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Abstract  

Solid surfaces are extremely important in heterogeneous catalysis. They represent 

the boundary between lid catalyst and surrounding gaseous or liquid environment, 

and heavily influence chemisorption, surface diffusion, reaction and desorption 

processes involved in the catalytic cycle. All of these key steps critically depend on 

the surface composition, structure and morphology. In many cases, catalyst surfaces 

are dynamic, whereby the structure and composition of the surface can change with 

time under reaction conditions. Surface structural dynamics reflect the chemical 

interactions between reactants and catalysts. When catalysts are exposed to 

mixtures of oxidizing and reducing agents, counteracting effects of the reactants can 

result in fluctuations in the catalyst's chemical state. In the present work, simple 

model reactions involving hydrogen and oxygen were used to study surface 

morphological dynamics. These phenomena were studied on copper, platinum, and 

nickel catalysts. 

The morphological dynamics were studied using a modified environmental scanning 

electron microscope (ESEM) by which snapshots of dynamic processes on the 

surface can be recorded and visualized in near real time, while composition of gas 

phase is simultaneously monitored using a quadrupole mass spectrometer. Near-

ambient pressure X-ray photoemission spectroscopy (NAP-XPS) was utilized to 

identify the chemical composition of the surface phases formed in the relevant 

conditions.  

In the case of copper, three different surface phases were identified, including 

metallic copper, oxygen terminated copper and cuprous oxides islands. These 

phases co-exist on the surface and reversibly transition among the three phases 

under hydrogen rich conditions (4% oxygen) at 700 °C. While copper has a high 

oxygen activity and low hydrogen activity, the case of platinum demonstrates such 

dynamics also exist for a metal that has a low oxygen activity and high hydrogen 

activity. However, the morphological dynamics observed for platinum are distinctly 

different.  The surface becomes very rough in oxygen rich conditions (85% oxygen) 

and exhibits highest morphological dynamics at 50% oxygen. No oxide is observed, 

and the surface dynamics are likely a result of transitions between different surface 

terminations. Depending on the surface phase present, the interaction with 
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adsorbates changes and acts as a feedback mechanism to change the 

morphological dynamics. The morphological dynamics are found to correlate with the 

catalytic activity, where the maximum in H2 consumption is correlated to the 

maximum rate of morphological change. This observation highlights the relevance of 

morphological dynamics to catalytic processes.  

In the case of nickel, the hydrogen and oxygen activities are intermediate to those of 

copper and platinum. In hydrogen oxidation conditions, the surface exhibits global 

morphological oscillations at 11% oxygen concentration synchronizing with those of 

the gas composition, where the surface changes between metallic and oxide states 

at different temperatures. 

As morphological changes reflect phase changes, direct visualization of the surface 

morphological variations provides insights into chemical dynamics of the surfaces. 

For instance, these findings provide insight into how dynamic phase co-existence is 

influenced by the reactants present, how the reactivity of the phases to the 

respective reactants influences the presence and dynamics of phase transitions, and 

how the resulting surfaces can influence catalytic activity. Further instrumental 

developments will enable more complex reactions to be studied in this way to 

achieve a comprehensive understanding of dynamics in catalysis. 
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Zusammenfassung 

Festkörperoberflächen sind von großer Wichtigkeit für die heterogene Katalyse. Sie 

stellen die Grenzfläche zwischen dem Katalysatorvolumen und der gasförmigen oder 

flüssigen Umgebung dar und bestimmen daher in hohem Maße die Chemisorption, 

Oberflächendiffusion, Reaktions- bzw. Desorptionsprozesse, die am katalytische 

Zyklus beteiligt sind. Hier spielt insbesondere die Oberflächenzusammensetzung mit 

ihrer Struktur und Morphologie eine entscheidende Rolle. Katalysatoroberflächen 

zeigen immer eine Dynamik, bei der sich ihre Zusammensetzung und Struktur unter 

Reaktionsbedingungen mit der Zeit verändert. Dabei ist die Strukturdynamik durch 

die chemische Wechselwirkung zwischen den Reaktanten und der Oberfläche 

bestimmt. Wenn ein Katalysator einer Mischung aus oxidierenden und 

reduzierenden Substanzen ausgesetzt werden, können gegenläufige Effekte der 

Reaktanten zu Fluktuationen im chemischen Zustand des Katalysators führen. In der 

vorliegenden Arbeit wurden einfache Modellreaktionen mit Sauerstoff und 

Wasserstoff benutzt, um die oberflächenmorphologische Dynamik an Kupfer-, Platin- 

und Nickelkatalysatoren zu untersuchen. 

Die Untersuchung strukturdynamischer Eigenschaften erfolgte mit Hilfe eines 

modifizierten In situ-Scanningelektronenmikroskops (environmental scanning 

electron microscope, ESEM), das es erlaubt, Schnappschüsse dynamischer 

Prozesse an der Oberfläche in Realzeit durchzuführen und aufzuzeichnen. Dabei 

erfolgt die Überwachung der Gaszusammensetzung über dem Katalysator simultan 

mit Hilfe eines Quadrupolmassenspektrometers. Zusätzlich lässt sich die chemische 

Zusammensetzung der Katalysatoroberfläche während der Reaktion mit Hilfe von 

Normaldruck-Röntgenphotoelektronenspektroskopie (near-ambient pressure X-ray 

photoemission spectroscopy, NAP-XPS) messen. 

Die Messungen an Kupferkatalysatoren liefern drei unterschiedliche 

Oberflächenphasen, metallisches Kupfer, sauerstoffterminiertes Kupfer und Cu2O-

Inseln. Diese Phasen existieren gemeinsam an der Oberfläche und können unter 

wasserstoffreichen Bedingungen (mit 4% Sauerstoff) bei 700 °C reversibel 

ineinander übergehen, wobei Kupfer eine hohe Sauerstoff- und niedrige 

Wasserstoffaktivität zeigt. Dynamisches Verhalten findet man auch bei Platin, das 

eine niedrige Sauerstoff- und hohe Wasserstoffaktivität aufweist. Allerdings ist die 
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beobachtete Dynamik in der Morphologie bei Platinkatalysatoren deutlich anders. 

Unter sauerstoffreichen Bedingungen (85%) rauht sich die Oberfläche stark an und 

zeigt die höchste Oberflächendynamik bei 50% Sauerstoffkonzentration. Oxidbildung 

wird nicht beobachtet und die Dynamikmessungen deuten nur auf Übergänge 

zwischen unterschiedlichen Oberflächenterminierungen hin. Abhängig von der 

vorliegenden Oberflächenphase ändert sich die Wechselwirkung mit Adsorbaten und 

liefert einen Rückkopplungsmechanismus, der die morphologische Dynamik 

beeinflusst. Die Messungen zeigen weiter, dass die Dynamik mit der katalytischen 

Aktivität korreliert, wobei der größte H2-Verbrauch mit der größten morphologischen 

Änderungsrate verbunden ist. Diese Beobachtungen unterstreichen die Wichtigkeit 

der morphologischen Dynamik für katalytische Prozesse. 

Die Messungen an Nickelkatalysatoren zeigen Wasserstoff- und 

Sauerstoffaktivitäten, die zwischen denen für Kupfer und Platin liegen. Unter 

Wasserstoffoxidationsbedingungen zeigt die Nickeloberfläche globale 

morpholigische Oszillationen bei 11% Sauerstoffkonzentration, die mit der 

Gaszusammensetzung synchronisiert sind, wobei temperaturabhängig Übergänge 

zwischen metallischem und Oxidzustand erfolgen. 

Da morphologische Änderungen mit Phasenänderungen zusammenhängen, liefert 

eine direkte Sichtbarmachung von oberflächenmorphologischen Änderungen auch 

Aussagen über die Dynamik an Katalysatoroberflächen. Zum Beispiel können solche 

Messungen zeigen, wie die dynamische Koexistenz verschiedener Phasen durch 

Reaktanten beeinflusst wird, wie die Existenz und Dynamik von Phasenübergängen 

durch die Reaktivität der Phasen bestimmt wird, und wie die entsprechenden 

Oberflächen die katalytische Aktivität beeinflussen. Weiterführende experimentelle 

Entwicklungen werden die Untersuchung komplexerer Reaktionen ermöglichen, die 

schließlich zu einem umfassenden Verständnis der Dynamik in der Katalyse führen 

können. 



 
 

x 
 

  



 
 

xi 
 

Contents 

Acknowledgements .................................................................................................. ii 

Abstract ..................................................................................................................... v 

Zusammenfassung ................................................................................................ viii 

Contents ................................................................................................................... xi 

1 Introduction ........................................................................................................ 1 

1.1 Role of metal catalysts and challenges ......................................................... 1 

1.2 Phase transition ............................................................................................ 2 

1.3 The catalytic surface ..................................................................................... 5 

1.4 In situ technique development....................................................................... 6 

1.5 Environmental scanning electron microscopy ............................................... 9 

1.5.1 Working principle of the scanning electron microscope .......................... 9 

1.5.2 Conventional scanning electron microscope ........................................ 11 

1.5.3 Commercial environmental scanning electron microscope ................... 14 

1.5.4 Modified environmental scanning electron microscope ........................ 16 

1.6 Scientific objective and outline of this work ................................................. 19 

1.7 References .................................................................................................. 21 

2 The redox dynamics of copper revealed by in situ scanning electron 

microscopy ............................................................................................................. 27 

2.1 Abstract ....................................................................................................... 27 

2.2 Introduction ................................................................................................. 28 

2.3 Experimental section ................................................................................... 29 

2.3.1 Sample preparation .............................................................................. 29 

2.3.2 In situ studies ........................................................................................ 30 

2.3.3 Ex situ analysis ..................................................................................... 31 

2.4 Results ........................................................................................................ 32 

2.4.1 Morphological dynamics under red-ox conditions - phase diagram ...... 32 

2.4.2 Identification of surface phases ............................................................ 36 

2.5 Discussion ................................................................................................... 43 

2.6 Conclusions................................................................................................. 48 

2.7 References .................................................................................................. 49 

2.8 Supplementary information ......................................................................... 53 



 
 

xii 
 

3 Direct observation of chemical potential induced dynamics of platinum by 

in situ scanning electron microscopy .................................................................. 60 

3.1 Abstract ....................................................................................................... 60 

3.2 Introduction ................................................................................................. 60 

3.3 Experiment section ...................................................................................... 62 

3.3.1 Sample preparation .............................................................................. 62 

3.3.2 In situ scanning electron microscopy .................................................... 63 

3.3.3 In situ mass spectrometry ..................................................................... 64 

3.3.4 Near-ambient pressure X-ray photoemission spectroscopy ................. 65 

3.4 Results ........................................................................................................ 65 

3.4.1 Morphology studies under changing oxygen and hydrogen chemical 

potentials ........................................................................................................... 65 

3.4.2 XPS  characterization ........................................................................... 78 

3.4.3 Morphological changes under constant oxygen chemical potential ...... 79 

3.5 Discussion ................................................................................................... 83 

3.5.1 Catalytic activity in a mixture of H2 and O2 ........................................... 83 

3.5.2 The effect of dilution - comparison of conversion and morphological 

changes ............................................................................................................. 87 

3.6 Conclusions................................................................................................. 90 

3.7 References .................................................................................................. 92 

3.8 Supplementary information ......................................................................... 96 

4 In situ SEM study of self-sustained oscillations induced by hydrogen 

oxidation over Ni catalysts .................................................................................... 97 

4.1 Abstract ....................................................................................................... 97 

4.2 Introduction ................................................................................................. 97 

4.3 Experimental section ................................................................................... 99 

4.4 Results ...................................................................................................... 100 

4.4.1 Sample pre-treatment ......................................................................... 100 

4.4.2 Catalytic reactions at constant laser power output ............................. 100 

4.4.3 Comparison of nickel morphologies at different H2 and O2 ratios ....... 113 

4.4.4 The effect of temperature on the kinetic oscillations ........................... 114 

4.5 Discussion ................................................................................................. 115 

4.5.1 Relationship between nickel oxidation state and catalytic activity ...... 115 

4.5.2 On the H2 oxidation mechanism over Ni catalysts .............................. 116 



 
 

xiii 
 

4.6 Conclusions............................................................................................... 117 

4.7 References ................................................................................................ 119 

5 Summary and final conclusions ................................................................... 122 

6 List of figures ................................................................................................. 125 

7 List of tables................................................................................................... 131 

8 List of supporting figures ............................................................................. 132 

9 List of supporting tables ............................................................................... 133 

10 List of equations ......................................................................................... 134 

11 List of abbreviations .................................................................................. 135 

 



 
 

1 
 

1 Introduction 

1.1 Role of metal catalysts and challenges 

Catalysts can alter the rates of chemical reactions and control the selectivity towards 

desired products by changing the energy barriers of reaction pathways. While a 

catalyst changes reaction rates, it does not change the position of the 

thermodynamic equilibrium.1-2 Heterogeneous catalysis encompasses systems in 

which the catalyst and reactants are in different physical phases. Typically, 

heterogeneous catalysts are inorganic solids, such as metals, oxides, sulphides, or 

metal salts, while reactants are in liquid or gas phase. In many industrially relevant 

catalytic reactions, heterogeneous catalysts based on supported metal and metal 

oxides are commonly used.3 The metals used for catalysis are essentially from the 

group VIII and I-B of the periodic table, including those that are hexagonal close-

packed (hcp: Co, Ru, Os, Re), body-centred cubic (bcc: Fe and W) and face-centred 

cubic (fcc: Cu, Ni, Rh, Ag, Pd, Pt, Au, Ir). In this thesis, fcc metals including Cu, Pt 

and Ni and relevant oxides will be discussed.  

In the catalytic process, reactant molecules from a fluid or gas phase, adsorb to the 

solid's surface, enhancing the reactant's concentration on the surface and favouring 

its’ reaction. In general, the reaction steps include reactant adsorption, intermediate 

formation, product formation and desorption from the catalyst.1 In all of these steps, 

the catalyst surface is heavily involved, and the catalytic activity greatly depends on 

the surface composition, structure and morphology under working conditions. 

Catalyst surface structures are distinctly different from the bulk crystal structure due 

to the unsaturated coordination, and the resulting formation energies of surface 

defects and their electronic properties. Therefore, detailed catalyst surface analysis 

is very important for understanding the function of heterogeneous catalysts. 

A key step for understanding how the heterogeneous catalyst surface works is to 

determine the chemical structure of the 'active site'.4 These active sites are usually 

found to be high-energy, metastable configurations – such as step edges,5 stacking 

faults,6 vacancy defects,7 lattice–strained sites,8 and surfaces of amorphous 

materials.9 In most cases, catalysts are exposed to reducing or oxidizing 

environments. While a solid's surface can promote reaction between adsorbed 
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molecules, at the same time, adsorbed molecules can chemically change the 

catalyst's surface. In fact, the interaction between a mixture of reductants, oxidants 

and a catalyst surface is a dynamic process rather than a static one. It has been 

firstly proposed by K. Tamaru, “without studying the dynamic behaviour of catalyst 

surfaces, including adsorbed species, under the reaction conditions no real nature of 

catalysis can be elucidated. Catalyst should not be kept in a black-box”.10 However, 

understanding the complexity that arises from these dynamic chemical transitions is 

not trivial. 

1.2 Phase transition 

The phenomena observed at phase transitions can give the most informative insights 

into the importance of the meta-stable nature of catalysts. Phase transition refers to 

a reaction system, in which the parameters, e.g. temperature or pressure, results in 

the formation of two phases of a material with identical free energies. When catalytic 

reactions occur in such conditions, a small local perturbation such as a change in 

chemical potential can induce the surface switch from one phase to the other with 

minimal energetic cost.11-16  

In particular, heterogeneous catalysts represent systems far from thermodynamic 

equilibrium. For some non-equilibrated systems critical kinetic phenomena, 

instabilities17-19, oscillations18-19 and chaos19 can take place. The driving force of this 

phenomena is the decrease of the Gibbs-free-energy for the overall chemical 

reaction. Mathematically, this means that a bifurcation happens at the critical point. If 

the change in the reaction rate is stepwise at the critical point, the kinetic phase 

transition belongs to the first-order type; if the change is softer, the transition is 

continuous,  and corresponds to second order phase transition.20 1) In brief, first-

order phase transitions are characterised by a “discontinuous” change in entropy at a 

fixed temperature (Figure 1.1A). The change in the entropy corresponds to the latent 

heat, 

 L = T ∆S     (1-1)  

T is the temperature and ∆S denotes the entropy change at the transition point.21 

During phase transitions, a system either absorbs or release a fixed amount of 

energy per volume.22 In the process, the temperature of the system stays constant 

during the addition of heat and the system is in a ‘mixed-phase regime’ in which 
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some parts of the systems have already completed the transition but others don’t. 

Thus, two phases can co-exist.  For example, if a block of ice is heated at constant 

rate, its temperature increases steadily till it reaches 0 °C, where the temperature 

stays with ice and water co-exist till the ice is completely melt. 2) Second order 

phase transitions involve a “continuous” entropy change (Figure 1.1B), which means 

there is no referred latent heat (equation (1-1)). One example of a second order 

phase transition is the paramagnetic to ferromagnetic phase transition. In this thesis, 

we will mainly discuss the first-order kinetic phase transition connected with bi-

stability and resulting in chemical waves. 

 

Figure 1.1 A) shows the first order phase transition with dashed line indicating the 

discontinuous jump at transition temperature Tc; B) is the second order of the phase 

transition with solid line indicating the continuous entropy at the transition at the transition 

temperature. 

In addition, the interplay of chemical kinetics and diffusion can result in formation of 

chemical waves, including a transient transition from a metastable state kinetic 

“phase” to a stable state, or more generally, may cause the homogeneous state of 

the system to become unstable, which leads to the spontaneous formation of time-

dependent or stationary spatial patterns.23 During such transitions, the reaction can 

exhibit a stepwise transformation from high to low reaction rate, or vice versa. 

Repetitive transitions can also occur and result to the formation of spatiotemporal 

patterns and catalytic oscillatory behaviour of the systems. For instance, the 

oscillation behaviour on heterogeneous catalysts was first reported in 1970 on Pt for 

carbon monoxide oxidation.24-25 Later, Ertl and co-workers observed spatiotemporal 

patterns formation by application of surface sensitive techniques, i.e. low energy 

electron diffraction (LEED), Photoemission electron microscope (PEEM), seen 

Figure 1.2 and details related to the bi-stable phases have been intensively 

studied.23, 26-28 Two meta-stable states (COad and Oad covered surface) are 
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coexistent and migrate dynamically on the surface. It also has been found that 

palladium states oscillate between metal and oxide phases in CO oxidation, which is 

correlated to the oscillation of products (Figure 1.3).29 

 

Figure 1.2 PEEM images on Pt(110) shows a temporal evolution of a population of  spirals 

with strongly differing rotation periods and wavelengths in mixture of CO and O2(T = 448 K, 

PO2 = 4×10-4 mbar, PCO = 4.3×10-5 mbar).23 

 

Figure 1.3 Spontaneous oscillations in the CO oxidation rate on Pd(001) as measured by 

surface X-ray diffraction (SXRD) and mass spectrometry. Measurements were performed at 

a temperature of 447 K in a constant flow of mixture of CO/O2/Ar gas with an oxygen 

pressure of 500 mbar, an argon pressure of 675 mbar and a CO pressure of 25 mbar flowing 

at 50 ml/min.29 
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1.3 The catalytic surface 

The shape and size of a catalytic surface also has a large influence on its properties.  

Facets with distinctive crystallographic features posse different atomic terminations, 

and associated surface energies and electronic structures. These properties result in 

different catalytic activities for different crystal faces.30 For instance, catalysts 

exhibiting different facets, such as octahedral tin dioxide nanocrystals with high-

index facets of (221),31 gold nanoparticles with 24 high-index facets32 and Cu2O with 

50 facets with presence of 24 high-index (311)30, 33 have been synthesized by facet-

controlled synthetic strategies in the attempt to optimize the catalytic activity.  

The catalyst's shape and morphology can change dynamically under reaction 

conditions, in response to the various gases present in the reaction atmosphere. For 

instance, it has been observed that the shape of Pt nanoparticles’ exhibits dynamic 

and reversible faceting transitions which corresponds to the periodic oscillation of the 

CO conversion on a bi-stable surface, as reproduced in Figure 1.4. These findings 

demonstrate that surface structures, chemical compositions and morphologies can 

change dynamically in a reaction and these changes are related to the catalytic 

performance.34 Understanding the relationships between surface dynamics and 

activity is essential for a rational design of improved catalysts. 

As discussed above, catalytically active meta-stable ensembles, in many cases, can 

be only formed in situ due to their high-energy, thermodynamically instability and 

dependence on kinetics. Their existence generally relies on a delicate interaction 

with the reactants. Thus, once a reactant is removed for an ex situ examination, 

there is no guarantee that the meta-stable structure remains. However, the scale and 

complexity of such meta-stable structures make it difficult to identify and characterize 

them. In situ techniques including microscopy and spectroscopy methods, such as in 

situ X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), scanning 

transmission microscopy (STM), atomic force microscopy (AFM), photoemission 

electron microscopy (PEEM), have made great progress in recent year to improve 

our capabilities of characterizing structures that only from due to the interaction with 

a reactive gas-phase. These methods are now commonly applied to investigate how 

a catalyst behaves in situ, and what kinds of active sites transiently exists on the 

surface under reaction conditions35-37.  
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Figure 1.4 Correlation of oscillatory CO oxidation reaction data with the projected 

morphology of a Pt nanoparticle. The gas entering the reaction zone is 1.0 bar of CO:O2:He 

at 3:42:55 and nano-reactor temperature is 659 K. a-c, Mass spectrometry of the CO, O2 

and CO2 pressure (a), reaction power (b) and the shape factor (c) for the Pt nanoparticle in 

d as a function of time. d, Time-resolved TEM images of a Pt nanoparticle at the gas exit of 

the reaction zone34. 

1.4 In situ technique development 

In situ X-ray diffraction is a relatively fast and accurate tool for identifying structures, 

phases, and sizes of crystals. While continuously changing the incident angle of the 

X-ray beam, a diffraction pattern is recorded.38 Since the diffraction pattern is the 

fingerprint of a crystalline phase, the peak position, intensity, shape and width of the 

reflection reveals details of the sample's crystal structure.39 In situ XRD 

measurements allow for continuous monitoring of changes to the crystal structure 

that are induced by gas adsorption and desorption.40-41 However, this kind of 

technique is limited to the crystallographic bulk materials, and thus is not suitable for 

the investigation of amorphous materials. These measurements also provide only 

limited morphological information. 

Another in situ technique that has grown greatly in the last decade is X-ray 

photoemission spectroscopy (XPS). XPS is a highly surface sensitive technique (few 

monolayers to nanometers information depth). Analysing the respective 

characteristic kinetic energies of photoelectrons enables the identification of 
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elements located at the surface, as well as the elements' oxidation states.42 In order 

to partially bridge the pressure gap between catalysis under real working conditions 

and spectroscopic investigations in ultra-high vacuum (UHV) conditions, a near-

ambient-pressure XPS (NAP-XPS) setup has been recently developed.43-44 The 

setup allows one to perform the measurements at pressures in the low millibar range 

by applying a combination of a differential pumping and electrostatic lenses.45 In 

some specialized systems, where a micro-focused X-ray source is available, one can 

even scan the focused X-ray beam across the sample surface to obtain spatially 

resolved in situ XPS.46  

The developed setups facilitate the characterization of surface structures under 

reaction conditions. Combined with mass spectrometers and gas chromatographs, 

the catalyst performance and the chemical state of the surface can be 

simultaneously investigated.46 However, most NAP-XPS set-ups yield spectra that 

reflect the average state of the surface, due to the limited spatial resolution of low 

incident photo flux lab based X-ray sources. Synchrotron radiation is generally 

needed to obtain spatially resolved NAP-XPS data.  Even with the high flux of 

synchrotrons, spatially resolved signal intensities are low, requiring long integration 

times for sufficient signal-to-noise ratios. This long acquisition time limits the ability to 

thoroughly characterize dynamic phenomena.  

In situ microscopy can provide information on the particle size, composition, phase, 

and morphology variation of materials during chemical reactions with a resolution in 

the range of tens to hundreds of nanometres. Scanning tunnelling microscope (STM) 

can probe particles, domain sizes and morphologies with 0.1 nm lateral resolution 

and 0.01 nm height resolution by scanning a very sharp metal wire tip over a surface. 

In situ STM has been realized via the use of a high pressure STM cell housed within 

an UHV chamber.47-51 However, it cannot be used on the insulating materials, 

limiting its application. In situ atomic force microscope (AFM) can be used for both 

conductive and insulating materials by using a cantilever with a very sharp tip to 

scan over a sample surface. However, there are several disadvantages: The imaging 

time of conventional AFM is slow compared to fast catalytic dynamics. This temporal 

resolution limits the application of the catalyst investigations. Although an improved 

AFM is able to reduce the imaging time to a second or even less in air as well as 

fluids, it sacrifices the resolution.52-54 Furthermore the process of interest must occur 
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on a fixed substrate, which can either influence or is incompatible with the process of 

interest. 

PEEM is an electron microscopic imaging technique. A surface is illuminated by 

ultraviolet (UV) radiation. The UV light generates photoelectrons whose intensity 

greatly depends on the chemical composition and the topography of the surface. 

This method provides the possibility for surface imaging in the mesoscopic region 

ranging from several nm to µm. The PEEM image reflects the surface distribution of 

the work function. PEEM equipped with an imaging energy analyser is capable of 

measuring the electronic density states as a function of the position of the sample, in 

real time and space.28, 55-56 However, using these techniques it is difficult to obtain 

information on the distribution of elements and the chemical state of the surface. 

In situ TEM can be separated to two branches – environmental transmission electron 

microscopy (ETEM) and systems based on microelectromechanical systems 

(MEMS). The ETEM can provide atomic resolution as it uses a very low flow of gas 

along the sample area, which allows to reduce atmosphere-beam interaction. 

However, it requires that reactions are carried out at extremely low pressures as the 

gas passes directly through the microscope. MEMS devices allow to carry out the 

reaction under pressures of up to several bar. This is achieved by placing the 

catalyst in a small chamber between two beam-transparent windows, which insulate 

the sample environment from the surrounding vacuum. However, in this case the 

beam interaction with the window itself, and with the reaction media can limit the 

resolution. In situ TEM requires specific sample preparation and the use of specific 

microchip windows which provide the heating of the sample. This requirement limits 

the method to nano-sized particles. In situ TEM investigations are conducted using 

acceleration voltages of several hundred keV. This can lead to significant beam 

influence on the target sample and the reaction media. 

In summary, in situ XRD and XPS can provide information on the average catalyst 

structure and composition, while in situ STM, AFM and TEM can provide local 

atomistic details under reaction conditions. There is in some sense a ‘scale gap’ 

between the in situ methods. Environmental scanning electron microscope (ESEM) 

helps to bridge this gap by providing information from the nm to µm range. 

Compared to in situ PEEM, it can analyse samples at much higher chemical 
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potentials. Thus some part of the ‘pressure gap’ is bridged by ESEM. Another 

important aspect is, due to the lower kinetic energy of the electron beam, the beam 

influence on the investigated catalyst is less severe than in TEM. 

1.5 Environmental scanning electron microscopy 

1.5.1 Working principle of the scanning electron microscope  

The scanning electron microscope is a type of electron microscope that images the 

sample surface by a focused beam of electrons in a raster scan pattern. As the 

electrons interact with the sample, various signals containing secondary electrons 

(SE), backscattered electrons (BSE), characteristic X-rays, cathode luminescence, 

absorbed current on the specimen, and transmitted electrons can be formed, as 

illustrated in Figure 1.5. Secondary electrons are mainly used in the SEM to image 

the morphology of the sample surface. Some SEM instruments are equipped with 

backscatter electron and energy dispersive X-ray spectroscopy (EDS) detectors for 

elemental analysis.57  

 

Figure 1.5 The diagram shows a cross section of the various signals resulting from the 

electron-beam interaction. 
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The incident electrons cause secondary electrons to be emitted from the sample due 

to elastic and inelastic scattering events within the sample’s surface and material 

near the surface (Figure 1.6A). Elastic events are broadly associated with nuclear 

scattering, in which the electrons change their direction without significant energy 

loss. Inelastic events produce excitations of atomic electrons which results in some 

energy loss but no change in the direction. High-energy electrons that are ejected by 

an elastic collision of an incident electron, typically with a sample´s nucleus, are 

referred to as backscattered electrons (Figure 1.6B). The energy of the 

backscattered electrons is comparable to that of the incident electrons. Scintillator 

type or solid-state detectors are used for the collection of backscattered electrons.58-

59 Emitted low-energy electrons which result from inelastic scattering events are 

called secondary electrons. Secondary electrons can be formed by collision with the 

core electrons bound to the nuclei of the sample, resulting in the ejection of loosely 

bound electrons. The energy of secondary electrons is typically lower than 50 eV. 

Scintillator type detectors (Everhart-Thornley) are used for secondary electron 

imaging with a detector charged with a positive voltage to attract electrons for 

improved signal-to-noise ratio. The X-ray signal is a result of the recombination of 

free electrons and positive electron holes that are generated within the material 

(Figure 1.6C). The X-ray signal can originate from the bulk part of the specimen 

surface, and allows for determination of the elemental composition through EDS 

(energy dispersive X-ray spectroscopy) analysis of characteristic X-ray signals.60 
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Figure 1.6 Three mechanism of A) emission of secondary electrons, B) backscattered 

electrons and C) characteristic X-rays. 

1.5.2 Conventional scanning electron microscope 

As we are already familiar with the SEM working principle, a brief introduction about 

the conventional scanning electron microscope will be presented. SEM is used to 

image the sample surface using focused electron beams. From the description, the 

electron beam is the key part during the whole imaging process. The equipment can 

be divided into four main sections: electron gun (beam source), lenses (focus beam), 

vacuum system (reduce scattering of beam), specimen stage (beam interaction with 

specimen) and detector (collected beam induced secondary electrons, backscattered 

electrons, X-rays (Figure 1.7).  
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Figure 1.7 A schematic drawing of scanning electron microscope cross section. 

Electron gun: The electron gun is located at the top of the column to produce the 

steady stream of electrons from a filament. Two types of electron guns are typically 

used: Thermionic guns are the most common types of electron sources. Thermal 

energy is applied to overcome the work function of a filament. Electrons then can 

escape from the filament and are accelerated toward the specimen. The materials 

that are commonly used for the filaments are tungsten and lanthanum hexaboride 

(LaB6). Thermionic guns suffer from a relatively low brightness, the evaporation of 

the cathode materials and high drift during the operation. The other type of electron 

gun is the Field emission gun (FEG). Here, electrons are extracted from the filament 

tip by applying an additional strong electrical filed. The FEG usually use a ZrO2 

coated tungsten wire as a sharp tip. 
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Condenser lenses: The condenser lenses help to converge the electron beam that 

originated from the gun by electromagnetic forces. Combined with the selected 

accelerating voltage and emission and brightness of the gun, the condenser lenses 

determine the intensity of the electron beam on the sample.  

Vacuum system: For three reasons a high vacuum system is required for SEM 

imaging. 1) The hot filament used as the electron beam source would be oxidized at 

atmospheric pressures or sufficiently high oxygen partial pressures; 2) The 

electromagnetic condenser lenses need to be operated under a fairly clean, dust-

free environments for reliable operation; 3) Air particles and dust can influence the 

beam by scattering or even blocking the electrons from reaching the specimen. 

Pressures below 1 Pa are easily reached by turbo-molecular pumps, which exhibit 

rotation speeds between 20,000 to 50,000 rotations per minute. Thus, pressures 

ranging from intermediated vacuum (~10-2 Pa) to ultra-high vacuum levels (~10-8 Pa) 

can be obtained. In a SEM a different combination of pumps can produce pressure in 

the column and chamber around 10-5 Pa or 10-7 Pa at the gun. 

Specimen stage: The traditional specimen stage works as a conductive sample 

holder to support and stabilize the sample during scanning. The specimen should 

generally have a high electrical conductivity to avoid electron accumulation on the 

sample surface, which can induce the charging effect. 

Detector: Detectors are the ‘eyes’ of a SEM and collect secondary electrons, 

backscattering electrons and characteristic X-ray signals. Everhart-Thornley 

detectors are used to collect the secondary electrons emitted from the outer surface 

of a specimen. They provide detailed images of the specimen surface. 

Backscattering electron detectors and energy dispersive X-ray spectroscopy (EDX) 

detectors are mainly used to distinguish different chemical composition. 

In summary, traditional SEM can measure the morphology and chemical composition 

of the outer surface of a conductive specimen at room temperature under high 

vacuum conditions. It is difficult to study non-conductive specimens due to the effect 

of charging. It is also not possible to investigate samples under reaction conditions, 

due the requirement of high vacuum. In order to overcome these limitations, a 

modified environmental scanning electron microscope (ESEM) was developed. 
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1.5.3 Commercial environmental scanning electron microscope 

The environmental scanning electron microscope (ESEM) is different from the 

conventional scanning electron microscope in several aspects. The differences 

include a differential pump system and a gaseous secondary detector.61  

Differential pump system: Differential pump system allows for imaging wet and 

insulating specimens in a gaseous atmosphere, while the electron gun itself can still 

maintain high vacuum pressure around 10-7 Pa. This is realized by the use of a 

‘bullet-shape’ device specially designed for ESEM, which is mounted at the pole 

piece and contains five pressure-limiting apertures (PLA)62, seen in Figure 1.8A. The 

apertures are simple discs with small pinholes bored through the centre, 2 pieces of 

1.25 mm and 3 pieces of 400µm. The chamber gas that passes through the first 

aperture (PLA1) is quickly removed from the system by a pump to maintain a very 

low pressure in a downstream region (Figure 1.8B). Some of the gas escapes further 

from the first stage pump will be pumped away through PLA2, the same holds for 

PLA3, PLA4 and PLA5. The achieved pressures follow the order P5 << P4 << P3 << 

P2 <<P1. By applying this differential pump system, it is able to remain with very good 

vacuum at the electron gun (~10-7 Pa) and relatively low vacuum (i.e. high pressure) 

in the specimen chamber, around 200 Pa, without endangering the electron gun.  

 

Figure 1.8 A) Schematic diagram of “bullet- shape” device of ESEM (FEI Quanta 200); B) 

isodensity contours of gas flowing through pressure-limiting aperture (PLA). 

Gaseous secondary detector: The Everhart-Thornley detector commonly used in 

high-vacuum conditions cannot be used in gaseous atmosphere because of 
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unwanted gas ionization and breakdown caused by the high voltage on the 

scintillator surface.61, 63 An alternative detector has been designed based on the well-

understood ‘ionization behaviour’ of low pressure gases. Gas ionization is induced 

by a moderate electric field, forcing collisions between highly mobile secondary 

electrons and neutral gas molecules. This results in the formation of an additional 

daughter electrons. A cascade amplification take place, as illustrated in Figure 1.9. 

The electrons produced are drawn towards the positively charged detector. These 

positive gas phase ions generated in this process also effectively neutralize the 

troublesome surface charging of insulating specimens, regardless of the beam 

acceleration voltage.61, 64-66 Two modes (low Vacuum or ESEM) of our instrument 

(Quanta 200) are available for image recording. A large field detector (LFD) is used 

in the low vacuum mode, which operates at pressures from 14 Pa to 200 Pa. The 

gaseous secondary electron detector (GSED) is mainly used for ESEM mode, which 

can reach gas pressures up to 2600 Pa. 

 

Figure 1.9 Schematic illustration of electron beam/sample/gas interactions in an ESEM 

chamber. The electrons emitted from the sample ionize the gas molecules. Each ionizing 

collision gives rise to a daughter electron, which, like the original electron, is accelerated 

toward the positively charged detector. The positive ions drift back toward the sample 

surface.65 
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1.5.4 Modified environmental scanning electron microscope 

The development from SEM to ESEM was a major step in scientific research. 

However, due to the temperature (T < room temperature) and unicity of gas (water 

vapor is mainly used), the application of this method was mainly limited to biological 

fields. For catalyst investigation under reaction conditions, which require higher 

temperatures, various gas atmospheres and catalytic activity testing instruments, we 

modified a commercial ESEM with gas lines and a heating stage, and connected a 

mass spectrometer (MS) in order to be able to investigate catalyst surface dynamics 

under reaction conditions, and correlate observations with online catalyst activity 

data.  

Gas line: A gas feeding system, designed for stable and constant gas flow rates, was 

built. The present gas-feeding system consists of several identical lines, consisting of 

pressure regulators, mass flow controllers and valves (Figure 1.9). Pressure 

regulators are used to reduce the input gas pressure from the gas supplies (ca. 200 

bar) to the 3 bar needed to operate the mass flow controllers. Mass flow controllers 

(EL-FLOW Select from Bronkhorst) are used to control the gas flow rate in the ESEM 

chamber. The MFCs were equipped with a digital pc-board, featuring self-diagnostics, 

alarm and counter functions, digital communication and remotely adjustable control 

settings.67 This ensures a stable and precise gas flow into the ESEM chamber. 

Imaging in low vacuum mode/ESEM mode is sensitive to the imaging gas. Thus, 

small gas fluctuations can lead to severe contrast changes on the images. In the 

experiment, it is often necessary to subsequently change gases in order to reduce or 

oxidize the materials. The dose of the second, or third gas can induce gas overshoot, 

which is due to the pressure difference between the residual gas in the gas line and 

the ESEM. Therefore, three-way valves were built to avoid the gas overshoot by 

pumping the residual gas through one outlet before introducing it into the chamber 

through the other outlet (Figure 1.10). 
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Figure 1.10 A schematic overview of the modified gas feeding system, top view, side face 

and backside. 

Heating stage: The commercial ESEM (Quanta 200) heating stage is based on 

resistance heating and the temperature can reach up to 1000 °C. However, several 

drawbacks made it not suitable for the investigation of catalyst dynamics: 1) thermo-

resistance heating showed long time hysteresis during the temperature increase and 

decrease process, which made it impossible to quench the temperature and freeze 

the sample morphology for further investigation; 2) the temperature measurement is 

based on the current applied to the heating plate instead of monitoring the real 

temperature from the surface, which resulted in inaccuracies of temperature 

measurements. Therefore, a modified laser heating stage has been built. 

The home-built laser heating is composed of a laser source, an optical fibre, a prism 

and a cooling stage (Figure 1.11A). A laser purchased from LIMO company worked 

as the heating source, with a power output of 40 W and a wavelength of 808 nm. An 

optical fibre (CeramOptec GmbH) with a length of 2.2 m was employed to guide the 

laser light into the ESEM specimen chamber. For transition into the chamber, the 

fibre was glued into a small hole drilled into a vacuum flange of the supply ports of 

the ESEM. The flange was sealed by an exchangeable rubber O-ring. Inside the 

specimen chamber, the laser was further converged by a collimator and guided by a 

prism to illuminate the backside of the sample (Figure 1.11B). During the heating 

process, the collimator and prism temperature could be too high to work properly, 

therefore, a cooling stage was built to maintain the temperature at 16 ~ 20 °C. 
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Figure 1.11 A) an overview of the heating stage, including prism, cooling stage and laser 

fiber; B) a scheme of laser path route. 

Mass Spectrometer: A quadruple mass spectrometer (Pfeiffer OmniStar) was 

connected to the ESEM chamber to measure the gas compositions change of the 

ESEM sample environment. The base-pressure of the instrument is 2×10-5 Pa under 

high vacuum conditions, with residual gas compositions consisting mainly of water, 

N2 and O2 (Figure 1.12). The instrument is not ultra-high vacuum capable, due to the 

use of rubber O-ring for sealing. Therefore, the chamber cannot be baked out. Under 

low vacuum conditions, the mass spectrometer around 10-4 Pa was selected to 

monitor the gas composition during the reaction. H2, O2 and H2O were the most 

common compounds analysed in our experiments. 

 

 

Figure 1.12 The base pressure of the ESEM under high vacuum conditions and low vacuum 

working conditions. 
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In summary, the modified ESEM is capable of investigating the surface 

morphological changes under reaction conditions and catalytic activity can be 

recorded in situ.  

1.6 Scientific objective and outline of this work 

Our aim is to investigate gas phase induced morphological changes of metal surface 

and to conclude on their relation to heterogeneous catalysis. A pre-requisite for 

harvesting this information is the possibility to detect online catalytic conversion. The 

combination of real-time imaging and on-line gas analysis would allow for observing 

the evolution of transient phases relevant for catalytic turnovers. Dynamics of the 

metal catalysts under reaction conditions are observed by environmental SEM, while 

the catalyst activity can be measured online using mass spectrometry.  

To complement the results in situ XPS measurements of the surface are applied 

under similar conditions to identify the chemical changes that take place under the 

examined conditions. In most cases, focus ion beam (FIB) is also used to cut a 

region of interest from the catalyst, for subsequent investigation be TEM to identify 

the local chemical structures. 

Hydrogen and oxygen have been selected as a model system in this work, due to 

the simplicity of the product distribution, in order to study the behaviour of metallic 

catalysts in a redox gas mixture. This investigation will provide important insights for 

understanding how active phases behave in reactive conditions and how this 

behaviour is related to activity. Three representative metals were chosen for this 

work–copper, nickel and platinum–, which are prominent catalysts in many industrial 

processes. In addition, they exhibit similarities in their crystal structure. All three 

crystalize in face centred cubic (fcc) structures. However, they have variable 

sensitivities for the adsorption of reductants and oxidants. For instance, compared to 

Ni and Pt, copper is more oxophilic and less easy to reduce. Conversely, Pt is very 

reactive to H2 and less to O2. Ni represents an intermediate case.68 

In Chapter 2, in situ studies were performed to investigate the redox behaviour of 

copper using an environmental scanning electron microscope. The co-existence of 

three different morphologies oscillated with time at 700 °C at 4% O2 in a hydrogen 

and oxygen mixture gas. Subsequently, in situ XPS was employed to characterize 

the copper oxidation states under similar conditions. Finally, the reasonable 
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mechanism was proposed to explain the occurrence of redox dynamics phenomena 

and to illustrate the phase transitions. 

In Chapter 3, platinum redox dynamics were investigated in the presence of H2 and 

O2 mixtures at different temperatures, while monitoring the H2 conversion. It was 

found that the platinum catalyst surface highly reconstructs in the presence of a 

specific mixture of gases. The morphological change rate correlates positively with 

the hydrogen conversion rate, demonstrating the significance of dynamic surfaces to 

catalytic activity. 

In Chapter 4, synchronized oscillations on a nickel catalyst in a mixture of H2 and O2 

at different temperatures were observed in the ESEM and MS. The highest activity 

corresponded to metallic nickel and the lowest catalytic activity is attributed to nickel 

oxide.  

In Chapter 5, final conclusions and outlook of the thesis are provided. 
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2 The redox dynamics of copper revealed 

by in situ scanning electron microscopy 

2.1 Abstract 

Using in situ scanning electron microscopy, we have performed studies on the red-

ox behaviour of copper in the model reaction of oxygen with hydrogen. Real-time 

observation of the dynamic interplay between gas-phase reactants, temperature and 

the surface of the substrate reveals rich structural dynamics that are associated with 

the competing action of the simultaneously present oxidizing and reducing agents. 

On polycrystalline Cu foils, the interaction between the reactive gas-phase and the 

Cu surface induces grain-orientation dependent modifications. This modification 

consequently changes the interaction strength with the two gas phase reactants, 

resulting in a delayed feedback mechanism that induces oscillatory redox phase 

transitions. Under these conditions, the surface shows a constant inter-conversion 

between metal and oxide. A dynamic state between the three co-existing phases is 

established in which the resulting average composition of the surface is controlled by 

the H2/O2 ratio and temperature. At low oxygen concentration (4% in total pressure 

20 Pa), lateral coupling between local redox oscillations can result in the formation of 

complex spatiotemporal dynamics. Detailed analysis of the observed morphological 

changes by in situ SEM and characterization of the involved phases by in situ X-ray 

absorption and scanning photoemission microscopy provides insight into the three 

surface phases that are involved in the metal-cuprite transition and into the local 

chemistry of the morphological dynamics. The work highlights the importance of 

combing microscopy and spectroscopy executed under the same reaction conditions 

for disentangling the interplay of surface and sub-surface chemistry occurring under 

elevated chemical potentials which could be of relevance in heterogeneously 

catalysed reactions.  
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2.2 Introduction 

In heterogeneous catalysis, solids facilitate reactions between adsorbed molecules. 

The reactant molecules can also chemically alter the catalyst, and in doing so, can 

give rise to a dynamically changing catalyst surface, the coexistence of multiple 

surface phases, and even the formation of meta-stable phases.1-5 Such situations 

occur when an oxidizable or reducible material is used to catalyse a redox reaction. 

Examples are methanol oxidation on copper,6-8 ethylene oxidation on silver, or CO 

oxidation over palladium.9 In oxidation reactions, an oxidant and reductant are mixed 

together over the catalyst’s surface. The action of the oxidant and reductant 

counteract each other with respect to the phase stability of the catalyst material. The 

result is a dynamic structure fluctuating between oxidized and reduced states, with 

fluctuating phases and surface terminations at any point in time.8, 10 It is a major 

challenge for catalysis research to determine what phases are present under such 

conditions and how coexistence and inter-conversion correlate with catalytic activity. 

This feat requires experimental insight about non-equilibrium processes, which is 

one of the reasons why in situ characterization methods are so vital.11 

Recent years have seen a major growth in the use of in situ methods for studying 

catalysts.9, 12-14 In situ methods are so essential for understanding catalysts because 

a finite chemical potential of the gas phase larger than the conditions of more 

conventional surface science reaction experiments may be required to transform the 

catalyst into its reactive form. In practical catalysis science, this effect is well known 

under the term ‘activation’.9, 15 As mentioned above, the redox action of mixed 

oxidizing and reducing agents can give rise to repeated phase transitions on a 

catalyst surface.16 During such inter-conversion periods, high energy transient 

structures can arise. These structures are excellent candidates for active sites. Such 

sites require non-equilibrium geometric and electronic structures in order to execute 

their catalytic function. In contrast to the conventional wisdom of static active sites 

being produced during catalyst synthesis, the process of dynamical restructuring 

provides a convenient mechanism of generating high-energy sites for catalytic action.  

In such a picture, an active site is constantly regenerated through phase dynamics. 

The present approach attempts to gain conceptual knowledge of such scenarios 

using a model study that exemplifies structural dynamics. What kinds of sites 
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transiently exist on a dynamic surface, is still very much a mystery to the scientific 

community. The origins of phase transition phenomena and their evolution are 

difficult to study because they must be examined using in situ methods. Furthermore, 

they are difficult to predict using computational methods because transition states 

represent non-equilibrium structures.11  

In the present work we investigate the behaviour of copper when exposed to a model 

redox reaction mixture of H2 and O2. Copper was chosen because of its relevance in 

a number of industrial redox reactions, such as methanol oxidation (CH3OH + O2)
17, 

water gas shift reaction18, CO2 reduction19 and as an active component in methanol 

synthesis catalysts.20 To date, several surface science methods have been applied 

for surface oxidation mechanism and phase transitions.21 However, despite of the 

detailed integral spectroscopic characterization, spatially resolved insight about the 

associated morphological and chemical dynamics during phase transitions is still 

scarce.  

We have optimized a commercial environmental scanning electron microscope 

(ESEM) for in situ observation of structural dynamics of metals in a gas atmosphere. 

The instrument is equipped with a gas feeding station, a home-built laser heating 

system. By combining direct imaging with additional chemical-state-sensitive 

methods, we are able to correlate the morphological dynamics with information about 

the involved phases. While near-ambient pressure X-ray photoemission 

spectroscopy (NAP-XPS) delivers information about the chemical composition of the 

involved phases in the redox material, environmental scanning photoemission 

microscopy (ESPEM) complements the in situ SEM data with laterally resolved 

chemical information.  

 

2.3 Experimental section 

2.3.1 Sample preparation 

Polycrystalline copper foils of 0.1 mm thickness and 99.998% purity were purchased 

from Advent Research Materials Ltd. Prior to all experiments, copper samples were 

cleaned using ion polishing (Gatan Model 691, 1 hour @ 5 kV Ar+), followed by 

annealing in 20 Pa high purity (99.999%) H2 at 700 °C inside the chamber of an 

environmental scanning electron microscope (ESEM) for 2 hours. The high-
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temperature annealing removes surface contaminants and induces grain growth and 

migration4-6, as detailed in Supplementary Fig.2.1 & Video S2.1. Increased contrast 

in the secondary electron image and brightness variations caused by grain-

orientation dependent electron channelling conditions and differences in the work-

function confirm a high degree of surface reconstruction.22 

2.3.2 In situ studies 

In situ scanning electron microscopy measurements were performed using a 

commercial ESEM (FEI Quantum 200). The base-pressure of the instrument is 2×10-

 5 Pa, with residual gas composed mainly of water, N2 and O2. The instrument is 

equipped with a home-built infrared laser heating stage, oil-free pre-vacuum pumps 

and a gas supply unit with mass flow controllers (Bronkhorst). Each time a new 

sample was loaded, the ESEM chamber was pumped to 10-3 Pa and purged with 

nitrogen three times. During in situ measurements, reaction gases were directly fed 

into the differentially-pumped chamber of the microscope. At a hydrogen flow of 10 

sccm and oxygen flows between 0 sccm and 5 sccm, the pressure in the chamber 

equilibrated in the range between 20 and 50 Pa. The temperature was measured via 

type K thermocouples that were directly spot-welded onto the sample.  

Near-ambient X-ray absorption fine structure (NEXAFS) measurements were carried 

out at the Innovative Station for In situ Spectroscopy (ISISS) beamline at the 

Helmholz-Zentrum Berlin (HZB) synchrotron light source (BESSY II). The NAP-XPS 

set-up is equipped with a Specs GmbH Phoibos 150 differentially-pumped 

electrostatic lens and analyser system. It contains a reaction cell in which the sample 

is mounted and enables measurements at pressures of up to 100 Pa. Details of the 

equipment are available elsewhere.7, 23 During in situ experiments, reaction gases 

(from Westfalen AG, purities: hydrogen and oxygen 6.0N) were continuously fed into 

the reaction cell via mass-flow controllers. The pressure in the chamber was 

maintained at 20 Pa during the measurements. The sample was heated from the 

back side using an infrared laser, and the temperature was measured by type K 

thermocouples that were mechanically clamped onto the surface of the sample. 

Environmental scanning photoelectron microscopy measurements were performed 

at the ESCAmicroscopy beamline at the Elettra synchrotron facility in Trieste, Italy. 

The setup consists of a hemispherical energy analyser, attached to a chamber that 
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contains a specially designed cell that can be back-filled to 20 Pa of a reaction gas 

mixture. The reaction cell is separated from the high vacuum region via a 300 µm 

diameter aperture. The X-ray radiation used as the excitation source was generated 

via an undulator and focused using Fresnel optics onto a 190 nm-diameter spot on 

the surface of the sample. The photon energy used for the measurements was 1071 

eV. The sample was heated during the measurements using a boron-nitride-coated 

resistive heater. Further details of the experimental set-up can be found elsewhere.24 

2.3.3 Ex situ analysis 

Energy dispersive X-ray (EDX) mapping was performed in the chamber of the ESEM 

using a Si(Li) detector from Bruker. Focused ion beam milling (FIB) was performed in 

a FEI (Thermo Fisher) Heilos G3 FIB/SEM. High resolution transmission electron 

microscopy (HRTEM), high angle annular dark-field (HAADF) scanning TEM 

(STEM), electron energy-loss spectroscopy (EELS) and EDX mapping on TEM 

lamella was performed using a double corrected JEOL ARM 200F instrument that is 

equipped with a Gatan Quantum ER imaging filter and a JEOL silicon drift EDX 

detector.  
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2.4 Results  

2.4.1 Morphological dynamics under red-ox conditions - phase diagram 

 

Figure 2.1 The plot shows three regimes in the copper phase diagram observed by ESEM at 

varying oxygen and hydrogen chemical potentials and at different temperatures. The 

detailed calculations are avaliable in Table S2.1: In regime A) the reductant dominates, and 

the catalyst remains in the metallic state, only some surfaces show oxygen induced 

reconstruction. In B), the counteracting oxidizing and reducing agent induce a dynamical 

interconversion between oxidized and reduced domains which are simultaneously present 

on the surface. In C), the oxidant dominates and the copper is oxidized. Scale bar is 5 µm. 

All sample started with the same pre-treatment (i.e. H2 annealing), followed by a progressive 

increase of O2 concentration. All measurements were performed in the pressure range from 

20 to 50 Pa.   

Samples were pre-treated by annealing in 20 Pa H2, at 700 °C, then prior to the 

investigation, were held at the temperature of interest in H2. Various temperatures 

between 600 °C and 800 °C were tested. At each temperature, the O2 concentration 

was increased stepwise and at each step, the morphological changes of the sample 
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were monitored for two hours. The resulting data was used to construct the 'dynamic 

phase diagram' in Figure 2.1. The compositions for which dynamics were observed 

were noted and are indicated in the phase diagram. From the recorded movies the 

cuprite coverage was calculated at different points of the phase diagram (Figure 

S2.2 and 2.3). Except for 750 °C and 800 °C the onset of the tri-stable regime can be 

translated to a cuprite surface coverage of approximately 20% (Figure S2.2) and 

oscillation terminate for all temperatures at cuprite coverage of 99.5%. Further 

details related to the oxygen concentration change induced Cu2O morphology 

coverage ratio and chemical potential variations are available in supporting 

information, seen in Figure S2.2 and S2.3, Video S2.2 to 2.26 and Table S2.1 to 

S2.2. 

Figure 2.1 A-C shows representative ESEM images of a polycrystalline Cu foil at 

700 °C under O2 concentrations ranging from 0% to 37% in a H2/O2 atmosphere 

pressure. Depending on the H2/O2 ratio, three distinct regimes can be identified: As 

soon as oxygen is added (region A in Figure 2.1), the surface of the grains 

restructure. Initially, at low O2 concentrations, the surface is faceted. As the O2 

concentration increases, the surface smoothens. As long as the oxygen 

concentration is below 3-5 % (depending on temperature), no oxide growth is 

observed. At oxygen concentrations above this threshold, the formation of 

corrugated oxide islands can be observed (region B in Figure 2.1). Due to the 

competing action of oxygen and hydrogen, a dynamic bi-stability is established, 

showing temporal changes. A time series is shown in Figure 2.2. The dynamic 

surface is characterized by the simultaneous presence of oxidized and metallic 

domains and a constant inter-conversion between the two. At high oxygen 

concentration (region C in Figure 2.1), the surface becomes fully covered with oxide. 

The O2 partial pressures at which the boundaries between the different regimes are 

observed, depend on oxygen chemical potentials. In the diagram of Figure 2.1, one 

can see that at higher temperatures, higher O2 partial pressures (related to lower 

chemical potential) are required to move out of the bi-stability regime into the 

oxidized regime. Similarly, lower O2 chemical potential needed to transition from the 

metallic regime to bi-stability increases from 600 to 800 °C, respectively. The need 

for higher O2 partial pressures with higher temperatures is expected, given that oxide 

chemical potentials decrease with increasing temperature.25-27  
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In the present work, we focus on the redox dynamics observed in regime B. To 

examine the redox process more closely, we have chosen conditions in which 

spatiotemporal surface dynamics are laterally coupled over extended regions and 

the oscillatory behaviour of the redox process is revealed. A time series of images 

recorded at two different magnifications at 700 °C in an atmosphere containing 4% 

oxygen (with oxygen chemical potential -3.07 eV) in hydrogen are shown in Figure 

2.2. 

 

Figure 2.2 Surface morphological evolution with time can be seen in images recorded at 

700 °C at 4% oxygen concentration, seen in Video S2.27. Colors are used to highlight the 
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different stages that are observed during a redox-cycle: green is for the faceted surface, the 

red color for the islands and blue for the flat morphology. Bottom row of SEM images shows 

snapshots from the central grain (marked by white square) at higher magnification under 

identical conditions, but recorded during a later redox-cycle, seen in Video S2.28. The 

different morphologies coverage ratios are also extracted from the Video 2.28 and plotted in 

Figure S2.4. The intensity changes with time from marked region (Video S2.27) are also 

extracted and plotted with time.  

From panels Figure 2.2A-D one can see that the interaction of the surface with the 

gas phase induces a sequence of stages that are characterized by distinct 

morphologies. Starting with a heavily facetted surface of the central grain in Figure 

2.2A, the surface transforms into a microscopically smooth state (Figure 2.2B). 

Thereafter, the formation of copper oxide islands is observed (Figure 2.2C). They 

propagate in a wave-like manner across the surface and are swiftly reduced in the 

hydrogen dominated atmosphere. With the disappearance of the oxide islands, the 

facetted surface state is re-established (Figure 2.2D) and the redox-cycle closed. 

Figure E – H are snapshots from the central spots at higher resolutions but recorded 

for the later cycles. At 700 °C and a total pressure of around 30 Pa, one complete 

redox-cycle takes about 30 minutes. The dynamics are thus relatively slow and can 

nicely be followed by in situ SEM, even when using a scanning speed of several 10 s 

per image frame. This cycle of re-occurring morphologies continues as long as the 

experimental conditions remain unchanged. Interestingly, oxide growth is exclusively 

observed on the smooth surface, and the locally observed sequence of surface 

reconstruction, surface flattening and oxide formation- and reduction is repeated in 

the same order on all grains. This phenomenon also can be clearly reflected by the 

intensity plot in Figure 2.2, as the morphology evolution is accompanied by surface 

intensity changes, In Figure 2.3 and the movie provided in the supplementary 

information (Video S2.27), not only the oxide islands propagate across the surface in 

the form of waves, but also the boundaries between different phases of characteristic 

surface morphology meander across the surface of the polycrystalline foil in the form 

of waves.  



 
 

36 
 

 

 

Figure 2.3 Wave-like propagation of different surface morphologies. Blue lines drawn on the 

SEM images roughly indicate the position of the boundaries between different surface 

structures. For video please see supplementary Video S2.27. 

2.4.2 Identification of surface phases 

2.4.2.1 Ex situ EDX, HRTEM and EELS characterization 

In order to enable a discussion of the surface dynamics, the chemical nature of the 

observed phases needs to be addressed. To examine the oxide islands in the tri-

stable state, the in situ experiments in the ESEM were interrupted and the state of 

the surface frozen by sudden removal of the reaction gases rapid cooling. A freezing 

of the surface dynamics is possible at any desired moment due to the low inertia of 

the laser heating stage, which enables cooling rates of up to 50 °C/s, and because of 

a vacuum system that allows fast switching to high-vacuum mode. After quenching, 

the samples were subjected to further ex situ analysis. The composition of the 

samples was first analysed in the ESEM using energy dispersive X-ray (EDX) 

mapping. Subsequently, samples were transferred to a FIB/SEM for target 

preparation of TEM lamella. High-resolution TEM imaging combined with electron 

energy-loss spectroscopy (EELS) analysis was used to study the surface structure 

and to identify compositional differences between smooth and faceted grains. Figure 

2.4 A and B show an SEM image and corresponding O-K EDX map of the quenched 

tri-stable state. The EDX analysis clearly confirms the formation of copper oxide 

islands on the copper surface. However, is not sensitive enough to distinguish 

between flat and stepped surfaces of the metallic copper.  
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Figure 2.4 A) SEM images after redox dynamics; B) EDX element mapping of O (K) showed 

islands are oxygen rich. 

 

Figure 2.5 A) TEM low resolution overview of lamella by focus ion beam (FIB) cut after 

reaction and EELS spectrum; B) HRTEM images from the marked square and diffraction 

pattern of Cu2O and Cu. 

Analytical TEM investigation performed on a lamella cut through an oxide island is 

summarized in Figure 2.5 A and B. The carbon protection layer was deposited after 

the reaction in order to avoid surface oxidation during the transport and TEM 

preparation. From the cross section of the oxide island, one can see that the oxide 

layer has expanded below the copper metal surface, with the metal-oxide boundary 

reaching depth of several 100 nm (see Figure S2.6 image of complete cross-section). 

Oxidation is thus not limited to the surface, but also involves the bulk. Lattice fringe 

imaging shows that the structure of the oxide corresponds to Cu2O. The chemical 
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state of the copper is further confirmed by the Cu L-edge EELS spectra, which 

shows the fingerprint of Cu1+ (inset of Figure 2.5A). The EELS spectra also confirm 

that the material surrounding the oxide islands is metallic Cu. High resolution TEM 

images of the Cu2O/Cu interface, as well as and fast Fourier transform (FFT) 

analysis of the lattice fringes, show that the Cu2O and Cu exhibit an epitaxial 

relationship and thus, a sharp interface. Furthermore, no void formation due to 

diffusion of copper atoms into the oxide layer is observed at the interface between 

metal and oxide. In Figure 2.5B, the Cu2O/Cu interface is inclined with respect to the 

[001] zone axis of Cu and the viewing direction, so one cannot distinguish a clear 

atomically sharp interface from the image. However, the existence of sharp 

boundaries between Cu2O and Cu with coherent and semi coherent crystalline 

interfaces is known28 and their formation has recently been observed under in situ 

conditions29-30, which allows us to conclude that this type of interface is not due to 

recrystallization during rapid cooling. Figure 2.5A reveals also some information 

about the structure of the metallic copper in the proximity of the oxide. From TEM 

EELS and HRTEM, no signs of oxygen termination can be detected, but a surface 

reconstructing leading to atomically flat facets can clearly be observed. 

One should note that CuO is not observed in the redox dynamic conditions. The 

reason is likely that CuO cannot form directly on Cu metal. Rather it only forms on 

Cu2O, and Cu2O becomes reduced back to Cu metal before CuO can form. 

Furthermore, previously reported sub-stoichiometric oxides of copper, such as Cu3O4 

and Cu4O3 can also be excluded, as these oxides contain Cu2+, which would give 

rise to a distinctive white line in the EELS spectra, which is not observed in the 

TEM/EELS cross section. 

After confirming that the oxide islands consist of Cu2O, the nature of the stepped and 

smooth surfaces that reappear sequentially in the redox cycle, needs to be 

addressed. Site-selected FIB lamella were prepared for TEM cross section analysis, 

after quenching a sample that was investigated under 3% O2 in an H2/O2 mixture at 

700 °C in the ESEM. Under these conditions (regime A in Figure 2.1), the surface 

has turned from a smooth state, after hydrogen annealing, to one that shows grain-

orientation dependent faceting with co-existence of flat and stepped surfaces.31  
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Figure 2.6A shows the region from which a lamella was extracted. It spans two 

grains with different surface morphology. An overview TEM image of the lamella is 

shown in Figure 2.6B. High resolution imaging shows that the faceted surface is due 

to the decomposition of a vicinal (310) plane of metallic copper into terraces of (110) 

and (210) orientation in figure 2.6C and D. The faceting process is driven by a 

reduction of surface energy, and was possibly enabled by the increased mobility of 

copper atoms at elevated temperature in the presence hydrogen and oxygen. A 

sphere model of the atomic structure of the surface is shown in Figure 2.6E. From 

high-resolution imaging and EELS spectroscopy (performed on different lamella, see 

also Figure 2.5 A, B), no sign of surface oxidation could be detected on the flat or 

faceted regions. From electron backscattering diffraction, the twin boundary was 

identified as sima-3, with the flat grain exposing a (110) surface (see Figure S2.5).  

 

Figure 2.6 A) SEM image of copper showing two grains with different surface structure and 

the area from where the TEM lamella was extracted using FIB (red rectangle). B) Overview 

TEM image showing flat and stepped surfaces separated by a twin boundary. The steps are 

due to (210) and (100) planes. C) High-resolution image with lattice fringes and 

corresponding fast Fourier transformation (FFT) show that the surface facets are due to (210) 

and (100) planes. D) HRTEM image with Cu columns viewed in [001] direction with the 
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orientation of (100) and (210) panes indicated. E) Ball model showing the (100) and (210) 

surfaces of fcc copper. 

2.4.2.2 In situ NEXAFS characterization 

To investigate the chemical nature of the surface, we turned to in situ near-ambient 

pressure NEXAFS (Near-Edge X-ray Absorption Fine Structure). Figure 2.7 A and B 

show in situ Cu L3- and O K-edge spectra of a copper foil measured at 700 °C, in a 

25 Pa atmosphere of H2 and at various partial pressures of O2. These are the same 

conditions used in the ESEM observation. The Cu L3 spectra show that the surface 

starts off metallic in pure H2. When O2 is added to the feed (pO2 = 0.8 Pa, 

corresponding to 3% O2 in a H2/O2 atmosphere) the Cu L-edge indicates metallic Cu, 

while the O K-edge shows a feature with an edge at 529.5 eV, which is indicative of 

an O-terminated Cu surface.32  

When the O2 partial pressure is increased to 16 Pa, signs of Cu2O begin to appear. 

Cu2O is apparent from the Cu L-edge by the intensity increase at 932.9 eV (edge 

position), and in the O K-edge by the formation of a feature at 531.8 eV (edge 

position).6-7 The conditions for these spectra are comparable to those in the ESEM 

measurements for which dynamic redox changes were observed (Figure 2.7C). This 

observation implies that the morphologies observed in ESEM represent a 

coexistence of O-terminated Cu and Cu2O. As we have identified the island 

structures as Cu2O using TEM, this implies that at least one of the flat or faceted 

morphologies is an O-terminated surface. The NEXAFS observations represent an 

integral measure of the Cu surface and can be interpreted as superpositions of 

cuprite and metallic states. Without spatially resolved surface chemical information, 

one cannot conclusively identify the cause and nature of the two surface 

morphologies.  
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Figure 2.7. In situ photoemission measurements of copper foil at 700 °C in a 25 Pa mixture 

of hydrogen and oxygen, with various oxygen partial pressures ranging from 0% to 10%. (A) 

Cu L3-edge NEXAFS spectra and (B) O K-edge NEXAFS spectra. (C) in situ SEM image 

exhibiting different surface morphologies. The image is colored to highlight the faceted Cu 

surface (yellow), smooth Cu surface (orange), and Cu2O islands (red). 

2.4.2.3 In situ scanning XPS characterization 

To perform an in situ chemical-state sensitive, microscopic characterization of the 

material, we utilized micro-focused scanning photoemission microscopy (SPEM). 

This method uses a Fresnel zone plate to focus soft X-rays onto a 190 nm diameter 

spot at the surface of the sample, while photo-emitted electrons are energy filtered 

and detected by means of a hemispherical analyser. The sample is rastered in two 

dimensions while the photoemission signal is recorded. In this way, one can obtain 

spatially resolved XPS spectra with a spatial resolution of 190 nm. A recent 

development33 has enabled this method to be applied in atmospheres up to 100 Pa, 

by placing the sample inside an isolated cell with a small aperture for letting in X-rays 

and detecting photoelectrons. 

Using this method, we heated a polycrystalline Cu foil to 650 °C in a mixture of H2 

and O2 at 20 Pa. A slightly lower temperature was chosen in order to slow down the 

kinetics of the process, as SPEM acquisition times are considerably longer than 

ESEM image acquisition times (ca. 5 minutes per map for SPEM versus 0.5 minutes 

per image for ESEM). A time series of SPEM maps showing the spatial distribution 

of Cu2p3/2 intensity is shown in Figure 2.8a. These maps represent the intensity of 

the photoemission signal centered at 932.7 eV, and energy window of 2 eV. Thus, 

bight points indicate higher Cu content. Here one can observe the formation of dark 
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islands, which were identified using Cu LMM spectra as Cu2O. The Cu2O islands 

grow with time, and eventually bright intensity forms in the middle of the oxide 

islands. The bright patches showing up in the middle of the Cu2O grain in frames 2-4 

indicates the reduction of Cu2O to Cu metal. The behaviour of the copper surface in 

the SPEM set-up nicely reproduces the dynamics that were observed by in situ SEM. 

A large-area Cu2p3/2 map is shown in Figure 2.8b, from which we measured high-

resolution point spectra of the Cu LMM and O1s regions at the locations indicated in 

Figure 2.8b. The Cu LMM spectrum 

 at point A and B indicate that Cu in these regions is metallic, while the Cu LMM 

spectrum taken from point C indicates that it is Cu2O, as expected. Note that 

spectrum A consists of a mixture of Cu LMM spectra from Cu2O and Cu because the 

spatial resolution was not sufficient to isolate a purely metallic region on the oxide 

grain.  

An interesting observation from the ESEM investigations was that oxide islands 

nucleate only on the smooth surface morphology (Figure 2.8c). From the in situ 

SPEM investigation, we can see that the smooth region surrounding the oxide 

islands consists of metallic Cu (based on the Cu LMM spectra), yet the O1s spectra 

of the same regions show the existence of an oxygen species. Based on the O1s 

binding energy and the lack of an oxide signal in the Cu LMM spectra, we expect 

these O-species to represent an O-terminated Cu surface. This observation 

suggests that the metallic copper surrounding the Cu2O islands consists of O-

terminated metallic Cu. As mentioned above, the spatial resolution was not sufficient 

to determine whether or not the reduction fronts formed on the Cu2O islands also 

contain an O1s signal.  

From the above paragraph, we conclude that the smooth surface morphology 

represents an O-terminated metallic surface. However, the faceted surface could not 

be prepared simultaneously with the Cu2O islands during the SPEM experiments 

due to the lower temperature compared to the ESEM experiments. Nonetheless, 

regions were located where both smooth and faceted surfaces could be 

simultaneously observed, although from two different grains. Comparative SPEM 

measurements performed on two neighbouring grains in regime A, where one 

showed a smooth, the other a facetted surface, did not reveal any measurable 
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difference in oxygen termination (shown the corresponding oxygen spectra to the 

data A, B, C). In order to identify difference in termination that are not related to the 

orientation of the copper grain and obtain clues about the observed sequence of 

structures in the redox cycle, both reoccurring morphologies have to be captured on 

the same grain. So far, we have not been able to attain conditions in which the two 

could be sufficiently well distinguished and SPEM spectra recorded. At this stage, we 

are thus not able to draw any firm conclusions as to the chemical difference between 

smooth and faceted morphologies.  

   

Figure 2.8 a) A scanning photoelectron microscopy Cu2p maps recorded the Cu surface 

evolution at around 4% O2 and 96% H2 at 650 °C. b) Cu surface morphology was frozen by 

pumping out the gas to high vacuum conditions at 650 °C. Three representative points have 

been chosen to investigate the copper state (A is the reduction front, B is the position 

between two oxides, C is the oxide island); c) Cu LMM spectra corresponding to point A 

showed the mixture of Cu and Cu2O, point B showed metallic state and point C is Cu2O, d) is 

the SEM images. 

2.5 Discussion 

In the following, we summarize the findings and build up a model to explain the 

about the observed dynamics. To understand the reactions that are occurring during 

redox dynamics, we will first consider some hypothetical scenarios. We consider 

what each of the possible phases would do when exposed to each of the pure 

reactant gases. These scenarios are: 1) pure metallic Cu in O2; 2) O-terminated Cu 

in O2; 3) Cu2O in O2; 4) pure metallic Cu in H2; 5) O-terminated Cu in H2; 6) Cu2O in 
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H2. All cases are considered ay high temperature of 700 °C. The first three cases 

consider heating the respective phases in O2, while the last three consider heating 

the respective phases in H2. 

If metallic Cu were heated in pure O2, Cu would become rapidly oxidized to Cu2O. 

Previous works have shown that the initial stages of oxidation (i.e. before the 

nucleation of Cu2O) involve the formation of an O-termination (i.e. an O monolayer 

on the Cu surface).34 Cu2O then nucleates and grows over the surface. Note that 

CuO would not form because it is not thermodynamically stable at such high 

temperatures (see phase diagram).25 Thus Cu2O would be the highest oxide 

expected at such temperatures. If O-terminated Cu were heated in O2, it would 

simply proceed with oxidation to Cu2O. If Cu2O were heated in O2 at 700 °C it would 

remain as Cu2O, although it would likely have a relatively high concentration of 

defects.    

In contrast, if metallic Cu were exposed to H2 (in the complete absence of O2) no O-

terminated surface would form and no Cu2O would form. The surface would remain 

metallic. Copper hydride would not be formed, as it is not stable above -60 °C35. 

Furthermore, H binds weakly to Cu, and desorbs from the surface at temperatures 

greater than 80 °C.36 Thus, at high temperatures in pure H2 one would expect a 

clean metallic Cu surface to be stable. If one were to expose an O-terminated 

surface to H2 at 700 °C one would expect the O atoms on the surface to react with 

H2 to form water, leaving the surface metallic and oxygen-free. This process has 

been observed spectroscopically using NAP-XPS, where the O-terminated surface 

loses its oxygen atoms at temperatures above 550 °C. If Cu2O is exposed to H2 at 

700 °C it becomes reduced to Cu metal, where Cu nucleates on the Cu2O surface, 

and passes through an O-terminated surface along the way to complete reduction.  

To summarize, the stable state of copper at 700 °C in O2 is Cu2O, and the stable 

state of Cu in H2 at 700 °C is metallic Cu. When we expose copper to a mixture of 

these reactants, the surface fluctuates between the two extremes, passing through 

intermediate states along the way. One can rank the various states according to their 

oxophilicity and nucleo-philicity. The oxophilicity increases in the order Cu > [O]-Cu > 

Cu2O. Thus clean metallic Cu activates O2 the fastest, while Cu2O activates O2 the 

slowest. In contrast, the nucleo-philicity follows the reverse order, i.e. Cu2O > [O]-Cu > 
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Cu. Thus Cu2O activates H2 the fastest, while Cu activates H2 the slowest. The 

competing rates of oxidation and reduction of the three possible phases, as well as 

the kinetic delay of phase nucleation gives rise, to complex dynamics, resulting in a 

tri-stability of morphologies and implies that for a simple Cu-Cu2O phase transition 

three different phases are involved. These phases are illustrated in a schematic 

model of the multi-phase surface in Figure 2.9.  

 

Figure 2.9 Illustration of different stages that the surface passes through during a redox 

cycle at 700  °C at 4% oxygen in a H2/O2 atmosphere and total pressure of 20 Pa. r(O2) and 

r(H2) represent the rates of O2 adsorption and H2 adsorption, respectively. 

If we use r(O2) and r(H2) to represent rates of O2 and H2 activation, the on the Cu2O 

phase r(O2) < r(H2), while on a copper surface r(O2) > r(H2). On an O-terminated 

surface, the rates would be intermediate, but it is not likely that r(O2) = r(H2). The 

reason why a phase stays stable for a prolonged period of time, rather than being 

immediately oxidized or reduced, is that there is a nucleation barrier to the formation 

of a new phase, implying that phase transitions have a kinetic barrier associated with 

them. This property gives rise to the long-term temporal co-existence of the phases.  

The difference between smooth and faceted morphologies 

In the sequence of morphological changes that are observed during one redox-cycle, 

surface faceting and smoothening always precede oxide formation. Furthermore, the 

oxide always nucleates on the smooth morphology. In order to understand the 

reasons for this, we first need to address the difference in surface termination 

between the stepped and smooth surface. Note that morphology alone cannot serve 

as a complete characterization of a phase. However, the observation of 

morphological changes under constant conditions is a reliable indicator that a 

change in thermodynamic stability has occurred. Thus, if monitoring a single 
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crystallographic orientation with time, reversible morphology changes can be used 

as a reliable indicator of surface energy changes.   

According to in situ SEM, surface restructuring and step formation on freshly 

reduced samples begin upon the admission of low concentrations of oxygen. Figure 

2.10 shows that the surface of individual grains transit through different 

morphologies with increasing oxygen concentration. Eventually, at the point where 

the oxygen concentration is high enough to induce oxide growth, periodic 

fluctuations between faceted and smooth morphologies occurs. These changes in 

morphology indicate a change in surface energy. Since the macroscopic bulk 

structure of the surface stays the same, we infer that the difference between the 

faceted and smooth morphologies is a result of differences in surface termination. 

Chemisorbed oxygen is known to induce several surface reconstructions on copper, 

such as well-ordered c(2 x 2) phases and the Cu-(2 ×) R45°-O missing-row 

reconstructions on the Cu(100) surface, the p(2×1) and c(6×2) reconstructions on 

Cu(110)37, and the relatively complex '29'- and '44'-structures on Cu(111).38-40 Each 

of these structures differ in their surface energies and result in different equilibrium 

crystal shapes that depend on oxygen chemical potential.41 In general, crystal 

shapes tend to be more isotropic as oxygen chemical potential increases, because a 

larger variety of low-energy reconstructions are possible. Whereas on pure Cu, the 

crystal shape is dominated by the low-index faces (100), (110) and (111). 

When comparing the faceted and smooth morphologies observed in the ESEM 

measurements, we can say that the surface energy of the smooth surface is more 

isotropic with regards to crystallographic orientation than the stepped surface is. 

Faceting occurs on the stepped surface because only a few low-index faces are 

stable. Unstable, high-index faces re-structure into low-index faces, resulting in an 

overall higher surface area but a lower total surface energy. In contrast, for a more 

isotropic crystal shapes, the high-index surfaces are relatively low energy, so the 

total surface energy can be minimized by taking on a rounder shape. Clearly, from 

comparison of stepped and smooth morphologies in the ESEM images, the smooth 

surface is more isotropic.  

Based on these arguments, as well as the general trend of equilibrium crystal shape 

with O-chemical potential shown by Duan et. al..41 we expect that the smooth 
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morphology represents a surface termination with higher O-content than the faceted 

morphology. This interpretation would be in-line with the observation that the Cu2O 

islands only nucleate on the smooth morphology. That is, the O-chemical potential 

increases in the order stepped < smooth < Cu2O.  

Previous works have shown that the initial stages of Cu2O nucleation occur after the 

surface is covered with an O-termination. For instance, Lahtonen.31, 39-40, 42 showed 

that the oxidation of Cu(100) proceeds via the formation of a c(2×2) reconstruction, 

followed by the more O-rich Cu-(2 ×) R45°-O reconstruction, and then by the 

nucleation of Cu2O. Interestingly Lahtonen et al. showed that the Cu-(2 ×) R45°-O 

phase is a particularly stable reconstruction. Thus, while the oxidation from clean Cu 

to the Cu-(2 ×) R45°-O reconstruction occurs rapidly, the further oxidation to Cu2O is 

kinetically slower. This type of kinetics could have a strong influence on the 

dynamics observed in the ESEM measurements.  

This interpretation is qualitatively in line with the SPEM observation, where first the 

formation of an O species with a binding energy of O-terminated Cu is observed, 

followed by formation of Cu2O. Indeed, no Cu2O formation has been observed 

without first seeing the precursor species. 

 

 

Figure 2.10 A: ESEM images recorded during H2 annealing at 700 °C. The central grain is 

still showing a faceted surface. Complete surface flattening in pure hydrogen is only reached 

after prolonged annealing at high temperature (700 °C). B: After pumping away H2 and 

introducing 5×10-3 Pa O2, the surface of the central grain has flattened, while other grains 

exhibit faceting. C: Upon further increase of the O2 pressure to 1×10-2 Pa, the surface 

morphologies adapted accordingly.  
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Based on these arguments, we propose a model of the reaction dynamics where the 

transitions from faceted to smooth to Cu2O represent oxidation steps and the 

transitions from Cu2O to smooth to faceted represent reduction steps. The reason for 

the complex dynamic and the tri-phase co-existence is that there is no single phase 

that is good at activating both reactants. Cu can activate O2 well, but not H2. Cu2O 

can activate H2 well but is slow at activating O2. Thus Cu will continue to oxidize until 

it can activate H2 faster than it can activate O2. this process results in the surface 

swinging between two extremes, passing through an intermediate along the way. the 

presence of the intermediate phase is a consequence of the delayed kinetics of 

phase nucleation, due to nucleation barriers.  

In particular, a phase change begins as a nucleation event. Once a new phase 

nucleates, it rapidly propagates over the surface, replacing the previous phase. The 

new phase remains until the nucleation another phase occurs and replaces it. The 

nucleation barriers to each phase change results in a delayed response in the 

oscillatory behaviour. 

2.6 Conclusions  

We have presented an in situ ESEM study of the morphological changes to copper 

that occur when it is heated in a mixture of O2 and H2. We find that under certain 

H2:O2 ratios three distinct morphologies coexist and dynamically transition among 

one another. Using post-reaction EDX, TEM and in- situ NEXAFS, these phases 

have been identified as Cu2O and two surface terminations of metallic copper. We 

conclude that the morphologies represent three different surface phases, differing in 

terms of their oxygen chemical potentials. With time, the surface oscillates between 

surface phases of low oxygen chemical potential to phases of high oxygen chemical 

potential. Complex dynamics results from the kinetic barriers to transitions between 

the phases. Such complex dynamics are expected to play a role when catalysts that 

can exhibit several oxidation states are exposed to a mixture of oxidizing and 

reducing reactants. A complete understanding of such processes requires further 

developments in in situ methodologies, specifically spatially and time resolved 

chemical-state sensitive in situ methods.   
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2.8 Supplementary information 

 

 

Figure S2.1 A) shows the morphology of copper foil before annealing. In B-F), a sequence of 

modification images shows grain growth and migration at 700 °C during exposure to 21 Pa 

hydrogen. White dot lines highlight the grain boundaries maintained during the annealing 

process, yellow dot lines for the emerging boundaries. t* indicated the annealing process 

until obvious grain boundaries transformation can be observed. Different grain reveals 

different contrast due to electron channeling effect.  
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Figure S2.2 Circles show Cu2O coverage ratios at the boundary transited from reduced 

region A to tri-stable region B and finally converted to Cu2O.  
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Figure S2.3 exhibits the Cu2O coverage extracted form Videos 2.2-2.26. For each Cu2O 

coverage correlated O2 chemical potential are available in Table S2.2. 
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Figure S2.4 exhibits the different morphologies coverage ratio change with time, which are 

extracted from Video S2.28, including Cu2O, facet surface and flat surface. 
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Figure S2.5 A) is an overview of the facet and flat surface frozen after reaction, where two 

FIB cuts were lifted out of the surface. Region of interest (ROI), marked in green square, is 

analyzed by electron backscattering diffraction (EBSD). B) EBSD orientation map of ROI. 

Twin boundaries (while lines), sigma 3, are appeared, which is 60° rotation around ˂111˃. 

Each set of twins is separated by a grain boundaries (black). C) shows the grain orientation: 

grain①: ~7° misorientation from ˂110˃; grain②: ~7° ˂310˃; grain③: ~5° ˂211˃; grain④: 

~5° ˂211˃; grain⑤: ~6° ˂311˃; grain⑥: ~13° ˂111˃; grain⑦: ~3° ˂123˃. 
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Figure S2.6 A) is the quenched morphology after redox dynamics on Cu (110). A thin lamella 

is cut out a defined location (marked by red rectangular) from copper foil, tinned and then 

analyzed with a transmission electron microscope, in Figure B). 

 

Table S2.1 µO (T, P°) in the temperature range of the interest to our study. The standard 

pressure (P0) is 0.1 MPa. 

Temperature Temperature / K µO2 (T, P°) / eV µH2 (T, P°) / eV 

600 873.15 -0.94244 -0.73704 

650 923.15 -0.99994 -0.78272 

700 973.15 -1.05744 -0.88911 

750 1023.15 -1.11494 -0.93479 

800 1073.15 -1.17244 -0.98047 

 

Oxygen chemical potential (µO2) at different temperatures and pressures are calculated via 

equation, 

µ (T, P) = 2 (T, P°) + kT ln (P/P0)  

k is Boltzmann constant, 8.617 x 10-5 eV/K.  
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Table S2.2 shows the Cu2O coverage and chemical potential at different oxygen 

concentrations. 

Temperature / °C Cu2O coverage / % µO2 / eV Oxygen concentration / % 

600 0.00 -2.80785 1.57 

600 22.69 -2.79135 1.96 

600 70.37 -2.59976 16.67 

600 99.74 -2.58276 20.00 

600 99.44 -2.56585 23.08 

650 0.00 -2.96095 1.96 

650 22.51 -2.92677 2.91 

650 39.08 -2.82623 9.09 

650 99.63 -2.71058 25.93 

650 81.33 -2.6983 28.57 

700 0.00 -3.09481 3.38 

700 23.12 -3.06865 3.85 

700 97.38 -3.01868 6.54 

700 99.44 -2.87092 25.93 

700 99.50 -2.85429 28.57 

750 0.00 -3.22696 3.38 

750 17.76 -3.23831 4.31 

750 34.49 -3.21428 4.76 

750 98.40 -3.0974 13.04 

750 99.46 -2.97817 33.33 

800 0.00 -3.35495 5.66 

800 20.78 -3.32722 7.41 

800 95.87 -3.18743 23.08 

800 99.48 -3.12795 35.71 

800 99.84 -3.11213 50.00 
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3 Direct observation of chemical potential 

induced dynamics of platinum by in situ 

scanning electron microscopy 

3.1 Abstract 

Understanding how surface restructuring influences catalyst activity is an essential 

but challenging step toward tailoring and designing high-performance catalysts. 

Platinum, being an important catalyst in several applications, has been extensively 

studied by the scientific community. However, structure-reactivity correlations are 

generally not straightforward, as platinum can reconstruct when in contact with 

reactive atmospheres, and it is non-trivial to determine which surfaces are present 

under reaction conditions, let alone determine which of the surfaces or defects are 

responsible for catalytic activity. In the present study, hydrogen and oxygen are used 

as prototype reductants and oxidants to examine how the gas phase influences the 

platinum morphology, and how changing chemical potential of the gas phase leads 

to catalytic activity variations. Environmental scanning electron microscope is 

employed to record the morphological dynamics that occur under reaction conditions, 

while on-line mass spectrometry is used to track corresponding changes in catalyst 

activity. 

3.2 Introduction 

Surfaces are extremely important in heterogeneous catalysis. They influence 

chemisorption, diffusion, reaction and desorption processes involved in the catalytic 

cycle. All these key steps critically depend on the surface composition and structure 

of the catalytic particle on the atomic scale.1-2 A catalyst's surface can be chemically 

altered by the adsorption of molecules, and thereby a surface can undergo a 

restructuring when exposed to a mixture of gaseous adsorbates. The adsorbate-

induced restructuring can greatly change the catalyst's activity during a given 

reaction.3 Therefore, it is important to understand the morphological and structural 

changes that occur to catalysts under reaction conditions, and it could be essential 

for understanding how to further enhance a catalyst's activity. 
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Platinum serves as a fundamental system for surface science and catalysis research, 

due to its ability to perform both oxidizing and reducing reactions without changing its 

metallic character. It has been extensively used in various industrially important 

reactions, such as hydrocarbon oxidation and dehydrogenation, carbon monoxide 

(CO) reduction in automotive exhaust gases,4-5 fuel cells,6 ammonia oxidation,7 and 

reforming in petroleum industry.6 The surface of a Pt catalyst is prone to 

reconstruction under reaction conditions, and the surface reconstruction can 

influence the catalytic activity. It was found that Pt (110) can reconstruct from a (1 × 

1) structure in CO-rich conditions to a (1 × 2) structure in CO-lean conditions during 

CO oxidation.8 The surface transition is accompanied by CO oxidation-rate 

oscillations.9-11 Other examples of surface restructuring include faceting during H2S 

decomposition12, as well as stepped7, roof13 and cauliflower14 structures in ammonia 

oxidation. The adsorption-induced surface reconstructions can change the exposed 

crystal face, which would generally alter the sticking coefficients of the exposed 

surface, thereby altering catalytic activity,12-13, 15-16 

The morphological changes on Pt surfaces during NH3 oxidation have been studied 

by scanning electron microscope (SEM), and transmission electron microscope 

(TEM) before and after reaction treatments at various gas compositions and 

temperatures.17,13 Depending on temperature, pressure, and catalyst composition, 

the surfaces of Pt-based catalysts reconstruct into rows of facets and pits, and later 

on into bulky structures resembling the shape of a square. Those observations 

suggest that surface roughening improves the catalytic activity in ammonia oxidation. 

This process is called Platinum ‘activation’ and is supposed to result from increased 

surface area during roughing.13 However, how the surface roughing influences the 

catalytic activity, and what the ideal surface looks like are still matters of debate. In 

fact, surface roughening is a dynamic process, so the static images recorded after 

reaction can hardly provide a satisfactory answer to the above questions. 

Platinum exhibits a similar morphology when exposed to a mixture of hydrogen and 

oxygen. Here we employed environmental scanning electron microscopy (ESEM), in 

tandem with a quadrupole mass spectrometer (QMS) to monitor the platinum surface 

roughening under in situ conditions. We studied the morphological changes of Pt that 

occur when heated in a mixture of oxidizing and reducing agent, using hydrogen 

oxidation as model reactants, due to hydrogen's moderate reducing and oxygen 
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oxidizing potentials. We examined the material under two different conditions: First, 

where the total pressure was kept constant, while oxygen chemical potential and 

hydrogen chemical potential were simultaneously changed (Figure 3.1A). The 

second set of conditions were to keep oxygen chemical potential constant and vary 

hydrogen chemical potential. In order to hold the total pressure constant, an inert 

balancing gas (Ar) was added (Figure 3.1B). Furthermore, the dynamics that occur 

under these conditions are at suitable length and time scales to be observed by 

ESEM, while the catalytic cycle is much faster.18 This comparative study provides 

new insights on the morphological dynamics that can occur in reactive atmospheres 

and how they influence the reactivity.  

 

Figure 3.1 Experiments performed under two conditions: A) the gas composition is only 

hydrogen and oxygen, without internal gas; B) Argon as used as internal gas to keep the 

total pressure constant. 

 

3.3 Experiment section 

3.3.1 Sample preparation 

Polycrystalline Platinum foils with lateral dimensions of 5×5 mm2 and thickness of 

0.25 mm (99.99% from Alpha Aesar) were used as samples. Prior to all experiments, 

samples were annealed at 800 °C under a hydrogen flow of 10 ml/min and an 

oxygen flow 1 ml/min, at a total pressure of 20 Pa for 10 hours to remove the carbon 

contamination on the surface, see the supplementary Video S3.1. Subsequently, the 

foils were reduced in pure H2 at a constant gas flow rate of 10 ml/min at 800 °C for 3 

hours.  
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3.3.2 In situ scanning electron microscopy 

In situ experiments were performed inside a commercial ESEM chamber (FEI 

Quantum 200). The instrument was modified and equipped with a home-built heating 

stage, gas supply system (mass flow controllers from Bronkhorst) and a quadrupole 

mass spectrometer (QMS) to analyze the chamber atmosphere. The base pressure 

was ca. 2×10-5 Pa, with a residual gas composition mostly comprising water, 

nitrogen and oxygen. After sample loading, the chamber was purged with N2 and 

pumped again to 10-3 Pa successively to remove residual gas. Experiments were 

conducted under low vacuum conditions (30 ~ 60 Pa). The temperature was 

measured with a K-type thermocouple that was spot-welded onto the foil, and 

simultaneously served to ground the sample.  

During the experiments, the microscope was operated with an acceleration voltage 

of 7.5 kV. ESEM images were recorded by a large field detector with 35.40 s per 

frame. No influence of the electron beam on the surface was observed, as the 

imaged regions and their respective surroundings showed similar behavior at several 

magnifications. During the catalytic experiments at 800 °C, 700 °C and 600 °C, 

oxygen mass flow was maintained at 5 ml/min and hydrogen flow was stepwise 

decreased from 10 to 1 ml/min, then increased back to 10 ml/min, in the range of 30 

Pa to 60 Pa. As a comparison, similar experiments at constant pressure at 800 °C 

were also performed. Argon, employed as an inert diluent, was used to compensate 

the H2 flow rate to keep to total mass flow at 16 ml/min and pressure in the range of 

100 Pa. Details are available in Table 3.1 The dwell time at each step was 30 

minutes, allowing ca. 40 images to be recorded at each temperature step. In order to 

quantify the rate of change, we define the morphological variation rate k as:  

 k = D / t     (3-1) 

Where D denotes the average image contrast differences, and t is recording time per 

image. 
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Table 3.1 H2 chemical potential changes with hydrogen mass flow decrease under two 

different conditions. A) the total pressure varied from 60 to 30 Pa without internal gas; B) 

With internal gas, the total pressure can be maintained at 100 Pa. The calculation is similar 

to chapter 2. 

 

 

3.3.3 In situ mass spectrometry 

To elucidate the relationship between the observed surface dynamics and catalytic 

activities, a QMS was used to monitor H2 conversion. H2O was not chosen as the 
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product to monitor the catalytic activity because the main component of the residual 

gas in the ESEM chamber was water, resulting in a rather large background H2O 

signal and inaccurate H2O detection. Therefore, the hydrogen conversion rate was 

used to characterize the platinum catalytic activity. Comparative experiments under 

the same conditions without heating were also measured, and used as a background 

signal according to: 

 ΔI(H2)(consumption) = I(H2)(control) - I(H2)(reaction)     (3-2) 

 H2 conversion  = (ΔI(H2)(consumption) ÷ I(H2)(control)) × 100%     (3-3) 

Where I denotes the ion current of the mass spectrometer. 

3.3.4 Near-ambient pressure X-ray photoemission spectroscopy  

Near-ambient pressure X-ray photoemission spectroscopy (NAP-XPS) 

measurements were carried out at the Innovative Station for In situ Spectroscopy 

(ISISS) beamline at the Helmholz-Zentrum Berlin (HZB) synchrotron light source 

(BESSY II). The set-up is equipped with a differentially-pumped electrostatic lens 

and analyzer system attached to a reaction cell. Details of this equipment are 

available elsewhere.19 During in situ experiments, reaction gases (Westfalen AG, 

purities, H2 and O2 6.0N) were continuously fed into the reaction cell via mass-flow 

controllers. The pressure in the chamber was maintained at 20 Pa. The sample was 

heated from the back side using an infrared laser, and the temperature was 

measured with a type K thermocouple that was mechanically clamped onto the 

surface of the sample. 

3.4 Results 

3.4.1 Morphology studies under changing oxygen and hydrogen chemical 

potentials 

Initially, the hydrogen chemical potential was varied from -2.63 eV to -2.80 eV, in the 

absence of an inert dilution gas, requiring the oxygen chemical potential to be 

adjusted to the range of -3.21 eV to -3.16 eV in order to keep constant pressure. 

Under these conditions, the optimal operating temperature, the morphology variation 

rate and the reversibility of reconstructions were examined.  
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3.4.1.1 Catalytic activity at various temperatures 

 

Figure 3.2 H2 conversion at different temperatures (600 °C, 700 °C, 800 °C) for various H2 

chemical potential. Lines with solid circles indicate H2 conversion changes with decreasing 

H2 chemical potential and lines with open circles show the H2 conversion variations with 

increasing H2 chemical potential at each temperature. 

Reduced Pt foil was exposed to hydrogen and oxygen mixtures at various 

temperatures, ranging from 600 to 800 °C, in a total pressure ranging from 30 to 

60 Pa. The H2 chemical potential was cycled between -2.63 eV to -2.80 eV which 

corresponds to a H2 mass flow change between 10 and 1 ml/min to tune the O2 and 

H2 ratio to examine the resulting surface morphological changes. The hydrogen 

conversion at 600 °C, 700 °C, and 800 °C are shown in Figure 3.2. In general, the 

hydrogen conversion depends on the H2 chemical potential in a volcano-type shape, 

with maxima of conversion observed H2 chemical potential -2.68 eV at 800 °C 

and -2.42 eV at 700 °C. Here the H2 conversion is independent of initial state. The 

maximum is different at 600 °C, the H2 conversion reached maximum at µH2 

= -2.20 eV with decreasing regime, while it peaks at H2 increasing regime at -2.17 eV. 
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While total conversion depends on the direction of the H2 chemical potential. The H2 

chemical potential for which the highest activity was observed was independent of 

cycles at 800 °C and 700 °C. At these temperatures, the maximum in conversion 

was invariably found to be -2.68 eV at 800 °C and -2.42 eV at 700 °C. The hysteresis 

at lower temperature (600 °C) can be assigned to initial activation of the Pt surface. 

Below we provide further details of the results for the reaction temperature of 800 °C, 

as this is where the activity was the greatest. 

From considerations of the overall reaction stoichiometry of H2 + ½O2 → H2O, one 

might expect the highest conversion to be at H2 chemical potential -2.63 eV and O2 -

3.21 eV (calculated from partial pressure under conditions without internal gas), 

which corresponds to H2:O2 ratio of 2:1. Hypothetically, if no catalyst were involved, 

the highest activity would be observed for the stoichiometric ratio. However, a 

stoichiometric ratio in the gas phase does not necessarily imply a stoichiometric ratio 

of reactants adsorbed to the surface. The adsorbate populations also depend on the 

adsorption/desorption rate of the respective reactants. The fact that the rate 

maximum was observed at H2 chemical potential -2.68 eV (5 ml/min H2 and 5 ml/min 

O2) for an H2:O2 ratio of 1:1 is likely a result of the lower activation barrier for H2 on 

Pt compared to O2 on Pt. This point will be discussed further below. 
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3.4.1.2 Qualitative ESEM observation of Pt foil in H2 and O2 at 800 °C 

 

Figure 3.3 A) is the freshly reduced polycrystalline foil; B – K) are platinum surface 

morphological evolutions when H2 chemical potential is decreased from -2.63 to -2.80 eV at 

800 °C, corresponding to a decrease of the H2 mass flow from 10 to 1 ml/min, L) at H2 0 

ml/min. The O2 mass flow was kept constant at 5 ml/min.  

Prior to the reaction, the sample has been annealed to 800 °C in pure H2. This 

treatment resulted in a smooth surface on the micrometer scale (Figure 3.3A). The 

three grains seen in Figure 3.3A exhibit different contrasts due to the electron 

channeling effect. Subsequent introduction of 5 ml/min O2 (H2 chemical potential at -

 2.62 eV) into the chamber leads to an immediate surface reconstruction, shown in 

Figure 3.3B. This reconstruction is grain dependent. For instance, grains a and b 

form curved, faceted structures, while grain c forms relatively straight, parallel 

striations. Additionally, in the H2 chemical potential regime of -2.63 to -2.66 eV (H2 

flow 9 to 6 ml/min), the morphological stability of each grain varies. For instance, on 

grains a and b, the parallel facets become more visible, due to what seems to be an 

increase in the facets' step heights. Meanwhile grain c exhibits almost no apparent 

change. Similar reaction-induced reconstructions of the Pt surface have been 

observed for NH3 oxidation reactions.13 As opposed to previous literature reports, the 
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surface roughening during hydrogen oxidation initiates over the entire grain area, 

rather than from the grain boundary. This observation could be the result of the 

different gas atmospheres or pre-treatments employed here.  

Decreasing the H2 chemical potential to -2.68 eV (H2 mass flow at 5 ml/min), 

(Figure 3.3G) results in the formation of protrusions on the surface. These 

protrusions supersede the parallel faceting and dominate the overall surface 

morphology. This phenomenon is grain independent and covers the entire surface 

within 30 minutes. During this process the grain boundaries are not clearly visible. 

The three-dimensional (3D) protrusions exhibit well-defined edges and transform the 

surface into islands with ‘roof'-shaped structures, having sizes around 1µm at H2 

chemical potential of -2.70 and -2.71 eV (Figure 3.3H and 3.3I at H2 mass flow at 4 

ml/min and 3 ml/min). The formation of the roof-shaped structures is independent of 

the crystal orientation, and can be observed on grains a, b and c, in Figure 3.3. The 

grain orientations were determined post-reaction using electron back scattered 

diffraction (EBSD), shown in supporting information (Figure S3.1).  

A further decrease of the H2 chemical potential to -2.80 eV (at flow rate to 1 ml/min) 

converts the basal plane of the new structure from a roof-like structure to a square 

structure with sharp edges in a range of 2 ~ 5 um. High resolution images of the 

structures are shown in the supplementary material (Figure S3.2). The roof- and 

square-shaped structures were assumed to be induced by O2. We therefore expect 

that these structures continue growing in the absence of H2 which would lead to 

sharp and straight morphologies. However, Pt in pure oxygen leads to a 

smoothening of the edges of the roof- and square-shaped structures (see Video 

S3.2). This observation suggests that Pt surface roughening does not solely rely on 

the presence of either H2 or O2, but rather on the coexistence of both gases in a well-

defined chemical potential.  

3.4.1.3 Relationship between catalytic activity and morphological variation 

As demonstrated above, variations of the H2 and O2 content induce a roughening of 

the Pt surface by the formation of 3D morphologies of various shapes, including 

corrugations, protrusions, roof- and square-shaped structures. Similar surface 

structures have been previously reported, such as pits17, cauliflower20 14, ‘metal wool’ 

structures21 22 and bulky crystals that protrude from the surface during the NH3 
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oxidation process. It has also been shown that the morphological changes are 

associated with an increase of the catalytic activity in the NH3 oxidation.13 The 

surface roughening process is dynamic, making it difficult to study the process by ex 

situ analysis, and to correlate the morphological changes before and after reaction 

with catalytic activity. Environmental SEM enables one to track morphological 

changes with time, and with changing hydrogen content. Such information can 

provide a more detailed understanding of the relationship between structural 

dynamics and catalytic activity. This approach makes it possible to investigate the 

correlation between the catalytic activity and surface morphological change rate. In 

the following paragraphs, we describe this correlation.  

 

Figure 3.4 Snapshots were selected to show the platinum surface morphology evolutions in 

30 mins at different H2 chemical potential potentials -2.63 eV, -2.68 eV and -2.80 eV. A) is 

the surface morphology at the beginning, B) is after 30mins and C) is the difference of two 

morphologies at H2 chemical potential -2.63 eV (H2 at 10 ml/min); likewise, D – F) indicated 
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the morphology changes at H2 chemical potential -2.68 eV (H2 at 5 ml/min); G – I) 

at -2.80  eV (H2 at 1 ml/min). Temperature was kept constant at 800 °C and oxygen mass 

flow at 5 ml/min. 

As mentioned above, during the experiments, oxygen was introduced at a constant 

flow rate of 5 ml/min at a temperature at 800 °C, while the hydrogen flow rate was 

decreased in 1 ml/min steps from 10 ml/min to 0 ml/min. Each of the conditions were 

held for 30 minutes, while SEM images were recorded. Complete data sets at each 

ratio can be found in the supporting information (Videos S3.3-3.13). Figure 3.4 

shows three different conditions, with H2 chemical potential -2.63 eV (H2 flow rate10 

ml/min A-C), -2.68 eV (flow rate 5 ml/min D-F) and -2.80 eV (flow rate 1 ml/min G-I) 

at 800 °C. The first two columns represent different time points, while the last column 

represents a difference image from the images in the first two columns. Thus, the 

contrast in the images of the last column represents the amount of morphological 

change for a given time at each of the conditions shown here.  

Figure 3.4A shows the surface morphology at the beginning of the conditions where 

10 ml/min H2 was flown into the chamber, at a H2 chemical potential -2.63 eV. The 

surface starts off relatively flat. Some faceting is visible. Figure 3.4B shows the 

surface morphology after 30 minutes under these conditions. Figure 3.4C shows the 

grey-scale difference between panels A and B. It highlights the morphological 

changes that occurred during these conditions.  

A decrease in the hydrogen chemical potential to -2.68 eV (5 ml/min H2) resulted in a 

much rougher surface via the formation of pyramid-shaped structures. The 

roughening process at H2 -2.68 eV (5 ml/min H2) is much faster compared to µ(H2) of 

-2.80 and -2.63 eV. Figure 3.4D and E show the morphologies before and after 30 

minutes at H2 -2.68 eV (5 ml/min H2), respectively. As one can see from these 

images, the entire surface has been restructured, and the grain boundaries have 

become less distinct. The morphological changes after 30 minutes under these 

conditions are depicted in Figure 3.4F. This difference image shows that the degree 

of morphological change is much more significant than in the conditions of higher H2 

chemical potentials-2.63 eV (H2 10 ml/min).  

One might presume that the surface would continue to get rougher and more 

dynamic as the hydrogen flow rate decreases. However, the surface roughening 
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process slows down as the H2 chemical potential is decreased from -2.70 (4 ml/min 

H2) to -2.80 eV (1 ml/min H2). At H2 -2.80 eV (1 ml/min H2), the surface dynamics 

have nearly stopped (seen in supporting Video S3.12). After 30 minutes at -2.80 eV, 

the surface morphological changes are minimal, as seen from the pixel intensities of 

Figure 3.4I. A further quantitative analysis of the morphological changes for each 

hydrogen mass flow condition is shown in Figure 3.5.  

When considering how the higher surface area of the roughened surface should 

affect activity, one expects that the activity should be higher for the roughened 

surface. However, as Figure 3.5 shows, the H2 conversion rate under these 

conditions is relatively low. Despite the higher surface area under the O2-rich 

conditions, the surface populations of reactants are presumably too far dominated by 

O-coverage to provide optimal activity. 

 

Figure 3.5 Comparison of surface morphological variation rate (green curve) and hydrogen 

conversion (black curve) versus H2 chemical potentials. 

Interestingly, here we see a correlation between surface morphological dynamics 

and activity. In order to quantify the rate of morphological change, we have summed 

together the pixel intensities from the difference images. This data is normalized and 
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plotted in Figure 3.5 (green curve) along with the measured H2 conversion (black 

curve) as a function of the H2 chemical potential.  

The fastest morphological changes occur during the H2 chemical potential transition 

from -2.68 eV to -2.70 eV (5 ml/min to 4 ml/min H2), and correspond to the conditions 

for which H2 consumption was the greatest. This observation demonstrates here that 

the surface morphological variation rate is correlated with high H2 turnover ratios.  

3.4.1.4 Relationship between catalytic activity and laser power and 

temperature difference variation 

. 

 

Figure 3.6 A) laser power and B) temperature variation with H2 chemical potential at 800 °C 

during hydrogen oxidation.  

The ESEM instrument is equipped with a heating stage that uses an infrared diode 

laser to heat the backside of the sample. The laser beam from the diode is coupled 

to an optical fiber to restrict the irradiation solely to the sample area, which 

maximizes the rate of local heating. The temperature of the platinum surface was 

measured via a K-type thermocouple spot-weld onto the sample center. 

Temperature was controlled by modulating the output current of the diode.  

Hydrogen oxidation is an exothermic process (seen in equation (3-4)).  

 H2 (g) + 1/2O2 (g) → H2O (l)   ΔH = -286 kJ/mol     (3-4)  

The energy released during the reaction can be used to maintain the system 

temperature. Therefore one can also monitor the reaction rate by monitoring the 

laser power required to hold constant temperature. This parameter was recorded 
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and is shown in Figure 3.6A for different H2 chemical potentials. Initially, the current 

output decreases when decreasing H2 chemical potential from -2.63 eV (10 ml/min 

H2). It reaches a minimum at -2.68 eV (5 ml/min H2), and increases again with further 

decrease of the H2 chemical potential to -2.80 eV (1 ml/min H2). As water formation 

is an exothermic process, the reaction rate is positively correlated with the rate of 

thermal energy released and negatively correlated with the laser power output 

required to maintain a constant temperature. The laser power trend is in agreement 

with the catalytic activity measurements from the QMS.  

To additionally pinpoint the fluctuation of Pt activity as a function of H2 content, at 

each change to the H2 flow rate, the laser output was initially kept constant to record 

the temperature change, ΔT, upon changing gas composition. In Figure 3.6B, the 

temperature change ΔT is plotted against hydrogen chemical potential. The 

decrease in H2 chemical potential from -2.63 eV to -2.68 eV (10 ml/min to 5 ml/min 

H2) is accompanied by a positive temperature difference, indicating that the reaction 

ratio increases each time the H2 chemical potential decreases. The largest 

temperature increase occurs at the reaction ratio maximum (H2 chemical potential at 

-2.68 eV at 5 ml/min). Further decreases in H2 chemical potential after the rate 

maximum result in negative ΔT values, implying a decrease in reaction ratio for each 

decrease in H2 chemical potential from -2.70 eV to -2.80 eV with H2 mass flow from 4 

ml/min to 1 ml/min. In addition, the sudden temperature drop at µ(H2) = -2.68 eV of 

almost 50 °C may not only be explained by changes in the reactivity of the sample, 

but also may indicate a rapid surface cooling due to the endothermic reaction 

process. 
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3.4.1.5 Catalytic activity test for the second run 

 

Figure 3.7 Hydrogen conversion, temperature variation, laser current and surface 

morphological variations versus H2 chemical potential change of two consecutive cycles, 

hydrogen chemical potential decreasing (full circles) and increasing (open circles).  

While each experiment started with a freshly reduced flat surface, previous work on 

ammonia oxidation points to the importance of surface roughening on catalyst 

activation.13 23  In the present case, the entire surface became rough and covered 

with the roof- and square-shaped protrusions during the experiments where the H2 

chemical potential in progressively decreased. It would be interesting examine how 

the activity and dynamics change when starting from a rough surface and 

progressively increasing the H2 concentration. The investigation is needed to 

investigate the influence of surface roughness on catalytic activity and to verify 

whether the morphological variation rate k is still the main factor influencing the 

catalytic activity. 

To check this, we started from O2-rich conditions with a roughened surface, and 

stepwise increased the H2 chemical potential, while monitoring the H2 consumption, 

laser power, ΔT and surface dynamics trends, seen in Figure 3.7. The H2 chemical 
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potential was increased from -2.80 eV to -2.63 eV (1 ml/min to 10 ml/min H2), with 

the sample at 800 °C while the oxygen mass flow was kept constant at 5 ml/min (O2 

chemical potential varied from -3.16 eV to -3.21 eV due to absence of internal gas). 

The H2 conversion and surface dynamics showed similar trends, independent of the 

starting morphology of the surface.  

Furthermore, in the second run (where the H2 chemical potential was stepwise 

increased), that total H2 conversion is higher than the first run (where the H2 

chemical potential was decreased).  This observation is likely a reflection of the 

higher surface area of the roughened surface. The catalyst behavior has been 

further supported by monitoring the laser output and temperature variation. Laser 

power output decreased by 1 – 2 A in the second run compared to the first run due 

to the catalyst activity. Likewise, the temperature jump showed a large amplitude in 

the second run compared to the first run. During the second run, the surface 

morphologies were qualitatively similar to the first run.  
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3.4.1.6 Self-sustained oscillations induced by platinum catalyst activation 

 

Figure 3.8 Self-sustained platinum activation at 800 °C at 5 ml/min O2 and 10 ml/min H2 

marked by red circle, lasted for 7 hours.  

Activation of the catalyst by oxygen or the reacting gases is the probable cause of 

the observed catalyst variability. Activation is often accompanied by a significant 

change in surface structure.24 Here we can see that the surface became rougher and 

exhibited various structures depending on the reaction time and the gas composition. 

Interestingly, we have found here that, once activated, the catalyst can exhibit self-

sustained activity, even after active heating is stopped. We find that after activation, 

if the laser power has been switched off, the catalyst continues to oxidize H2 in a 

self-sustained way for an additional 7 hours, maintaining a temperature of ca. 412 °C. 

This phenomenon is demonstrated in Figure 3.8 marked by red circles. This plot 

shows the H2 Ion current versus time, where at time of 1050 minutes the laser 

heating is stopped. The H2 consumption continues, with a slow decrease in rate. The 

energy released from the exothermic reaction maintains an elevated temperature to 

continue and to drive the reaction. Eventually, as the reaction rate slowly decreases, 
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the temperature drops below 350 °C, at which point the reaction extinguishes and 

the H2 consumption rapidly drops. 

Sustained reaction was not observed when H2 oxidation was carried out at 600 °C, 

and the sustained reaction only lasted for 20 minutes when H2 oxidation was carried 

out at 700 °C. Clearly, in order for the reaction to be self-sustained, the reaction rate 

must be high enough that a temperature greater than 350 °C can be sustained.   

3.4.2 XPS  characterization 

 

Figure 3.9 XPS spectra of Pt foil while being heated to 800 °C in 30 Pa of H2, O2 and a 1:5 

mixture of H2 and O2. 

In order to examine the chemical structure of the Pt surface under the relevant 

reaction conditions, we utilized NAP-XPS. We heated a sputter cleaned Pt foil to 

800 °C in H2, in O2, and in a 1:5 mixture of H2:O2, while measuring the Pt 4f, O 1s 

and valence band spectra. The Pt 4f and O 1s spectra are shown in Figure 3.9. The 

photon energy used for the Pt 4f spectrum was 220 eV, and for the O 1s spectrum 

was 660 eV, yielding electron kinetic energies for the respective spectra of 150 eV 

and 130 eV. With these low kinetic energies the inelastic mean free path of electrons 

is ca. 0.4 nm, making the measurements extremely surface sensitive. 

From the Pt 4f spectra there is no indication of chemical change when changing 

conditions. Thus, in O2 at 800 °C there was no evidence for the formation of an oxide. 

Likewise, no oxide was evident in the mixture of H2 and O2. It should be noted that at 

these high temperatures, line broadening significantly decreases the energy 

resolution of XPS, such that subtle changes to peak shape, such as those expected 

for surface reconstructions could not be resolved. 
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By examining the O1s spectra under these conditions, one can see that an oxygen 

species is formed on the surface in O2 at 800 °C. The fact that there is no observed 

chemical shift in the Pt spectrum, while an oxygen species is found in the O 1s 

spectrum suggests that the oxygen species could be from an O-termination. The 

O1s binding energy seen here (529.2 eV) is consistent with previous reports of O1s 

binding energies of O-reconstructions on Pt. Binding energies of O species on Pt 

span a rather wide range–from ca. 529.5 to 530.8 eV.25-28 The O1s binding energies 

on Pt surface is rather sensitive to surface orientation. Oxygen species on high-index 

surfaces, such as Pt(533), Pt(332) and Pt(531), tend to have lower binding energies 

in the 529.5 eV range, while low-index surfaces such as Pt(111) have higher binding 

energies around 530.8 eV.  

From the O1s spectrum measured in O2 (Figure 3.9b), the main peak is located at 

529.2 eV; however, the asymmetry on the high binding energy side of the peak 

suggests there are additional O species on higher binding energy side. When the 

reactive atmosphere was changed to a mixture of H2 and O2, the main O1s peak at 

529.2 eV decreased in intensity, while the peak at higher binding energy becomes 

more apparent. A shoulder at higher binding energy becomes obvious (insert in 

Figure 3.9b), which could be a surface termination of sub-stoichiometric surface 

oxide. This observation could be a reflection the relative surface stabilities of O-

terminated high index and O-terminated low-index surfaces. When H2 is added to the 

mix, some of the adsorbed O-atoms are consumed by reaction with H2. Presumably, 

the O atoms on the high-index surfaces are less stable than those on the low-index 

surface.29 Thus, the O-atoms on the high index surfaces are the first to be consumed 

by reaction with H2. This hypothesis could explain the change in relative O1s peak 

areas observed in Figure 3.9(b).  

3.4.3 Morphological changes under constant oxygen chemical potential 

In order to rate previous results, we compared the data to measurements that were 

conducted using Ar as balance gas to compensate the pressure drop during 

reduction of the hydrogen flow. This allowed us to maintain the identical operation 

pressure for various H2 settings and keep the oxygen chemical potential constant. 
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3.4.3.1 Morphological changes at 800 °C 

ESEM images which were recorded at different H2 mass flows, in the presence of Ar 

as an internal balance gas, at a constant total mass flow of 16 ml/min and at a 

constant total pressure 100 Pa. These images are presented in Figure 3.10. The 

figures depict the situation monitored for the initial and end state as well as the 

difference for three different hydrogen chemical potentials. The contrast in the image 

of the last column represents the amount of morphological changes for a given time 

at each of the conditions.  

Similar to Figure 3.4, the temperature was maintained at 800 °C, while the hydrogen 

flow rate was decreased in 1 ml/min steps from 10 ml/min to 1 ml/min. Each gas 

composition was held for 30 minutes to record the morphological variations. The 

difference is the total mass flow was kept constant in order to stabilize the total 

pressure. Complete data at each ratio are available (Video S3.24 to S3.43). 

Figure 3.10 shows images with a hydrogen chemical potential of -2.58 eV (flow rate 

of 10 ml/min A-C), -2.67 eV (H2 flow rate at 4 ml/min D - F) and -2.80 eV (H2 flow 

rate at 1 ml/min G - I). Obvious morphological changes begin when the hydrogen 

chemical potential of reaches -2.67 eV (4 ml/min H2). Details on how the gas 

composition influences reactivity and morphological variation rate are given in Figure 

3.11. 
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Figure 3.10. ESEM snapshots were selected to show the platinum surface morphology 

evolutions with the inert gas Ar in 30 mins at different H2 chemical 

potentials -2.58 eV, -2.67 eV and -2.80 eV. A) is the surface morphology at the beginning, B) 

is after 30mins and C) is the difference of two morphologies at H2 chemical potentials -2.58 

eV (10 ml/min H2); likewise, D – F) indicated the morphology changes at H2 chemical 

potential -2.67 eV (4 ml/min H2); G – I) at -2.80 eV (1 ml/min). Temperature was kept 

constant at 800 °C and total mass flow of 16 ml/min with constant oxygen chemical potential 

-3.17 eV at a mass flow of 5 ml/min. 

3.4.3.2 Catalytic activity changes at 800 °C 

Similar to the previous measurements, experimental conditions were cycled while 

the H2 consumption, laser power, temperature difference ΔT and surface dynamics 

trends were monitored (Figure 3.11). The H2 conversion showed a similar tendency 

with morphological variation rate compared to Figure 3.7, i.e. the H2 conversion and 
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surface dynamics first increase with decreasing H2 chemical potential and peaked at 

-2.67 eV (4 ml/min H2). Correspondingly, the laser power showed the opposite 

tendency due to H2 oxidation is an exothermic reaction, which means less laser 

power is required to main 800 °C. This observation is independent of the starting 

morphology of the surface. In addition during cycling a higher conversion was 

observed.  

However, the maximum of the conversion appeared at different H2 chemical 

potentials: In the first run, the H2 conversion reached the maximum at H2 -2.67 eV 

(4  ml/min H2) but in the second run (increasing the H2 mass flow) the H2 conversion 

reached maximum at µ(H2) = -2.65 eV. Thus, the highest activity requires more H2 

chemical potential compared to the first run which reached the maximum at -2.67 eV 

(4 ml/min H2). This observation is different to Figure 3.7 without internal gas, which 

shows the maxima at -2.68 eV (5 ml/min H2 and 5 ml/min O2) for both runs.  

 

Figure 3.11 Hydrogen conversion, temperature variation, laser current and surface 

morphological variations versus H2 chemical potential change of two consecutive cycles, 

hydrogen concentration decreases (full circles) and increases (open circles). Temperature is 
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constant at 800 °C and Ar is applied as inert gas to keep the total mass flow constant at 

16 ml/min and pressure at around 100 Pa. 

3.5 Discussion 

3.5.1 Catalytic activity in a mixture of H2 and O2 

Numerous publications have discussed the mechanism of water formation on 

platinum, and several conflicting models have been proposed.30-31 Ertl and co-

workers32 observed this reaction with STM, combined with high-resolution electron 

energy loss (HREELS) spectra. Two distinct temperature-dependent mechanisms to 

H2O formation were observed. At temperature < 180 K, the formed H2O remains on 

the surface. The authors suggested an O disproportionation reaction,  

 H2O(ads) + O(ads) → 2OH(ads)     (3-5) 

Above the H2O desorption temperature (> 180 K), when H2O cannot remain on the 

surface, H2O formed via the simple successive addition of adsorbed H(ads) to 

adsorbed O (O(ads)) 

 O(ads) + H(ads) → OH(ads)     (3-6) 

 OH(ads) + H(ads) → H2O(ads) → H2O(gas)     (3-7) 

Since our temperature is much higher than 180 K, H2O cannot remain on the surface, 

so our study is within the high temperature regime (>180 K). In our experiment, 

without internal gas, O2 was maintained at 5 ml/min, and H2 was varied from 10 to 

0 ml/min.  
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Figure 3.12 A) Mechanistic model to explain the dynamic process (gray and red balls 

indicate hydrogen and oxygen atoms, respectively); B) A plot of hydrogen conversion rate as 

a function of hydrogen chemical potential, as H2 chemical potential decreased from -2.63 eV 

to -2.80 eV (flow rate decreases from 10 ml/min to 1 ml/min) at 800 °C, with a constant 

oxygen mass flow 5 ml/min. Black solid line shows the hydrogen maximum conversion is at 

5 ml/min H2 and the dashed line shows where one would expect the maximum conversion 

rate based on the stoichiometry of the chemical; C) shows how the maximum activity would 

change with H2 partial pressure, depending on whether the activation barrier for H2 

adsorption is less than, equal to, or greater than the activation barrier for O2 adsorption.  

From stoichiometric considerations alone, the conversion would reach a maximum 

when H2 concentration is twice that of O2, in the present case, at 10 ml/min (the 

dashed line in Figure 3.12B). However, our experiment demonstrated that the 

reaction ratio was a maximum at an H2 flow rate of 5 ml/min, (i.e. 50% H2 ratio), as 

indicated by solid line in Figure 3.12B. The reason for the deviation from the 

stoichiometric ratio, is that on catalysts where the Langmuir-Hinshelwood (L-H) 

represents the reaction mechanism (as depicted in Figure 3.12A), the reaction rate 

depends on the relative populations of adsorbed surface species, which in turn 

depends on the relative rates of adsorption/desorption of the respective surface 

species. Consequently, the adsorbate with the larger adsorption energy (i.e. more 

strongly bound) will be in higher surface populations at a given gas phase chemical 

potential. Thus the rate maximum will be obtained when the more strongly bound 

element is present in the gas phase in a proportion that is lower than the 

stoichiometric proportion. 
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In the L-H concept, the reaction between adsorbates (H and O) is given by R = kvHvO, 

provided that the reaction at the surface is the rate limiting step. A symmetric curve 

of H2 conversion rate versus H2 partial pressure is plotted in Figure 3.12C. A 

maximum at stoichiometric point, where H2 partial pressure equals two times of O2 

partial pressure (PH2 = 2PO2), is expected, if the adsorption energy of hydrogen and 

oxygen on platinum are equal EH2 =EO2. When hydrogen partial pressure is higher 

than 2PO2 (PH2 > 2PO2), the surface is predominantly covered by hydrogen, with the 

reaction rate being limited by the oxygen adsorbate concentration. Likewise, the 

platinum surface is mainly covered with oxygen in hydrogen lean conditions (PH2 < 

2PO2) with hydrogen coverage limiting the reaction. The curve can shift to higher 

hydrogen partial pressure side (red curve in Figure 3.12C) when EH2 < EO2, which 

means the adsorption energy of hydrogen on the catalyst surface is smaller than 

oxygen.33 Similarly, if EH2 > EO2, then the red curve would sit on the lower hydrogen 

partial pressure side (blue curve in Figure 3.12C). According to previous literature 

reports, the adsorption energy of hydrogen on Pt (111) is 0.7 eV in the ranges 180 < 

T < 440 K and 5 x10-6 < P < 5 x 10- 2 Pa, 34 which is much smaller than the oxygen 

adsorption energy on Pt 2.5 eV.33,  35  

Based on the Sabatier principle36: the volcano-like behaviour of the H2 consumption 

ratio may also indicate changes in the relative adsorption affinities of H2 and O2 

indicating the exposure of different surfaces. Correspondingly, the molecular 

coverage-dependent sticking coefficient SH2(θ) and SO2(θ), θ is the total surface 

coverage 0 ≤ θ ≤ 133, 37-38, are depends on the activation energy for adsorption. 

Approximate values of the high temperature 900-1300 K sticking coefficients, SH2(θ) 

= 0.04 and SO2(θ) = 0.02, in the pressure range 0.27-27 Pa.39 Our observation at 

800 °C in a mixture of H2 and O2 (30 ~ 60 Pa) fits well with the literature, where the 

maximum of water production is at H2 5 ml/min and O2 5 ml/min, in Figure 3.12B. 

This means hydrogen and oxygen adsorbates on the platinum surface reach the 

optimum ratio for H2O production, which should be most active ratio for the Pt-O and 

Pt-H bonds formation and cleavage. It can be further shown in Figure 3.4, at H2 5 

ml/min and O2 5 ml/min (50% H2), the morphology shows the fastest dynamics 

compared to other ratios, supporting Videos S3.3 - 3.13. 
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Figure 3.13 A) is the plot of H2 conversion versus hydrogen concentration at 800 °C; B) the 

mechanism shows the H2 conversion has been increased due to the surface roughening 

process.  

What is easily overlooked when considering the symmetric volcano plots of Figure 

3.13C is that the different adsorbates can stabilize different crystal faces. The 

transition from a state where one adsorbate is dominant to a state where a different 

adsorbate is dominant can give rise to significant surface re-structuring, and even 

changes in total surface area. We see this effect clearly with the ESEM images taken 

at H2-rich versus O2-rich conditions, in Figure 3.13A. The surface under the O2-rich 

conditions is much rougher, and therefore consists of a larger total surface area than 

the relatively flat surface under H2-rich conditions. Thus, while one moves from high-

H2 concentration to low-H2 concentration, one is inducing an increase in surface area, 

which subsequently increases the total activity of the material, as depicted in Figure 

3.13B. This plot shows the symmetric volcano plot expected if the surface area does 

not change while one changes chemical potential, and the asymmetric curve 

expected when the surface area increases as the chemical potential becomes more 

H2-lean.  

This effect is believed to be the reason for the asymmetry of the measured activity 

curve. By asymmetry we mean that the slope of the activity curve before the 

maximum is different from the slope of the curve after the activity maximum. Figure 

3.13A shows the activity measurements during a decrease in H2 concentration, 

where the surface area progressively increases (black dots) and the activity as the 

opposite direction as the H2 concentration is progressively increased (black dots). 
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One can see that the asymmetric trend is reproduced in both cases, while the 

corresponding ESEM images also demonstrate the expected changes in surface 

roughness (i.e. smooth surface under H2-rich conditions, and rough surface under 

H2-poor conditions). 

3.5.2 The effect of dilution - comparison of conversion and morphological 

changes  

Figure 3.14 compares the H2 conversion and morphology variation rate of both 

outlined scenarios. Without internal gas, the total pressure decreases from 60 Pa to 

30 Pa when H2 chemical potential decreased from -2.63 eV to -2.80 eV. During this 

decrease the H2 conversion increases from 32% to 70% and reaches a maximum at 

a H2 chemical potential at -2.68 eV (H2 mass flow at 5 ml/min), indicated by the black 

line in Figure 3.14A. Furthermore, the normalized morphological variation rate, as 

shown by the black line in Figure 3.14B, increases slightly in the H2 chemical 

potential range between -2.63 eV to -2.65 eV (H2 decreased from 10 ml/min to 

6 ml/min), which is followed by an immediate increase to 1.00 at a H2 chemical 

potential at -2.68 eV (5 ml/min H2).  As can be clearly seen in Video S3.8, the whole 

surface heavily started to reconstruct at -2.68 eV (5 ml/min H2). Subsequently, the H2 

conversion decays from 70% to 54% with a further decrease of the H2 chemical 

potential. The activity decay is accompanied by 68% slower morphological variations.  

 

Figure 3.14 A) is the comparison of H2 conversion with and without internal argon gas at 

800 °C; B) shows the correlated morphological variation rate under both conditions. 

In the second scenario the decrease of the H2 mass flow was balanced with Ar and 

the system pressure was kept at 100 Pa. The H2 conversion (red line in Figure 3.14A) 
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and morphological variation rate k (red line in Figure 3.14B) correlate well with each 

other and exhibit slightly different increasing and decreasing tendencies as without 

inert gas: The H2 conversion first increases from 35% to 81% when the H2 chemical 

is potential decreased from -2.58 eV to -2.67 eV (H2 deceased from 10 ml/min to 4 

ml/min), and levels off at to 76% at lower H2 chemical potential of -2.80 eV (1 ml/min 

H2), indicating almost no deactivation after the peak has reached. 

Additionally, the differences can be observed in the H2 conversion in parallel without 

and with internal gas (Figure 3.14A). Without internal gas The H2 conversion reaches 

a maximum at 70% for a H2 chemical potential of -2.68 eV (5 ml/min H2), while, the 

conversion with internal gas reaches a maximum at 81% at the same H2 chemical 

potential of -2.67 eV (4 ml/min), suggesting a catalyst that is slightly more active. A 

slight shift of the maximum can be also verified by the morphological variation rate 

(Figure 3.14B). With internal gas the morphological variation rate is only 0.04 at H2 

chemical potential -2.65 eV (5 ml/min H2), almost no surface reconstruction can be 

observed (Video S3.29). An immediate jump to 1 is recognized after the H2 chemical 

potential has reached -2.67 eV (4 ml/min), which is reflected in the Video S3.30, 

showing rapid reshaping of the catalyst.  

Interestingly, we observed that with internal gas, the surface exhibits dynamics at a 

lower H2 chemical potential (seen in Video S3.33). However, without inert gas the 

surface become almost static which is accompanied by a decay of the conversion to 

54% (seen in Video S3.12).  

Already in early works, the reaction order of oxygen and hydrogen in the hydrogen 

oxidation reaction over Pt catalysts has been discussed controversially, and it was 

concluded that they depend crucially on the reaction conditions.30 The initial increase 

of the H2 conversion with decreasing H2 chemical potential indicates an inverse 

reaction order towards hydrogen and may be accompanied by H2 surface poisoning. 

After falling below a H2 chemical potential -2.67 eV (4 ml/min) the reaction is 

supposed to be almost zero order in terms of the H2 chemical potential, which is 

indicated by the almost constant conversion for further the H2 decrease. This 

reaction order change is accompanied by a sudden catalyst reshaping at a H2 

chemical potential -2.67 eV (4 ml/min). 
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However, this reshaping would not only involve surface, but also the sub-surface or 

even the bulk could play an important role. As an example, a FIB lamellae was cut 

and lift out from the reconstructed Pt surface after the reaction (Figure 3.15). It 

shows that the surface reshaping depth is around 370 nm. This already suggests 

that bulk contributions to the surface reconstructions are needed. Based on the the 

height of the reconstructed facet and the area of imaged region, we calculated the 

amount of Pt atoms that is needed to form theses reconstruction. It amounts to 

6.6168 x 1017 atoms, while a surface monolayer in the field of view (0.5 x 0.5 cm2) is 

only composed of 3.2675 x 1014, 2.31 x 1013, 3.7725 x 1014 atoms. These number of 

atoms correspond to a (100), (110) (111) terminated monolayer, respectively. These 

examples suggest that the observed reshaping of the crystal could have also 

occurred via diffusion along the surface. The exact driving force that is needed for 

reconstruction and to overcome the energy of cohesion of Pt, remains unclear. 

 

Figure 3.15 A thin lamella is cut and lift out from the reconstructed platinum surfaces. 

However, from our data we can propose that, initially a balanced and equilibrated 

mixture of hydrogen and oxygen can be saturated in the bulk. During reduction of the 

H2 gas phase concentration the hydrogen in the bulk is depleted and oxygen 

becomes the dominating species. Oxygen, however, is much larger then hydrogen 

and may thus induce higher strain into the Pt lattice. At a certain threshold value 

strain of this frustrated oxide system, i.e. Pt and oxygen may coexist in excited 

metastable energy states, may be relieved by a sudden reshaping mimicking a rough 

surface with different adsorption sites.  
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Figure 3.16 shows the morphological changes during the cycle from 10 ml/min H2 to 1 

ml/min then back to 10 ml/min H2. A), B) and C) are morphological changes without internal 

gas; C), D) and E) are with argaon as the diluent gas. 

For the situation without internal gas the initial situation of reaction may be similar as 

the conversion increases with decreasing H2 concentration, seen in Figure 3.16 E 

and F. However, after the threshold value of the H2 chemical potential of -2.68 eV 

(5 ml/min) the conversion decreases again. This suggests that the reshaped surface 

may be poisoned by oxygen for low H2 chemical potentials. Similar to the scenario 

described above the turning point of conversion is initiated by reshaping of the 

catalyst, which in this case seems to be almost irreversible (Figure 3.16 A - C). 

3.6 Conclusions 

We use hydrogen oxidation as a model reaction to investigate the influence of 

surface morphological changes to its catalytic activity on a platinum catalyst. We 

have found that the surface morphological variation rate k can help to explain the 

catalytic activity under conditions with and without internal gas. When H2 conversion 

rate reached a maximum at H2 chemical potential -2.68 eV (5 ml/min H2) for both 

runs without internal gas, the surface morphological variation rate also reached a 

maximum; with internal gas, the maximum peaked at around -2.68 eV for the first run 

and -2.65 eV in the second run with internal gas. Pretreatment to increase surface 

roughness can improve the catalytic activity, due to the surface area enlargement. 
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Around 7 hours self-sustained reaction can be reached by activation of platinum at 

800 °C in H2 and O2. Furthermore, a possible mechanism was proposed to explain 

the highest catalytic activity at -2.68 eV (5 ml/min H2 and O2) and surface area 

increase induced the activity increase. Finally, the possibilities are proposed to 

explain the difference between with and without internal gas.  
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3.8 Supplementary information 

 

 

Figure S 3.1 After reaction, platinum foil was reduced at 10 ml/min H2 at 800 °C for 5 hours 

till the surface get flat, SEM images shown in A); B) is the electron backscattering diffraction 

(EBSD) image which shows grain a, b and c are 6~7°, 5° and 4° misorientation from ˂210˃  

separately. 

 

Figure S3.2 A high-resolution SEM image shows the reconstructed platinum surface at 

1 ml/min H2 and 5 ml/min O2 at 800 °C. Square, rectangular and cropped rectangular shapes 

are coexist on the surface. 
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4 In situ SEM study of self-sustained 

oscillations induced by hydrogen 

oxidation over Ni catalysts 

4.1 Abstract 

Surface structures of catalysts are important in heterogeneous catalysis as they can 

greatly influence the catalytic activity. In addition, the exposure of such functional 

materials to different gaseous environments causes the formation of new surface 

structures. Here we report on the direct observation of surface changes and 

dynamics of nickel catalysts under reaction conditions by environmental scanning 

electron microscopy (ESEM). Chemical changes of the gas phase are monitored on-

line by a quadrupole mass analyser (QMS). Oscillations with varying frequencies 

over a nickel foam have been detected during the catalytic oxidation of hydrogen. 

These oscillations depend on the ratios of the reactants and the temperatures of the 

reaction. For each oxygen content, the surface exhibits different and fluctuating 

morphologies, which could be correlated to the oscillation of on-line measured mass 

traces of the reactants and the product. These oscillations exhibit different 

frequencies as well as amplitudes and depend on the applied reaction parameters.  

4.2 Introduction 

Heterogeneous catalysts represent systems far from thermodynamic equilibrium. 

They feature a group of phenomena which are denoted as “dissipative structures” 

and include rate oscillations, spatiotemporal patterns and chaos.1-2 The formation of 

these phenomena is often attributed to the interplay of rapid chemical reaction steps 

and relatively slow complementary processes such as adsorbate-induced surface 

reconstructions or oxide formation.3 

In heterogeneous catalysis this phenomenon was first reported for CO oxidation over 

Pt metal catalysts.4-5 Since then, the investigations of oscillations have become a 

very active research field which now includes NO reduction,6-7 CO oxidation,8 NH3 

oxidation9 and hydrogen oxidation.10 Despite constant external conditions, such as 

gas pressure, flow rate and temperature, product formation and reactants 
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consumption vary periodically in these reactions. Apart from the found oscillations of 

the reaction rates, many types of spatiotemporal patterns have also been observed.  

The first detailed investigation of surface oscillatory kinetics was done by Ertl et al.11 

The authors showed that oscillations in CO oxidation on Pt (001) are connected to 

adsorbate-induced surface reconstructions. Ertl and co-workers also demonstrated 

the presence of spatial surface patterns in the same reaction by using scanning low-

energy electron diffraction (LEED).12-13 Based on these ground-breaking works, a 

plethora of related studies followed.1, 14 For instance, a dynamic platinum surface 

was observed by in situ transmission electron microscopy (TEM) which was coupled 

to a mass spectrometer. This can be expressed by a reversible surface faceting and 

could be correlated to CO2 oscillation in the catalytic CO oxidation.15 In addition, for 

palladium as a CO oxidation catalyst, in situ X-ray diffraction (XRD) measurements 

indicated that the oscillation of the oxidic state is coupled to a fluctuating CO2 

formation rate which was detected by on-line mass spectrometry.16 Thus, the 

combination of different in situ techniques and mass spectrometry can be considered 

as a valuable tool to unravel real time surface information that is coupled to changes 

of the reaction rates.  

These so-called self-sustained oscillations can be observed for different 

heterogeneous catalytic reactions.1, 17-18 Chaotic, sinusoidal or harmonic oscillations 

can be formed depending on the different feedback mechanism. Furthermore, 

relaxation-type oscillations, which can be described as a fast transformation between 

low-active and high-active states lead to a continuous decrease and increase of the 

reaction rate, respectively. Relaxation-type oscillations have been, for instance, 

observed in the investigation of propane oxidation over Ni surfaces in a mbar 

pressure regime.19-23 Applying near-ambient-pressure X-ray photoelectron Spectron 

(NAP-XPS) combined with a mass spectrometer (MS) and gas chromatography (GC) 

a reversible transformation of the metallic Ni surface to NiO has been documented. 

These electronic surface changes are accompanied by alterations of the catalytic 

activity. To fully understand these morphological fluctuations spatial resolution is 

mandatory. 

Here we will use a catalytic model reaction, i.e. the oxidation of hydrogen, to provide 

more information about the surface dynamics under reaction conditions of Ni foams. 
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Dynamics of the surface morphology will be recorded by in situ SEM imaging which 

can be directly correlated to differences in the gas phase composition. Therefore, a 

QMS device was attached at the gas outlet. Temperature variations are tracked by 

adding thermal couples into the Ni foam. Thus, morphologies, image intensities and 

temperatures of the catalyst can be gathered simultaneously as well as in situ and 

can be correlated to the H2 oxidation reaction rate. The experiments allow for a direct 

measure of the surface dynamics of a catalyst during periodic changes of the 

reaction rate.  

4.3 Experimental section 

H2 oxidation reactions were performed on Nickel foam substrates, purchased from 

Recemat BV Ltd. The Ni foam was cut to 1 mm thick disc with a diameter of 4 mm. In 

situ experiments were performed inside the chamber of a commercial environmental 

scanning electron microscope (FEI Quantum 200), which is equipped with a 

customized laser heating stage and a mass spectrometer (Pfeifer Omnistar) for 

chamber atmosphere analysis. The temperature is measured using K-type 

thermocouples that are inserted into the nickel foam. The Ni morphological 

evolutions under reaction conditions were imaged by Large-Field-Detector (LFD) 

with an acceleration voltage of 7.5 kV. SEM images were recorded at different scan 

speeds, ranging from 8.5 to 35.4 seconds per frame. The H2 and O2 gasses were 

introduced into the ESEM chamber from a modified gas line. Prior to measurements, 

the Ni foam were annealed at 700 °C in H2 flow of 10 ml/min at chamber pressure of 

0.2 mbar for 60 mins. 

For the H2 oxidation experiments, the O2 feed was increased in steps of 0.25 ml/min 

as indicated in Figure 4.2, while keeping the H2 flow fixed at 10 ml/min. The chamber 

pressure during the experiments ranged from 0.2 to 0.5 mbar. No electron-beam-

induced contamination was observed at high temperatures. 

Quantitative analysis to extract brightness intensities from in situ SEM images was 

performed using Image J software. The total brightness intensities were acquired 

from integration on the region of interest in a SEM image with the Time series 

analyser Plugin. 

The time delay caused by the gas diffusion from the chamber to the mass 

spectrometer was calibrated using defined pulses of H2 and O2 and measure the 
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time between observing changes in the images contrast cause by a change of the 

imaging gas properties till the added gas was detected by the MS. 

4.4 Results  

4.4.1 Sample pre-treatment 

The nickel foam is mounted on the sample holder manufactured from silicon carbide 

(Figure 4.1A). All Ni samples were annealed at 700 °C in 10 ml/min of H2 at a 

chamber pressure of 0.2 mbar for 1 hour to remove contaminants and surface oxide 

layers. Figure 4.1B shows the surface morphology before the reduction in hydrogen 

atmosphere. Here, the surface appears rough indicating the presence of some 

contaminants and nickel oxides. After annealing in hydrogen atmosphere, the nickel 

surface smoothens and individual grains can be determined (Figure 4.1C).  

 

Figure 4.1 ESEM images of Ni substrates used in the study of catalytic H2 oxidation: A) Ni 

foam mounted on the ESEM sample holder; B) surface of the Ni foam before hydrogen 

treatment; C) surface smoothening after hydrogen annealing at 700 °C for 1 hour.  

4.4.2 Catalytic reactions at constant laser power output 

During the hydrogen oxidation experiments, the backside of the nickel sample was 

heated by a laser beam. The output current of the laser was kept constant at 17.0 A. 

The hydrogen mass flow was fixed at 10 ml/min, while the oxygen content was 

increased stepwise from 0 ml/min to 2.65 ml/min in steps of 0.25 ml/min, which led to 

an increase of the pressure from 0.2 to 0.5 mbar (Figure 4.2).  

Figure 4.2A represents the H2 (blue line), O2 (red line) and H2O (black line) ion 

currents with increasing oxygen content. At low O2 flows (0.5 ml/min to 1.0 ml/min) 

no oscillations have been detected. At an oxygen flow of 1.25 ml/min the mass 

traces that correspond to H2 and O2 and the product H2O start to oscillate. It shall be 
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noted that the reactants O2 and H2 oscillate in-phase, while H2O exhibits an anti-

phase oscillation behaviour compared to the ion currents of the reactants. Here, the 

minimum of the H2 and O2 traces parallels the maximum of water formation and vice 

versa.  

A more quantitative expression of Figure 4.2A is given in Figure 4.2B. Here, the 

amplitude and frequency of H2O oscillations with increasing O2 mass flow are 

analysed by fast Fourier transform (green line). For comparison the black line with 

solid square and hollow circles (Figure 4.2B) represents the measured maximum 

and minimum of the H2O ion currents at different oxygen contents. With increasing 

O2 flows from 1.25 ml/min to 2.25 ml/min the H2O maximum and minimum increases 

(black line in Figure 4.2B). In this regime the amplitude of H2O oscillation is 

proportional to the O2 concentration. At a higher oxygen content (2.25 ml/min to 2.65 

ml/min) the maximum of hydrogen production levels off, while the corresponding 

minimum decreases (black line Figure 4.2B). The oscillation frequency also changed 

with the O2 concentration as depicted by the Fourier analysis (green line in Figure 

4.2B). The frequency increased from 0.065 cycles/min at a O2 set point of 1.25 

ml/min to 0.137 cycles/min at an O2 flow of 2.0 ml/min. Subsequently, the frequency 

starts to decay to 0.105 cycles/min at higher flows of 2.65 ml/min. The change of the 

frequency can further be corroborated by Figure 4.2A (H2O black line) in which the 

oscillation densifies from increasing the O2 flow from 1.25 ml/min to 2.0 ml/min and 

expands for higher flows.  
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Figure 4.2 A) Product traces of the H2 oxidation reaction over a Ni foam at various O2 

concentrations. The H2/O2 ratio ranges from 10/0.5 to 10/2.65. The corresponding values are 

written on the top in ml/min. The O2 concentration in the reaction mixture varies from 4.76 to 

20.95%. The MS signal of H2 is vertically adjusted by a factor shown in the legend. B) semi-

quantitative analysis of A): The dashed line separates the oscillation regime. The black curve 

with solid squares and hollow circles displays the H2O maximum and minimum at different 

oxygen mass flows. The green curve demonstrates the variations of the H2O frequency for 

different oxygen contents. The laser output current and the H2 mass flow were kept constant 

at 17.0A and 10 ml/min, respectively. 
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As we will show the mass traces of H2, O2 and H2O act as a feedback loop, for 

synchronized Ni surface dynamics. Details of the gas phase variation and surface 

evolution will be discussed in the sections 4.2.2.1 to 4.2.2.3. For this discussion 

three different oxygen mass flows (1.25 ml/min/ 11%, 1.75 ml/min/ 15% and 2.5 

ml/min/ 21%) were selected which represent oxygen-lean, oxygen-medium and 

oxygen-rich conditions. For each O2 ratio two entire oscillation cycles are highlighted.  

The discussion of each ratio will include O2 and H2O oscillations. As H2 and O2 mass traces 

showed the same oscillation tendency (compare Figure 4.2A; blue and red line) the following 

discussion will concentrate on the O2 ion current. In addition, the 1st derivative of the H2O 

signal, which corresponds to the H2O production rate, will also be presented. Furthermore, 

as a response to the changes of the gas phase, the nickel surface shows morphological 

dynamics, which have been recorded by in situ SEM. From each of these images the 

intensity values are extracted and presented. Furthermore, representative SEM snapshots of 

the Ni surface which correspond to high and low water production are shown. Finally, the 

temperature variations can give feedback of the H2O production. The temperature 

fluctuations are attributed to the high exothermicity of the H2 oxidation reaction (equation 

4-1): the surface. The authors suggested an O disproportionation reaction,  

 H2 (g) + 1/2O2 (g) → H2O (l)   ΔH = -571.7 kJ/mol     (4-1)     

Since the laser output current was maintained constant at 17.0A during the increase 

of the oxygen content the observed temperature fluctuations can be attributed to the 

energy released or consumed by the production of water. Thus, the temperature can 

be an additional measure to conclude on high-active and low-active states. 

4.4.2.1 Oxygen mass flow at 1.25 ml/min 

Figure 4.3 shows an excerpt of the MS signals presented in Figure 4.2, the 

corresponding temperature pattern and the evolution of the SEM image intensities 

recorded at different times at a constant H2:O2 ratio of 10:1.25. The ion currents of 

O2 (red line) and H2O (black line) oscillate in anti-phase. In the same graph the 1st 

derivative of the H2O signal is highlighted (blue line), which corresponds to the H2O 

production rate and coincides well with the temperature oscillation waveform 

presented in Figure 4.3 (pink line). The coincidence of the oscillating waveforms 

between the H2O production rate (Figure 4.3, blue line) and temperature (Figure 4.3, 

pink line) reflects well the heat of the H2 oxidation reaction. A sharp decrease and 

increase in temperature (pink line) mark the ascent and descent of the H2O 



 
 

104 
 

production (blue line). Furthermore, the nickel surface is also dynamic. The surface 

morphological changes have been recorded in real-time by in situ SEM imaging 

during the reactions and are characterized by periodic intensity changes. These 

intensities values were extracted from the in situ SEM images (videos S4.1) and are 

plotted in Figure 4.3 (green line).  

Periodic intensity changes of the morphology of the Ni catalyst between smooth to 

rough surfaces were observed during the oscillation (green line in Figure 4.3 & Video 

S4.1) that are characterized by different intensities. For further specification 

snapshots of the nickel surface morphology that corresponds to different points 

(dashed lines A to D) of the H2O production (black line) are presented in Figure 4.4. 

As can be seen in the corresponding intensity plot of Figure 4.3 (green line) and from 

the SEM images in Figure 4.4 the nickel surface state responds to the situation of 

high and low water production, which defines high- and low-active states. The SEM 

image recorded at 85.768s shows a situation of the catalyst in its high-active state 

featuring relative smooth surfaces and dark contrast (Figure 4.4A). This corresponds 

to a maximum in the H2O production rate (Figure 4.3, black line). At the end of the 

high-active state a flickering of the intensity values which is expressed by the 

appearance and disappearance of bright nanoparticles on the Ni surface can be 

observed in Video S4.1 from 86.620 s to 89.744s. This observation corresponds to 

the onset of the decay of the H2O production rate (Figure 4.3, black line) and an 

increase of the SEM intensity (Figure 4.3, green line). This flickering represents a 

dynamic competition between the oxidation and reduction of the Ni surface. The 

competition ends with more and more bright particles at 89.744 s (Figure 4.4B). 

Subsequently, the surface starts to become rough which is accompanied by the 

appearance of some bright particles on the surface that continue to grow and cover 

the entire surface (Figure 4.4C), while at the same time (90.596 s) the H2O 

production rate (Figure 4.3, black line) reaches a minimum. Consequently, the 

surface has reached its low-active state which is manifested by the maximum of the 

SEM intensity (Figure 4.3, green line). During the prevailing time of the catalytic 

reaction, the bright particles disappear and the surface returns to its initial smooth 

and dark character (Figure 4.4D) after a reaction time of 93.436 s. Details are 

available in the supplementary Video S4.1. 
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Figure 4.3 MS signals collected during hydrogen oxidation reactions over Ni catalyst for 

H2:O2 =10:1.25. O2 and H2O ion current oscillations are plotted with time (red and black line). 

The first derivative of H2O MS signal is displayed by a blue line. Temperature oscillations 

(pink line) and brightness intensities from the in situ SEM images (green line) are given in 

the bottom graph. Dashed lines A, B, C and D indicate reaction times of SEM snapshots 

presented in Figure 4.4. 
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Figure 4.4 SEM images of the evolution of the nickel surface at different reaction times 

(H2:O2 =10:1.25). The labeling corresponds to times highlighted by A, B, C, and D in Figure 

4.3. The complete surface dynamics are presented in Video S4.1. 

4.4.2.2 Oxygen mass flow at 1.75 ml/min 

Figure 4.5 presents analytical results obtained with an increased O2 content of H2:O2 

= 10:1.75. Again, the H2O signal (black line) oscillates in anti-phase with the O2 

waveforms (red line) and the SEM intensity (green line). In addition, the progression 

of the 1st derivative of the H2O signal (blue curve) parallels the temperature graph 

(pink line). This behaviour is similar to the situation at H2:O2 = 10:1.25 which was 

discussed in section 4.2.2.1. The following discussion will mainly focus on new 

features which are observed when the oxygen flow is increased from 1.25 ml/min to 
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1.75 ml/min at reaction times between 195.818 s (marked by A) and 202.776 s 

(marked by D).  

Furthermore, SEM image sequences of the nickel surfaces recorded under these 

conditions indicate a morphological behaviour which correlates to the observed gas 

phase changes (Figure 4.6). Similar to the observations presented in Figure 4.4, the 

initial nickel surface is relatively dark and smooth (Figure 4.6A). This correlates to a 

H2O production rate (Figure 4.5, black line) indicating a high-active state at 195.818 

s. Subsequently, bright particles (Figure 4.6B) occur at the surface which lead to an 

increase of the image intensity (Figure 4.5, green line). These morphological 

features occur at the onset of the decay of the H2O production (Figure 4.5, black line) 

at 198.374 s. As opposed to the similar situation presented in Figure 4.4B for an 

oxygen flow of 1.25 ml/min, additional triangular structures arise that are around 1-2 

µm in size and can coexist with the bright particles (Figure 4.6B). The triangular 

structures exhibit smooth surfaces and are characterized by a darker contrast. The 

intensity of the SEM images increases and the triangular structures grow (Figure 

4.6C) until a reaction time of 199.794 s (Figure 4.5, green line). This maximum in the 

SEM image intensity corresponds to the minimum of the water production rate 

(Figure 4.5, black line) indicating the advent of a low-active state. These structures 

disappear and the surface morphology returns to its initial darker and smoother 

appearance at a reaction time of 202.776 s (Figure 4.6D). This leads to a decrease 

of the SEM intensity (Figure 4.5, green line) and to a maximum in the H2O 

production (Figure 4.5, black line) suggesting the reversible kinetic transformation of 

the catalyst surface into its high-active state.  

Similar to the situation presented in Video S4.1, for this H2:O2 ratio flickering was 

also observed at the high-active/ low-active state transition (Video S4.2). This 

flickering of the Ni surface is reflected in the intensity fluctuation (Figure 4.5, green 

line, dotted circle). At this transition state, the Ni substrate exhibits surface 

turbulences in which the bright nanoparticles competitively and chaotically appear 

and disappear (Video S4.2). However, the flickering could neither be observed in the 

O2 (Figure 4.5, red line) and H2O (Figure 4.5, black line) ion currents nor in the 

sample temperature (Figure 4.5, pink line). Further details about the surface 

dynamics are available in Video S4.2. 
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Figure 4.5 MS signals collected during hydrogen oxidation reactions over Ni catalyst for 

H2:O2 = 10:1.75. O2 and H2O ion current oscillations are plotted with time (red and black line, 

respectively). The first derivative of H2O MS signal is displayed by a blue line. Temperature 

oscillations (pink line) and brightness intensities from the in situ SEM images (green line) are 

given in the bottom graph. Dashed lines A, B, C and D indicate reaction times of SEM 

snapshots presented in Figure 4.6. 
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Figure 4.6 SEM images of the evolution of the nickel surface at different reaction times 

(H2:O2 = 10:1.75). The labeling corresponds to times highlighted by A, B, C, and D in 

Figure 4.5. The complete surface dynamics are presented in Video S4.2. 

4.4.2.3 Oxygen mass flow at 2.5 ml/min 

After further increasing the oxygen content, the tendencies of the gas phases 

oscillations differ from the previous observation. Figure 4.7 presents oscillation 

profiles at a reaction mixture of H2:O2 = 10:2.5. The O2 (red line), H2O (black line) 

and temperature (pink line) profiles demonstrate a sharp transition between high 

activity and low activity state, with a reaction maximum at 441.620 s (dashed line A) 
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and minimum at 449.288 s (dashed line C). As opposed to previous temperature 

profiles, the temperature curve (Figure 4.7, pink line) shows a linear decay and 

follows the H2O production rate (Figure 7, black line) rather than the 1st derivative of 

water production (Figure 4.7, blue line). The absence of plateaus in the kinetic 

oscillations indicates a certain chemical instability of the catalyst under high O2 flow 

2.5 ml/min. Due to the positive entropic term of the Gibbs-Helmholtz equation Ni 

catalyst are prone to oxidation at high temperatures at higher O2 frugalities (compare 

Ellingham diagram)25.  

As a feedback to the observed gas phase oscillations (Figure 4.7), SEM images of 

the Ni catalyst surface display periodic dynamics (Figure 4.8 and Video S4.3). The 

nickel surface shows dark contrast (Figure 4.8A) that corresponds to a maximum of 

the H2O production (Figure 4.7, black line) at 441.620 s. The subsequent decay of 

the H2O production (Figure 4.7, black line) is accompanied by the consecutive 

occurrence of flickering and the emergence of dynamical changes of faceted 

particles (Video S4.3). A snapshot of this situation is presented in Figure 4.8B and 

shows the transition of the high-active to the low-active Ni surface morphology (see 

H2O production (Figure 4.7, black line) at 445.170 s). The oxidation of the surface 

increases the surface intensity (Figure 4.7, green line) and the H2O production 

(Figure 4.7, black line) decreases. Figure 4.8C shows the surface morphology at the 

low-active state. At 449.288 s, The H2O production (Figure 4.7, black line) reaches a 

maximum which occurs with a sharp peak (Figure 4.7, dotted line D) in the image 

intensity (Figure 4.7, green line). Here the surface is reduced as represented by the 

dark contrast of the SEM image shown in Figure 4.8D, while H2O production reached 

maximum at 451.702 s (dashed line D).  

Gas phase oscillations and surface dynamics are closely related with each other 

during the hydrogen oxidation reactions. In general, high-active surfaces appear dark 

and corresponds to, low O2 ion currents, a high H2O production rate and a high 

temperature. In contrast, low-active surfaces are bright, and the gas phase exhibit a 

high O2 ion current, low H2O production rate and the temperature is low. 

 

 



 
 

111 
 

 

 

Figure 4.7 MS signals collected during hydrogen oxidation reactions over Ni catalyst for 

H2:O2 = 10:2.5. O2 and H2O ion current oscillations are plotted with time (red and black line, 

respectively). The first derivative of H2O MS signal is displayed by a blue line. Temperature 

oscillations (pink line) and brightness intensities from the in situ SEM images (green line) are 

given in the bottom graph. Dashed lines A, B, C and D indicate reaction times of SEM 

snapshots presented in Figure 4.8. 
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Figure 4.8 SEM images of the evolution of the nickel surface at different reaction times 

(H2:O2 = 10:2.5). The labeling corresponds to times highlighted by A, B, C, and D in 

Figure 4.7. The complete surface dynamics are presented in Video S4.3. 
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4.4.3 Comparison of nickel morphologies at different H2 and O2 ratios 

  

Figure 4.9 in situ SEM images comparison for high and low-active states at different H2/O2 

flow ratios H2/O2 of 10/1.25 (11%), 10/1.75 (14.9%) and 10/2.5 (20%). 

Figure 4.9 summarizes the influence of the O2 content on the morphology of the Ni 

surface during the H2 oxidation reactions. In this study SEM images of a high-active 

surface are characterized by a darker contrast (top row) compared to the brighter 

low-active state (bottom row). This finding is independent of the gas ratio. It is 

apparent that at high-active states the nickel surface evolves from smooth static 

metallic surfaces at a H2/O2 ratio of 10/1.25 to rough surfaces at a H2/O2 ratio of 

10/2.5. The low-active Ni catalyst exhibits rough surfaces with bright particles at a 

H2/O2 ratio of 10/1.25. They transform into surfaces where bright particles and 

triangular structures can coexist at a H2/O2 ratio of 10/1.75 and into heavily oxidized 

surfaces at a H2/O2 ratio of 10/2.5. In summary, with the increasing O2 content from 

11% to 20% (O2 from 1.25 to 2.5 ml/min), the Ni surface became rough and 

developed more morphological features. 
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4.4.4 The effect of temperature on the kinetic oscillations 

For further insights on the kinetic oscillation of the hydrogen oxidation reaction, 

experiments were performed at different temperatures with a fixed and medium 

H2/O2 ratio of 10/1.75 (14.9% of O2 in H2). Figure 4.10A presents the corresponding 

temperature dependent gas phase variations, including H2 (blue line), O2 (red line) 

and H2O (black line) ion currents over Ni catalyst. The temperature was stepwise 

increased from 350 °C to 800 °C. As can be seen from Figure 4.10A kinetic 

oscillations were spotted in the temperature regime between 550 °C to 800 °C. No 

oscillations were detected below 550 °C and above 850 °C. The ion currents of H2 

(blue line) and O2 (red line) proceed in-phase, while the H2O production rate (red line) 

oscillates anti-phase. Overall the reaction rate increases with temperature as 

indicated by the increase of the H2O ion current and simultaneous decrease of the 

H2 and O2 mass traces. Figure 4.10B shows the H2O oscillation frequencies of 

Figure 4.10A between 550 °C and 750 °C. With increasing temperatures the 

frequencies of the H2O oscillation increases, whereas the amplitude of oscillations 

decrease from 9.98 x 10-9 cycles/min at 550 °C to 1.41 x 10-9 cycles/min at 750 °C. 

The positive relationship between the oscillation frequency and the temperature 

suggests that the nickel catalyst spends more time in its high-active and metallic 

state at higher temperature. The increase in frequency with higher temperatures is in 

agreement with the report of Zhang et al26 on the partial oxidation of methane over Ni 

catalyst.  
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Figure 4.10 A) Oscillations of the H2 (blue), H2O (black) and O2 (red) ion currents versus time 

over Ni foam at a fixed H2/O2 ratio of 10/1.75 (14.9% of O2 in H2) at different temperatures. 

B) Relationship between the frequencies of H2O oscillation and temperature from 550 °C to 

750 °C.  

4.5 Discussion 

4.5.1 Relationship between nickel oxidation state and catalytic activity 

The complementary techniques of in situ SEM imaging and MS which were used in 

the current work demonstrate a correlation between the morphology of nickel 

catalysts, chemical state and catalytic activity. At 700 °C and a low O2 content 
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(reaction mixture up to H2:O2 = 10:1) no oscillations were observed. The Ni surface 

exhibits only smooth metallic surfaces with minimum dynamics throughout the 

reaction as can be seen in Figure 4.2. When the O2 feed was increased, oscillations 

are observed and the nickel catalyst exhibit dynamic behaviour. The high-active 

state of the Ni catalyst features a smooth and dark surface morphology, while the 

low-active state is characterized by rough and bright intensity with oxides covering 

the Ni surface. The temperature oscillates with the transformations of the surface 

states. As the external heating from the laser output current was kept constant, the 

oscillation arises from self-sustained hydrogen oxidation reactions. The oscillatory 

heating depends on the reaction rate and H2O production rate. Therefore, 

temperature oscillations are an important indicator to unravel the active state of a 

catalyst. 

4.5.2 On the H2 oxidation mechanism over Ni catalysts 

Gas phase and temperature oscillations have been observed during the hydrogen 

oxidation and light alkanes oxidation over Ni substrates.27-30 Lobban and Luss 

proposed that the oscillatory behaviour could be caused by successive oxidation and 

reduction of the nickel surface. Their study was based on temperature oscillations. 

They concluded that the activity of the oxidized surface is lower than the reduced 

nickel surface. Thus, oxidation reduces the reaction rate and leads to a decrease of 

the temperature, while reduction increases the reaction rate which could be 

attributed to enhanced temperatures.28 In addition, Kaichev et al. proved a similar 

oxidation-reduction mechanism in the propane oxidation reaction by using in situ 

XPS analysis which was conducted in a similar pressure range as the current study 

(~0.5 mbar).27 Their study reveals that the oscillations originate from a reversible 

change of the Ni oxidation state of the surface of a Ni foil catalyst. They showed that 

during the low-active state the Ni surface was completely covered by a thick layer of 

NiO, which was fully reduced to metallic Ni in its high-active state. 

The result from our in situ SEM experiments supports an oxidation-reduction 

mechanism for the H2 oxidation reaction over Ni catalyst which is manifested by the 

occurrence of self-sustaining oscillation. During the reaction the high-active state of 

the surface is dark and smooth in contrast to the low-active state. This situation is 

independent of the gas phase. The dark and smooth surface could be attributed to 
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reduced surface species and the bright and rough surfaces should be ascribed to 

oxidized analogues. This can be explained by better electron conductivity of metallic 

nickel than nickel oxides, in which secondary electrons could be accumulated on the 

nickel oxide surfaces and contribute to the high brightness. 

The exact driving force for the reversible oxidation-reduction of the Ni catalyst 

remains still unclear, but defects which form during this process, such as the 

formation of non-stoichiometric NiO1-x could play a significant role. The oxidation of 

Ni and NiO and its backward reaction involve volume expansion and shrinking, 

respectively. Thus, defects can be easily formed during this process.31 Besides, the 

growth of nickel oxides under partially reducing conditions (H2 concentrations are 

89%, 85.1% and 80%), a large number of defects can be expected during Ni 

oxidation. This defective NiO may have a minimum reduction barrier and, hence, a 

fast jump from low-active states to high-active states can be realized.  

At elevated temperatures diminishing oscillation (lower amplitudes and higher 

frequencies) are observed as presented in Figure 4.10. These observations suggest 

that the Ni catalyst can be thermally pushed into the high-active state. This may lead 

to stable and smooth metallic surfaces throughout the reaction at elevated 

temperatures as adsorption and oxidation affinities change. According to the 

Ellingham diagram,32 the NiO Gibbs free energy change (∆G) has due to the positive 

entropic term a positive slop with increasing temperatures. This suggests that the 

probability to form NiO species at higher temperatures will be decreased for the 

given oxygen fugacity. Consequently, the formation of metallic nickel surfaces is 

enhanced when the temperature is increased from 550 °C to 800 °C. Therefore, 

metallic nickel surfaces can be stabilized at higher temperature which exhibit a high-

activity during the hydrogen oxidation reaction.33-34 

4.6 Conclusions  

The current work provides visible surface morphological dynamics over nickel 

catalyst in the hydrogen oxidation reaction by applying in situ SEM. Simultaneously, 

gas phase oscillations are monitored by online mass spectrometry. The results show 

synchronized oscillations of nickel surfaces during hydrogen oxidation reaction and 

that this surface dynamics are closely related to the catalyst activities. During the 

high-active state the Ni catalyst exhibits dark and smooth surfaces which correspond 
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to the reduced state. As opposed the low-active state of Ni catalyst becomes bright 

and rough due to the growth of Ni oxide nanoparticles. The oscillation of the H2 

oxidation can be explained in terms of periodic oxidation and reduction of the bulk Ni 

catalyst. This study can provide useful information for further catalyst modelling and 

investigation. Furthermore our results show that a catalyst surface under reactions is 

as a dynamic unit which has to be considered in prospective modelling. In addition, 

the interaction between the gas phase and catalyst surface changes have to be 

taken into account. Finally, the temperature also changes with the observed self-

sustained oscillations due to the released energy.   
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5 Summary and final conclusions 

It has been proposed that many reactions under fixed conditions, exhibit dynamic 

behaviour. These dynamics are often attributed to dynamic changes in the catalyst 

surface chemistry. Here a direct visualization of changes to the surface shape, 

structure and chemical state have been observed using a modified environmental 

scanning electron microscope and characterized by in situ X-ray photoelectron 

spectroscopy and near edge X-ray adsorption fine structure. Real time observation 

of morphological redox dynamics of copper, platinum and nickel in mixture of 

reductant and oxidant–Hydrogen and oxygen–were used as a prototype to study the 

surface dynamics for further understanding of fundamental concepts in 

heterogeneous catalysis. The interaction between hydrogen and oxygen and the 

solid surface result in changes in surface reconstruction and oxide formation with 

time. Correspondingly, dynamic changes in surface chemistry dynamically alter the 

interaction between the surface and reactants, which is reflected by the change of 

adsorption rate and reactivity of reactants. These reactivity changes were detected 

by quadrupole mass spectrometer (QMS). Surface sensitive characterization 

methods, such as in situ XPS and NEXAFS, were utilized to identify the chemical 

composition of the phases present under the relevant conditions.  

Copper surfaces exhibited periodic phase transitions between copper of various 

surface terminations and copper oxide in hydrogen rich conditions (4% oxygen in 

mixture of hydrogen and oxygen) at 700 °C. Three different morphologies, a faceted 

surface, a smooth oxygen terminated surface and Cu2O islands co-exist on the 

surface and transform interchangeably and reversibly with time. 

Platinum exhibited a flat surface, without surface reconstruction on the micron scale, 

in pure hydrogen or oxygen at high temperatures. However, the structure 

reconstructed immediately and showed dynamic behaviour in a mixture of hydrogen 

and oxygen with the formation various kinds of three dimensional structures. The 

surface converted from a flat surface to a rough surface as hydrogen-to-oxygen ratio 

decreased from 2:1 to 0:1. The surface morphological change rate reached its 

maximum at hydrogen-to-oxygen ratio of 1:1 at 800 °C, and was correlated with a 

maximum in catalytic conversion rate. Surface morphological change rate was, in 
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general, found to correlate positively with catalytic conversion rate, demonstrating a 

link between morphological dynamics and catalytic activity.  

The nickel surface exhibited synchronized oscillations between a metallic and oxide 

state. The oscillations could be controlled by temperature and gas concentration. 

The surface brightness was used as an indicator of the surface structure, and has 

been observed to oscillate between bright particles and a relative flat dark surface in 

oxygen-lean conditions (1.25 ml/min O2, at constant 10 ml/min H2). The bright 

particles converted to bright triangular shapes and oscillated with a dark flat surface 

as oxygen increased to 1.75 ml/min. The dark surface is attribute to the metallic state 

of the surface, while the bright particles were attributed to nickel oxides, due to the 

secondary electron charging effect. The brightness intensity varied with time, and the 

reactant consumption rate, product production rate and temperature exhibited a 

corresponding oscillation shape. Hydrogen and oxygen concentration exhibited anti-

phase oscillation with surface brightness intensity, while temperature and product 

production rate exhibited in-phase oscillations.  

In conclusion, ESEM investigations of adsorbates interacting with metal surfaces 

have demonstrated several new perspectives on the role of surface dynamics in 

reactive atmospheres. New insights related to surface dynamics has been obtained 

from a model system (hydrogen and oxygen) interacting with copper, platinum and 

nickel, which are extensively used as catalysts in industry. From the direct 

visualization of surface dynamics, it can be concluded that for reactive adsorbates 

interacting with metal surfaces, the traditional static surface structural model of 

catalytic surfaces must in some cases incorporate a dynamic restructuring to 

account for all catalytic processes occurring under the given reactive conditions. In 

particular, surface atoms change their original equilibrium position in response to the 

changing chemical environment, imposed by interactions between the multiple gas 

phase components and the catalyst surface. The adsorbates act as a dynamic 

medium, where the competing actions of reductant and oxidant on altering the 

catalyst's surface chemistry act as a feedback mechanism, resulting in the 

coexistence of multiple surface phases. As each phase exhibits its own bonding 

properties with the gas phase reactants, the catalytic activity can be greatly 

influenced by the ensemble of surface phases. Finally, it has shown that 

environmental scanning electron microscope is a valuable in situ method for studying 
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catalyst surface dynamics in real conditions, yet further developments in space and 

time resolution, as well as chemical state identification, will greatly enhance the 

insights available of such methods in the future.  
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the electron-beam interaction. ............................................................................. 9 

Figure 1.6 Three mechanism of A) emission of secondary electrons, B) 
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sample started with the same pre-treatment (i.e. H2 annealing), followed by a 

progressive increase of O2 concentration. All measurements were performed in 

the pressure range from 20 to 50 Pa. ................................................................ 32 

Figure 2.2 Surface morphological evolution with time can be seen in images 

recorded at 700 °C at 4% oxygen concentration, seen in Video S2.27. Colors are 

used to highlight the different stages that are observed during a redox-cycle: 

green is for the faceted surface, the red color for the islands and blue for the flat 

morphology. Bottom row of SEM images shows snapshots from the central grain 
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recorded during a later redox-cycle, seen in Video S2.28. The different 

morphologies coverage ratios are also extracted from the Video 2.28 and plotted 

in Figure S2.4. The intensity changes with time from marked region (Video S2.27) 

are also extracted and plotted with time. ........................................................... 34 

Figure 2.3 Wave-like propagation of different surface morphologies. Blue lines drawn 

on the SEM images roughly indicate the position of the boundaries between 

different surface structures. For video please see supplementary Video S2.27. 36 

Figure 2.4 A) SEM images after redox dynamics; B) EDX element mapping of O (K) 
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Figure 2.5 A) TEM low resolution overview of lamella by focus ion beam (FIB) cut 

after reaction and EELS spectrum; B) HRTEM images from the marked square 
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Figure 2.6 A) SEM image of copper showing two grains with different surface 

structure and the area from where the TEM lamella was extracted using FIB (red 

rectangle). B) Overview TEM image showing flat and stepped surfaces 
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orientation of (100) and (210) panes indicated. E) Ball model showing the (100) 

and (210) surfaces of fcc copper. ...................................................................... 39 

Figure 2.7. In situ photoemission measurements of copper foil at 700 °C in a 25 Pa 

mixture of hydrogen and oxygen, with various oxygen partial pressures ranging 

from 0% to 10%. (A) Cu L3-edge NEXAFS spectra and (B) O K-edge NEXAFS 

spectra. (C) in situ SEM image exhibiting different surface morphologies. The 

image is colored to highlight the faceted Cu surface (yellow), smooth Cu surface 

(orange), and Cu2O islands (red). ...................................................................... 41 

Figure 2.8 a) A scanning photoelectron microscopy Cu2p maps recorded the Cu 

surface evolution at around 4% O2 and 96% H2 at 650 °C. b) Cu surface 

morphology was frozen by pumping out the gas to high vacuum conditions at 
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oxide island); c) Cu LMM spectra corresponding to point A showed the mixture 
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adapted accordingly. ......................................................................................... 47 

Figure 3.1 Experiments performed under two conditions: A) the gas composition is 
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