requires kinetic control and can 

be adjusted by the synthesis parameters: small (local) changes in temperature, pH value, 

concentration, autogeneous pressure, drying procedure or thermal treatment may cause structural 
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changes at the atomic scale that can be expressed by different connectivities of the pentagonal 

building blocks. The energy barriers between the different connectivities may be small, offering 

a variety of different structural motifs. Among the defective structural motifs of the pentameric 

units the translated motifs (Figure 2-3c, motif 5) are observed most frequently suggesting 

energetic preference of this structural motif. Rotated motifs (Figure 2-3c, motif 8) are relatively 

rare indicating a higher equilibrium energy and lower stability. The structural re-connected 

{(Mo)Mo5O27} units within orthorhombic M1 structure might act as local structural defects. 

Subsequent energy and strain minimization due to the insertion of local defects may lead to 

structural discontinuities or bulk termination similar to the observations in complex alloys.
15

 

2.3.3 Intergrowth phases 

As mentioned in Figure 2-2a the ideal orthorhombic (Mo,V)Ox structure can be 

discontinued. The intermediate region that separates ideal M1 crystal can contain any local 

motifs and tiles. Depending on their geometric arrangement three kinds of different intergrowth 

phases can be distinguished (Figure 2-4). The trigonal intergrowth is most common for this kind 

of ternary mixed oxide (Figure 2-4a).
9-12

 We have further identified new intergrowth phases that 

we label aperiodic (Figure 2-4b,c) and zipper-like (Figure 2-4d,e) intergrowths. The orientation 

of the crystalline domains before and after the aperiodic intergrowth can differ (Figure 2-4b). 

The internal structure of the aperiodic phase can also vary (Figure 2-4c). The zipper-like 

intergrowth phase is the rarest and proceeds along the crystallographic b-axis (Figure 2-2a, 4d). 

The measured geometric displacement of two adjacent M1 domains as obtained from 

Figure 2-4d is 0.5a and 0.3b and corresponds within the error range to the displacement vector 

derived from Figure 2-2a. The zipper-like intergrowth contains twinned, shared and translated 

motifs (Figure 2-4e). Different kinds of intergrowth phases can simultaneously occur. 

Figure 2-4d, for instance, highlights the coexistence of zipper-like and trigonal intergrowth 

phases.   
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Figure 2-4: HAADF-STEM images of (a) trigonal, (b, c) aperiodic, and (d, e) zipper-like 

intergrowth, and their internal structure (c, e). Black hexagons: M1 phase; white arrowhead-

shaped tiling: trigonal phase; magenta arrows: unit vectors; green and magenta triangles: 

triangular motifs; red arrows: translated motifs; yellow line: mirror motif; red circles: shared 

motifs; green circles: twinned motifs. 

The occurrence of trigonal (Mo,V)Ox inclusions in an orthorhombic grain may be 

attributed to similar synthesis conditions of both phases, which are most commonly obtained by 

a hydrothermal treatment at different pH values, and/or may originate from the condensation of 

individual (Mo,V)Ox nanorods.
23-24

 In addition to the structural relaxation mechanism proposed 

above, which may originate from the differently connected {(Mo)Mo5O27} units, minute local 

chemical and/or surface potential fluctuations may cause the formation of trigonal phases. 

Orthorhombic and trigonal phases, however, exhibit different catalytic properties.
8
 

For comparison, the crystal structure of the trigonal (Mo,V)Ox phase is shown in Figure 

2-5a.
23

 It can be formed by the same {(Mo)Mo5O27} pentagonal building blocks that characterize 

the orthorhombic structure.
25

 Similar to the M1 phase the central Mo cations of the 

{(Mo)Mo5O27} units are all located in the same plane perpendicular to the crystallographic c-

axis. Therefore, these central Mo cations can act as vertices of a trigonal tiling. As opposed to the 

above mentioned localized structural motifs the trigonal intergrowth can be interpreted as a 

planar defect within the orthorhombic phase that lies parallel to the crystallographic c-axis and 

perturbs the orthorhombic structure. Hence, the trigonal tiling is depicted as arrowhead-shaped 

hexagons combined with equilateral triangles (Figure 2-5). 
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Figure 2-5: (a) Structural model of the trigonal (Mo,V)Ox phase superimposed by tiling, V/Mo: 

preferred site occupancy of V.
23

 (b) Schematic representation of the ideal trigonal tiling.
23

 

(c) HAADF-STEM image of the trigonal intergrowth viewed along [001], the inset in (c) 

schematically depicts the internal structure of the pseudo-trigonal tiling. Black hexagons: M1 

phase; white arrowhead-shaped tiling: trigonal phase, red open circles: electron density in the 

channels; filled red circles: basis of the pentagonal building units; red arrows: translated motifs; 

yellow lines: mirrored motifs; yellow and cyan circles: cations of the {(Mo)Mo5O27} units; violet 

circles: corner-sharing cations. 

The combination of 2D tiles provides a comprehensive description of the involved 

phases. In contrast to the orthorhombic tiling of Figure 2-1b all edge lengths of the proposed 

trigonal tiles are equal (11.3 Å, Figure 2-5b). The HAADF-STEM image in Figure 2-4a and 5c 

highlights a trigonal intergrowth in-between an orthorhombic (Mo,V)Ox crystal. The measured 

angles and distances match the geometric parameters obtained from the ideal crystal structure 

(Figure 2-5b) within experimental error bars. The trigonal intergrowth separates adjacent 

orthorhombic phases, but maintains the relative structural relationship. In addition, the 

periodicity and the direction of the trigonal intergrowth equal the length and direction of the 

crystallographic a-axis of the orthorhombic phase (Figure 2-4a). 

As shown in Figure 2-1 the orthorhombic phase is represented by an AB combination of 

tiles. The trigonal intergrowth (T) breaks this tiling sequence and results in an ATB arrangement 

(Figure 2-4a). The individual A and B tiles contain boundary edges of two different lengths, 

11.1 Å and 11.3 Å while the trigonal intergrowth (edge length 11.3 Å) connects only with the 

shorter edge of the A/B tile (11.1 Å). Due to this difference in edge length of A/B and T tiles the 

ATB arrangement of tiles is slightly strained. In addition, an ATTB tiling can also exist (Figure 
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S2-7). Other arrangements that include the intergrowth, such as ATA or BTB, or a connection of 

equally-distanced sides have not been observed. 

High resolution HAADF-STEM imaging shows that the trigonal intergrowth (Figure 2-5c 

and Figure S2-8) does not always reflect the ideal trigonal structure (Figure 2-5a). For example, 

instead of exhibiting a central V rich triangle (Figure 2-5a) the (Mo,V)Ox mixed oxide can be 

composed of a pseudo-pentagonal central unit that is built of four Mo or V cations with an 

additional column of lower contrast located in octagonal channels (Figure 2-5c). A quadrilateral 

arrangement of cations in the center of the trigonal intergrowth can also appear (Figure S2-8). 

Similar to previous report we consider this intergrowth as pseudo-trigonal.
10

 The pseudo-trigonal 

structure in the present (Mo,V)Ox mixed oxide with its central pentagonal unit usually exhibits 

two translated motifs and one mirror motif per trigonal tile (Figure 2-5c). Compared with the 

ideal {(Mo)Mo5O27} unit the pseudo-pentagonal center of the pseudo-trigonal intergrowth is 

highly distorted with M-Mcentral-M angles between 62° and 81° (with M denoting metal cations). 

In addition, the HAADF-STEM image in Figure 2-5c shows a rare case, in which neighboring 

units of an otherwise regular ordered pseudo-trigonal intergrowth are rotated by 115°. 

Furthermore, the pseudo-trigonal intergrowth proceeds through the whole bulk crystal and can 

also be found at the surface of orthorhombic (Mo,V)Ox mixed oxide (Figure 2-4a). Similar to 

previous reports, crystalline trigonal phases at the edges of orthorhombic (Mo,V)Ox mixed oxide 

have also been observed (Figure S2-9).
9-10

 

2.3.4 Interstitial regions 

The pseudo-trigonal intergrowth is occasionally interrupted by local structural 

modifications. These represent interstitial regions and cause a shift and/or a change of the 

direction of the intergrowth as highlighted by the arrowhead-shaped trigonal tiling in Figure 2-6, 

Figures S2-7 and S2-10-S2-14. Three different cases were observed as to how adjacent pseudo-

trigonal intergrowths point at each other before and after the structural intersections (Figure 2-6) 

and are schematically summarized in Figure S2-10: back to back (type-1, Figure 2-6a), tip to tip 

(type-2, Figure 2-6b), and back to tip (type-3, Figure 2-6c). 
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Figure 2-6: HAADF-STEM images of the most frequent interstitial regions. Cyan arrows: direction 

of the pseudo-trigonal intergrowth: a) type-1; b) type-2; c) type-3. Yellow polygons: interstitial 

regions; white tiling: trigonal intergrowth; black tiling: standard M1 structure; yellow and cyan 

circles: cations of the {(Mo)Mo5O27} pentagonal units; yellow line: mirrored motifs; red arrows: 

translated motifs; red circles: shared motifs. 

Interstitial regions with different shape were found in each pseudo-trigonal intergrowth 

and can appear in both bulk and surface regions (Figure 2-6 and Figures S2-10-S2-14). In 

Figure 2-6 the most frequent interstitial regions are highlighted. The interstitial region in Figure 

2-6a and Figure S2-11 occurs most often and corresponds to a tile of the orthorhombic phase 

flipped along the long edge of the orthorhombic tile. It is further referred to as pristine interstitial 

region. This induces a two-fold rotation between tiles leading to the type-1 geometry. An 

interstitial region that induces a four-fold rotation between trigonal tiles is shown in Figure 2-6b 

and Figure S2-12 and causes the type-2 geometry of the pseudo-trigonal intergrowth. More 

complex interstitial regions with a type-3 arrangement of trigonal tiles are shown in Figure 2-6c 

and Figure S2-13. 

Note that complex interstitial regions can contain all three types of geometrical 

arrangements (Figure S2-14). In general, the shift of the pseudo-trigonal intergrowth between the 

two sides of the local structural modification increases with increasing size of the interstitial 

region. In addition, any structural motifs and tiles mentioned above (Figure 2-1b, 2-3c, and 2-5b) 

can be observed in more complex interstitial regions, which differ from the pristine interstitial 

region introduced in Figure 2-6a. As for the pristine interstitial region only the outer local 

boundary can vary (Figure 2-6a and Figure S2-11), additional changes of the internal structure of 

more complex interstitial regions can be observed while the outer shape is preserved. For 
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example, the four-fold rotational interstitial region presented in Figure 2-6b is composed of four 

translated motifs, two mirrored motifs and one shared motif, whereas the similar interstitial 

region presented in Figure S2-12 is constructed of two translated motifs, one mirrored motif, one 

rotated motif, and two shared motifs. Both four-fold rotational interstitial regions host a trigonal 

tile. As indicated by their different contrast they may have different height with respect to the 

surrounding ideal orthorhombic structure. Furthermore, Figure S2-14 shows that the interstitial 

regions can be significantly larger and are characterized by a low contrast that indicates a higher 

degree of distortions. These regions frequently contain orthorhombic tiles with additional cation 

occupancies in the channels that can now be clearly observed in the HAADF-STEM image 

(Figure S2-14). In addition, a structure similar to the interstitial regions was observed, which is 

only surrounded by ideal bulk M1 (Figure S2-15). We further refer to this defect as an 

interstitial-like region, which can contain several motifs. 

2.3.5 Combinations of different tiles 

Figure 2-7a schematically displays all observed structural combinations of tiles where 

experimental evidence is given in Figures 2-1 to 2-6, Figures S2-11 and S2-16. The 

arrangements are grouped according to their occurrence and their mismatch of summed corner 

angles of joining tiles compared to 360°. Figure 2-7a,1 corresponds to the regular orthorhombic 

and trigonal tiles (for comparison see Figures 2-1 and 2-4). The combinations of tiles shown in 

Figure 2-7a,2 represent the pseudo-trigonal intergrowth (Figures 2-4 and 2-5). Both 

combinations appear with the same probability. Less frequent arrangements are shown in Figure 

2-7a,3. They can be found at the surface region (Figure 2-2c and Figure S2-11) and at interstitial 

regions (Figure 2-6a and Figure S2-14). The rarest combinations of tiles are shown in 

Figure 2-7a,4, a,5, and a,6 and can be found in aperiodic intergrowths (Figure S2-16a) and at 

certain spots in the surface regions (Figure S2-16b,c), respectively. With the exception of 7a,4 

and 7a,5 the occurrence decreases with an increasing mismatch of summed corner angles of 

joining tiles. Although the mismatch angle of the arrangement shown in Figure 2-7a,4 is 0°, this 

combination of tiles is rarely observed due to symmetry constrains of the M1 structure. The rare 

appearance of the arrangement of tiles displayed in Figure 2-7a,5 may be attributed to a lack of 

stabilization. In general, the strain induced by these mismatches is relieved by local inclinations 

or disinclinations that may induce a buckling of the surface. Inclinations may be present in the 



Structural complexity in heterogeneous catalysis: cataloging local nano-structures 

 

32 

 

pseudo-trigonal intergrowth (Figures 2-4a and 2-5c) and often cause the central pentagon to 

appear blurred. 

 

Figure 2-7:  (a) Summary of observed combinations of tiles listed by their frequency of occurrence 

and mismatch of summed corner angles of joining tiles compared to 360°: orange circles: corner 

angles. Labels refer to their location of occurrence. The mismatch calculation is presented and 

explained in Table S-2-2. (b) HAADF-STEM image of one orthorhombic (Mo,V)Ox particle (100x50 

nm
2
) viewed along [001]: The inset in (b) highlights the amount of different motifs that occur at the 

surface of this (Mo,V)Ox particle: red: shared; orange: translated; yellow: rotated; green: 

mirrored; blue: triangular (Figure 2-3b, motif 2); violet: triangular (Figure 2-3b, motif 3); cyan: 

additional cation position (M). 

In addition, the amount of extended and local defects that are embedded in an 

orthorhombic (Mo,V)Ox crystal can vary noticeably (Table S2-1). As an example, Figure 2-7b 

shows an HAADF-STEM image of the M1 structure suggesting a defect-free bulk region. 

However, detailed analysis reveals the presence of at least 54 local defects of different types 

(Figure 2-7b, inset) close to the surface (Figure 2-7b). 

2.3.6 Catalog and composition of local structures 

The observed local structures and extended defects and their individual compositions are 

summarized in the defect catalog for orthorhombic (Mo,V)Ox mixed oxide (Table 2-1). In total, 

19 different configurations were distinguished in different M1 crystals. While 16 configurations 
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vary in their structural composition, four of them are structurally identical, but were classified as 

a result of their appearance in different local environments. In addition, no evidence was found 

that these defective nano-structures could be formed during the exposure to the electron beam 

(Figure S2-17). These local deviations from the ideal M1 structure affect the local composition. 

The Mo/V ratio within the different defect structures varies (Table 2-1). For estimates of the 

defect composition the site occupancy of the different metal centers proposed for orthorhombic 

and trigonal structures was assumed.
21, 23

 The preferred site occupancies in (Mo,V) based mixed 

oxides depend on the applied synthetic protocols.
18, 20-21, 26-28

 

For instance, the particle presented in Figure 2-7b is characterized by a defect-free bulk 

structure, plus a plethora of different structural motifs, which were spotted at the surface of the 

(a,b) plane of the particle (Figure 2-7b). With regard to the composition of these local structures 

(Table 2-1) we find that the surface has a local composition of (Mo610V230M70)Ox, where M 

denotes metal sites of an uncertain composition (M= Mo and/or V). This composition can be 

converted into an M dependent vanadium content normalized to molybdenum, which ranges 

between 0.3 and 0.5. For comparison, the overall composition obtained from X-ray fluorescence 

(XRF) measurement is (MoV0.4)Ox, while the ideal bulk composition, which is derived from the 

local configuration (Table 2-1), is (MoV0.27)Ox. This result implies compositional differences 

between bulk and surface structure. 

Table 2-1: Catalog of observed structures and their compositions. 
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Local motifs 

Triangular motif 

(Figure 2-3c,2)  
S 

5.5/0.75 

(19.25/0.75) 
0.13 400  

Triangular motif 

(Figure 2-3c,3)
f
  

S,I 4/3 (18/3) 0.75 690  

Mirrored motif  S,T,I,In n.d.
g 

(12/0) 0 210  

Translated motif  S,T,I,In n.d. (12/0) 0 380  

Shared motif  S, In n.d. (11/0) 0 120  

Twinned motif  S, In n.d. (10/0) 0 20  
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Rotated motif  S, In n.d. (12/0/1-2) 
0-

0.17 
80  

Tiling 

Orthorhombic 

M1  

O 

 

15.75/4.75 

(40.5/6.5) 

 

0.27 986000 

Compare 

Table S-2-

1 

Orthorhombic 

rotated relatively 

to bulk  

S 

 

15.75/4.75 

(40.5/6.5) 

 

0.27 160  

Pseudo-trigonal  

I, T 

 

12/3.75 

(37.5/6.75) 

 

0.31 370  

f
 

I, T 

 

4/3 (18/3) 

 
0.75 720  

Combined structures 

Quadrilateral 

arrangement  

I 

 

10.5/3/4 

(36/6/4) 

 

0.20-

0.67 

 

30  

Additional cation 
 

S, In 
15.75/4.25/1 

(40.5/6.5/1) 

0.25-

0.33 

 

70  

Intergrowth 

Pseudo-trigonal 
 

along a-

axis 
n.d. (n.d) 

n.d 

(n.d) 
10 1229 

Aperiodic 

variable. 

higlighted with 

while outline 

 n.d (n.d) 
n.d 

(n.d) 
10 1861 

Zipper-like 
 

along b-

axis 
n.d. (n.d) 

n.d 

(n.d) 
2 27 

Interstitial regions 

Pristine 

interstitial region h
 

In 

 

15.75/4.75 

(40.5/6.5) 

 

0.27 30  

Four-fold 

rotational 

interstitial region 
 

In 

 

53.63/10.50/2 

(101/16.5/2)
i
 

0.19-

0.23 
10  

53.54/14 

(99.75/19.25)
j
 

0.26
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Repetitive 

complex 

interstitial region 
 

In n.d (n.d.) n.d 10  

Complex 

interstitial region 

Yellow polygon 

with variable 

shape 

In
k
, 

bulk
l
 

n.d (n.d.) 
n.d 

(n.d.) 
10 200 

a
 S: surface region, I: intergrowth, T: trigonal phase, In: interstitial region, O: orthorhombic phase 

b
 nominal content of all cations in the structure, M corresponds to unidentified sites. Here, Mo, V are not 

distinguishable. 

c
 nominal content taking the embedment of the local structure into the crystal into account, i.e. shared 

atoms at edges and vertexes. M corresponds to unidentified sites. Here, Mo, V are not distinguishable. 

d
 V content normalized to Mo; the interval considers the borders between full occupancies of Mo or V of 

the unidentified sites. 

e
 counted number of appearance. The rounded values account for the error of counting, and/or the 

uncertainty when the structure was not clear enough for counting. 

f
 there is no difference between the triangular motif and the trigonal tile. Different coloring was only used 

to separate surface and intergrowth motifs. 

g
 not distinguishable 

h
 adjacent to both orthorhombic bulk tiles A and B. 

i
 Figure 2-6b, j Figure S2-12  

k
 discontinues the pseudo-trigonal intergrowth,  

l
 interstitial-like region, surrounded only by bulk M1 structure and containing at least one motif. 

2.4 Discussion and conclusions  

2.4.1 Specific aspects on orthorhombic (Mo,V)Ox 

The defects observed in orthorhombic (Mo,V)Ox mixed oxide resemble those, which 

were found in complex metallic alloys. For instance, the orthorhombic metallic alloy phase T-Al-

Pd-Mn has a local structure with 5-fold symmetry and can be described by a similar hexagon 

tiling.
15, 29

 The structural similarity of the basic pentagonal units in complex metallic alloys 

promote a facile intermixing of structural units of different phases, which results in a facile 
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formation of planar defects, dislocations or phase boundaries.
30

 The resulting low-strain 

connectivities form large and complex defect arrangements that consist of different phases. This 

behavior has been demonstrated for the intermixing of T- and R-phases or 6- and 28-phases in 

Al-Pd-Mn alloys.
15, 31-32

 In addition, overlaps between atomic positions in neighboring 

pentagonal units reduce the distances between the centers of the units and can be considered as 

the origin of low strain defects and dislocations.
31

 Similar intermixing and overlapping of 

structural units of different phases and pentagonal building blocks were also observed in 

orthorhombic (Mo,V)Ox mixed oxide in the present study. Thus, the concept of structural 

intermixing, which causes the formation of different local and extended defects and/or nano-

structures that are separated by a low energy barrier, can be transferred from complex alloys to 

complex mixed oxides with local 5-fold symmetry. 

Triangular and linear motifs (mirrored, translated, shared, twinned, and rotated) as well as 

interstitial and interstitial-like regions described for orthorhombic (Mo,V)Ox mixed oxide 

cataloged in the present work are in good agreement with the qualitative observations registered 

for (Mo,V,Te,Nb)Ox M1 and M2 mixed oxides.
9, 19

 The shared and twinned motifs are similar to 

structural defects reported for the pseudo-hexagonal M2 phase of multinary (Mo,V,Nb,Te)Ox 

mixed oxide.
9
 While in the defective M2 phase the shared and twinned motifs appear with large 

and small probability, respectively, our study shows that in orthorhombic (Mo,V)Ox mixed oxide 

they occur only with a low probability compared to triangular, mirrored or translated motifs. The 

extended pseudo-trigonal intergrowth including the central pentagonal motif has already been 

reported before but important structural details, for example, the connectivity and orientation of 

the pentagonal center of the pseudo-trigonal intergrowth, were not analyzed.
10

 Compared to the 

STEM images reported in the literature our investigation reveals important local atomistic 

differences in terms of participating pentagonal units.
10

 Previous STEM images show that the 

pentagonal center of the pseudo-trigonal intergrowth is composed of two mirrored and one 

twinned motif. In our case the observed rotations result in the formation of one mirrored and two 

twinned motifs.  Although this investigation does not focus on biasing factors for defects, it 

seems most likely that for this metastable complex oxide slight changes in the synthesis protocol, 

which involve crystallization temperature, time, and pH, may trigger the defect chemistry.  

Details on the interplay of individual structures in these oxides can only be obtained by a 

three-step local analysis: First, the compositional modifications across individual crystals have to 
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be monitored and the effects of defects on the chemical bonding have to be understood. Second, 

the origin and pathways of vanadium surface migration have to be found and third, the relevant 

steady state motifs have to be assigned by theory to model their electronic structure and to sort 

local oxygen binding. The first cut in this long path has been successfully completed in the 

present work as far as (Mo,V)Ox mixed oxide is concerned. 

2.4.2 General impact on heterogeneous catalysis 

The surface and bulk structure of model systems and relevant oxidation catalysts are 

different.
33-35

 Owing to the absence of translational symmetry at the surface a direct 

determination of the surface structure is difficult. Surface science has developed techniques that 

allow the determination of atomic-scale properties of single crystal surfaces usually in ultrahigh 

vacuum (UHV) with high accuracy. Currently, increasing efforts have been devoted to surface 

structure and reactivity of metal oxides thin films.
36

 Advancements in an atomistic description of 

the surface structure by thin film studies are limited by the inherent lack of surface-bulk (-

support) interactions. Rare insights into the surface-bulk-interplay of relevant catalytic systems 

were obtained by TEM investigation, which revealed the presence of amorphous surface layers 

and spectroscopy, which demonstrated a structurally decoupled bulk and surface structure.
37-38

 In 

addition, surface instabilities and dynamics complicate the reproduction of their structures.
21

 The 

activity of a heterogeneous catalyst relies on the balanced interplay of compositional and 

structural parameters.
1, 8

 Atomic differences in the bulk and surface structure of catalysts can be 

considered as geometric and electronic descriptors, which can discriminate their performance. 

Defects at the surface, for instance, can be considered as high energy centers. These high energy 

centers influence the surface termination and realize geometric and electronic surface structures, 

which can (i) regulate the electron-surface supply and (ii) response differently to the applied 

chemical potential.
21, 33

  Our quantitative study shows that the defect concentration is particles 

dependent and it seems likely that each particle performs differently in a given catalytic reaction. 

It is worth noting that the activity of this class of material is expected to rely on synergistic 

surface effects of decoupled and defective surface structures, which can be considered as local 

nano-domains.
39-40

 The unequal defect distribution and intermixing may render a 

macroscopically homogeneous sample locally heterogeneous. Our study can be considered as a 

general route of how such inter- and intra-structural complexity, far beyond translational-

symmetry, can be analyzed. Complementary to the integral information provided by surface 
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spectroscopy our quantitative real space imaging approach directly pinpoints the positions and 

distribution of atoms, their distances and angles. The local structural modifications that are 

summarized in our defect catalog represent atomistic details that may be responsible for the 

activity of an oxidation catalyst. To elucidate the influence of the described defects on the 

catalytic performance, synthetic routines have to be developed to tailor individual local nano-

structures at the surface. In addition, theoretical studies that consider the individual and/or a 

combination of defects are, therefore, of paramount importance.  

2.5  Methods  

Sample preparation.  

The orthorhombic (Mo,V)Ox mixed oxide (internal ID 20000) was prepared by 

hydrothermal synthesis. A specially built reactor (Premex Reactor AG, Lengnau, Switzerland) 

from corrosion resistant Hastelloy C-22 (2.4602) was utilized, which enables precise control of 

the reaction parameters. A mixture of 9.18 g (NH4)6Mo7O24·4H2O (AHM, Merck, 52 mmol Mo) 

dissolved in 230 g water (Milli-Q, Merck) and 3.30 g VOSO4 (Acros Organics, 12.9 mmol V) 

dissolved in 30 g water was loaded into a hydrothermal reactor at room temperature. Residual air 

was replaced by nitrogen. Subsequently the vessel was heated to 200°C at a rate of 1°C/min and 

hold at this temperature for 17 h. The reaction mixture is stirred during the whole experiment at a 

rate of 100 rpm. After cooling to room temperature, a black solid was isolated by filtration (pore 

5 glass frit), washed twice with distilled water and dried at 80°C for 16 hours. To remove 

amorphous components in the hydrothermal product, 1 g of the powder was washed with 25 ml 

oxalic acid solution (0.25 M, Acros Organics) at 60°C for 30 min under stirring. The solid was 

centrifuged (5000 rpm, 30 min), washed twice with 25 ml water and dried at 80°C over night. 

Finally, a thermal treatment was performed in argon atmosphere at 400°C (heating rate 

10°C/min) for 2 h in a rotary tube furnace (Xerion, Freiberg, Germany). 

TEM.  

Aberration-corrected scanning transmission electron microscopy (STEM) was performed 

on a JEM-ARM200F microscope with CEOS CESCOR and CEOS CETCOR hexapole 

aberration correctors for probe and image forming lenses, respectively, and a cold field emission 

gun (CFEG). STEM images were recorded with a JEOL high angle annular dark-field (HAADF) 

detector, respectively. Prior to the measurements, the powdered material was drop deposited on a 
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holey silica oxide coated gold TEM grid. Prior to the HAADF-STEM analysis each particle was 

oriented along the crystallographic c-axis. 

XRD.  

XRD measurements were performed in Bragg-Brentano geometry on a Bruker AXS D8 

Advance II theta/theta diffractometer using Ni filtered Cu K radiation and a position sensitive 

energy dispersive LynxEye silicon strip detector. The sample powder was filled into the recess of 

a cup-shaped sample holder, the surface of the powder bed being flush with the sample holder 

edge (front loading). 

XRF.  

The XRF measurements were carried on with XRF X-ray Florescence Spectrometer 

Pioneer S4 (Bruker). The measurements were performed in vacuum using 100 mg of the sample, 

molten together with 8.9 g of di-Li-tetraborate, in a form of the glass disc with 40 mm diameter. 

The K-alpha lines were analyzed applying the calibration factors derived from the FHI-made 

appropriate standards. 
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2.7 Supporting information 

  

Figure S2-1: Size distribution of lengths and widths of (Mo,V)Ox particles based on TEM images. 

The total analysis included the evaluation of 365 individual particles. The distribution highlights 

the presence of mainly rod-like particles. 

 

Figure S2-2: Occurrence of different sized particles represented as a function of their lengths (top) 

and widths (bottom). Data were taken from Figure S2-1.  
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Figure S2-3: Comparison of the measured XRD pattern (black) of the investigated (Mo,V)Ox with 

different complex molybdenum vanadium oxide reference pattern obtained from the literature: 

orthorhombic (blue) and trigonal (red) structures.
1,2

 The obtained data do not show any peak, 

which is not attributable to the orthorhombic structure. Unique reflections of the trigonal phase are 

missing (inset). This indicates that the domains of the trigonal defects observed by TEM are too 

small or too rare to be observable by XRD. Due to the rod-like growth of the M1 crystals along the 

c-axis, the measured pattern exhibits a pronounced preferred orientation effect. Especially the 00l 

reflections are reduced in intensity due to the measurement geometry (reflection mode, front 

loading). The intensity differences between the black and blue curve result from shortcomings of 

the preferred orientation model used in the Rietveld simulation. The observed peak widths appear 

isotropic and indicate domain sizes larger than 100 nm for all crystal directions.  
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Table S2-1 Defect analysis for individual particles. 

Particle number Total area/ 1000 nm
2 a

 Defect area/ 1000 nm
2 b

 (%) 

1 27 0.19  (0.7) 

2 6.1 0.16 (2.6) 

3 23 0.67 (2.8) 

4 6.6 0.20 (3.0) 

5 15 < 0.08 (<0.5)
 

6 5.4 < 0.03 (<0.5) 

7 9.7 0.17 (1.8) 

8 14 0.12 (0.8) 

9 2.8 0.14 (5.1) 

10 1.3 0.07 (5.3) 

11 52 6.4 (12.2) 

12 15 0.78 (5.3) 

13 10 < 0.05 (<0.5) 

14 27 < 0.14 (<0.5) 

15 36 0.65 (1.8) 

16 5.4 0.08 (1.6) 

17 3.5 < 0.02 (<0.5) 

18 8.5 < 0.04 (<0.5) 

19 30 0.62 (2.1) 

20 11 < 0.06 (<0.5) 

21 3.3 1.1 (33) 

22 3.0 0.28 (9.3) 

23 12 <0.06 (<0.5) 

24 230 1.4 (0.6) 

25 40 1.0 (2.5) 

26 22 <0.1 (<0.5) 

27 53 0.67 (1.3) 

28 36 0.68 (1.8) 

29 22 0.30 (1.4) 

30 30 0.15 (0.5) 

31 1.3 0.045 (3.3) 
a
 Total area of the individual particle as obtained from HAADF-STEM images. 

b 
Defect area as obtained from HAADF-STEM images for the same particle. 
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Figure S2-4: HAADF-STEM images of the same regions recorded at different focus of a) crystallite 

1 and b) crystallite 2: black hexagons: the M1 structure.  

 

Figure S2-5: HAADF-STEM images of the observed structural motifs that correspond to the 

scheme representation presented in Figure 2-3c: a) the orthorhombic M1 tile (black hexagon), b) 

and c) different triangular motifs (magenta and green triangles), d) mirrored motif (yellow line: 

mirror plane), e) translated motif (red arrow: translation vector), f) shared motif (red circle: shared 

cation between two {(Mo)Mo5O27} pentagonal units, g) twinned motif (green circles: two cations 

that are shared between two {(Mo)Mo5O27} pentagonal units), h) rotated motif (pink circle(s): Mo 

or V cation(s), which does not belong to the {(Mo)Mo5O27} pentagonal unit, but required for the 

stabilization of this motif). Yellow and cyan circles: cations of {(Mo)Mo5O27} units; blue circles: 

cations mandatory for the orthorhombic structures and triangular motifs.  
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Figure S2-6: HAADF-STEM images of a) the interface between bulk and surface regions 

highlighting the influence of the local environment on the triangular motifs and b) a surface region 

that contains an unusual tetragon configuration of shared motifs. The distances are given in nm. 

Black hexagons: bulk M1 structure; magenta and green triangles: triangular motifs; yellow and 

cyan circles: cations of the {(Mo)Mo5O27} pentagonal units; yellow line: mirror plane between two 

{(Mo)Mo5O27} pentagonal units; red arrow: translated motif; red circles: shared cations between 

two {(Mo)Mo5O27} pentagons; green circles: twinned motif; pink circles: rotated motifs. 
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Figure S2-7: HAADF-STEM image of a ATTBTA tiling arrangement: Yellow polygon: termination 

of orthorhombic and trigonal structures. Black hexagons: bulk M1 structure; white standard 

hexagons: orthorhombic tiles that are rotated relatively to the bulk tiling; white arrowhead-shaped 

hexagons and triangles: trigonal tiling; green triangle: triangular motif; yellow and cyan circles: 

pentagonal {(Mo)Mo5O27} units; red circles: shared motifs; and pink circles: rotated motifs.  
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Figure S2-8: The HAADF-STEM image of a (Mo,V)Ox crystal viewed along [001] focusing on the 

pseudo-trigonal intergrowth. Black hexagons: bulk M1 structure; white arrowhead-shaped 

hexagons and triangles: trigonal tiling of the pseudo-trigonal intergrowth; blue ovals: metal cations 

arranged in a quadrilateral configuration; yellow and cyan circles: cations of the {(Mo)Mo5O27} 

pentagonal units. 



Structural complexity in heterogeneous catalysis: cataloging local nano-structures 

 

51 

 

 

Figure S2-9: HAADF-STEM image of a trigonal add-phase connected to the orthorhombic bulk 

structure. Similar to the pseudo-trigonal intergrowth the connection proceeds along the 

crystallographic a-axis of the orthorhombic phase. Black hexagons: bulk M1 structure; white 

standard hexagons: orthorhombic tiles that are rotated relatively to the bulk tiling; white 

arrowhead-shaped hexagons and triangles: trigonal tiling; green triangle: triangular motif not 

connected to the trigonal phase; red arrow: translated motif; red circles: shared motifs; yellow and 

cyan circles: cations of the {(Mo)Mo5O27} pentagonal unit.  
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Figure S2-10: Schemes representing (a) the trigonal intergrowth and the most common geometries 

of the interstitial regions that influence the intergrowth directions: (b) type-1, (c) type-2 and (d) 

type-3. Cyan arrows: intergrowth direction. 
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Figure S2-11: HAADF-STEM image of the pseudo-trigonal intergrowth starting from a pristine 

interstitial region (yellow hexagon). Black hexagons: bulk M1 structure; white arrowhead-shaped 

hexagons and triangles: trigonal tiling; cyan arrow: intergrowth direction; green triangles: 

triangular motifs; red arrow: translated motif; yellow and cyan circles: cations of the 

{(Mo)Mo5O27} pentagonal units. 
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Figure S2-12: HAADF-STEM images of the same location focusing on a) the orthorhombic (black 

hexagons) and the pseudo-trigonal intergrowth (white arrowhead-shaped hexagon and triangle) 

surrounding an interstitial region (yellow) and b) the interstitial region. Furthermore, in b) the 

orthorhombic tile (black) and trigonal tile (white) can be observed within the interstitial region, 

leading to a structural arrangement similar to the one shown in Figure S2-7. The interstitial region 

contains two translated motifs (red arrows), one mirror motif (yellow line), two shared motifs (red 

circles) and one rotated motif (pink circle): cyan arrows: intergrowth direction, yellow and cyan 

circles: cations of the {(Mo)Mo5O27} pentagonal units.  
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Figure S2-13: HAADF-STEM image of two complex interstitial regions (yellow polygons). Black 

hexagons: bulk M1 structure; white arrowhead-shaped hexagons and triangles: trigonal tiling; 

cyan arrows: intergrowth direction; red circle: shared motif; yellow and cyan circles: central and 

side cations of the {(Mo)Mo5O27} pentagonal units. 
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Figure S2-14: HAADF-STEM images of different complex interstitial regions (yellow polygons) 

with different directions (cyan arrows) of the pseudo-trigonal intergrowth (white arrowhead 

shaped tiling): (a) type-1, (b) type-2 and (c) type-3. Despite of its complexity the interstitial region 

shown in Figure S2-14b has a two-fold rotation symmetry of its outline. Tiles similar to the pristine 

interstitial region (Figure 2-6a, yellow hexagon) can sometimes be separated. Black hexagons: bulk 

M1 structure; white arrowhead-shaped hexagons and triangles: trigonal tiling; orange circles: 

electron density in the center of the channels that cannot be observed by HAADF-STEM imaging in 

the standard bulk structure; cyan arrows: intergrowth directions; red circles: shared motifs; yellow 

and cyan circles: cations of the {(Mo)Mo5O27} pentagonal units.  

 

Figure S2-15: HAADF-STEM image of the interstitial-like region (yellow polygon).  Black 

hexagons: bulk M1 structure; green triangle: triangular motif; red circle: shared motif. 

 



Structural complexity in heterogeneous catalysis: cataloging local nano-structures 

 

57 

 

 

Figure S2-16: HAADF-STEM images of the rarest combination of tiles: (a) corresponds to Figure 

2-7a-4; (b) is depicted in Figure 2-7a-5 and (c) is highlighted in Figure 2-7a-6. Black hexagons: bulk 

M1 structure; white standard hexagons: orthorhombic tiles that are rotated relatively to the bulk 

tiling; white arrowhead-shaped hexagons and triangles: trigonal tiling; orange circles: corner 

angles (compare Figure 2-7); pink and green triangles: triangular motifs. 
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Table S2-2: Evaluation of the combinations of different orthorhombic and trigonal tiles listed by 

their occurrence and mismatch of summed corner angles of joining tiles to 360°. 

Occurrence 

group 

(Figure 2-

7A) 

Structure 

type 

Structural angles combination
a
 

Sum 

angle, 

° 

Corner 

angle 

mismatch, 

°
 b

 

α, 

77° 

β, 

141° 

γ, 

142° 

δ, 

60° 

ε, 

84° 

ζ, 

156° 

1,4 

Orthorhombic 

structure, 

intergrowth 

1 1 1 
   

360 0 

1 2 
    

359 1 

1 
 

2 
   

361 1 

1 
Trigonal 

structure    
2 1 1 360 0 

2 
Trigonal 

intergrowth 

1 1 
 

1 1 
 

362 2 

1 
 

1 1 1 
 

363 3 

  
1 1 

 
1 358 2 

 
1 

 
1 

 
1 357 3 

3 

Surface, 

boundary 

regions 

 
2 

  
1 

 
367 6 

 
1 1 

 
1 

 
366 7 

  
2 

 
1 

 
368 8 

2 
 

1 1 
  

355 4 

2 1 
 

1 
  

356 5 

5 
Surface 

2 
  

2 1 
 

358 2 

6 2 
  

1 
 

1 370 10 

 
Non-observed

c
 

1 1 
   

1 374 14 

 
1 

  
1 1 381 21 

a
 The angles correspond to the ideal tiling (crystal structure) and are labeled according to Figures 2-1b 

and 2-4b.  

b
 The exact match of the sum angle to 360° indicates a planar configuration of the contacting tiles. Other 

angles suggest the presence of disclinations or inclinations. 

c
 Further possible and not observed configuration. Theoretically a large number of configurations far from 

the planar arrangement can also exist. 

  



Structural complexity in heterogeneous catalysis: cataloging local nano-structures 

 

59 

 

In order to check whether the observed nano-structures could be formed during imaging, 

we induced beam damage to the sample (Figure S2-17). We found that at a magnification higher 

than 12000000x holes start to appear, which could be related to thickness changes of an 

otherwise ideal M1 microstructure (Figure S2-17a). In addition after prolonged exposure of 

selected spots (Figure S2-17b) or area (Figure S2-17c,d) holes are formed, which exhibit a 

blurred surrounding. In none of the beam induced scenarios any of the described nano-structures 

were formed. 

 

Figure S2-17: HAADF-STEM images of (Mo,V)Ox after induction of beam damage. 
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3 Towards the metal distribution in complex 

mixed metal oxide catalysts 

3.1 Abstract  

The real structure and composition of a heterogeneous catalyst can locally deviate from 

their idealized bulk and surface analogues. However, their determination is difficult due to their 

appearance on the nanoscale and statistic distribution. Here, we present a qualitative 

investigation of the local fluctuations of the composition on the atomic level of orthorhombic 

(Mo,V)Ox exploiting scanning transmission electron microscopy coupled with electron energy 

loss spectroscopy (STEM-EELS). The compositional variations, which occur within the bulk, are 

related to the local inhomogeneities of the unit cell and reflect different site occupancies as well 

as to differences between bulk and extended defects. Our results further suggest a preferential 

Mo enrichment of the surface, while partially V-rich surface facets can also be exposed to the 

environment. The interplay of the local compositional inhomogeneities, in particular at the 

surface, may lead to atomic scale fluctuations of adsorption, redox and/or acidity/basicity 

properties as well as to surface strain, which can tune the conversion and product selectivity 

distribution in heterogeneous catalysis. The gained knowledge of the local composition may be 

beneficial in order to prospectively establish new nanoscale activity-composition correlations, 

which would push forward the understanding in heterogeneous catalysis. 

3.2 Introduction 

Heterogeneous catalysis is a crucial technology for a variety of chemical processes in 

industry. These chemical transformations take part on the surface of mostly complex catalysts 

and involve even more complex reaction mechanisms. The evolution of heterogeneous catalysis 

from an early empiricism over its establishment in industry to a prospective technology for 

energy storage has powered research in this field with the aim to understand and to tailor catalyst 

systems for any desired applications.
1
 

The realization of the dream of tailoring heterogeneous catalysts requires unprecedented 

atomistic view on every part of the applied functional material (bulk and surface) and their 
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delicate interplay during the prevailing time of a catalytic reaction. However, catalytic systems 

are highly sophisticated, which allows, for instance, to combine active centers for different 

reaction steps in one structure. This renders any detailed analysis difficult, which can be referred 

to as complexity challenge. This complexity challenge can be attributed to the presence of 

geometric and electronic features beyond the ideal crystal. They also include surface 

terminations, local compositional fluctuations and other defects. Those parameters describe the 

real structure of a catalyst and the interplay of their individual determines the performance of the 

working structure. 

The interplay of surface and bulk structure of a catalyst is crucial and it may modulate 

stabilization and regeneration of the active phases.
2-3

 It has been shown for semiconducting 

oxides that, for instance, the electron migration from the bulk to the surface is controlled by band 

bending, which already implies that the electronic structure and/or composition of surface and 

bulk are different.
4-5

 These differences have already been addressed by the combination of 

surface averaging X-ray photoelectron spectroscopy (XPS) with chemical analysis, such as X-ray 

fluorescence (XRF), and could be locally visualized by high angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM).
6,7

  

In particular, local structural analysis using modern aberration corrected STEM is 

powerful enough to unravel differences of the bulk and surface structure of a catalyst.
7-9

 The 

interpretative depth of the images can be enhanced by coupling STEM with chemical analytical 

techniques, such as energy dispersive X-ray spectroscopy (EDX) and electron energy loss 

spectroscopy (EELS).
10-12

 These techniques are sensitive to the element composition and EELS 

allows also for tracking the electronic and structural states of the involved elements.
13

 In 

addition, modern aberration corrected TEMs can provide elemental analysis down to atomic 

resolution.
10, 14-15

  

Here we use ternary orthorhombic (Mo,V)Ox catalyst, which is active and selective in the 

oxidative dehydrogenation of ethane (ODE), as an structural example to unravel compositional 

differences between bulk, defects and surface.
16-19

 This mixed molybdenum-vanadium oxide has 

been subject of a multitude of structural studies, which included, for instance, disclosing local 

geometric differences of the bulk and the surface structures.
8, 18, 20

 However, mixed occupation of 

the cationic sites as well as thickness differences, structural defects and/or ill-defined 

morphology presence hardly allow for detailed and direct conclusion of the surface concentration 
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by common Z-contrast imaging. To overcome this dilemma we focus on a local STEM-EELS 

analysis of bulk, surface, and defects to determine the variations of the chemical composition in 

the real structure of orthorhombic (Mo,V)Ox. As we will show the surface is preferentially 

enriched in molybdenum, while the composition of extended defective inclusions depends on the 

internal structure and can be vanadium or molybdenum rich compared to the bulk composition. 

The results are in line with the composition obtained by XRF analysis and surface sensitive XPS 

measurements. 

3.3 Results 

3.3.1 Bulk composition 

Orthorhombic mixed (Mo,V) oxides are composed of pentagonal building blocks, which 

are connected by corner-sharing MO6 octahedra (M= Mo, V) such that structural hexagonal and 

heptagonal channels are formed (Figure 3-1a). Sample averaging XRD measurements suggest 

that the base metal of the pentagonal building blocks is Mo solely composed of, while the linker 

sites are composed by a mixed Mo and V ratio.
6, 18, 21

 These individual metal sites are 

preferentially enriched by of one these elements.
6, 9, 18, 21-22

 However, local modifications of the 

elemental composition to the ideal structure have not being elucidated. Chemical analysis of the 

structure by XRF analysis shows a V/Mo ratio of 0.4. 

We have recently shown that HAADF-STEM images of orthorhombic (Mo,V)Ox similar 

to those presented in Figure 3-1b can provide the local geometric information for different parts 

of the same crystallites.
8
 In particular, at the surface or for defect sites, where the particle 

thickness and/or connectivity of the pentagonal building blocks can vary, conclusions on the 

elemental composition solely based on Z-contrast imaging are difficult. However, the delicate 

combination of a focused electron beam with the element sensitivity of inelastic scattered 

electrons can provide this information with atomic resolution.
14

 Corresponding STEM-EELS line 

scans along the a-axis of (Mo,V)Ox viewed along the c-axis were recorded at different positions 

of the b-axis (Figure 3-1b). As orthorhombic (Mo,V)Ox is electron beam sensitive, we carefully 

adjusted beam dose and acquisition time, in order to avoid beam induced artefacts (Figure S3-1). 

Individual spectra of one pixel suffer from a low signal to noise ratio. Thus, we accumulated and 

averaged over complete line scans to obtain EELS spectra, which can be used for further 

qualitative interpretation.  
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Figure 3-1: a) Structural representation of orthorhombic (Mo,V)Ox viewed along [001] and main 

crystallographic axes (blue: Mo; orange: V; sector sizes denote metal site occupancies). Magenta, 

violet and blue rectangles: regions with low, medium and high Mo/V ratio, respectively. b) HAADF-

STEM image of (Mo,V)Ox particle viewed along [001]. Inset: high resolution HAADF-STEM image. 

White arrow: scan direction and length (see Figure S3-3 for exact positions). c) EFTEM contrast 

enhanced thickness map of (Mo,V)Ox particle viewed along [001] (see Figure S3-2 for 

corresponding zero-loss and unfiltered images) and d) corresponding identical location ADF-STEM 

image, rotated to the same orientation viewed along [001]. Black arrows: main crystallographic 

directions; red line: slight misorientation of the sample, under the assumption that [100] is perfectly 

aligned. e) Relative elemental Mo/V ratio derived from the averaged crystallographic structure 

(colored) and qualitative STEM-EELS (black) evaluation.  

Thickness inhomogeneities along the microstructure of orthorhombic (Mo,V)Ox viewed 

along [001] were tracked by energy filtered TEM (EFTEM) imaging, which allows for thickness 

mapping (Figure 3-1c; for details, see also Figure S3-2) and corresponds to the ADF-STEM 

image of the identical orthorhombic (Mo,V)Ox crystal (Figure 3-1d). As opposed to the [010] 

direction where thickness fluctuations can be attributed to the alternating stacking of channel 
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sites (thin) and pentagonal building blocks (thick), this thickness pattern can due to signal 

broadening as result of the presence of chromatic aberration not be observed for the [100] 

direction.
23-24

  

Corresponding background corrected, and mass thickness deconvoluted EELS spectra of 

Mo M2,3-, V L2,3-, and O K- edges are shown in Figure S3-3. As suggested previously we used 

the Mo M2,3- edge for the qualitative estimation of the Mo/V ratio.
25

 However, in order to avoid 

misinterpretation due to mixed Mo M4,5 and C K edges, background subtraction was performed 

via the second difference approach.
23, 26

 Qualitative expressions of the Mo/V ratio of bulk 

STEM-EELS measurements can be derived from the sum ratio of the integrated Mo M2,3- to the 

V L2,3- edges. Figure 3-1e summarizes the Mo/V ratio, which was recorded at different positions 

of the b-axis and scanned along [100] (see Figure S3-3). The Mo/V ratio derived from the 

STEM-EELS measurements discloses local compositional differences (Figure 3-1e, black), 

which resembles the Mo/V ratio distribution obtained from the averaged crystal structure (Figure 

3-1e, colored). The XRD suggests that the highest Mo content can be observed for measurement 

along the pentagonal building blocks, where only a minor fraction of connective vanadium 

containing octahedra are present (Figure 3-1a, e; blue). The lowest Mo/V ratio (in agreement 

with 
6
) was estimated for structural channels and corner sharing, V-rich octahedra, which 

connect the pentagonal building blocks (Figure 3-1a, e; magenta). Following these trends the 

analyzed crystal structure can be used to calibrate the qualitative STEM-EELS evaluation. The 

low Mo/V ratio can, thus, be tentatively assigned to scans along structural channels, which 

partially occupy V moieties, and linking V rich octahedra (Figure 3-1e, black). The high Mo/V 

sum ratio may correspond to a line scan which was measured along Mo rich pentagonal building 

blocks (Figure 3-1e, black). An intermediate Mo/V sum ratio suggest scan positions in-between 

both extrema. The STEM-EELS measurements also indicate slight relative thickness differences 

(Figure 3-1e), which are in line with the observations made by EFTEM thickness mapping 

(Figure 3-1c) and the amount of atoms, which were used to derive the composition from the 

averaged crystallographic structure. It further indicates that in the structural channels less 

scattering occurs compared to the pentagonal building blocks and supports the experimental 

assignment of the Mo/V sum ratios with different channel and pentagonal sites. Thus, 

qualitatively an intimate match of the Mo/V composition derived from averaging 

crystallographic data and local STEM-EELS measurements exists, which suggests that the 
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qualitative determination of the Mo/V ratio by STEM-EELS experiments can be extended to 

derive the composition of different local structures. 

3.3.2 Intergrowth composition 

Extended local structure, such as intergrown phases are common for ternary 

orthorhombic (Mo,V)Ox. Amongst others the pseudo-trigonal intergrowth has been identified as 

the most frequent structural building block of the extended defect family. The pseudo-trigonal 

intergrowth (Figure 3-2a) proceeds along [100] and is composed of Mo containing pentagonal 

building blocks connected by linking Mo/V mixed sites along the intergrowth borders (Figure 3-

2b). The intergrowth central area is usually characterized by a lower contrast compared to the 

surrounding structure, which renders the determination of the central elemental composition 

solely by Z-contrast imaging due to thickness differences, difficult. These thickness variations in 

the intergrowth area are highlighted by the EFTEM thickness map, which is presented in Figure 

3-2c. The combined evaluation of the EFTEM thickness map with the ADF-STEM image 

(Figure 3-2d) of the identical orthorhombic (Mo,V)Ox crystal demonstrates the presence of a 

thinner intergrown region. These extended defects can exhibit pentagonal (Figure 3-2b) or 

quadrilateral arrangements (Figure 3-2e) with unknown elemental distribution, as major 

differences to the ideal triangular arrangements spotted in the trigonal phase of (Mo,V)Ox 

(Figure 3-2f). The qualitative STEM-EELS evaluations (Figure 3-2g, black) confirm the 

occurrence of thickness inhomogeneities from the center of the pseudo-trigonal intergrowth to 

the bulk (Mo,V)Ox structure and demonstrate a Mo enrichment in the thinner central areas of the 

intergrowth. Spectra of the bulk area scanned along the crystallographic a-axis are given for 

comparison (Figure 3-2g, blue). The exact scan positions are presented in the Figure S3-4.  

Based on the structural similarities between the central part of the intergrowth presented 

in Figure 3-2b (red) and the pentagonal building blocks (Figure 3-1a, blue) it is reasonable to 

assume, that these structural motifs have the same chemical origin and composition. These 

pentagonal structures can originate from early steps of the synthesis and have been described in 

early studies as {(Mo)Mo5O21(H2O)6} units, in which the water molecules are necessary to 

extent the coordination sphere.
27-29

 However, the Mo enrichment would also fit to the 

quadrilateral arrangement described in Figure 3-2e. Here, the central structure of the intergrowth 

is neither related to the orthorhombic bulk nor to the trigonal structure, but appears to be similar 

to the bridging metal sites of two pentagonal motifs (see for instance Figure 3-2b, black circle).  
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Figure 3-2: a) HAADF-STEM image of (Mo,V)Ox with pseudo-trigonal intergrowth. Black 

arrow:line scans direction length (Figure S3-4 for exact positions). b) Scheme of the pseudo-trigonal 

intergrowth with internal pentagonal building block. c) EFTEM contrast enhanced thickness map 

(see Figure S3-5 for corresponding zero-loss and unfiltered images). Cyan arrows: thinner 

intergrowth regions. d) Corresponding identical location ADF-STEM image, rotated to the same 

orientation and viewed along [001]. e) Schematic representation of pseudo-trigonal intergrowth 

with quadrilateral arrangement. Black circles in b) and e) highlight structural similarities. f) 

Internal structure of the trigonal phase. g) Qualitative Mo/V ratio estimation based on STEM-

EELS analysis.  

Extended defect structures are not exclusively enriched in Mo. Other intergrown phases 

can also exhibit a different composition. An example is shown in Figure 3-3. Figure 3-3a 

displays a HAADF-STEM image of a rare star-like defect, which proceeds chevron-like through 

the microstructure of orthorhombic (Mo,V)Ox. The central six-fold channels of this defect appear 

dark. Higher magnified HAADF-STEM images indicate the presence of a microstructure inside 

these channels (Figure 3-3a, inset). Here, STEM-EELS line scans on this structure were 

conducted in [-110] direction (Figure 3-3a, Figure S3-6). The qualitative evaluation of the Mo/V 

ratio is presented in Figure 3-3b. These results indicate an V-enriched, thin interior of the defect 

structure compared to the bulk composition of orthorhombic (Mo,V)Ox. 
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Figure 3-3: a) HAADF-STEM image of a star-like intergrowth in the microstructure of 

orthorhombic (Mo,V)Ox. White arrow: scans direction and length (see Figure S3-6 for exact 

positions). The inset represents a magnified region of the highlighted area. White polygons: 

intergrowth structural units, green circles: internal structure sites. b) Corresponding qualitative 

Mo/V ratio estimation based on STEM-EELS analysis.  

3.3.3 Surface composition 

The surface represents the largest defect in any material. It has been previously shown by 

complementary TEM and XPS studies that the surface structure can be decoupled from the bulk 

structure, which may imply structural and compositional differences.
6, 8

 STEM-EELS 

measurements allow for tracking compositional inhomogeneities at the microscale, nanoscale 

(i.e. dimension of the unit cell) and atomic scale. The intensity distribution of the HAADF-

STEM image (Figure 3-4a) also represent thickness information (Figure 3-4b), which can be 

correlated to the relative thickness information obtained from the zero-loss spectra (Figure 3-4c). 

Here, the surface is characterized by lower relative thickness values compared to the bulk. This 

observation is backed up by the EFTEM thickness maps, which are presented in Figure 3-1c and 

Figure 3-2c. The HAADF-STEM image in Figure 3-4a displays the characteristic rod-like 

structure of orthorhombic (Mo,V)Ox with a preferential growth direction along the 

crystallographic c-axis. In addition, local contrast fluctuations along the nanorod indicate the 

presence of a plethora of different open or closed pores along [001] with variable size. The 

HAADF-STEM intensity (Figure 3-4b) was measured along the yellow highlighted area of 

Figure 3-4a. The intensity scan (Figure 3-4b) shows two steep intensity ascents at around 20 nm 
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and 40 nm, which correspond to the onset of the particle and to surface sites, which are almost 

parallel to the electron beam, respectively. The qualitative estimation of the STEM-EELS 

measurements in Figure 3-4c indicate a Mo enrichment of the thinner surface region of the 

particle compared to the thicker bulk part. The observation of a Mo rich surface is in line with 

surface averaging XPS measurements, which give a surface V/Mo ratio of 0.23. The observation 

of a Mo rich surface was also confirmed for different (Mo,V)Ox rods (Figure S3-7). The color 

code of Figure 3-4c reflects the relative time (red – early; violet – late), at which individual 

STEM-EELS line scans were recorded to account for possible beam damage. For multiple 

STEM-EELS line scans at different relative times at similar/same positions the estimated 

qualitative Mo/V ratios are reproducible within the error range. However, the highlighted data 

point in Figure 3-4c, resembles an exception to the outlined thickness-composition behavior. As 

opposed to the described thickness-composition correlation, the highlighted region exhibits a too 

high relative thickness as expected for the Mo/V ratio. The scan region corresponds to the second 

ascent of the HAADF intensity distribution presented in Figure 3-4b, which is characterized by a 

surface site almost parallel to the electron beam. This can result in thicker surface regions where 

more inelastic scattering events lead to an initial higher Mo/V ratio. Subsequent traversing of the 

electron beam with the underlying Mo poorer bulk structure may adjust the final Mo/V ratio to 

an intermediate value.  

 

Figure 3-4: a) HAADF-STEM image of orthorhombic (Mo,V)Ox. Yellow line: area, in which the 

HAADF-STEM intensity profile was measured; white arrow: STEM-EELS scan direction and 

length (exact positions: Figure S3-8). b) Corresponding intensity profile and c) relative elemental 

content to thickness relation based on STEM-EELS measurements. The color highlights the 

temporal order of scans.  
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A further example of local compositional surface differences in an oriented orthorhombic 

(Mo,V)Ox is presented in Figure 3-5. The HAADF-STEM image of the particle viewed along 

[001] is presented in Figure 3-5a. STEM-EELS measurements of oriented particles at this 

magnification sometimes reveal too low scattering intensity in order to obtain measurable 

relative thickness values. However, similar to imaging geometric structural details of the central 

part of the intergrowth or surface structure a variation of the focus suggests the existence of 

thickness differences.
8
 For relative thickness differences below 0.3, multiple scattering can be 

neglected.
30

 Thus, in this thickness regime the intensity of the core loss edges and the thickness 

can be directly correlated. The total area of the Mo M2,3- and V L2,3- edges is used as a measure 

of the different thicknesses. 

Qualitative descriptions of the Mo/V ratio at higher magnifications were conducted on [2-

10] and [010] terminated surfaces and are presented in Figure 3-5b. The [2-10] terminated 

surface is characterized by a Mo enrichment followed by a Mo depletion into the bulk, while the 

[010] terminated surface is V-rich accompanied by a Mo enrichment towards the bulk structure. 

For the [010] terminated surface the probe size is already small enough to observe unit cell 

inhomogeneities in the STEM-EELS line scans, which would allow to distinguish between Mo-

rich pentagonal building blocks and V-rich channel sites (see also Figure 3-1). Although the 

observed V enrichment of the [010] terminated surface, which may correspond to channel and 

linker sites, mixed site occupancies may also allow the presence of some Mo moieties at the 

surface. For higher order planes, interplanar spacing is much smaller than for [010], which can 

result in non-resolvable structural and compositional inhomogeneities of the unit cell for the 

same probe size. Thus, for the [2-10] terminated surfaces the composition can be averaged, 

which results in a loss of compositional sensitivity. The observed Mo enrichment can be 

strengthened by contributions of the above described Mo rich overlayer (see also Figure 3-4). 

Additional STEM-EELS line scans at high resolution at the surface of the particle shown in 

Figure S3-9 also suggest a Mo enrichment at the surface.  



Towards the metal distribution in complex mixed metal oxide catalysts 

 

70 

 

 

Figure 3-5: a) High resolution HAADF-STEM image of the surface of (Mo,V)Ox viewed along 

[001]. White arrows: direction and length of line scans, blue and red lines: [2-10] and [010] 

crystallographic terminations, respectively (see Figure S3-10 for exact positions). b) Qualitative 

elemental content as determined from STEM-EELS measurements. 

3.4 Discussion 

A visual expression of how a surface layer can embed the bulk structure of orthorhombic 

(Mo,V)Ox, is presented in Scheme 3-1. Scheme 3-1.I represents a 3-dimensional (3D) 

representation of a rod-like orthorhombic (Mo,V)Ox particle, which is elongated in the preferred 

growth direction (crystallographic c-axis) similar to the particle shown in Figure 3-4. The 

Scheme 3-1.II, which displays a cut through the crystallographic (a,b), can explain the observed 

deviation of the highlighted point in Figure 3-4c from the otherwise regular content-thickness 

correlation. The surface Mo enrichment can be expressed by the line scan ratio 𝑙′/𝑙 (Scheme 3-

1.II). As can be seen from Scheme 3-1.II a low 𝑙′/𝑙 ratio corresponds to a high amount of Mo 

surface species. Thus, the line scan 1 in Scheme 3-1.II will show significant Mo enrichment, 

which is accompanied by a low thickness, line scan 2 (Scheme 3-1.II) displays a significant Mo 

enrichment despite the high thickness. The line scan 3 (Scheme 3-1.II) is characterized by the 

highest thickness and lowest Mo content. A similar effect might also occur for the oriented 

orthorhombic (Mo,V)Ox viewed along the crystallographic c-axis. Here, the probe size of the 

electron beam affects the STEM-EELS line scan and local inhomogeneities on the nanoscale can 

become important. Scheme 3-1.III denotes a scan through the (b,c) plane, which mimics the scan 

situation described in Figure 3-1, in which the electron beam travels along the crystallographic c-
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axis. Line scans 4 and 5 (Scheme 3-1.III) represent such STEM-EELS line scans, which were 

shifted along the crystallographic b-axis with a scan direction along the crystallographic a-axis. 

The 𝑙′ and 𝑙 values for this STEM-EELS line scans differ only slightly, which might influence 

the thickness and composition. However, at higher magnification (Scheme 3-1.IV) the electron 

beam can independently pass through Mo rich pentagonal building blocks or V rich channel and 

linking sites. As a result a higher difference in the thickness and composition can be observed 

compared to particle shape related effect. 

 

Scheme 3-1: Schematic model of the of orthorhombic (Mo,V)Ox particle. I) 3-dimensional view, 

black shapes: cuts along (a,b) and (a,c) crystallographic planes. II, III) cuts along (a,b) and  (a,c) 

crystallographic planes viewed perpendicular to the cut planes. Magenta lines: line scans and cut 

planes intersections. IV) magnified area from Scheme 3-1.III  

 



Towards the metal distribution in complex mixed metal oxide catalysts 

 

72 

 

Our spatially resolved STEM-EELS studies has unraveled the real composition of 

complex orthorhombic (Mo,V)Ox. The structure exhibits intrinsic compositional inhomogenities 

of the mixed (Mo,V)Ox at different scales, which were observed in the bulk, in extended defects 

and at the surface and can be expressed by local Mo- or V- enrichment. The observations are in 

line with XRF and XPS studies. Detailed local analyses of the surface and of defects with 

different internal structures show that the composition can vary and suggest the presence of 

compositionally decoupled surfaces.  

Compared to the ideal trigonal structure, the pseudo-trigonal intergrowth is enriched by 

Mo. In addition, at the intergrowth-bulk border slight distortion occur, which may allow for a 

better fit of the relatively large pentagonal or quadrilateral molybdenum blocks into the central 

part of the pseudo-trigonal intergrowth compared to the smaller triangular V-rich arrangements 

of the ideal trigonal phase. The Mo enrichment inside the intergrowth may result from the lack of 

available vanadium moieities in the current synthesis protocol and/or may be forced by structural 

distortions between the pseudo-trigonal intergrowth and the bulk, which can be observed by the 

formation of larger octagonal channels that cannot be build up by V triangles.  

The surface enrichment may be determined by excess molybdenum moieties, which 

remain until the end of the hydrothermal synthesis. The pentagonal building blocks are already 

formed in the beginning of the synthesis.
28-29

 If there is lack of linking cations, Mo rich structural 

defects, such as mirror motif, translated motif or shared motifs, can be formed at the surface 

region. The homogeneity and thickness of the enriched surface layer is supposed to be in the 

nanometer or even Angstrom range, which is based on the observed Mo enrichment-thickness 

dependency. Further quantitative studies of the surface layer would require a comprehensive 3D 

particle reconstruction. 

To our knowledge, the real composition of individual parts (bulk, defects, and surface) of 

a complex mixed oxide catalyst has not been unraveled before. However, the knowledge of these 

local differences on the nano (atomic) scale may be important, as they may tune strain, 

adsorption affinities, redox and semiconducting properties. As the ionic radii of V
4+/5+

 and Mo
6+

 

in an octahedral environment are similar, strain may not be induced solely by the occurrence of 

mixed metal sites and is rather a result of their differences in the polyhedral distortion.
9, 31

  

Preferential Mo surface enrichment may result from different Mo-rich structural motifs, which 

can terminate the crystal.
8
 They are characterized by rearranged pentagonal building block in a 
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strained local confinement. This may lead to surface strain and frustrated Mo surface sites, which 

are active in alkane conversion.
32

 The existence of vicinal surfaces with different composition 

(Mo- or V- rich) within a few nanometers may not only locally vary the redox properties of a 

catalyst, but also modulate the adsorption of reactants. The sudden change of adsorption energies 

for different Mo- or V- rich surfaces in the sub-nanometer regime can crucially influence 

conversion, selectivity and/or oxygen activation.  

The structural and compositional inhomogeneities of the surface and intergrowth lead 

also to complicated electronic effects, which can modulate the band bending of the catalyst. 

Single filling of the linker sites with Mo instead of V can be treated as anti-site defect, which 

results in the appearance of a single energy level inside the forbidden zone.
33

 According to the 

Pauli exclusion principle this energy level splits up to the impurity band formation if multiple, 

coupling defects of such kind are present in the structure.
33-34

 Extended defects, such as the 

pseudo-trigonal or star-like intergrowth can be treated as heterostructures, which can give rise to 

presence of quantum wells or the formation of electron barriers.
35

 The outcome depends on the 

relationship between the energy levels of the intergrowth and orthorhombic structure. The extent 

of the mentioned effects alters the catalytic conversion and depends strongly on the chemical 

composition. The knowledge of the real structure and composition may prospectively allow of 

how additional charge carrier and/or recombination effects involve the electron transfer to the 

reactants, lead to selective reactions or create deep level traps. 

3.5 Conclusions 

In summary, this study demonstrates that the local, real metal distribution of an oxide 

may vary from the averaged ideal composition. In particular, surface compositional alterations 

may crucially influence the catalytic performance as they will tune local redox, acid/base, 

migration and adsorption/desorption behavior. The interphase where different surface 

composition and structures meet can be of particular importance and must be considered in the 

interpretation of prospective experimental and theoretical work on heterogeneous catalysts. The 

complex microstructure of orthorhombic (Mo,V)Ox combined with its complex 

microcomposition can act as an example of how important it is to understand the real structure of 

a catalyst and highlights the difficulties, which chemists have to suffer, in order to tailor active 

and selective catalyst. 
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3.6 Methods 

Synthesis 

Hydrothermal synthesis of the orthorhombic (Mo,V)Ox mixed oxide (internal ID 20000) was 

curried in specially built reactor (Premex Reactor AG, Lengnau, Switzerland) from corrosion 

resistant Hastelloy C-22 (2.4602). A mixture of 9.18 g (NH4)6Mo7O24·4H2O (AHM, Merck, 52 

mmol Mo) dissolved in 230 g water (Milli-Q, Merck) and 3.30 g VOSO4 (Acros Organics, 12.9 

mmol V) dissolved in 30 g water was loaded into a reactor at room temperature. Residual air was 

replaced by nitrogen. Subsequently the vessel was heated to 200°C at a rate of 1°C/min and hold 

at this temperature for 17 h. The reaction mixture was stirred during the whole experiment at a 

rate of 100 rpm. After cooling to room temperature, a black solid was isolated by filtration (pore 

5 glass frit), washed twice with distilled water and dried at 80°C for 16 hours. To remove 

amorphous components in the hydrothermal product, 1 g of the powder was washed with 25 ml 

oxalic acid solution (0.25 M, Acros Organics) at 60°C for 30 min under stirring. The solid was 

centrifuged (5000 rpm, 30 min), washed twice with 25 ml water and dried at 80°C over night. 

Finally, a thermal treatment was performed in 100 ml/min argon flow at 400°C (heating rate 

10°C/min) for 2 h in a rotary tube furnace (Xerion, Freiberg, Germany).  

XPS 

The sample was investigated as pressed pellet. Spectra were recorded at room temperature, 

using non-monochromatized Al Kα (1486.6 eV) excitation and a hemispherical analyzer 

(Phoibos 150, SPECS). The binding energy scale was calibrated by the standard Au4f7/2 and 

Cu2p3/2 procedure. To calculate the elemental composition, theoretical cross sections from Yeh 

and Lindau were used.
36

 

XRF 

The XRF measurements were carried on with XRF X-ray Florescence Spectrometer Pioneer 

S4 (Bruker). The measurements were performed in vacuum using 100 mg of the sample, molten 

together with 8.9 g of di-Li-tetraborate, in a form of the glass disc with 40 mm diameter. The K-

alpha lines were analyzed applying the calibration factors derived from the FHI-made 

appropriate standards. 
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(S)TEM 

TEM investigations were performed on a JEM-ARM200F microscope with CEOS CESCOR 

and CEOS CETCOR hexapole aberration correctors for probe and image forming lenses, 

respectively, and a cold field emission gun (CFEG). Prior to the measurements, the powdered 

material was drop deposited on a holey silica oxide coated gold TEM grid or carbon coated 

copper TEM grid. Some particles were oriented along the crystallographic c-axis in the TEM 

mode. STEM-EELS images were recorded with a GATAN high angle annular dark-field 

(HAADF) detector. STEM images corresponding to EFTEM mapping – JEOL ADF detector. 

EFTEM 

EFTEM data were collected with Gatan Imaging Filter (Quantum) CCD camera with 

applying a monochromator slit of 10eV width for zero-loss collection. Thickness maps were 

obtained from the ratio of unfiltered and zero-loss maps and further color enhanced for clarity. 

EELS   

EELS spectra were collected with Gatan Imaging Filter (Quantum) in dual-EELS mode, 

with 0.25 eV window, with the pixel time lower or equal 0.5s (except the beam damage probes), 

emission current lower or equal 8µA, pixel size higher or equal 3Å. Low and high loss spectra 

were recorded simultaneously using dual-EELS mode in Gatan DigitalMicrograph software. The 

drift correction was applied after each 10 pixels. HAADF-STEM images of the examined area 

were collected before and after each scan and drift correction area was further used as a reference 

to confirm beam damage absence. 

EELS Evaluation 

To minimize beam artefacts, STEM-EELS line scans where recorded with intermediate 

resolution, which renders it difficult to determine the exact position. Qualitative calibration of 

the scan position was obtained by taking the different thicknesses/atomic densities of the porous 

structure of orthorhombic (Mo,V)Ox into account, which results in different inelastic scattering 

events. This factor is reflected by the so-called relative thickness value, which was evaluated 

from the low-loss spectra measured at each point of the line scan. In case if relative thickness 

was lower than 0.1 multiple scattering was neglected.
30

 In these cases summed up peak 

intensities of Mo M2,3 and V L2,3 edges were used for referring the position.  

All the collected spectra were dark corrected, aligned by zero-loss peak, summed up 

along the scan line, than the background of the high loss prior the C K edge was subtracted and 
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the plural scattering was removed via the Fourier-ratio method. The peak intensities were 

evaluated using the “Measure peak intensities” tool from the EELS Tools plugin for a Digital 

Micrograph.
26
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3.8 Supporting information 

 

Figure S3-1:  HAADF-STEM images of (Mo,V)Ox particle  viewed along [001] a) before and b) 

after spectra collection indicating morphological changes in the overexposed area (blue square). c) 

EELS spectra background corrected prior to the C K edge, indicating carbon contamination 

accumulation, d) and e) EELS spectra background corrected prior to the Mo M2,3 edges and V L2,3 

edges indicating absence of the target edges change. The observations suggest morphological 

changes as reliable beam damage marker.  

 



Towards the metal distribution in complex mixed metal oxide catalysts 

 

82 

 

 

Figure S3-2: Energy filtered around zero-loss peak with 10eV window (a) and unfiltered EFTEM 

images of (Mo,V)Ox particle  viewed along [001]. The resulting map (Figure 3-1c) is obtained by 

Gatan DigitalMicrograph software.  

 

Figure S3-3: a-d) HAADF-STEM images of (Mo,V)Ox particle viewed along [001] indicating the 

scan positions (green lines). e) corresponding background corrected prior to C K edge and 

deconvoluted EELS spectra. Green line: spectrum collection position. 
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Figure S3-4: HAADF-STEM images of (Mo,V)Ox particle viewed along [001]  indicating the scan 

positions (green lines) in bulk region (a,b) and along pseudo-trigonal intergrowth (c-g). 
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Figure S3-5: Energy filtered around zero-loss peak with 10eV window (a) and unfiltered EFTEM 

images of (Mo,V)Ox particle  viewed along [001]. The resulting map (Figure 3-2c) is obtained by 

Gatan DigitalMicrograph software.  

 

Figure S3-6: HAADF-STEM images of (Mo,V)Ox particle viewed along [001]  indicating the scan 

positions along the intergrowth region (green lines). 



Towards the metal distribution in complex mixed metal oxide catalysts 

 

85 

 

 

Figure S3-7: Qualitative Mo/V ratio estimation based on STEM-EELS analysis of three different 

rod-shaped of (Mo,V)Ox particles viewed perpendicular to [001]. 

 

Figure S3-8: HAADF-STEM images of (Mo,V)Ox rod viewed perpendicular to [001]  indicating the 

scan positions along [001] (green lines). Cyan square: reference region used for drift correction. 
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Figure S3-9: a) HAADF-STEM image of (Mo,V)Ox particle viewed along [001]  indicating the scan 

direction and length (white arrows) b) corresponding qualitative Mo/V ratio estimation based on 

STEM-EELS analysis. 

 

Figure S3-10: HAADF-STEM images of (Mo,V)Ox particle viewed along [001]  indicating the scan 

positions (green lines).  
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4 A quasi in-situ TEM reactor for decoupling 

catalytic gas phase reactions and analysis 

4.1 Abstract 

We present a versatile transmission electron microscopy (TEM) grid reactor setup, which 

is based on the concept of decoupling catalytic gas-phase reactions and structural analysis. The 

system exhibits superior properties in terms of image resolution, long-term measurements and 

gas analytics compared to conventional in-situ TEM analysis and allows for monitoring catalytic 

conversions on a TEM grid by proton-transfer reaction mass spectrometry. Using Pt and 

Cu/ZnO/Al2O3 as an example we show that structural changes of identical particles before and 

after reactive experiments can be tracked. In addition, identical location imaging benefits from a 

secure transfer of the sample between TEM and the reactor system by vacuum transfer holders. 

During catalytic testing the samples are exposed to homogeneous reaction conditions. The 

concept minimizes electron-sample and electron-atmosphere interactions and can prospectively 

be considered as complementary tool to in-situ TEM analysis.  

4.2 Introduction 

Heterogeneous catalysis is considered to be one of the most promising technologies for 

prospective energy storage.
1-2

 To tailor catalyst systems for such specific applications the 

evolution of the active phases under a given chemical potential and their impact on catalytic 

conversion has to be understood. A pre-requisite for harvesting details on relevant structural 

dynamics is the investigation of catalytic systems at relevant reaction conditions (i.e. gaseous 

environment, temperature, pressure), which also includes the detection of catalytic conversion. 

These requirements can be met by spectroscopic and electron microscopic techniques.
3-7

 Gas-

phase induced changes can for instance be tracked by in-situ spectroscopic analysis, such as 

infra-red (IR), Raman or X-ray photoelectron spectroscopy (XPS).
8-10

 In combination with 

theoretical modelling, these techniques can deliver integral information of compositional 

alterations, surface species and oxidation states.
11-12

 Those analytical methods, however, average 
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over the whole sample and, thus, local alterations and/or important defects, and surface states 

may be overlooked. 

Local geometric and electronic information can be obtained by ex-situ and in-situ 

transmission electron microscopy (TEM), respectively.
13-18

 In ex-situ TEM experiments, samples 

are analyzed after removal from the catalytic reactor using the optimal TEM resolution and are 

compared with the structure of as-synthesized samples. This ex-situ approach neglects the 

position of the investigated catalyst particles in the reactor, whose surface structures may be 

biased by location-dependent modifications of the gas composition and/or temperature 

gradients.
19-20

 Due to these inhomogeneities, extrapolation of the observed local surface structure 

to the whole catalyst system may not reflect the state of the complete catalyst batch inside the 

reactor. In addition, during exposure to ambient air, hydration phenomena may occur that alter 

the structure of the surface. 

The concept of in-situ TEM is long-rooted in electron microscopic science.
21-23

 Currently, 

two kinds of in-situ TEM set-ups are commonly used: (1) environmental and (2) gas-cell 

holders.
6, 15, 18, 24-25

 In the former set-up, gas is introduced directly into the octagon region of the 

TEM. Owing to electron scattering events at the gaseous atmosphere the pressure is limited to 

approximately 1 mbar. For the latter set-up, the sample is sandwiched between two 

microelectromechanical system (MEMS) chips, which are equipped with electron transparent 

windows. Those systems can be applied in a broad research field, which ranges from 

heterogeneous catalysis, electrocatalysis, to biochemistry, inorganic chemistry and engineering.
6, 

26-31
 In-situ TEM delivers valuable insights into sample-gas and sample-liquid interactions, or 

mechanical stabilities. Gas cell holders can be operated at ambient pressure. However, data 

interpretation of in-situ experiments may be limited by lower resolution and electron-matter 

interactions.  

To link the advantages of ex-situ with in-situ TEM analysis, the quasi in-situ approach 

was developed.
32-33

 Quasi in-situ TEM is defined as the repeated exposure of the same specific 

sample to the TEM and to relevant as well as homogeneous reaction conditions outside the 

TEM.
34

 The concept of quasi in-situ TEM has already been exploited, for instance, in the 

electrochemical degradation of Pt/C systems and in corrosion studies of AA2024-T3 alloys.
34-35

 

Changes of the particles were monitored by identical location imaging (ILI).
35-36

 In addition, a 
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controlled environment TEM holder has been recently introduced, which allows for sample 

transfer between different analytical tools under the same environment.
33

 

Here, we present a quasi in-situ set-up as general tool to study catalytic gas-phase 

reactions on a TEM grid under relevant and homogeneous conditions. The reactor setup 

decouples catalysis and analysis. The system operates at elevated temperatures and allows the 

detection of catalytic conversion. A sophisticated transfer procedure is established to transport 

the TEM grid without exposure to ambient air. The proof of working principle is demonstrated 

here with CO oxidation over different Pt compounds and the reductive activation of 

Cu/ZnO/Al2O3 catalyst for methanol synthesis.  

4.3 Materials and methods 

The setup of the quasi in-situ TEM grid reactor is presented in Figure 4-1. It is composed 

of three CF-16 parts that are sealed by inert Au coated Cu gaskets and can be operated at ambient 

pressure. The reactor was passivated by silylation (Silkotec). The top part of the reactor that is 

shown in Figure 4-1A resembles a schematic drawing of the modified CF-16 blind flange that 

hosts gas in- and outlet, and Reynold´s number calculations imply a laminar gas flow to the 

sample. The middle CF-16 flange exhibits a sealable feed-through for one thermocouple (type 

K). The thermocouple is mounted in an electrically conductive Si-infiltrated SiC (Si/SiC) sample 

holder and touches the bottom of the TEM grid. The TEM grid is fixed in the cavity of the Si/SiC 

sample holder by Au coated Cu clamp rings (Figure 4-1C). The Si/SiC sample holder is screwed 

on an Au coated stainless steel holder, which is placed on top of a CF-16 fused-silica window 

(MDC Vacuum Ltd.). The fused-silica window exhibits high transparency for red and infrared 

(IR) light. Passive heating of the TEM grid is accomplished by the Si/SiC holder, which is 

exposed to an IR laser light (= 800 nm, Limo) from the bottom. The laser light ensures 

temperatures up to 500°C. Owing to the small sample (<60 µg) and high power of the laser a fast 

heating and rapid cooling (quenching) can be realized. As shown in Figure 4-1B the gas in- and 

outlet are composed of Swagelok tubes and nuts (1/8”, 1/16”). The reactor is connected via 

Swagelok quick connectors of the QM series to the gas feeding line (inlet).  

At the outlet, a proton-transfer mass spectrometer (PTR-MS, Ionicon) is placed to detect 

the conversion of the catalytic reaction. TEM images were recorded on a Cs corrected FEI Titan 

80-300 and on a double corrected JEOL ARM 200F, respectively. GATAN vacuum transfer 
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holders (single tilt 648 and VTST4006) were used for sample transfer. Energy dispersive X-ray 

(EDX) spectrometry was recorded on a Philipps CM FEG 200 equipped with a Genesis 4000 

EDX detector.  

250 µm thick Pt foils (99.9999, Goodfellow) were purchased from Goodfellow. A round, 

self-supporting sample with 3 mm diameter, which matches the diameter of the TEM grid holder, 

was stamped out the foil before catalytic testing. Pt nanoparticles were prepared by vapor 

deposition onto silica coated Si3N4 windows (15 nm, Norcada). Cu/ZnO/Al2O3 catalysts were 

synthesized as reported previously.
37

 

 

Figure 4-1: The quasi in-situ TEM grid reactor. (a) Schematic drawing and (b) photograph of the 

TEM grid reactor, highlighting gas in- and outlet, and laser light supply. (c) Detailed photographs 

of the bottom and center flanges of the TEM grid reactor: (1) Au coated CF- 16 flange with fused 

silica window, (2) Au coated Cu gasket, (3) Si/SiC crucible with TEM grid cavity and slot for the 

thermocouple (white arrow) mounted on an annular Au coated stainless steel holding device, which 

is placed on top of the fused silica window sample, (4) modified center CF-16 flange, (5) 

feedthrough for thermocouple, (6) thermocouple, and (7) clamp ring to mount the TEM grid in the 

Si/SiC crucible. 
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4.4 Results 

4.4.1 Conversion detection 

For catalytic reactions, which happen on a TEM grid, very low conversions can be 

expected. To overcome this detection limitation a PTR-MS is used. The PTR-MS is very 

sensitive and allows the detection of volatile species in the low parts per trillion (pptv) regime.
38-

39
 The absence of electron ionization is the key for its selectivity. Ionization is usually 

accompanied by a high-energy impact on the analyte, which subsequently leads to undesired 

fragmentation, which lowers the sensitivity. In PTR-MS, the ionization is initiated by energetic 

soft proton transfer from in-situ generated hydronium cations to the analyte. A prerequisite for 

the detection of the volatile molecule is usually a higher proton affinity (PA) of the analyte 

compared to water (PA= 7.2 eV). However, if gases have to be detected that have a lower proton 

affinity than water, for instance CO2 (PA= 5.6 eV), an additional energy of 1.6 eV can be applied 

to shift the reaction towards protonated CO2 (CO2H
+
). The energetic boost can be obtained by 

fine tuning the voltages at the end of the drift tube.
40

 Note, the PA of CO (PA= 6.2 eV) is higher 

than the one for CO2. 

4.4.2 Temperature calibration and wall reactivity 

The temperature of the TEM grid reactor was calibrated by thermal decomposition of 

carbonates (Figure 4-2A). Lead carbonate (PbCO3) was used as carbonate source. PbCO3 

decomposes in three distinct steps at temperatures below 400°C to PbO.
41

 These three steps 

which arise at 248 °C, 293 °C, and 343 °C can also be observed in thermogravimetric reference 

measurements (TGA, Figure 4-2a, top and middle), which were conducted in Ar atmosphere. 

During the thermal decomposition of PbCO3 using the TEM grid reactor setup the CO2 traces of 

the PTR-MS (Figure 4-2a, bottom) reveal a shoulder at lower temperatures and two sharp peaks 

at 310°C and 360°C. The shift to higher temperatures in the PTR-MS CO2 traces may be 

attributed to the cooling of the low amount of sample by a relatively high flow of N2 and/or an 

increased response time of the PTR-MS as a consequence of a large reactor-MS distance. 

CO oxidation was chosen as a catalytic test reaction since this reaction requires very 

clean and inert reactors. This is of particular importance due to the low amount of catalysts, 

which is usually deposited on the TEM grid. The presence of hydrocarbons, dust impurities 

and/or reactive walls can increase the CO2 signal. In addition, CO forms volatile carbonyl 
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species with Ni (Mond Process) and Fe (Carbonyl Iron) even at room temperature. These volatile 

carbonyls decompose at temperatures above 200 °C at the sample as evidenced by the blue 

interference pattern and the energy dispersive X-ray spectra, which are presented in Figure 4-2b, 

top. To avoid the formation and deposition of volatile Ni and/or Fe carbonyls a carbonyl trap 

filled with SiC particles was placed in front of the reactor and heated to 250 °C. After the 

carbonyl trap Cu tubes were used and all reactive stainless steel parts, including the 

thermocouple, inside the reactor were coated with a macroscopic Au layer, which is inactive in 

the CO oxidation.
42

 After this passivation step, no Ni and/or Fe species were identified on the 

sample as indicated by EDX measurements (Figure 4-2b, bottom).  

 

Figure 4-2. (a) Temperature calibration of the TEM grid reactor: TGA signal (top), 1
st
 derivative of 

the TGA signal (middle) and PTR-MS signal (bottom) as obtained from the thermal decomposition 

of PbCO3 in inert atmosphere recorded with a heating rate of 10 °C/min. (b) EDX measurements of 

Pd@Si wavers, which were placed in the TEM grid reactor during CO oxidation: (top) before and 

(bottom) after inertization. The Cu signal can be attributed to the TEM holder.  
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4.4.3 Catalytic Oscillations 

Figure 4-3a shows PTR-MS CO and CO2 traces of a polycrystalline Pt foil (diameter: 

3mm), which was exposed to CO oxidation conditions (CO:O2=1:5) in the TEM grid reactor. 

The reaction of CO and O2 over Pt foils has a long history in heterogeneous catalysis research
43

 

and was tracked in the temperature regime up to 450 °C using heating and cooling rates of 10 

and 2 °C/min, respectively. Above 250 °C the formation of CO2 was detected, while the CO 

signal decreased. The relatively high onset temperature might be attributed to the low sensitivity 

of the PTR-MS for CO2 (approx. 100 ppm). During fast heating (10 °C/min) weak oscillations 

were observed in the temperature regime between 290 °C and 310 °C (Figure 4-3b). Upon slow 

cooling (2 °C/min) strong oscillations were detected in the temperature interval between 320 °C 

and 290 °C (Figure 4-3c). In addition, an exponential correlation of the oscillation periodicity 

and temperature was found (Figure 4-3d). Such oscillations are common for platinoids in CO 

oxidation and may originate at pressures above 1 mbar from an interchanging between metallic 

and oxidic surfaces states.
44

 CO exhibits high adsorption energy for metal surfaces, which 

generates smoothed surfaces states. After conversion of CO to CO2, the CO partial pressure 

decreases and the excess oxygen initiates the formation of rough oxidic surfaces. This may 

enhance the reaction velocity. Roughening, however, energetically favors metallic surfaces, 

which are less active. The decrease of the reaction rate ensures an accumulation of CO on 

smoothed surfaces. This model
44

 theoretically predicted a strong temperature dependency of the 

oscillations. As opposed to previous measurements
45

, the temperature dependency of our data 

underlines an exponential increase of the periodicity of oscillations with decreasing temperature. 
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Figure 4-3: CO Oxidation of a Pt foil in the TEM grid reactor: (a) PTR-MS traces of CO and CO2; 

(b) magnified excerpt of the heating curve taken from the cyan region in (a); (c) close up of yellow 

region from the cooling curve; (d) oscillation period versus cooling temperature. The inset in (d) 

represents and SEM image of the Pt foil, which was thinned by ion milling to obtain electron 

transparent parts. Conditions: N2: 13.62 ml/min, O2: 1.15 ml/min, CO: 0.23 ml/min, heating rate: 

10°C/min, cooling rate: 2°C/min. 

4.4.4 Identical location imaging (ILI)  

The morphological changes accompanying CO oxidation were investigated (Figure 4-4) 

using Pt nanoparticles. The corresponding light-off curve of Pt nanoparticles is presented in 

Figure 4-4a. The exposure of pristine Si3N4 TEM grids to CO oxidation conditions evidences no 

catalytic conversion (Figure 4-4a, bottom) in the measured temperature regime, which 

demonstrates the inertness and cleanliness of the reactor setup. After the deposition of Pt 

nanoparticles on the TEM grid an increase of the CO2 traces (Figure 4-4a, middle), which is 

accompanied by a decrease of the CO signal (Figure 4-4a, top), is detected by the PTR-MS at 

temperatures above 200°C. After quenching the reaction, identical Pt nanoparticles were 

reinvestigated in the TEM. A detailed particle size distribution analysis (Figure 4-4b) indicates 

the transformation of spherical to more anisotropic particles. Figure 4-4c displays TEM images 

recorded at identical locations before (top) and after (bottom) the catalytic reaction. The images 
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demonstrate the mobility of individual nanoparticles during the prevailing time of the catalytic 

reaction, which can be expressed by rotation, migration or reshaping.  

 

Figure 4-4: Identical location imaging of Pt nanoparticle in CO Oxidation: (a) PTR-MS traces and 

(b) statistical analysis of morphological changes of Pt nanoparticles before (red) and after (green) 

CO Oxidation. (c) Identical location imaging of Pt nanoparticles before (top) and after (bottom) CO 

Oxidation. Conditions: CO:O2:N2=1:5:60, ramp: 10°C/min, flow: 15 ml/min. 

4.4.5 Sample transfer and high resolution imaging 

As shown in Figure 4-5a,b the quasi in-situ TEM approach allows to track catalysis 

induced changes at atomic resolution. In addition, often post-catalytic contact to ambient air may 

cause changes to the samples, which can be expressed by oxidation, hydration and/or electronic 

structure alterations. Therefore, a secure transfer system was established to avoid exposure to 

ambient air during transport of the sample from the TEM grid reactor to the TEM and back. The 

transfer system involves the use of automatic and hermetical sealed quick connectors mounted at 

the inlet and outlet of the reactor, the transient storage and transfer into an Ar-containing inert 

glove box and the use of vacuum transfer holders
32

. Imaging the Cu/ZnO/Al2O3 catalyst for 
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methanol synthesis after reductive activation in hydrogen atmosphere at ambient pressure may 

act as an example. During this activation period the Cu
2+

 moieties, which are homogeneously 

distributed in the solid zincian malachite solution start to form individual, metallic Cu 

nanoparticles. Those in-situ generated Cu nanoparticles are supported and, due to the occurrence 

of strong metal support interaction (SMSI), embedded by a ZnO overlayer.
46

 Cu, however, is 

very sensitive to oxygen and immediately oxidizes even at room temperature at oxygen partial 

pressure above 10
-9

 mbar. Figure 4-5c shows a high resolution TEM image of zinchian malachite 

reduced in the TEM grid reactor at 350 °C. The sample was securely transferred via the outlined 

transfer system. Fast Fourier Transform (FFT) analysis evidences the presence of metallic Cu 

nanoparticle, which is embedded by an amorphous ZnO layer. The absence of the graphite-like 

structure of the ZnO overlayer can be attributed to the higher reduction temperature.  

 

Figure 4-5: High resolution TEM images of Pt nanoparticles before (a) and after (b) CO oxidation 

(Conditions: CO:O2:N2=2:1:60, ramp: 10°C/min, flow: 15 ml/min). The Fast Fourier analysis (FFT, 

inset (b, bottom) was recorded from the blue highlighted Pt nanoparticle (c) Inert sample transfer: 

High resolution TEM image of reduced Cu/ZnO/Al2O3 activated in hydrogen atmosphere at 350°C 

(conditions: H2/N2 =10/90, heating rate: 10°C/min, dwell time: 2 h); red: Cu and yellow: ZnO. 

4.5 Discussion and conclusions 

As shown above, the presented TEM grid reactor allows the visual investigation of 

morphological changes of identical catalyst particles under quasi in-situ conditions, i.e. 

decoupling the catalytic gas-phase reaction and TEM analysis. The system allows the detection 

of conversion of TEM amounts of sample and is robust to withstand different conditions and gas 

mixtures, ranging from reductive to oxidative. In addition, the different samples, which were 
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investigated, display the broad versatility of this concept. The possibility to detect oscillation 

phenomena further indicates the fast response and read out time of the PTR-MS and shows the 

capability of our system to track kinetic phenomena. 

Quasi in-situ TEM characterization features relevant, homogeneous reaction, and well-

defined flow conditions for all catalyst particles and high-resolution TEM imaging. The 

introduced transfer system (reactor ↔ glove box ↔ vacuum transfer holder ↔ TEM) allows a 

secure sample transfer and the avoidance of moisture and air-induced surface changes. In 

addition, the impact of the electron beam during the catalytic reaction, which is expressed by 

electron-sample and/or electron-gas interactions, can be minimalized by this concept. The 

minimization of the electron impact is of particular importance in heterogeneous catalysis. 

Usually, solid catalyst systems are highly energetic, metastable materials, which geometrically 

and/or electronically transform even by small external energy stimuli. In addition, gases may 

form reactive radical species while interacting with the electron beam and may, therefore, 

contribute to irrelevant catalytic conversion and/or structural changes. The TEM grid reactor 

concept does not deliver any real-time information and may be prone to cooling and transfer 

artifacts, as well as wall reactions. As we have shown above, the latter can be avoided by careful 

passivating the inner parts of the reactor.  

Prospectively, the quasi in-situ approach may complement ex-situ and in-situ TEM 

analysis in heterogeneous catalysis linking relevant reaction conditions, high resolution imaging, 

and detectable conversion with real time imaging. A relevant, overall and visual picture of 

structural alterations during heterogeneous catalysis can only be obtained, if quasi in-situ and in-

situ TEM are applied on the same sample and the same conditions in a comprehensive fashion. 

Heterogeneous catalyst can be best compared, when they operate under steady state conditions. 

Thus, in particular for catalytic systems, for which the development of the steady state regime is 

a long-lasting process, the TEM grid reactor setup will be beneficial.  
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5 Complex orthorhombic mixed (Mo,V)Ox – 

an example of a living catalyst 

5.1 Abstract 

Complexity describes not only the composition and structure of industrially tuned and 

relevant catalyst systems, but also their ability for structural adaption to the chemical potential of 

the gaseous surrounding. Here, we explore the structural adaptability of identical orthorhombic 

(Mo,V)Ox particles by combining scanning transmission electron microscopy (STEM) with a 

TEM grid reactor at ultimate resolution. The applied conditions mimic relevant conditions of 

thermal activation (N2) and catalytic reaction, which is the oxidative dehydrogenation of ethane 

(ODE). The results, which were obtained by this quasi in-situ TEM approach, suggest a 

reshaping and restructuring of the orthorhombic (Mo,V)Ox particles, which depends on the 

reaction media and can be expressed by mass transport, restructuring of defect rich- and surface 

areas and the migration of individual cation columns into surface-near hexagonal channels, while 

the crystalline bulk of open-framework orthorhombic (Mo,V)Ox remains rather unaffected. The 

quasi in-situ technique was compared to in-situ heating in high vacuum conditions. The observed 

structural reorganization represents an example of an open-framework functional material with a 

living defect and surface character.  

5.2 Introduction 

The selective conversion of small alkanes, such as methane, ethane, or propane into more 

reactive building blocks is one of the key processes in chemical industry.
1-2

 To enhance the 

economic outcome these transformations usually happen on the surface of heterogeneous 

catalysts.
3-4

 However, effective heterogeneous catalysts are quite sophisticated and were often 

found by empirical rather than by knowledge-based optimization. This knowledge limitation of 

the working structure of the catalysts restricts any attempts to tailor heterogeneous catalysts for 

specific applications. These limitations also arise from a dynamical response of heterogeneous 

catalysts to the chemical potential of the gaseous surrounding, which is difficult to track with 

often applied ex-situ techniques.
5-6
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Therefore, in-situ methods for X-ray photoelectron spectroscopy (XPS) or transmission 

electron microscopy (TEM) measurements have been developed and became a common 

technique to investigate the working structure of heterogeneous catalysts under operation 

conditions.
5, 7-11

 Heterogeneous catalysis research has benefited from ex-situ and in-situ TEM 

investigation as it provides local and visual information of compositional, geometric and 

electronic inhomogeneities in the bulk and at the surface, which reflects the real structure of a 

catalyst. However, in-situ or ex-situ results have to be treated carefully as pressure gap, 

resolution limitation, electron beam, or uncertain catalysts position in the reactor may affect the 

interpretation.
7, 12-15

 

To overcome these interpretation barriers the quasi in-situ TEM approach was 

developed.
16-19

 This technique allows for decoupling, for instance, catalysis at relevant operation 

conditions and imaging. Catalysis induced geometric and electronic changes can, then, be 

tracked by comparing identical locations of the same particles with ultimate resolution. This 

approach is beneficial for following changes of heterogeneous catalysts with nanoscale 

inhomogenities, which may be otherwise overseen or misinterpreted by common surface and 

bulk averaging methods.  

Such inhomogenities on the nanoscale exists in complex (Mo,V)-based oxide 

((Mo,V)Ox), which crystallizes in an orthorhombic structure and is sometimes referred to as M1 

phase.
20-21

 The microstructure is composed of pentagonal {(Mo)Mo5O27} building blocks, which 

are linked by corner sharing MO6 (M=Mo and/or V) octahedra forming hexagonal and 

heptagonal channels. The hexagonal channels are partially occupied by V moieties.
11

 

Orthorhombic (Mo,V)Ox is highly active and selective for the oxidative dehydrogenation of 

ethane (ODE).
22-25

 Local and extended defects as well as polyhedra distortions, which can be 

present in this structure, have recently been catalogued and quantified.
21, 26

 In addition to the 

reported structural inhomogenities, these complex oxides dynamically responses to the reaction 

media, which can be expressed by structural and compositional surface modifications.
11

 The role 

of the intrinsic geometric defects in the catalytic reaction is still unknown.  

A plethora of different (Mo,V) based oxides with different compositions have been subject of a 

multitude of different catalytic reactions studies aiming to unravel their working structure.
11, 27-29

 

However, detailed structural studies of their calcination and activation processes are scarce as 

small structural changes during thermal activation might be overseen by the applied averaging 
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techniques and/or decomposition of the structure due to overheating or overreducing.
22, 30-36

  

However, the proper activation of catalysts crucial in order to obtain optimized activity and 

selectivity distributions.
37

 It has been shown, for instance, for quaternary and quinary analogues 

that the resulting catalytic performance depends on the temperature and atmosphere during 

calcination as well as on an additional post-treatment, while almost nothing is known for its 

impact on the microstructure and how it influence the activity of ternary orthorhombic 

(Mo,V)Ox.
22, 38-41

 

Here we present a quasi in-situ scanning (S)TEM study mimicking calcination (nitrogen) 

and catalytic reaction (ODE conditions: ethane:oxygen=1:2) at ambient pressure and relevant 

temperatures to disclose the structure responses of orthorhombic (Mo,V)Ox in different 

environments with atomic resolution. The outcome of the quasi in-situ study is further compared 

to in-situ heating of orthorhombic (Mo,V)Ox in high vacuum. As we will show structural 

changes are pressure dependent and are most pronounced at the surface, in surface-near region 

and intergrowth, while the bulk structure remains almost unaffected. 

5.3 Results 

5.3.1 Quasi in-situ TEM 

Quasi in-situ TEM was used to study morphological changes of identical (Mo,V)Ox 

particles before and after stepwise heat treatments at different temperatures as well as inert and 

reactive atmospheres at ambient pressure in order to mimic relevant conditions of activation and 

catalytic conversion. If not explicitly mentioned all (Mo,V)Ox particles were imaged along 

[001]. Overview annular dark-field (ADF)-STEM images of identical (Mo,V)Ox particles in their 

pristine, heat treated (2h, 400°C, N2) and reacted state (2h, 300°C, ethane:oxygen=1:2) are 

presented in Figure 5-1a, b and c, which represent the starting, intermediate and end point of this 

study, respectively. Details of the real geometric structure of pristine orthorhombic (Mo,V)Ox are 

presented elsewhere and form the sound basis of this study.
42
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Figure 5-1 ADF-STEM images of oriented (Mo,V)Ox particle viewed along the crystallographic c-

axis a) pristine b) after the complete set of heat treatments in N2 atmosphere, c) after ODE and d) 

the particle surface contours after each heating step. Dashed red squares: areas, which are further 

examined in Figures 5-3 and 5-4; violet squares and inset: re-oriented grain; black lines: 

intergrowth positions; dotted cyan circle: region with pronounced change of the surface. 
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The (Mo,V)Ox particle highlighted in Figure 5-1a,b,c is composed of four crystals, which 

are interconnected by intergrown regions. In addition, the pristine particle exhibits regions of 

extended surface defects, which partially embed the bulk of the structure grain I in the array of 

condensed (Mo,V)Ox crystals (Figure 5-1a, magenta). The surface contours after each step of the 

thermal treatment for the identical particle are schematically presented in Figure 5-1d. During 

thermal treatments at different temperatures and atmosphere the surface contours are modified, 

while the overall bulk microstructure remains. In addition, after thermal activation in nitrogen a 

stepwise decrease of the surface area of the basal plane (Table 5-1) can be observed. This 

decrease of the surface area of the basal plane during thermal activation in nitrogen involves 

mostly the lateral boundaries of the crystals and is accompanied by misorientation of different 

grains (Table S5-1), a decrease and/or depletion of intergranular pores, which are highlighted by 

dashed red boxes at the Figure 5-1a, the degradation of extended surface regions (Figure 5-1a, 

magenta outline) and surface smoothing (Figure 5-1d, blue circle). The ADF-STEM images of 

orthorhombic (Mo,V)Ox recorded after heat treatment in different atmospheres (Figure 5-1) 

demonstrate that the (Mo,V)Ox crystal is influenced by the chemical potential of the gaseous 

environment. As opposed to the ADF-STEM images of the nitrogen treated sample, the 

(Mo,V)Ox crystal slightly expands after thermal exposure to the ethane/oxygen reaction mixture, 

which is schematically expressed by the contour plot in Figure 5-1d and the slightly increased 

surface area is depicted in Table 5-1. This behavior can be explained by a reorientation of small 

ant thin crystallites, which are clearly resolvable after ODE (Figure 5-1c, inset), and further 

suggests a reorganization of the intergrowth regions between the individual crystallites. 

Table 5-1: Influence of quasi in-situ heat treatment in N2 atmosphere on the observed surface area 

obtained from identical location ADF-STEM images of the oriented (Mo,V)Ox particle. 

Treatment 
Normalized Total Area 

(10
2
 a.u.)

a
 

Pristine 11.5 

2h 300°C N2 11.3 

4h 300°C N2 11.0 

2h 400°C N2 8.5 

ODE 8.8 
a
 misorientation corrected. 
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The origin of the disappearance of the extended defects at the surface during the heat 

treatment in nitrogen can be versatile and can be expressed by (I) a misorientation and a 

subsequent abolishment of channeling conditions, (II) a decrease of the thickness of the defect, 

which renders it unresolvable in the vicinity of a large and heavy scattering particle; (III) the 

complete loss of the defect by loosening the defect-bulk interphase during heat treatment. For 

defects, which re-appear as microstructured orthorhombic (Mo,V)Ox grains after heat treatment 

in an ODE reaction mixture (Figure 5-1c, inset) the degradation mechanism (I) and (II) can be 

assumed. The disappearance of the outer extended surface defects (Figure 5-1a, magenta area) 

can be of chemical origin. The occurrence of mass transport may also explain surface 

smoothening, which is highlighted in Figure 5-1d (see cyan dashed circle).  

The microgram amounts of catalyst on the TEM grid, which is required to obtain a beam 

transparent sample for vicinal STEM investigation  leads to high weight hourly space velocity 

(WHSV) in  range of 10
4
 ml*g/min in the quasi in-situ setup, which can not be reduced by 

current state-of-the-art mass-flow controllers (Figure S5-1). Despite the expected low conversion 

the sensitive proton transfer reaction mass spectrometer (PTR-MS) allows for detecting the main 

reaction product ethylene (black squares in Figure 5-3a, which exhibits proton affinity similar to 

water. Due to the much lower proton affinity and low conversion, changes of the mass traces that 

correspond to ethane cannot be observed. CO2 (blue squares in Figure 5-3a) was also detected. 

The signal increases with temperature.  With the applied PTR-MS settings the sensitivity of this 

device to CO2 is approximately 100 ppm (Figure S5-2).
43

 Thus, due to the low conversion it 

seems likely that the majority of detected CO2 originates from the decomposition of organic 

impurities, which could have lined the walls of the reactor rather than reaction products. The 

exact quantification at these conditions is difficult due to the occurrence of the back transfer of 

protons from CO2∙H
+
 to ethylene and/or water.

44-45
 For comparison, the selectivity-conversion, 

which was measured in a fixed bed reactor with WHSV of  10
3
 ml*g/min is presented in Figure 

5-3b, indicating that in the analyzed temperature range 100% selectivity is obtained, which is in 

a good qualitative agreement with resulting PTR-MS traces, for which the ethylene signal 

remains constant in the temperature regime.  
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Figure 5-2: a) PTR-MS data confirming conversion presence at around 10
4
 ml*g/min WHSV, see 

Figure S5-2 for details b) comparative selectivity/conversion plot for 10
3
 ml*g/min WHSV, total 

flow 45 ml/min. C2H6:O2:N2 3:6:91, dwell time at each temperature 4h, heating rate 2°C/min.  

5.3.1.1 Atomic level investigation 

High resolution (HR) ADF-STEM images before and after heat treatment in different 

atmospheres are shown in Figures 5-3 and 5-4. These ADF-STEM images represent magnified 

analogues of the region of interests of the crystals presented in Figure 5-1a and highlight two 

rotated M1 grains, which share an intergrowth interface. In their pristine state, they are also 

characterized by intergranular pores at their intersection (Figure 5-3a, 4a). As we have shown 

recently, the extension of the ideal M1 microstructure in orthorhombic (Mo,V)Ox can be tracked 

by superimposing the image with hexagonal tiles.
42

 A superposition of structural tiles, which 

correspond to the orthorhombic M1 phase, before (black) and after (blue) heat treatment in 

nitrogen, is presented in Figure 5-3a and indicates a partial depletion of the ideal M1 surface 

layer upon heat treatment in N2 atmosphere. As opposed to the pristine grains, where only a few 

triangular motifs (Figure 5-3a, green and pink triangles) can be observed close to the surface, a 

complex array of different surface motifs can be observed after heat treatment in N2 atmosphere 

(Figure 5-3b). These local surface defects are supposed to be molybdenum and can be identified 

as shared, twinned, mirrored, and translated motifs.
42

 These structural motifs are suggested to be 

oxygen deficient compared to the ideal bulk motif of orthorhombic (Mo,V)Ox. In addition, the 

number of triangular motifs increases. The intragranular pore, which is situated at the grain 

boundary of two M1 grains in the pristine sample, is replenished by atoms, which arrange such 

that they form mirrored and translated structural motifs. Additional contrast can be spotted at the 

topmost and the bottom parts of the surface region, which may further indicate a high degree of 
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mass transport during heat treatment in nitrogen atmosphere. The heat treatment process has also 

partially filled of surface-near hexagonal pores. The filling of hexagonal channels was recently 

attributed to the migration of V cations on empty channel sites during heat treatment.
11

 The 

ADF-STEM micrograph recorded after the exposure of orthorhombic (Mo,V)Ox to relevant ODE 

conditions demonstrates that additional structural channels are filled, including both hexagonal 

and heptagonal (Figure 5-3c, orange and red circles). The filling of the channels involves not 

only the surface, but also the bulk part. The same ADF-STEM picture further displays that 

structural motifs at the surface, which have formed during nitrogen treatment, degrade. In 

addition, no contrast can be observed in the central topmost part of the particle, while the shape 

of the inter-granular pore in the bottom has changed to become more elliptical. These two 

phenomena suggest the occurrence of mass transport, which happens at the surface region, while 

the bulk with its comparable stable and crystalline M1 remains almost unaffected. In addition, 

the structural arrangement similar to the pristine interstitial region (orange dashed tiling) retains 

the exposure to different gaseous atmospheres (Figure 5-3, yellow tile). This pristine interstitial 

like region may, thus, act as rigid, structural anchor, which keeps the orientation and rotation 

relationship between the two grains even after thermal treatments in different atmospheres. 

 

Figure 5-3: High resolution identical location ADF-STEM images of oriented (Mo,V)Ox particle 

viewed along the crystallographic c-axis a) before, b) after heat treatment in N2 and c) after 

exposure to conditions relevant for ODE reaction (ethane:oxygen=1:2): Black hexagons: M1 phase; 

blue line: M1 surface contour after heat treatment in N2; green and magenta triangles: triangular  

motifs; red arrows: translated motifs; yellow lines: mirrored motifs; red circles: shared motifs; 

green circles: twinned motifs; orange circles: filled hexagonal channels; red circle: filled heptagonal 

channel. 
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The ADF-STEM micrographs in Figure 5-3 show the boundary region between two 

condensed orthorhombic (Mo,V)Ox grains, which are fixed to each other and can keep the phase 

relationship upon heating. Although the crystals are rotated in the (a,b) crystallographic plane, 

their crystallographic c-axis point in the same direction even after heat treatment. Heat treatment 

can also loosen the contact points between two adjacent grains, which leads to an orientation 

mismatch as presented, for instance, in Figure 5-4. While the pristine interface of the grain 

boundary of two condensed orthorhombic (Mo,V)Ox crystals can also be composed by an array 

of different structural motifs and pores (Figure 5-4a), heating induced mass transfer induces the 

disappearance and/or rotation along the c-axis of parts of the triangular motifs close to the 

surface. Simultaneously, modifications of the structural motifs transform the grain boundary into 

an ill-defined interphase (Figure 5-4b-d, compare grain I and III). The transformation into an ill-

defined interphase softens the connectivity of the involved grains and the orientation relationship 

starts to disappear, which can be observed by the elongation of individual atomic columns 

(Figure 5-4c, grain III), which corresponds to a total heating time of 4h at 300°C in N2 

atmosphere. More severe temperature treatment at 400°C (2h, N2) cause a higher loss in the 

contrast of grain III, which can be interpreted as an enhanced misorientation of grain III and is 

most likely accompanied by an amorphization of the intergrown region (Figure 5-4d). After 

changing the chemical potential of the gaseous environment to conditions that are relevant for 

the ODE reaction (feed: ethane:oxygen=1:2) the initial orientation relation between grain I and 

grain III has retained, which is accompanied by restoring  the short range order in the intergrown 

region has restored (Figure 5-4e). Furthermore, additional cations on hexagonal channel sites can 

be observed in the bulk part of grain I. Figure 5-4f schematically depicts a possible mechanism 

of the appearance and disappearance of the misorientation in different atmosphere, which 

involves the flattening (N2) and dimpling (ethane:oxygen=1:2) of the intergrown region.  

Anionic vacancies can take part in catalytic processes via activating oxygen from the 

reaction media and further transferring it to the target reactant molecule.
33

 Heating in inert gas 

atmosphere induces a smooth surface reduction, which leads to the formation of oxygen 

vacancies and subsequently to further structural rearrangement in favor of oxygen-deficient 

motifs, while ODE in oxygen excess conditions can lead to an immediate refilling of the oxygen 

vacancies and even subsequent back-structuring of the motifs.  
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Figure 5-4: Identical location ADF-STEM images of oriented (Mo,V)Ox particle viewed along the 

crystallographic c-axis before (a) and after (b,c) different times of heat treatment at 300°C, d) after 

heat treatment at 400°C e) after exposure to ODE (ethane:oxygen 1:2) mixture. f) Schematic 

representation of the structural evolution along the crystallographic c-axis. Black hexagons: M1 

phase; green and magenta triangles: triangular motifs; red arrows: translated motifs; red circles: 

shared motifs; green circles: twinned motifs; orange circles: filled channel. 

Mass transport may also be the dominating mechanism for morphological changes at 

places where crystals of different orientations meet (Figure 5-5). After heat treatment to 300°C 

the phase, which surrounded the ideal orthorhombic M1 phase has completely disappeared 

(compare Figures5 a and b). Similar to the observation mentioned in Figure 5-3, structural 

motifs, i.e. shared and triangular, which can be interpreted as local defects can be observed after 

this heat treatment (Figure 5-5b). After heat treatment in nitrogen atmosphere, additional contrast 

in some structural channels, preferable in the hexagonal cavities, in the surface near region 

brightens up (Figure 5-5b, orange arrows). Based on the initial structural model, which was 

derived from single X-ray measurements the occupancy of hexagonal channel sites with V 
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cations is low.
11

 This low site occupation leads to a scattering cross section, which is comparable 

to light elements. Thus, in ADF-STEM experiments the occupancy of the hexagonal channels is 

usually overwhelmed by the signal of the surrounding heavy scatters. Based on the ADF-STEM 

images, we assign the contrast in the hexagonal channels to a filling of the cavities by Mo and/or 

V moieties, which migrate to the channel sites during heat treatment. 

 

Figure 5-5: Identical location ADF-STEM images before (a) and (b) after the heat treatment. The 

ADF-STEM image in (a) was reconstructed from two raw images. Black hexagons: M1 phase; 

green triangles: triangular motifs; red circles: shared motifs; orange circles/arrows: filled channels. 

The appearance of additional cations in the hexagonal channels during the heat treatment 

can further be considered as an intermediate step for restructuring of the orthorhombic M1 phase 

towards shared or triangular motifs (Scheme 5-1), which are frequently observed after heat 

treatment in nitrogen atmosphere. A schematic drawing of an ideal orthorhombic tile is presented 

in Scheme 5-1a, with “open” channel structure as derived from the ADF-STEM images. Upon 

heating cations may migrate to the hexagonal channel sites (Scheme 5-1b). The “filled” channel 

sites interact with vicinal pentagonal building blocks, which can lead to intra-channular 

distortions. These distortions can cause a pentagonal surrounding of the displaced central cation 

in the hexagonal channels and result in the formation of triangular and shared motifs 

(Scheme 5-1c). This local restructuring may induce strain, which can be relieved by eliminating 
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or rotating out of c-axis one (Scheme 5-1d) or two (Scheme 5-1e) pentagonal building blocks 

from the unsaturated surface.  

 

Scheme 5-1: M1 restructuring: (a) ideal orthorhombic structure b) inclusion of additional cations in 

one hexagonal channel, c) pentagonal rearrangement of surrounding atoms, forming two shared 

motifs and one triangular motif, d) first distortion of one pentagonal building block (shared + 

triangular motif), e) second distortion of one pentagonal building block (triangular motif). Red 

circles: shared cations; magenta: the channel atom; yellow and blue circles: central and side cations 

of pentagonal motifs; grey circles: distorted pentagonal blocks; orange hexagon and pentagon: 

channel configuration; green triangle: triangular motif. 

5.3.1.2 Pseudo-trigonal intergrowth 

Figure 5-6a shows an ADF-STEM image of a pseudo-trigonal intergrowth, which 

penetrates the pristine orthorhombic bulk structure of (Mo,V)Ox. As previously described the 

pseudo-trigonal intergrowth is composed of different structural motifs and is interrupted by 

different kind of pristine and complex interstitial regions.
21

 While the main part of the 

intergrowth can be stabilized by the surrounding bulk, the terminations of the intergrowth (white 

arrows in Figure 5-6) and large interstitial regions lack this stabilization and are consumed. This 

significant structural degradation can be observed even at medium resolution and is independent 

of the kind of the atmosphere (Figure 5-6, overview images a to d). The smaller interstitial 

regions and the pseudo-trigonal arrowhead-shaped structural units demonstrate structural 

flexibilities, which can be expressed by structural reorganization of the defects and structural 

flattening or roughening.  However, the internal structure response can differ. For instance, while 

the intergrown region marked with magenta arrow initially shows the tendency toward flattening 

and structural simplification in nitrogen atmosphere, it roughens or degrades, which can be 

identified  by the decrease of internal contrast, after the ODE treatment.  The situation changes 
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for the intergrown region, which is marked by the yellow arrow. This defect is characterized by a 

switch between two different shaped interstitial regions in nitrogen atmosphere, but appears to be 

stable in the ODE reaction. The internal structure of the pseudo-trigonal intergrowth, which is 

highlighted by the arrowhead-shaped hexagons structural units exhibit switching between the full 

range of the observed possible fillings, including no contrast and such defects as quadrilateral 

formation, missing cation in the central pentagonal unit and a full pentagonal building block 

inside with one mirror and two translation motifs formation in the order of thermal treatment. 

The identical location ADF-STEM images suggest that the formation of internal structure in 

orthorhombic (Mo,V)Ox depends on thermodynamics. 

The pseudo-trigonal intergrowth resembles an example, in which the kinetically 

stabilized internal structure of a defect is thermally rearranged in order to minimize geometrical 

strain. A size dependency of a restructuring of the interstitial region can be assumed. While 

smaller complex interstitial regions simplify their structural arrangement during heat treatment, 

larger member of this defect family can behave similar to the surface of orthorhombic (Mo,V)Ox 

during heat treatment.  
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Figure 5-6: Panoramic ADF-STEM images of the identical location of a pseudo-trigonal 

intergrowth before (a), after first (b) and last (c) heat treatment in nitrogen and after ODE (d). Red 

polygon: inset; white arrows: intergrowth terminations; black hexagons: M1 phase; white hexagons 

and triangles: pseudo-trigonal intergrowth; yellow polygons: interstitial regions; green triangles: 

triangular motifs; red arrows: translated motifs; yellow lines: mirrored motifs; red circles: shared 

motifs; green circles: twinned motifs; pink circles: rotated motifs; orange circles: additional 

cations; blue ovals: quadrilateral arrangements. 

In order to conclude on the influence of post-modification of the geometric surface 

structure during exposure to ambient air after exposure the sample after heat treatment and ODE 

reaction, the TEM grid was first securely transferred from the TEM grid reactor, via glove box 

and a double tilt vacuum transfer to the TEM. Figure 5-7a shows the corresponding high angle 

(HA) ADF-STEM image of orthorhombic (Mo,V)Ox after exposure to oxidative 

dehydrogenation of ethane conditions, which was transferred without exposure to ambient air. 

Subsequent exposure of the sample to ambient for 60 min and identical location imaging displays 

the absence of structural modifications (Figure 5-5b). This would allow for a simpler, direct 

transfer of the sample after heat treatment to the TEM as long as morphological changes will be 

addressed. However, to study electronic changes on the surface the exposure to air has to be 

carefully omitted, as carbon dioxide, oxygen and water may lead to partial and immediate 

hydrolization and/or carbonization of the surface, which will post-catalytically induce changes in 

the electronic fingerprint of the surface oxygen species and/or changes to the oxidation state of 

exposed metal sites. 
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Figure 5-7: Identical location HAADF-STEM images of oriented (Mo,V)Ox particle viewed along 

the crystallographic c-axis a) without exposure to air (transferred by vacuum transfer holder) and 

b) subsequent 1h exposure to the ambient air.  

5.3.2 In-situ TEM 

Orthorhombic (Mo,V)Ox crystals were further heated in vacuum inside the TEM to 

300°C. During temperature ramping the electron beam was switched off, in order to avoid a 

severe impact of the electron beam on the structure. Representative in-situ ADF-STEM images 

are shown in Figure 5-8a,b. In contrary to the quasi in-situ TEM approach, the images, which 

were recorded at 300 °C, show a roughening of the surface. This surface roughening is not 

uncommon for reducible complex oxides and is usually induced by the electron beam, while one 

of the cations migrates to the surface. Heating in vacuum partially reduces the cationic moieties 

of orthorhombic (Mo,V)OX, which is strengthened by the energy impact of the electron beam. 
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Figure 5-8: ADF-STEM images before (top row) and after (bottom row) heat treatment in vacuum, 

a) b) overview images of oriented in the ab plane catalyst particle, red squares: areas imaged at 

high resolution c), d) high resolution images of the identical locations. Black hexagons: 

orthorhombic tiling; blue line: outline of the tiling after the complete heat treatment; orange 

circles: additional cations in the hexagonal channels; green triangles: triangular motifs; magenta 

circle: cation in a heptagonal channel. e), f) low magnification overview images, demonstrating rods 

ruining; orange square: area shown at the inset; yellow circle: catalyst rod exposed to the beam 

only before and after heat treatment.  

Despite this difference, the total M1 area decreases and the surface is partially depleted. 

(Figure 5-8c,d). Furthermore, additional cations situated in hexagonal and even heptagonal 

channel sites (Figure 5-8d) appear. The density and the extension of these additional cations into 

the bulk has increased as compared to the observations made by quasi in-situ imaging. Other 

kinds of defects have not been observed in this area. The ill-defined surrounding of the oriented 

particle displays a change of the contrast, which again points to the occurrence of mass transport. 

In addition, Figure 5-8e,f demonstrates that some of the catalyst particles, completely lose their 

rod-like structure during heating in vacuum. As only one of the rods was imaged at medium 
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magnification (Figures 5-8e,f, inset) and the second one was only exposed to the electron beam 

during the prevailing time when the overview images were collected before and after heating 

(marked by a yellow circle), this effect might rather be related to the pressure-gap. 

5.4 Discussion 

The effects, which we have observed for different in-situ and quasi in-situ conditions are 

summarized in the Table 5-2 and show similarities as well as significant differences. The table 

shows the benefit of quasi in-situ TEM, which is not influenced by pressure gap related effects, 

as heating and exposure to the electron beam in high vacuum are separated in time.  

Table 5-2: Comparison of the in-, ex- and quasi in-situ TEM imaging   

Effect In-situ Quasi in-situ 

Motifs surface enrichment (channels filling)   

Shape smoothing 
b
  

Top surface roughening 
b
  

Rods ruining 
b
  

Extended surface defects breaking ?  

 – the effect is detected, 

 – the effect was not detected but the method allows to detect the phenomena if it really happens  

? – the effect might occur but was not detected due to the method limitations 

b 
difference might be related to pressure gap 

The visualized nanoscale structure response of orthorhombic (Mo,V)Ox to the different 

atmospheres is in good agreement with in-situ XPS data, which have already suggested surface 

modifications under relevant catalytic conditions.
11

 As the changes happen on the nanoscale, it 

explains the difficulties to track these modifications solely by X-ray diffraction (XRD) in earlier 

studies.
21-22, 30

  

This quasi in-situ study demonstrates that as opposed to the defect and surface structure 

the open-framework structure of orthorhombic (Mo,V)Ox remains rather unaffected. During heat 

treatment and catalytic reaction neither breakage of the bulk structure nor cracks were formed. 

However, restructuring of defects and the surface may induce strain into the crystalline bulk 

structure. The key for its bulk stability may be the open-framework channular structure of 
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orthorhombic (Mo,V)Ox, which allows for reliving and/or storing the strain in the structural 

channels. 

At the atomic level our quasi in-situ ADF-STEM study clearly demonstrates the 

occurrence of structural rearrangements and filling of hexagonal pores during different heat 

treatments. The structure response further depends on the chemical potential of the gas phase. 

The occurrence of these morphological rearrangements may result from mass transport 

phenomena, which occurs from ill-defined surface regions and can explain the appearance of 

new surface motifs and/or the flattening of the structure. This mass transport phenomena 

uncovers surface states, which may be required for catalytic turnovers. In addition, the open-

framework bulk structure of orthorhombic (Mo,V)Ox may be a pre-requiste to stabilize surface 

structures which can efficiently activate small hydrocarbons and/or oxygen. In this regard, 

thermal activation in inert atmosphere can be important as it may form an oxygen deficient 

surface layer, which may act as precursor and can be transformed under conditions relevant for 

ODE into the active phase. The formation of the active phase depends on the local chemical 

potential around individual atoms in their respective polyhedral coordination.  

As we have proposed in Scheme 5-1 restructuring into structural motifs can also be 

possible by filling the hexagonal channels. On the one hand, if the hexagonal channels are filled 

with Mo and vicinal linker sites are Mo rich a restructuring to the pentagonal building block can 

be favorable and may lead to the appearance of structural motifs, which we have observed after 

nitrogen treatment. On the other hand, if the hexagonal channel site is occupied by V and/or the 

linking sites are V rich the pentagonal configuration may be less favorable and additional motifs 

may not be formed and may explain the absence of restructuring at the surface after the treatment 

in ODE conditions. This V enrichment in the hexagonal channels after ODE may also induce 

strain, which is low enough to avoid bond cleavage, but can activate Mo-O bonds. For instance, 

the strain may elongate vincinal. Mo-O bonds, which can be localized at the S2 metal site and 

connects two hexagonal channels. The activation by strain is not uncommon for Mo-O bonds, 

which are transferred into a frustrated state. Thus, in (Mo,V)Ox  V cations may be  the inductors 

of strain and the structural channels may be the reservoir for activating elements.  Our 

ADF-STEM suggest that the catalytic activity of orthorhombic (Mo,V)Ox depends on strain and 

local disorder. 
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The mechanism that leads to the visual appearance of defects during heat treatment in 

nitrogen may be explained by the slightly reducing potential of the atmosphere, which leads to 

the formation of oxygen surface vacancies and a subsequent restructuring to the observed 

thermodynamically more stable oxygen deficient structural motifs with different surface 

potentials.
46

 Local fluctuations of the surface potential in defect rich areas may influence the 

stability of anion vacancies, which may lead to the formation energetically different extended 

defects.    

The observed structural dynamics and morphological changes are to a certain point 

irreversible and render the definition of a heterogeneous catalyst being part of a catalytic reaction 

without being changed as too strict.
47

 Even if the structural defects are not directly participating 

in the reaction as active sites, they play a significant role in stabilizing the structure. This will 

further lead to additional restructuring related band bending effects, which may differ from the 

already described chemical band bending that results from the adsorption of reactant molecules 

on the surface.
48

 Band bending at the surface of a semiconductor can originate from a plethora of 

phenomena, from which the most important one for orthorhombic (Mo,V)Ox in a gaseous 

environment is charge redistribution at the surface area. This effect can result from anisotropic 

terminations of the bulk and play a significant role in n and p-type semiconductors.
49

 In addition, 

charge redistribiution can occur due to adsorption of the reactant molecules.
49

 The latter can 

affect band bending in different directions and depends on whether oxygen molecules (acceptors) 

or ethane molecules (donors) are adsorbed.
49

 Furthermore, surface defects and their 

rearrangements can strongly influence the band structure and its response to the reaction media. 

However, complex combinations of defects render any exact prediction difficult. For instance, 

while a single cation on channel sites cannot interact with other defects, it can be interpreted as 

inclusion and may lead to the formation of a single energy level inside the forbidden zone. The 

reaction induced migration of atoms from the bulk to the surface channel sites can be referred as 

Schottky defects.
50

  The breaking of bonds during this migration can be treated as the appearance 

of electron vacancies, which would further lead to an acceptor-like behavior in order to fill the 

vacancies and several energy levels.   Following the Pauli exclusion principle, the interaction of 

two defects of the same kind will lead to a splitting of the energy level, which correspond to the 

individual defects.
51-52

 Different combinations of defects in an intimate vicinity would lead to the 

coexistence of multiple energy levels. 
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Thus, it remains unclear how the restructuring band bending effect modulates the catalytic 

performance. This effect can either occur at low time scales, which is needed to form an 

energetically favorable defect layer for the selected conditions and may result in the formation of 

a steady state. It can also be cumulative in time if the reaction media continuously creates 

anionic vacancies, which requires further structure response and may lead to the degradation of 

the complete catalyst. This may render a heterogeneous catalytic system into a “living” system 

that self protects the bulk from the surrounding environment. 

5.5 Conclusions 

In conclusion, we have examined the living character of orthorhombic (Mo,V)Ox after 

heat treatment in different atmospheres via identical location STEM imaging with ultimate 

resolution. Nanoscale structural rearrangements in defect-rich areas, such as surface and 

intergrowth were pinpointed in all the cases. Differences in the structure responses can be linked 

to the nature of the media and, in case of in-situ imaging, to the pressure-gap related effects.  

Mass transfer phenomena can combine the structure response and the reactive media, as 

surface band bending can be due to the interaction with the reaction environment and 

restructuring. Further conclusions on the mechanisms underlying structural rearrangements can 

be obtained by measuring the stability influence of different reaction media. Thus, it seems likely 

that for the forthcoming of heterogeneous catalysis research and to understand individual details 

of the living character of such functional materials the chemical potential influence and catalytic 

activity of one atom in different anionic environments and their cooperative interaction with a 

2D and/or 3D solid has to be studied. 

5.6 Methods 

Synthesis 

Hydrothermal synthesis of the orthorhombic (Mo,V)Ox mixed oxide (internal ID 20000) 

was curried in specially built reactor (Premex Reactor AG, Lengnau, Switzerland) from 

corrosion resistant Hastelloy C-22 (2.4602). A mixture of 9.18 g (NH4)6Mo7O24·4H2O (AHM, 

Merck, 52 mmol Mo) dissolved in 230 g water (Milli-Q, Merck) and 3.30 g VOSO4 (Acros 

Organics, 12.9 mmol V) dissolved in 30 g water was loaded into a reactor at room temperature. 

Residual air was replaced by nitrogen. Subsequently the vessel was heated to 200°C at a rate of 
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1°C/min and hold at this temperature for 17 h. The reaction mixture was stirred during the whole 

experiment at a rate of 100 rpm. After cooling to room temperature, a black solid was isolated by 

filtration (pore 5 glass frit), washed twice with distilled water and dried at 80°C for 16 hours. To 

remove amorphous components in the hydrothermal product, 1 g of the powder was washed with 

25 ml oxalic acid solution (0.25 M, Acros Organics) at 60°C for 30 min under stirring. The solid 

was centrifuged (5000 rpm, 30 min), washed twice with 25 ml water and dried at 80°C over 

night. Finally, a thermal treatment was performed in 100 ml/min argon flow at 400°C (heating 

rate 10°C/min) for 2 h in a rotary tube furnace (Xerion, Freiberg, Germany). 

TEM 

STEM measurements, which involved secure sample transfer, were carried out using 648 

Double tilt vacuum transfer holder from Gatan and FEI Talos F200X operated at 200keV. The 

rest of the experiments were performed on a JEM-ARM200F microscope with CEOS CESCOR 

and CEOS CETCOR hexapole aberration correctors for probe and image forming lenses, 

respectively, and a cold field emission gun (CFEG). STEM images were recorded with a JEOL 

annular dark-field (ADF) detector. Prior to the measurements, the powdered material was drop 

deposited on a silica oxide coated gold TEM grid. Prior to the ADF-STEM analysis some 

particles were oriented along the crystallographic c-axis.  

In-situ 

The in-situ heat treatment was performed directly inside the double corrected Jeol ARM 

200F microscope using Protochips Fusion holder with a SiN3 heating chip up to 300°C with a 

dwell time of 4 h total. One oriented particle was imaged during the heating with pausing the 

temperature increase during imaging and at selected times during the dwell time, while one used 

as a reference was imaged only prior the experiment, after 2 h heating and after the experiment. 

Additionally several catalyst rods were imaged before heating and after cooling the sample. 

Quasi in-situ TEM 

The quasi in-situ heating in neutral atmosphere was carried on in a TEM grid reactor with 

mimicking the in-situ experiment conditions, except the imaging was only performed after 2 h 

and 4h total exposure to 300 °C in N2. As the morphology changes happened only at a low scale 

during the experiment additional treatment in 400 °C was carried on for comparison. 

The reaction gas treatment was carried on in a way to assure detectable conversion, in the 

temperature range from 220 to 280°C at about 2h exposure to each temperature and 2 K/min 
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temperature ramp, at the flow below 1 ml/min with total ratios C2H6:O2:N2 3:6:91 in the ambient 

pressure range. Catalytic conversion was detected by PTR-MS Ionicon Analytic with a 

quadrupole mass filter QMG 422 under artificially enhanced nose cone voltage in order to 

increase the sensitivity to CO2. 

Image analysis 

The catalyst bulk was used as a reference for tracking the changes in the direction parallel 

to the electron beam, which appearance depend on the focus depth (Figure S5-3). In order to 

confirm the absence of the cumulative beam and temperature effect over several measurements 

additional catalyst particles not imaged before were selected after each measurement as well as 

some of the previously examined particles were studied again only after several reaction steps, 

creating the relevant references for each experiment step, as schematically shown at Table S5-2. 

Test catalysis 

The catalytic tests were carried in the Taniwha reactor described elsewhere.
53

 Catalyst 

load and total flow were selected to provide 10
3
 ml*g/min WHSW in the same gas mixture as 

used for quasi in-situ ODE (C2H6:O2:N2 3:6:91). The signal at each temperature was collected at 

least for 6h in order to confirm steady state. Additional measurement at 220 °C was carried on 

after the main treatment in order to confirm deactivation absence.  

The conversion  𝑋𝑅𝑖
 in the catalytic reaction was calculated product-based: 

 𝑋𝑅 =
∑ (∆𝐶𝑃𝑗

)𝑗

𝐶𝑅0

 (1) 

 𝑆𝑃𝑗
=

∆𝐶𝑃𝑗

∑ ∆𝐶𝑃𝑗𝑗
 (2) 

where 𝑅𝑖 and 𝑃𝑗 are reactants and products, 𝐶𝑥 is the amount of carbon in mol corresponding to 

the compound 𝑥, 0 corresponds to the reactants mixture and ∆ marks the difference between 

products and reactants mixture. 
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5.8 Supporting information 

Table S5-1: Fast Fourier transform (FFT) of the different grains of the oriented along z-axis 

catalyst particle obtained from ADF-STEM images corresponding to Figure 5-1a to c. The contrast 

is artificially enhanced in order to obtain the highest clarity. 

Grain\step Pristine 2h, 400C, N2 ODE 

I 

   

II 

   

III 
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Figure S5-1: a) Quasi in-situ TEM setup for 10
4
 ml*g/min flow range. b) Raw PTR-TOF signals 

demonstrating the detectable conversion, the signals at each temperature were collected until 

steady state. The points demonstrated at the Figure 5-2a are each average of 500s under steady 

state conditions. 

 



Complex orthorhombic mixed (Mo,V)Ox – an example of a living catalyst 

 

133 

 

 

Figure S5-2: PTR-MS sensitivity to CO2 dependence on the gas concentration. 

 

Figure S5-3: Identical location ADF-STEM images of the pristine oriented along z-axis catalyst 

particle with a) focus at the bulk area and b) focus at the surface region at the right side of the 

particle. 
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Table S 5-2: Raw ADF-STEM identical location images of the catalyt particles viewed along [001] 

crystallographic direction used as references for first three steps of the heat treatment treatment. 

Pristine 2h, 300°C, N2 4h, 300°C, N2 
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6 Structural adaptability of isostructural 

complex mixed oxides in selective oxidation 

6.1 Abstract 

Amongst others, the local surface potential of heterogeneous catalysts depends on its 

geometric and electronic structure as well as composition. Using two different molybdenum and 

vanadium containing mixed oxides, which crystallize in the same orthorhombic structure, as an 

example, we present a comparative quasi in-situ transmission electron microscopy (TEM) study 

focusing on the structural adaptability of isostructural surfaces in the oxidative dehydrogenation 

of ethane (ODE). Orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox are highly active and 

selective in the ODE reaction. The two complex oxides differ in their defect chemistry and 

composition. In addition, identical location imaging (ILI) of the same catalyst particles of 

(Mo,V)Ox and (Mo,V,Te,Nb)Ox at the relevant catalytic conversion disclose reaction induced 

surface changes, which depend on the kind of molybdenum and vanadium containing mixed 

oxide. While for orthorhombic (Mo,V)Ox, which is already highly active below 300 °C, the 

surface visually adapts to the gaseous environment by filling of surface-near hexagonal channels 

and the reconnection of surface motifs, almost no changes can be observed for M1-type 

(Mo,V,Te,Nb)Ox, which is activated in the temperature regime above 350 °C. The present study 

shows how different local surface potentials of heterogeneous catalysts define the adaption 

potential of a functional material to the local environment and can tune the activity or energy 

barriers of a catalytic reaction.  

6.2 Introduction 

Catalysts are widely used in modern chemical industry in order to reduce the energy demand 

and to enhance the selectivity towards favorable products in the target process.
1-2

 This 

application benefit arises from the creation of different intermediate states, which lower the 

overall activation barrier for the reaction.
2
 Due to their structural complexity heterogeneous 

catalysts can host different intermediates of multistep reactions.
3-4

 Moreover, catalysts 

dynamically respond to the reaction conditions. Thus, the nature of the active site state under 
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reaction conditions can differ from the equilibrium state.
3, 5-7

 This response not only includes 

electron or oxygen transfer between the catalyst and the reactants, but also energy transfer in the 

frame of surface energy minimization, which can lead to structural and electronic reorganization 

and/or transformation of the catalyst structure.
8
 

 One of the most energy consuming industrial chemical processes is the production of 

ethylene by steam cracking.
9
 Alternative catalytic processes, such as oxidative dehydrogenation 

of ethane (ODE) could reduce the energy demand and may decrease the operation cost by 20%. 
9-

10
 Modern catalysts already produce high enough ethylene yield at sufficiently low temperatures 

to economically compete with the established steam cracking.
11

 However, further investigations 

of the working structure of the catalyst are required in order to tailor these complex systems 

towards their lifetime enhancement.  

 Examples of efficient ODE catalysts are mixed molybdenum and vanadium based oxides, 

which can crystallize in an orthorhombic phase that is also referred to as M1-type.
11-14

 Despite of 

the structural similarities within this family of catalysts, selectivity and conversion can differ 

under the same reaction conditions and depends on the composition and pre-treatment of the 

catalyst.
15-17

 Differences in the performance can be explained by the concept of “seven pillars” of 

selective heterogeneous oxidation catalysis.
18

 Some of these pillars, such as metal-oxygen bond 

strength and phase cooperation, highlight the importance of studying the real catalyst structure, 

which includes structural defects and differences of surface states. This mixed molybdenum and 

vanadium based oxides can exhibit a plethora of structural defects and co-existing phases.
19-22

 

However, investigations of the structures response in catalytic reactions of this catalyst family 

mostly relies on X-ray diffraction (XRD) measurements, which can be powerful to detect the 

bulk response to the reaction media such as the size modifications of structural channels or phase 

transformations, but is unable to provide nanoscale structural details on the local modifications 

of the surface layer. 
16-17, 23-25

 In-situ transmission electron microscopy (TEM) investigations, 

which can detect local structural modifications at the atomic scale, carried out for M1-type  

(Mo,V,Te)Ox and (Mo, V, Te, Nb)Ox have demonstrated a depletion of  Te moieties from the 

structural channels. These observation have to be questioned as this effect can be caused by the 

presence of impurity phases and/or can be attributed to the low pressure conditions (<10mbar), at 

which the experiments were conducted, which can potentially result in pressure gap related 

effects.
24, 26

 Other methods, such as in-situ XPS pinpoint compositional changes, such as feed 
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dependent surface enrichment by V cations. The extent of surface enrichment depends on the 

composition of these classes of oxides. However, these measurements can not directly reproduce 

the structure.
27-28

 

Nanoscale structural changes caused by relevant reaction conditions can be detected by 

quasi in-situ TEM (see chapters 4 and 5), which includes imaging of a pristine sample deposited 

on the TEM grid, exposure of the sample to the reaction environment under relevant and 

operando conditions and imaging of identical locations after the reaction.
29

 Similar to 

conventional TEM this method provides the reproduction of structural details down to the atomic 

level. As opposed to in-situ TEM the electron beam does not influence the catalytic reaction. 

Structural changes of identical locations particles can be imaged before and after the catalytic 

reaction.
29-31

 

Here, we present a comparative high resolution quasi in-situ scanning transmission electron 

microscopy (STEM) investigation of orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox. We 

will demonstrate the differences of their pristine structures, which include the description of 

structural defects, and their structure responses to the reaction media at the relevant conversion 

in the ODE reaction.  

6.3 Results 

6.3.1 Structural comparison of (Mo,V)Ox and (Mo,V,Te,Nb)Ox 

Molybdenum and vanadium form the basis of compositional flexible, complex mixed 

oxides, which can crystallize in the same orthorhombic crystal structure, but slightly different 

microstructures, which can be expressed by the different metal sites occupancies. For instance, 

ternary (Mo,V)Ox and quinary (Mo,V,Te,Nb)Ox are isostructural and can appear in the same 

orthorhombic phase (Figure 6-1a), Differences  can be found in, for instance, the occupancy of 

the structural channels. For ternary (Mo,V)Ox the hexagonal channel sites are partially (4% 

and/or 20 %) occupied by V moieties.
17, 28

 In annular dark-field scanning transmission electron 

microscopy (ADF-STEM) experiments, the scattering intensity of this channel sites is 

overwhelmed by fully occupied vicinal metal sites. Thus, these channel sites appear empty or 

blurred (Figure 6-1b). For quinary (Mo,V,Te,Nb)Ox the hexagonal channels are filled by Te 

(69% or 74%).
32-33

 Due the higher occupancies of the channel sites and its higher element 

number electrons are scattered stronger. Thus, the in ADF-STEM image presented in Figure 6-1c 
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the Te moieties in the hexagonal channels can clearly be observed. In addition, the composition 

of the center of the pentagonal {(M)Mo5} (M= Mo or Nb) unit, which is the main building block 

of both oxides, varies. While this building block is completely composed of Mo cations for 

ternary orthorhombic (Mo,V)Ox, M1-type (Mo,V,Te,Nb)Ox the center of the pentagonal building 

block is composed of a pentagonal NbO7 bipyramid.
13, 17, 28, 34-35

 As Nb and Mo are neighboring 

elements in the periodic table a discrimination based on the intensity distribution of the ADF-

STEM micrograph is impossible. 

Although these differences do not affect the space group, these outlined compositional 

alterations between the two oxides can moderate activity and selectivity in partial oxidation of 

light alkanes and can tune the appearance of geometric bulk and surface defects.
36-37

 For 

instance, both catalysts can exhibit trigonal and amorphous inclusions, but the inclusions of the 

M2 phase were reported only for M1-type (Mo,V,Te,Nb)Ox.
19-22

 

 

Figure 6-1: a) Structural model of orthorhombic and M1-type mixed molybdenum and vanadium 

oxides, which corresponds to a  quadruple unit cell of M1-type (Mo,V,Te,Nb)Ox (ICSD: 55097) 

viewed along the crystallographic c-axis; white filled circles: common sites for (Mo,V)Ox and 

(Mo,V,Te,Nb)Ox, crossed circles: channel sites with different elemental composition and site 

occupancies. b) and c) ADF-STEM images of identical structural regions of ternary (Mo,V)OX (b) 

and quinary (Mo,V,Te,Nb)Ox (c). Orange hexagons:  hexagonal channels with pronounced 

differences of the occupation. 

The morphological differences of orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox 

can be further spotted by the termination of the surface at medium magnification (Figure 6-2), 

The surface of M1-type (Mo,V,Te,Nb)Ox (Figure 6-2a) is composed of large facets and appears 
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much smoother than the rough and defective surface of orthorhombic (Mo,V)Ox (Figure 6-2b). 

The surface of the quinary oxide is mainly characterized by (210), (110), (100), and (010) facets. 

In addition, the representative ADF-STEM image of the M1-type (Mo,V,Te,Nb)Ox particle, 

which is shown in Figure 6-2a, is characterized by the absence of any surface defects, while the 

surface of presented orthorhombic (Mo,V)Ox crystal hosts in total 54 structural motifs, from 

which 45 are triangular (see chapter 2). Due to the observed surface roughness and the presence 

of surface defects a clear assignment of the crystallographic surface terminations is unfeasible 

for orthorhombic (Mo,V)Ox mixed oxide.. 

 

Figure 6-2: ADF-STEM images of a) quinary (Mo,V,Te,Nb)Ox and b) ternary (Mo,V)Ox crystals 

viewed along the crystallographic c-axis. Solid lines: low order crystallographic planes and 

terminations, dashed lines: higher order lattice planes. 

  We have previously shown that intergrown phases, which represent extended defects, can 

appear in ternary (Mo,V)Ox.
21

 The STEM and EFTEM images in Figure 6-3 indicate that this 

kind of extended defects can also occur in quinary (Mo,V,Te,Nb)Ox. For orthorhombic 

(Mo,V)Ox extended defects such as pseudo-trigonal and aperiodic intergrowth can be clearly 

separated and classified. The pseudo-trigonal intergrowth can be interrupted by non-periodic 

regions, which were identified as interstitial regions. The majority of the pseudo-trigonal 

intergrowth can still be highlighted by the corresponding structural tiling.
20-21

 Figure 6-3a shows 

a contrast enhanced overview bright-field (BF)- STEM micrograph of an M1-type 
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(Mo,V,Te,Nb)Ox particle viewed along the crystallographic c-axis. The particle is composed of 

three individual crystallites, which are separated by intergrown regions. This intergrown regions 

are mostly aperiodic in nature, but can exhibit some pseudo-trigonal inclusions (Figure 6-3b). In 

total the pseudo-trigonal moieties cover only about 5% of the total intergrowth length. The 

intermixing of different types of intergrowths is a general structural feature for extended defects 

in M1-type (Mo,V,Te,Nb)Ox.  

As opposed to the intergrowth structure in orthorhombic (Mo,V)Ox (chapter 3), the 

intergrowth in M1-type (Mo,V,Te,Nb)Ox hardly exhibits significant internal thickness variations 

or thickness differences in its surrounding bulk structure (Figure 6-3a to c). In addition, large 

structural channels inside the intergrown regions were not detected by both STEM imaging and 

EFTEM mapping. 

Additionally to the structural diversity, which occurs in orthorhombic (Mo,V)Ox, 

dislocation cores inside the bulk of M1-type (Mo,V,Te,Nb)Ox were spotted (Figures 6-3d 

and e).
20-21

 This defect differs from the intergrown region, which were observed in quinary 

(Mo,V,Te,Nb)Ox such that it is characterized by a decrease of thickness, while traversing from 

the bulk to the surface of the particle (see thickness map in Figure 6-3d). It is difficult to extract 

the exact starting point of the defect due to a slight but cumulative translational and rotational 

discrepancy of the structure within the defect (Figure 6-3e). As indicated by the red marked high 

resolution image of Figure 6-3e the interior of the defect area exhibits a distorted crystals 

structure, in which the atomic columns are 8-shaped rather than distinct localized spots. This 

observation can be explained by the presence of turbostratic disorder within M1-type 

(Mo,V,Te,Nb)Ox. Usually turbostratic disorder occurs in two-dimensional (2D) layered 

materials, which would imply a layer-like character of M1-type (Mo,V,Te,Nb)Ox with a 

preferential stacking direction along the crystallographic c-axis.
38

  

 



Structural adaptability of isostructural complex mixed oxides in selective oxidation 

 

141 

 

 



Structural adaptability of isostructural complex mixed oxides in selective oxidation 

 

142 

 

Figure 6-3 a) Contrast enhanced BF-STEM image of the of M1-type (Mo,V,Te,Nb)Ox particle 

viewed along the crystallographic c-axis. The original image is presented in Figure S6-1. Yellow 

arrow: point where individual crystals merge. (b) High resolution ADF-STEM image of the 

intergrown region with a pseudo-trigonal inclusion, taken from the area highlighted by the yellow 

square in Figure 6-3a. White lines: intergrowth outline; yellow polygons: interstitial regions; 

arrow-shaped hexagons: trigonal intergrowth area; pink and magenta triangles: triangular motifs; 

yellow lines: mirrored motifs; green circles: twinned motif; magenta circles: rotated motifs; yellow 

and cyan circles: central and side cations of the pentagonal building blocks. (c), (d) EFTEM 

thickness maps of the M1-type (Mo,V,Te,Nb)Ox particles viewed along the crystallographic c-axis, 

which highlights an intergrowth (c) and a dislocation (d), respectively. The inset in (d) represents 

high resolution ADF-STEM image of the dislocation termination viewed along the crystallographic 

c-axis. (e) High resolution ADF-STEM image of the dislocation core, which correspond to the white 

square in Figure 6-3d. Red square: dislocation area with pronounced re-shaping of atoms position; 

cyan and pink circles: two overlapping atomic positions leading to 8-shaped arrangements; red 

circles: cations inside the heptagonal channels. f) Intensity line profiles of selected channel areas. 

The color code reflects the colored lines in Figure 6-3e.  

6.3.2 Comparison of the structure responses of (Mo,V)Ox and (Mo,V,Te,Nb)Ox in the 

oxidative dehydrogenation of ethane (ODE) 

Catalytic tests of the mixed molubdenum and vanadium based oxides were initially 

carried  in the fixed bed reactor, which is described elsewhere, in order to determine conversion 

dependence on the temperature for (Mo,V)Ox and (Mo,V,Te,Nb)Ox (Figure 6-4, filled squares 

and circles).
39

 Afterwards, for the ILI the TEM grid reactor, which is described in the chapter 3, 

was connected between the outlet of the fixed bad reactor and gas chromatograph (GC) (Scheme 

S6-1) in order to study the response of structure biased by the products distribution (C2H4, H2O, 

COx). The catalytic data, which was obtained by the TEM grid reactor implemented in the 

system is highlighted in the Figure 6-4 (open squares and circles) and follow the trend observed 

in the fixed bed reactor., The reaction media inside the TEM grid reactor is determined by the 

conversion inside the fixed bed reactor. 
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Figure 6-4: a) Ethane conversion as a function of temperature in the ODE reaction for 

orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox. b) Dependence of the selectivity of 

ethylene on the ethane. Filled circles and squares: data obtained using only a fixed bed reactor, 

opened circles and squares: data obtained using the TEM Grid reactor and the fixed bed reactor. 

Flow 7 ml/min, C2H6:O2:N2 3:6:91. 

In the ODE reaction orthorhombic (Mo,V)Ox is more active than M1-type 

(Mo,V,Te,Nb)Ox as it reaches similar conversion at much lower temperature (Figure 6-4a).
40

 

M1-type (Mo,V,Te,Nb)Ox demonstrates higher selectivity to ethylene at higher conversion 

ranges (Figure 6-4b), while both catalysts are highly selective at low conversion. In addition, the 

selectivity of ethylene for orthorhombic (Mo,V)Ox continuously decays for higher conversion. 

This decay is very pronounced in the conversion range of 5-12%. A steady selectivity plateau 

can be observed for quinary (Mo,V,Te,Nb)Ox up to 25% conversion. 

Although orthorhombic (Mo,V)Ox is more active at lower reaction temperatures in the 

ODE reaction significantly more pronounced structural changes compared to M1-type 

(Mo,V,Te,Nb)Ox can be observed.  

The changes of ternary (Mo,V)Ox at 20% conversion of ethane can be observed by 

comparing ADF-STEM images of identical particles before and after ODE reaction at low 

magnification (Figure 6-5a,b) and at high magnification (Figure 6-5c,d). Already at low 

magnification changes of the surface structure can be estimated and can be interpreted as, partial 

disappearance of defective surface parts, which leads to a smoothing of the surface. The main 

structural rearrangements of orthorhombic (Mo,V)Ox further include the appearance of 

additional cations in the hexagonal channels near the surface. In the pristine sample, some of the 

structural channels already had a higher metal occupancy than the average hexagonal channel 

sites in the bulk (orange circles in Figure 6-5c). After ODE reaction, the occupancy of some of 
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these channels has changed, as revealed by ILI, while other hexagonal channels, which were not 

cation enriched before have gained contrast (Figure 6-5d, orange circles). The contrast 

enhancement after catalysis can be attributed to the filling of these holes as a result of migration 

of individual metal cations or complete metal columns due the thermal and/or chemical stimulus 

during catalytic reaction. 

Owing to the unknown composition of the rearranged surface motifs the reorganization 

process can be attributed to the filling of structural channels and subsequent reorganization of the 

microstructure of orthorhombic (Mo,V)Ox or to the formation of hexagonal-shaped motifs, 

which, for instance, can be observed in the so-called M2 phase.
34

 The boundary between two 

catalyst particles at the bottom of Figures 6-5c and d (white ovals, see also Figure S6-2 for 

overview images) almost vanishes. Although both images were collected with exactly the same 

gain and intensity level values of the ADF-STEM detectors, the absence of contrast after the 

ODE reaction indicates the occurrence of significant mass transfer. 

The applied conditions lead to much less changes than observed previously for 

orthorhombic (Mo,V)Ox (see chapter 5). This can be referred to a lower weight hourly space 

velocity (WHSV), the additional pre-treatment in nitrogen atmosphere or to the differences in the 

gas mixtures. The defect rich (surface) regions exhibit higher structural changes than the 

orthorhombic bulk, which remains almost unaffected. 
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Figure 6-5: Identical location ADF-STEM images of orthorhombic (Mo,V)Ox particles before (a,c) 

and after (b,d) ODE at 20% conversion of ethane. a), b) Overview images, which indicate the 

modification of a defective surface layer (highlighted magenta). c), d) high resolution STEM 

images, which highlight changes of the occupation of surface and channel sites. Magenta outline: 

surface layer; green and magenta triangles: triangular motifs; red arrows: translated motifs; 

yellow lines: mirror motifs; red cirlces: shared cations; cyan and yellow circles: corner and central 

cations of the pentagonal building blocks of the motifs; orange circles: filled channels; green circles: 

defects rearrangement area; white ovals: boundary between two catalyst particles. 
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While pronounced structural changes can be observed for orthorhombic (Mo,V)Ox 

M1-type (Mo,V,Te,Nb)Ox exhibits almost no geometric, reaction induced reconstructions at 30% 

conversion of ethane. ADF-STEM images of identical locations before and after ODE reaction of 

quinary (Mo,V,Te,Nb)Ox demonstrate the absence of structural modifications even for 

metastable regions of the oxide such as defect-rich terminations of the intergrown phases 

(Figure 6-6a,b).  The most pronounced changes in the examined particles include shrinkage of 

the surface contours by approximately 0.5 nm and the occurrence of a single pair of mirrored and 

shared motifs at one particle (Figure 6-6c,d), which was not resolved in the pristine sample, 

while others remained unaffected (see Figure 6-5a,b). This motif can result from a structural 

rearrangement towards a more stable configuration or a structural flattening, which resulted in 

more optimized imaging conditions of the edge of the M1-type (Mo,V,Te,Nb)Ox particle.  
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Figure 6-6: Identical location ADF-STEM images of M1-type (Mo,V,Te,Nb)Ox catalyst particles 

viewed along the crystallographic c-axis in the pristine state (a, c) and after exposure to the ODE 

reactions at 30% conversion of ethane (b, d). a), b) An intergrown region and c), d) surface region. 

White lines: aperiodic intergrowth black tiles: M1 structure; blue segmented line: outline of the 

surface contours before and after reaction; red hexagons: expected tiling; yellow line: translated 

motif, red circles: shared motifs; magenta circles: rotated motifs; cyan and yellow circles: side and 

central cations of the motifs. 
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Contradictory to the previous studies disappearance of the Te from the structural channels 

was neither suggested by high resolution ADF-STEM images (Figure 6-6b,d) nor by energy 

dispersive X-ray spectroscopy (EDX) mapping (Figure 6-7a).
24-26

 This difference probably is 

caused by the absence or reversibility of Te reduction under selected conditions due to a high 

excess of oxygen in the feed. In order to examine potential atmosphere induced effect additional 

TEM grid reactor tests with a secure transfer were carried out, which also confirmed high 

channel occupancies even after prolonged reaction times for 10 days (Figure 6-7b).   

 

Figure 6-7: a) ADF-STEM image and STEM-EDX map (inset) of an agglomeration of a M1-type 

(Mo,V,Te,Nb)Ox particle. b) HAADF-STEM image of the M1-type (Mo,V,Te,Nb)Ox particle, which 

was exposed to the ODE reaction mixture C2H6:O2:N2 3:6:91 at 400°C for 10 days in the TEM grid 

reactor setup described in chapter 5, viewed in the direction close to the crystallographic c-axis. 

6.4 Discussion 

The observed differences of their pristine structures and their defect chemistry of the 

examined complex molybdenum and vanadium oxides can arise from differences in the synthesis 

protocols, but also from compositional differences between orthorhombic (Mo,V)Ox and M1-

type (Mo,V,Te,Nb)Ox.
13, 19-20, 23, 41

 In particular, the presence of Nb may stabilize the structure 

and prevent the oxide from overreduction or overoxidation, which may, therefore, limit the 

formation of oxygen vacancies in M1-type (Mo,V,Te,Nb)Ox.
23, 42

  Thus, further recombination to 

oxygen deficient structural motifs during the activation of the catalyst and under reaction 

conditions is omitted. In addition, the ionic radii of the metal cations, which are present in the 

structural channels can strongly differ for V and Te cations and depend on the coordination 

number and charge.
43

 These size flexibility can lead to differences in the strength of induced 
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strain into the surrounding bulk structure. In particular, for Mo-containing oxides, it has 

previously been shown that structural strain can lead to frustrated MoOx species, which are able 

to transform reactants.
44

 Thus, the difference of the ionic radii of the channel site cannot only 

tune the induced strain, but modulate the catalytic activity. It seems reasonable to assume that 

different selective oxidation reactions may require different magnitudes of strain as additional 

source of surface energy, which may also depend on the geometric structure, structural surface 

motifs and composition. The adjusted surface potential can moderate energy barriers and/or the 

activation of small molecules, such as the transformations of molecular oxygen into different 

electrophilic oxygen species. Thus, additional studies shall focus on the influence of the strain 

and composition on adjusting the oxygen philicity.  Additionally, the initial high occupancy of 

structural channels by Te for M1-type (Mo,V,Te,Nb)Ox reduces the probability of V transfer into 

the channels.
23

  

 The dislocation core spotted in the M1-type (Mo,V,Te,Nb)Ox can be interpreted as 

structural anisotropy, which occurs in this mixed oxide. The crystallographic structure of the 

examined oxides can be described as a set of pentagonal bipyramids and octahedra with metal 

cations in the center, which are surrounded by oxygen anions.
45

 These polyhedra are arranged to 

a crystalline framework via corner and edge sharing octahedra. While both corner and edge 

sharing octahedra are observed in the crystallographic (ab) plane, only corner sharing octahedra 

exist along the crystallographic c-axis, which allows for the occurrence of a facile possibility of a 

rotational mismatch for single pairs of polyhedra. This can lead to the formation of structures, 

which resemble those that can be observed in turbostratic disordered layered materials, and/or to 

local strain, which can be referred to as surface inclination or disinclination.
21, 38

  

The potential energy of the active site of a catalyst changes during the catalytic 

transformation due to the interaction with the reactands.
46

 These interaction reduces the energy 

barrier for the reaction compared to the non-catalyzed reaction, but requires still a certain energy 

for activation. This can lead to an activity of the oxidation catalysts, which depend on the 

strength of the metal-oxide bonds in the catalyst framework.
2, 18

 If the surface site was not in its 

equilibrium position the introduced external energy can lead to structural reorganization, which 

creates lower potential energy states.
25, 47

 Therefore, the sites, which demonstrate transformations 

under lower temperatures and/or less reductive/oxidative conditions, can be considered less 

stable towards the applied media (see also chapter 5).
17, 23, 26, 28, 42

 Based on the observed 
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structure responses to different media for orthrorhombic (Mo,V)Ox and M1-type 

(Mo,V,Te,Nb)Ox we can derive the following stability of structural units: pentagonal Nb 

containing building blocks> pentagonal Mo building blocks>bulk framework composed of linker 

octahedra sites > channel sites with Te cations> channel sites with V cations and structural 

defects. Moreover, the Te depletion from the structural channels of M1-type (Mo,V,Te,Nb)Ox, 

which was described previously, was detected in a more reductive atmosphere.
24-26

 The oxygen-

rich non-stoichiometric mixture, which was applied in the current study, allows for avoiding the 

reduction of Te, or renders the Te reduction due to the interaction with ethane reversible, which 

limits the loss of Te from the structure. As opposed to the empty channels of orthorhombic 

(Mo,V)Ox the Te interaction with the surrounding atoms, which form the channel, restricts a 

possible compression of the structural pores and stabilizes the voids of M1-type 

(Mo,V,Te,Nb)Ox .  

The structural stabilization, which is provided by the presence of Nb and Te, also 

influences surface and extended defects. Moreover, despite the high concentration of potentially 

oxygen-deficient structural motifs, the examined aperiodic intergrown regions inside the M1-

type (Mo, V, Te,Nb)Ox hardly exhibit structural changes. This effect can come from the lack of 

large intergrown regions, which can be stabilized by two surrounding bulk crystals.  

Our study suggests that structural channels in open-framework, microporous 

molybdenum and vanadium containing oxides may act as reservoirs for active atoms. In this 

respect the term active atoms is defined as reactive surface-near channel site, which induces 

strain to vicinal Mo-O bonds that may act as active centers for the oxidative transformation of 

small alkanes. Strained Mo-O bonds can be an intrinsic property, for instance for 

(Mo,V,Te,Nb)Ox, or require thermal activation, in which cation migration to the hexagonal 

channels is involved (see (Mo,V)Ox).  For the latter the interplay of intrinsic structural motifs and 

thermal induced activation may lead to the formation of surface overpotentials, which render any 

control on the activation of molecular oxygen into electrophilic species difficult. The surface 

overpotentials can be translated to the lower active temperature regime of (Mo,V)Ox. Tt may 

complicate the incorporation of defined oxygen species into hydrocarbon, which is often 

expressed by overoxidation of the functionalized hydrocarbon to COx.    
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6.5 Conclusions 

In summary we have demonstrated a correlation between activity of the catalyst and the 

adaptability of the catalyst structure. Defects-rich surfaces of orthorhombic (Mo,V)Ox catalyst, 

supported on a relative flexible empty-channels structure, clearly display a structure response to 

the ODE reaction at 300°C temperature, while non-defective surface of M1-type 

(Mo,V,Te,Nb)Ox, which is further stabilized by the bulk structure with restricted flexibility due 

to the presence of Te in the channels, remains rather unaffected even at 420°C. Orthorhombic 

(Mo,V)Ox exhibits high activity at much lower temperatures compared to M1-type 

(Mo,V,Te,Nb)Ox. Further studies of the catalysts responses to the reaction media with extended 

time-on-stream and/or temperature range would allow to separate the reversible structure 

response towards surface energy minimization under the applied chemical potential and 

irreversible processes, which may lead to the deactivation of the catalyst.  

6.6 Methods 

Synthesis 

(Mo,V)Ox 

Hydrothermal synthesis of the orthorhombic (Mo,V)Ox mixed oxide (internal ID 20000) was 

curried in specially built reactor (Premex Reactor AG, Lengnau, Switzerland) from corrosion 

resistant Hastelloy C-22 (2.4602). A mixture of 9.18 g (NH4)6Mo7O24·4H2O (AHM, Merck, 52 

mmol Mo) dissolved in 230 g water (Milli-Q, Merck) and 3.30 g VOSO4 (Acros Organics, 12.9 

mmol V) dissolved in 30 g water was loaded into a reactor at room temperature. Residual air was 

replaced by nitrogen. Subsequently the vessel was heated to 200°C at a rate of 1°C/min and hold 

at this temperature for 17 h. The reaction mixture was stirred during the whole experiment at a 

rate of 100 rpm. After cooling to room temperature, a black solid was isolated by filtration (pore 

5 glass frit), washed twice with distilled water and dried at 80°C for 16 hours. To remove 

amorphous components in the hydrothermal product, 1 g of the powder was washed with 25 ml 

oxalic acid solution (0.25 M, Acros Organics) at 60°C for 30 min under stirring. The solid was 

centrifuged (5000 rpm, 30 min), washed twice with 25 ml water and dried at 80°C over night. 

Finally, a thermal treatment was performed in 100 ml/min argon flow at 400°C (heating rate 

10°C/min) for 2 h in a rotary tube furnace (Xerion, Freiberg, Germany). 
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(Mo,V,Te,Nb)Ox 

(Mo,V,Te,Nb)Ox was synthesized by first adding a solution of 11.75 g (NH4)6Mo7O24 · 4 

H2O (56.1 mmol Mo, MERCK, Lot# A758482 622)) in 140 mL distilled water to a solution of 

3.80 g niobium oxalate (H.C. Starck) in 30 mL dist. water and stirring the mixture in an 

autoclave setup (Premex Switzerland) for 30 minutes. The solution was heated to 175 °C under 

continuous stirring. After 145 minutes at 175 °C, a 30 mL solution containing 3.86 g of VOSO4 · 

5 H2O (16.6 mmol V, Sigma Aldrich, Lot# MKBX1043V) was pumped into the autoclave at 20 

ml/min. After further 145 minutes, a solution of 30 mL with 3.52 g telluric acid Te(OH)6 (15. 3 

mmol Te, Süd-Chemie, Lot# LCB 5478 D) was pumped at 20 ml/min as well. The reaction 

mixture was kept at 175 °C for 14 hours under constant stirring and then cooled down to room 

temperature. After the hydrothermal treatment, the resulting black-violet suspension was 

centrifuged and washed with dist. water thrice. The remaining solid was dried at 80 °C in air.The 

black solid was activated in a rotary tube furnace under a constant argon flow of 100 ml/min at 

650 °C for 2 hours. 

TEM imaging 

Aberration-corrected scanning transmission electron microscopy (STEM) was performed on 

a JEM-ARM200F microscope with CEOS CESCOR and CEOS CETCOR hexapole aberration 

correctors for probe and image forming lenses, respectively, and a cold field emission gun 

(CFEG). STEM images were recorded with a JEOL annular dark-field (ADF) detector. Prior to 

the measurements, the powdered material was drop deposited on a silica oxide coated gold TEM 

grid. Prior to the ADF-STEM analysis some particles were oriented along the crystallographic c-

axis. In case of secure transfer imaging Gatan single tilt vacuum transfer holder VTST4006 was 

used. 

EFTEM mapping 

EFTEM data were collected with Gatan Imaging Filter (Quantum) CCD camera with 

applying a monochromator slit of 10eV width for zero-loss collection. Thickness maps were 

obtained from the ratio of unfiltered and zero-loss maps and further color enhanced for clarity. 

EDX 

The elemental analysis was performed using a high angle silicon drift EDX detector with the 

solid angle up to 0.98 steradians from a detection area of 100mm
2
. EDX maps and spectra were 

collected using Gatan Digital Micrograph software. 
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ODE 

The catalytic tests were carried on using the Taniwha reactor described elsewhere.
39

 

Initial reaction gas mixture was (C2H6:O2:N2 3:6:91) with the total flow of 7 ml/min and 40 mg 

catalyst loading (diluted with SiC in order to avoid local overheating, as described in 
39

). The 

reaction products were finally detected by Agilent 6890 gas chromatograph. Firstly the model 

reaction was carried on to determine the conversion of ethane dependence on the reaction 

temperature. After the temperature determination the outlet of the Taniwha reactor was coupled 

with the inlet of the microreactor in order to expose the catalyst loaded on the TEM grid to the 

reactants and products mixture (See Scheme S6-1). For the ILI (Mo,V)Ox was deposited on the 

amorphous SiO2 covered gold grid, while M1-type (Mo,V,Te,Nb)Ox on the amorphous SiN3 

TEM window.  

The ODE reaction for structure response measurements was carried for 12h for 2 

different ethane conversions - first 20% and then 30% for both orthorhombic (Mo,V)Ox and M1-

type (Mo,V,Te,Nb)Ox. Structural changes were monitored after each treatment. 

The conversion  𝑋𝑅𝑖
 in the catalytic reaction was calculated product-based: 

 𝑋𝑅 =
∑ (∆𝐶𝑃𝑗

)𝑗

𝐶𝑅0

 (1) 

 𝑆𝑃𝑗
=

∆𝐶𝑃𝑗

∑ ∆𝐶𝑃𝑗𝑗
 (2) 

where 𝑅𝑖 and 𝑃𝑗 are reactants and products, 𝐶𝑥 is the amount of carbon in mol corresponding to 

the compound 𝑥, 0 corresponds to the reactants mixture and ∆ marks the difference between 

products and reactants mixture. 
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6.8  Supporting information 

 

Figure S 6-1: Raw BF-STEM image of corresponding to Figure 6-3a. 
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Figure S6-2: Overview identical location ADF-STEM images of the before (a) and after (b) ODE at 

20% ethane conversion.. 

 

 

Scheme S6-1: Fixed bed reactor and TEM grid microreactor connection. 
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7 Conclusions 

In this work the relationship between flexibility of the structure of the catalysts and 

performance of the catalysts was addressed using orthorhombic (Mo,V)Ox and M1-type 

(Mo,V,Te,Nb)Ox as model catalysts. The study was carried out by applying a specially designed 

TEM grid reactor, which was combined with quasi in-situ identical location imaging (ILI). The 

detailed analysis included the investigations of the structures or compositions of the pristine 

catalysts, exposure of the catalysts on the TEM grid to the desired relevant catalytic conditions 

and subsequent imaging of the identical locations of the samples after the reaction. 

A plethora of geometric connectivities, which differ from the ideal crystallographic bulk 

structures of orthorhombic (Mo,V)Ox, were identified by scanning transmission electron 

microscopy (STEM). The concept of tiling was applied to identify and classify these 

connectivities. Local structural motifs as well as extended defects were detected. Local structural 

motifs were further classified as linear and triangular, depending on the structural connectivities 

of the pentagonal building blocks. Linear motifs lack or exhibit displaced linker sites between 

the pentagonal building blocks, while triangular motifs are characterized by trigonal 

arrangements of  pentagonal building blocks similar to those that can be observed, for instance, 

in  trigonal (Mo,V)Ox. The extended defects in the examined orthorhombic (Mo,V)Ox are 

classified as intergrown phases, interstitial regions, extended surface defects, and 

(dis)inclinations. The structural arrangements, which were observed in orthorhombic (Mo,V)Ox, 

and their occurrence were summarized in a catalogue.  

The examined M1-type (Mo,V,Te,Nb)Ox exhibited only two kinds of extended defects: 

aperiodic intergrowth and dislocation. In addition, the surface of orthorhombic (Mo,V)Ox is 

relatively rough and partially covered by single local motifs or complex arrangements of these 

motifs, while the surface of M1-type (Mo,V,Te,Nb)Ox is rather smooth and defect-free. The 

main differences between the surface terminations of orthorhombic (Mo,V)Ox and M1-type 

(Mo,V,Te,Nb)Ox are linked to the occupation of structural channels, which seems to influence 

the flexibility of the surface-near bulk framework and preferred arrangements at the surface. 

 STEM imaging combined with electron energy loss spectroscopy (EELS) investigation 

of orthorhombic (Mo,V)Ox have demonstrated local variations of the metal cations content. 

These variations both included local inhomogeneities related to the structure of the unit cell and 
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differences between the bulk structure and extended defects. The content of the metal cations in 

the intergrown areas was further correlated with their internal structure. While both Mo-rich and 

V-rich surface facets were detected, Mo enrichment can be considered as a preferential trend for 

the examined orthorhombic (Mo,V)Ox. Different enrichments can be attributed to the structures 

of the facets.  

Model experiments were conducted to show the potential of quasi in-situ ILI studies 

using the TEM grid reactor for investigations of structure changes of the catalysts induced by the 

reaction under relevant conditions at the nanoscale. Thermal decomposition of lead carbonate 

was used to confirm the precise calibration of the temperature and reductive activation of 

Cu/ZnO/Al2O3 catalyst was used to show the possibility to transfer the sample between the 

reactor and the electron microscope without exposure to the ambient air. Catalytic conversion 

and structure changes at the nanoscale were detected for CO oxidation reaction over Pt foil and 

Pt nanoparticles. 

The structure responses of orthorhombic (Mo,V)Ox to different conditions were 

examined by in-situ and quasi in-situ ILI. Similarities of the structure responses to in-situ 

thermal treatment in high vacuum and quasi in-situ thermal treatment in N2 suggested the 

mechanisms of the structure response to (mild) reducing conditions. The mechanisms include 

migration of metal cations into surface-near structural channels and the structural rearrangement 

towards the formation of potentially oxygen-deficient structural motifs. These rearrangements 

can include local strain or degradation of the surface-near orthorhombic bulk structure. Further 

quasi in-situ investigation of the structure response to the conditions relevant for the oxidative 

dehydrogenation of ethane (ODE) reaction has confirmed at least a partial reversibility of the 

structure rearrangements. Several differences between the structure responses observed in-situ 

and quasi in-situ validate the additional benefit of the TEM grid reactor approach as it allow for 

avoiding the pressure gap related effects.  

A correlation between activities and adaptabilities of the catalysts was investigated by 

quasi in-situ ILI of the orthorhombic (Mo,V)Ox and M1-type (Mo,V,Te,Nb)Ox using ODE as a 

model reaction. The relevant mixture of the reactants and products for this investigation was 

obtained by coupling a fixed bed reactor and the TEM grid reactor. Orthorhombic (Mo,V)Ox 

have exhibited high activity and a pronounced structure response even at 300°C. M1-type 

(Mo,V,Te,Nb)Ox was activated over 350°C and remained almost unchanged even at 420°C. The 
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differences between the structure responses of orthorhombic (Mo,V)Ox and M1-type 

(Mo,V,Te,Nb)Ox are linked to the flexibility of the bulk framework, which seems to be 

determined by the occupation of the structural channels.  

In conclusion, the study introduces a method for detecting structure responses of 

heterogeneous catalysts under relevant reaction conditions, which can unravel the mechanisms of 

the structure responses and can provide a way towards prospective tailoring of catalysts to obtain 

the desired activity and lifetime.  
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white arrowhead-shaped hexagons and triangles: trigonal tiling; orange circles: electron 

density in the center of the channels that cannot be observed by HAADF-STEM 
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