
    

 
Locally resolving mass spectrometry to study the 

product gas evolution above planar  
microstructured model catalysts 

 

 

 
 
 
 

Universität Ulm 
Institut für Oberflächenchemie und Katalyse 

 
 

Dissertation 
zur Erlangung des Doktorgrades Dr. rer. nat. 

der Fakultät für Naturwissenschaften 
 
 

Matthias Roos 
aus Göppingen 

 
2012 

  



    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Amtierender Dekan: Prof. Dr. Axel Groß 
 
1. Gutachter: Prof. Dr. Rolf Jürgen Behm 

2. Gutachter: Prof. Dr. Ulrich Herr 

 
 
Dissertation eingereicht am: 12.03.2012 

Mündliche Prüfung am: 13.07.2012 

 
 



    

 Das Wissen steht über dem Glauben, aber das Schmecken ٭

steht über dem Wissen. Denn das Schmecken ist ein intuitives 

Erleben, das Wissen hingegen erschöpft sich im Syllogismus, 

und der Glaube ist bloße Annahme der traditionellen Autorität. 

 

al-Ġazālī 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 Abu Bakr Ibn Tufail, Patric O. Schaerer, Der Philosoph als Autodidakt. Ein philosophischer ٭

Inselroman, Felix Meiner Verlag GmbH Hamburg, 2009 



 - i -   

Table of contents 
 

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

1.1 Heterogeneous catalysis as a key technology in chemical industry .............................. 1 

1.2 Bridging the gap between surface science and industrial application ........................... 5 

1.2.1 Pressure Gap ....................................................................................................... 5 

1.2.2 Materials Gap ..................................................................................................... 6 

1.3 Locally resolving mass spectrometry .......................................................................... 10 

1.3.1 Combinatorial and high-throughput catalyst screening ................................... 11 

1.3.2 Scanning mass spectrometry to study catalyst samples on planar supports 

  under UHV conditions ..................................................................................... 12 

1.3.3 Minimally invasive measurements within fixed-bed reactors .......................... 15 

1.4 Objectives .................................................................................................................... 17 

1.4.1 Scanning mass spectrometer (SMS) for quantitative gas analysis above 

  planar model catalysts ...................................................................................... 18 

1.4.2 Reaction studies on mesoporous Au/TiO2 model catalysts using locally 

resolving mass spectrometry ............................................................................. 19 

2 Experimental .................................................................................................................. 21 

2.1 General technical set-up .............................................................................................. 21 

2.1.1 UHV system ..................................................................................................... 21 

2.1.2 Data processing ................................................................................................ 24 

2.2 Spatially resolved measurements above microstructured model catalysts ................. 26 

2.2.1 Capillary probe and sample stage ..................................................................... 26 

2.2.2 Three-dimensional data acquisition.................................................................. 29 

2.3 Measurements on planar catalysts with low reaction rates ......................................... 32 

2.3.1 Set-up for differential product gas detection .................................................... 32 

2.3.2 Acquisition of reaction parameters and data evaluation .................................. 34 

2.4 Sample preparation...................................................................................................... 37 

2.4.1 Microstructured Pt fields .................................................................................. 37 

2.4.2 Fabrication of mesoporous Au/TiO2 thin films ................................................ 38 



 - ii -   

3 Simulation of the spatial product gas evolution ......................................................... 40 

3.1 Monte Carlo (MC) simulations ................................................................................... 40 

3.1.1 Concept of finite elements ................................................................................ 40 

3.1.2 Probability functions describing molecular motion ......................................... 43 

3.2 Computational Fluid Dynamics (CFD) calculations ................................................... 49 

3.2.1 Applying CFD calculations on the capillary-sample geometry ....................... 49 

3.2.2 Embedding the CFD results into the MC simulations ...................................... 51 

4 Measurement of the product gas evolution above Pt micro-structures ................... 55 

4.1 SMS measurements with lateral and spatial resolution .............................................. 56 

4.2 Distance control using Ar............................................................................................ 60 

4.3 Lateral resolution of the SMS measurements ............................................................. 62 

4.3.1 Lateral resolution close to the sample surface.................................................. 62 

4.3.2 Lateral resolution for varying capillary-sample distances ............................... 66 

4.4 Quantification of the results ........................................................................................ 71 

4.5 Conclusions ................................................................................................................. 74 

5 Simulation of spatially resolved measurements on Pt micro-structures .................. 76 

5.1 Measurement of the spatial gas evolution and distribution ......................................... 78 

5.2 Computational Fluid Dynamics calculations .............................................................. 83 

5.2.1 General characteristics of the flow field .......................................................... 83 

5.2.2 Pressure drop underneath the capillary tip ....................................................... 85 

5.2.3 Velocity components within the gas flow ........................................................ 88 

5.2.4 Heat dissipation in the region between the heated substrate and the 

  capillary tip ....................................................................................................... 90 

5.3 Monte Carlo simulations ............................................................................................. 92 

5.3.1 Monte Carlo Simulations in the low-pressure regime ...................................... 92 

5.3.2 Monte Carlo Simulations in the higher pressure regime .................................. 94 

5.3.3 Influence of the flow field on the simulations .................................................. 96 

5.3.4 Influence of the capillary-sample configuration .............................................. 98 

5.4 Conclusions ............................................................................................................... 102 



 - iii -   

6 CO oxidation reaction on thin mesoporous Au/TiO2 layers .................................... 104 

6.1 Structural properties of mesoporous Au/TiO2 thin films .......................................... 106 

6.1.1 Characterization of TiO2 coatings and Au/TiO2 catalysts .............................. 106 

6.1.2 Results obtained from XPS measurements .................................................... 110 

6.2 Measurement of catalytic properties ......................................................................... 114 

6.2.1 CO2 formation as function of time ................................................................. 114 

6.2.2 CO oxidation activity as a function of film thickness .................................... 117 

6.2.3 CO oxidation: Apparent activation energy and reaction orders ..................... 118 

6.3 Conclusions ............................................................................................................... 122 

7 Summary ...................................................................................................................... 124 

8 Deutsche Zusammenfassung (german summary) .................................................... 127 

9 Appendix ...................................................................................................................... 131 

10 References .................................................................................................................... 160 

11 Danksagung (acknowledgements) .............................................................................. 172 

12 Publications and Conference Contributions ............................................................. 174 

13 Lebenslauf (Curriculum Vitae) .................................................................................. 179 

14 Erklärung ..................................................................................................................... 180 

 



 - iv -   

List of Figures 
 
 
Fig. 1.1: Nobel prize laureates awarded for their work in the field of heterogeneous 

catalysis .................................................................................................................. 3 

Fig. 1.2: Several possibilities for model catalysts between single crystal surfaces and 

porous supports ...................................................................................................... 7 

Fig. 1.3: The fundamental steps of a catalytic reaction running at the grains of a typical 

powder catalyst ....................................................................................................... 8 

Fig. 1.4: Field emission scanning electron microscopy images of titania nanotubes ........... 9 

Fig. 1.5: High-throughput reactor, allowing for sequential screening of catalyst libraries 12 

Fig. 1.6: Scanning mass spectrometer set-up for testing the catalytic activity of planar 

catalyst samples .................................................................................................... 13 

Fig. 1.7: Experimental set-up with sampling system for spatial profiling in a fixed-bed 

reactor. .................................................................................................................. 15 

Fig. 2.1: Schematic drawing of the scanning mass spectrometer ....................................... 22 

Fig. 2.2: Schematic of the data acquisition using LabVIEW.............................................. 24 

Fig. 2.3:  Rise and decay time of the CO and CO2 signals at the QMS .............................. 25 

Fig. 2.4: Detailed drawing of the sample stage .................................................................. 26 

Fig. 2.5: Signal flow diagram describing the SMS software .............................................. 30 

Fig. 2.6: Schematic drawing of the end of the SMS capillary ............................................ 33 

Fig. 2.7: Principle of the SMS measurement on a mesoporous Au/TiO2 film ................... 35 

Fig. 2.8: Photo mask for fabrication of Pt microstructures ................................................. 37 

Fig. 3.1: Schematic of the principle of simulation .............................................................. 41 

Fig. 3.2: Polar angle of a desorbing CO2 molecule from a Pt surface ................................ 45 

Fig. 3.3: One-dimensional velocity distribution of O2 molecules at 300K ........................ 46 

Fig. 3.4: Free path of travel for molecules moving in a gas phase ..................................... 47 

Fig. 3.5: Trajectories of a CO2 molecule ............................................................................ 48 

Fig. 3.6: Distribution of the data points within the (z, r)-plane .......................................... 50 

Fig. 3.7: Principle of simulation including the results from CFD calculations .................. 52 

Fig. 3.8: Distribution of volume elements in the (r, z)-plane ............................................. 53 

Fig. 3.9: Radial and axial elements containing the information of the local gas phase ...... 54 

Fig. 4.1: Laterally resolved mass spectra of the CO2 and CO ............................................ 56 

Fig. 4.2: Optical microscope image of three circularly shaped Pt fields ............................ 57 

Fig. 4.3: CO2 product signals recorded above an array of Pt fields .................................... 58 



 - v -   

Fig. 4.4: Variation of CO and CO2, with vertical distance between sample surface and 

capillary tip ........................................................................................................... 60 

Fig. 4.5: Schematic drawing of the capillary tip ................................................................. 63 

Fig. 4.6: Comparison of two different tip geometries ........................................................ 65 

Fig. 4.7: Line scans performed across the edge of a Pt field .............................................. 65 

Fig. 4.8: Linear scans across the edge of a Pt field for varying vertical distances ............. 66 

Fig. 4.9: Line scans taken atop the center of a Pt stripe ..................................................... 68 

Fig. 4.10: Maximum CO2 ion current as function of the capillary height ............................ 69 

Fig. 4.11: Arrhenius plot of the CO2 signal intensity ........................................................... 73 

Fig. 5.1: Line scans above a Pt stripe for varying capillary heights ................................... 78 

Fig. 5.2: Line scans across a Pt stripe at 3.7 mbar and 600 K ............................................ 79 

Fig. 5.3: CO2 product partial pressure above a square Pt field. .......................................... 81 

Fig. 5.4:  Distribution of the pressure, velocity and temperature between sample surface 

  and capillary tip .................................................................................................... 84 

Fig. 5.5: The total pressure underneath the caillary tip ...................................................... 85 

Fig. 5.6: Pressure distribution in the region between capillary tip and sample surface...... 86 

Fig. 5.7: CFD calculation results of the pressure at the center of the capillary orifice ...... 87 

Fig. 5.8: CFD calculations of the radial and axial velocity components ............................ 89 

Fig. 5.9: Heat dissipation in the region between capillary tip and heated sample surface . 90 

Fig. 5.10: Simulated line scans above a square Pt field. ....................................................... 93 

Fig. 5.11: Comparison of measured line scans and the corresponding simulations. ............ 94 

Fig. 5.12: Simulation of the CO2 signal intensity above a square Pt field. .......................... 97 

Fig. 5.13: Contour plots showing the number of CO2 molecules impinging on the 

  capillary orifice. ................................................................................................... 98 

Fig. 5.14: Number of CO2 molecules hitting the orifice of a capillary............................... 100 

Fig. 5.15: Fraction of CO2 product molecules originating from the inside of a circular 

  area under the capillary tip ................................................................................. 101 

Fig. 6.1: X-ray diffraction patterns obtained for TiO2 ...................................................... 107 

Fig. 6.2: Cross-sectional scanning TEM image of a mesoporous Au/TiO2 film. ............. 108 

Fig. 6.3: Upper part: High-magnification TEM images of the Au/TiO2 catalyst. ............ 109 

Fig. 6.4: Au(4f) signals of the Au nanoparticles in mesoporous Au/TiO2 catalysts ........ 111 

Fig. 6.5: CO conversion during CO oxidation over a mesoporous Au/TiO2 film ............ 114 

Fig. 6.6: CO conversion measured mesoporous Au/TiO2 films of different thicknesses . 118 

Fig. 6.7: Arrhenius plot of the CO conversion ................................................................. 119 



 - vi -   

Fig. 6.8: Determination of the total reaction order n in the CO oxidation reaction .......... 120 

Fig. 9.1: Schematic of th SMS system .............................................................................. 131 

Fig. 9.2 Screenshot of the SMS computer program ........................................................ 135 

Fig. 9.3: Distribution of volume elements in the (r, z)-plane ........................................... 146 

Fig. 9.4: Distribution of volume elements for varying capillary height ........................... 147 

Fig. 9.5: Area resulting from the overlap of a circle and a half-plane .............................. 148 

Fig. 9.6: Overlap of a circular capillary and the underlying Pt field ................................ 150 

Fig. 9.7: CFD calculations of the radial and axial velocity components .......................... 151 

Fig. 9.8: Velocity profiles ................................................................................................. 152 

Fig. 9.9: Number of CO2 molecules per element impinging on the capillary orifice ....... 153 

Fig. 9.10: Nitrogen sorption measurement of porous titania .............................................. 154 

Fig. 9.11: DRIFT spectra from cast mesoporous Au/TiO2 material at room temperature . 155 

Fig. 9.12: DRIFT spectra from cast mesoporous Au/TiO2 material at 140°C .................... 156 

Fig. 9.13: IR set-up for measurement on mesoporous Au/TiO2 films  ............................... 157 

Fig. 9.14: Micro flow reactor set-up for measurement of absolute reaction rates .............. 158 

Fig. 9.15: AFM image of the free-standing edge of a partly removed Au/TiO2 film ......... 159 

 



 - vii -   

List of Tables 
 
 
Table 2.1: Capillaries used for studying the effect of the tip geometry .................................. 28 

Table 9.1: Commands for communication of the Kleindiek high precision positioning 

substage with the PC ............................................................................................ 133 

Table 9.2: Communication of the pyrometer Iwith the PC ................................................... 134 

Table 9.3: Commands for communication of the pressure gauge controller with the PC ..... 134 

Table 9.4: Table of the molecular cross section of different molecules ................................ 141 



 - 1 -   

1 Introduction 

1.1 Heterogeneous catalysis as a key technology in chemical industry 
 

The development of the Döbereiner's lamp in 1823 by Johann Wolfgang Döbereiner [1] can 

be considered as the first commercial success in the field of heterogeneous catalysis. The 

lighter was based on the inflammation of hydrogen, which was produced by the reaction of 

zinc metal with sulfuric acid in a prior step. The reaction of hydrogen and oxygen at room 

temperature was catalytically promoted, when a jet of hydrogen passed a platinum sponge at 

the outlet of the lighter. 

Since that time, catalysts became of paramount importance in many industrial processes. 

Today, about 90% of all production processes in chemical industry are passing a catalyzed 

process step, most of them related to heterogeneous catalysis [2, 3]. The field of catalysis in 

industry ranges from the production of bulk chemicals, the refinement of petroleum, the 

production of synthetic fibers, to pollution control and environmental protection. Some of the 

most important industrial processes and applications are briefly explained in the following: 

• The contact process patented in 1831 by Peregrine Phillips [4] is the main process for the 

production of highly concentrated sulfuric acid as used in the chemical industry today. In 

this process, sulfur trioxide is formed by passing sulfur dioxide and oxygen over a hot 

vanadium oxide (V2O5) catalyst:  

2 SO2 (g) + O2 (g) ⇌ 2 SO3 (g): ∆H = −197 kJ·mol−1 

During this process, the Vanadium gets reduced and has to be regenerated by oxidation of 

V4+ back to V5+. In the following, the produced SO3 is dissolved in a dilute aqueous 

solution of sulfuric acid (and not directly in water) in order to form oleum, which, in turn, 

is reacted with water to form concentrated H2SO4 [5]. 

• The Haber–Bosch process developed by Fritz Haber and transformed into a large-scale 

process by Carl Bosch, allows for the industrial production of ammonia directly from 

hydrogen and nitrogen [6, 7]. Since the first industrial production of ammonia in 1913, the 

Haber-Bosch process became of outstanding importance for the synthesis of fertilizers and 

medicaments. 

In a prior step, before the Haber-Bosch process takes place, methane is reacted with steam 

over a catalyst of nickel oxide to produce hydrogen. Finally, the synthesis of ammonia 
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from nitrogen and hydrogen is performed, using an iron catalyst promoted with K2O, CaO 

and Al2O3: 

N2 (g) + 3 H2 (g) ⇌ 2 NH3 (g): ∆H = −92.22 kJ·mol−1  

• Fluid catalytic cracking (FCC) used for cracking heavy hydrocarbons to lighter, more 

valuable products is one of the most important processes in petroleum refineries for the 

production of gasoline from crude oil [8-10]. Mostly, Zeolite Y [11] catalysts doped with 

rare earth elements are used in the FCC process, although, they rapidly deactivate under 

reaction conditions (deactivation by coke deposition within a few seconds). For that 

reason the reaction is carried out in a riser reactor from where the catalyst powder is 

carried by a vaporized oil stream into the reactor zone and the desired reaction takes place. 

Finally, after separation from the converted products in a catalyst stripper, the spent 

catalyst passes a regenerator where the deposited coke is combusted in order to pass back 

the rejuvenated catalyst to the bottom of the reactor riser. 

• The production of syngas and synthetic fuels on a large-scale is realized via the Fischer-

Tropsch process, which is a key component to convert a mixture of carbon monoxide and 

hydrogen into liquid hydrocarbons [12]: 

n CO + 2n H2 → hydrocarbons + n H2O 

For commercial application metals like Fe, Ni, Co and Ru are used as catalytically active 

materials [13].  

• The synthesis of acrolein from propene is an important step towards the production of 

polyacrylates or acrylic acid [3, 14]. In the gas phase oxidation of propene, acrolein is 

formed on a bismuth molybdate catalyst, which can contain up to ten further elements like 

P, Fe, Co, Cr and others [15]: 

C3H6 (g) + O2 (g) ⇌ C3H4O (g)  

• Catalytic car mufflers are part of each car driven by a combustion engine, in order to 

remove toxic exhaust emissions like carbon monoxide, residual hydrocarbons and 

nitrogen oxides [16, 17]: 

2 CO + O2 → 2 CO2 

CmHn + (m + 0.25 n) O2 → m CO2 + 0.5 n H2O 

2 CO + 2 NO → 2 CO2 + N2 
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The car muffler is a ceramic or metallic monolithic catalytic reactor commonly consisting 

of parallel channels [18] through which the reacting gases flow. The active components 

(Pt, Pd, Rh and others) are highly dispersed over the surface of a washcoat supported by 

the monolith structure (typically alumina). To run the catalyst most efficiently for all three 

processes mentioned above, the composition of the air-fuel mixture the engine is operated 

with has to be carefully controlled to stay within a narrow band of air-fuel ratios.  

In the 20th century, research in heterogeneous catalysis has been awarded with a number of 

Nobel Prizes (in Chemistry) for Fritz Haber in 1918, Carl Bosch and Friedrich Bergius in 

1931, Irving Langmuir in 1932, and Gerhard Ertl in 2007 (cf. Fig. 1.1), awarded "for the 

synthesis of ammonia from its elements", "in recognition of their contributions to the 

invention and development of chemical high pressure methods", "for his discoveries and 

investigations in surface chemistry" and "for his studies of chemical processes on solid 

surfaces", respectively. 

 

 

Fig. 1.1: Nobel prize laureates awarded for their work in the field of heterogeneous catalysis: Fritz 
Haber (1918), Carl Bosch & Friedrich Bergius (1931), Irving Langmuir (1932) and Gerhard 
Ertl (2007).  Pictures were taken from http://nobelprize.org, 2011. 

 

Fritz Haber, Carl Bosch and Friedrich Bergius obtained the Nobel Price for the catalytic 

formation of ammonia from hydrogen and atmospheric nitrogen and for the introduction of 

high pressure chemistry, giving rise to the large-scale production of ammonia, namely the 

Haber-Bosch process (see above). However, already in 1932 and later on in 2007 Irving 

Langmuir and Gerhard Ertl were awarded not directly for the invention or discovery of a 

further technical process relevant for chemical industry, but for their studies on chemical 

processes, using surface science methods to explain the functioning of industrially already 

well established methods on an atomic scale.  

Fritz Haber
Carl Bosch & 

Friedrich Bergius
Irving Langmuir Gerhard Ertl
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Gerhard Ertl, in particular, succeeded next to his work on the oxidation of carbon monoxide 

over platinum [19], in determining the detailed molecular mechanisms of the Haber-Bosch 

process [6, 20], almost 70 years after the first industrial production of ammonia, using surface 

science techniques under UHV conditions. This history nicely shows, that after realizing the 

enormous potential of heterogeneous catalysis on production processes and applications in 

chemical industry, the desire for understanding the primary steps in the underlying catalytic 

reactions arose, not only based on sheer inquisitiveness but due to the perspective to further 

optimize existent processes and to exploit the whole spectrum of possible applications. For 

that reason, in the last decades, the field of surface science played a more and more important 

role to study the elementary steps of catalytic reactions aiming for understanding the 

relationship between the atomic structure, composition, and electronic properties of a surface 

and its catalytic activity and selectivity [21-27]. In order to obtain information on the 

fundamental reaction mechanisms by revealing single atomic and molecular processes, the 

whole spectrum of surface analytical methods was applied to clean metal surfaces under ultra 

high vacuum (UHV) conditions. In numerous experiments on single crystal surfaces, a 

fundamental understanding of the principal mechanisms of the interaction between reactants 

and catalyst surface could be obtained [24, 30-32] by (i) studying the adsorption of reactants 

(e. g., temperature programmed desorption (TPD), ultraviolet photoelectron spectroscopy 

(UPS), high resolution electron energy loss spectroscopy (HREELS), infrared (IR) 

spectroscopy), (ii) applying structure revealing methods (e. g., low energy electron diffraction 

(LEED), atomic force microscopy (AFM), scanning tunnelling microscopy (STM) [28, 29]), 

(iii) the analysis of the chemical composition (e. g., Auger electron spectroscopy (AES), x-ray 

photoelectron spectroscopy (XPS)) and also (iv) performing kinetic studies (e. g., reflection 

absorption infrared spectroscopy (RAIRS), temperature programmed reaction spectroscopy 

(TPRS)). 

However, in contrast to well defined perfectly flat single crystal surfaces, real catalysts need 

to be of high specific surface area, which is achieved either by finely dividing the bulk 

material (powder catalyst) or by synthesizing a porous bulk material [33]. Thus, due to the 

tremendous differences in the materials and reaction conditions between idealized and 

realistic materials and also the different reaction conditions, the conclusions and results 

obtained from model studies cannot be easily transferred to the situation in a realistic catalytic 

reaction. In the following chapter, the attempts to bridge the gap between surface science 

studies and realistic catalysts used in industrial processes are discussed. 
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1.2 Bridging the gap between surface science and industrial application 
 

There is a long history in surface science type studies of the elementary steps in catalytic 

reactions using idealized, planar model systems [34]. By combining the information from 

various experimental and theoretical studies about the structure of model catalyst surfaces, the 

atomic and molecular adsorbate and co-adsorbate geometries and the elementary atomic and 

molecular adsorption, diffusion, reaction and desorption processes, a detailed mechanistic 

picture, on a molecular scale, has been derived for a number of catalytic reactions on metal 

single crystal surfaces. This way, a detailed understanding of the relation between the atomic-

scale structure of a catalyst and its catalytic activity and selectivity could be obtained. In order 

to study structurally well-defined model catalysts under clean and also well-defined reaction 

conditions, most of these studies used single crystalline samples under UHV conditions (<10-6 

mbar). However, industrial applications of heterogeneous catalysis usually require pressures 

ranging from 1 to several hundred bar, using catalysts consisting of metal nanoparticles 

deposited in highly porous structures in order to obtain a high surface area. For that reason a 

series of gaps between catalysis and traditional surface science has been identified [35]. Two 

of them are of special importance, unifying all relevant factors complicating the application of 

results obtained from surface science studies to finally improve the performance of industrial 

processes [36]: 

 

• the pressure gap 

• the materials gap (closely related to the complexity gap) 

 

In the following, the consequences of the discrepancies between surface science and real 

catalysts used in industrial processes, as well as the advancements and difficulties in bridging 

these gaps will be discussed. 

 

1.2.1 Pressure Gap 
 

The difference in pressure between laboratory experiments under UHV conditions and 

working conditions of commercial catalysts is typically at least nine orders of magnitude. 

Although adsorption experiments performed under conventional surface science conditions 

are of importance for the understanding of the fundamental mechanisms running during a 
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catalytic reaction, there are various examples showing that the results obtained can often not 

be directly extrapolated to the situation at higher pressures. Reconstruction or changes in the 

reconstruction of the single crystal surface lattice in the presence of reactants at higher 

pressures [37-41], which can even result in the breaking up of flat terraces into nanometer-

sized clusters [42], can lead to a completely modified catalyst morphology under realistic 

pressure conditions. Furthermore, the compressibility of the adlayer increases with increasing 

pressure, also giving rise to novel adsorption structures at elevated pressures [43, 44]. For 

instance, in the case of the oxidation of CO over a Ru(0001) single-crystal, ruthenium was 

found to be the least active of the late transition metals under UHV conditions; however, the 

activity found at higher pressures is superior to all other metals, which finally could be 

explained by the formation of a RuO2 surface oxide structure in the latter case [45-47]. A 

similar effect was also observed in case of Pt(110), where the surface structure switches to an 

oxidic state with a higher catalytic activity at higher pressures [48]. 

These observations were facilitated by the increasing use of ‘high-pressure’ techniques that 

could be applied also close to realistic reaction conditions, in the mbar to 1 bar range such as 

high-pressure STM [49-56], in situ transmission electron microscopy (TEM) [57-60] 

(pressure around sample of up to 20 mbar by using a differentially pumped environmental 

cell), high-pressure XPS [61-64] (pressure at sample surface up to 1 mbar by local gas 

supply), surface x-ray diffraction (XRD) [40, 44, 65], polarization-modulation infrared 

reflection absorption spectroscopy (PM-IRAS) [66-71], sum frequency generation (SFG) 

vibrational spectroscopy [71-73] or x-ray absorption spectroscopy (XAS) techniques [74, 75], 

which allow to gain detailed information on the structure, elemental/molecular chemical 

composition and electronic/vibrational properties of the catalyst surface and adlayers during 

reaction. 

It should be mentioned, that additionally to the pressure gap a temperature gap could be 

considered, since entropy and kinetic effects are the most important parameters which make 

the differences between low pressure/low temperature and high pressure/high temperature 

[54]. 

 

1.2.2 Materials Gap 
 

Single crystalline surfaces of metals can be considered as a two-dimensional periodic 

arrangement of identical adsorption sites and thus serve as well-defined model systems to 

study single atomic and molecular processes on a specific catalyst material. However, 
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industrial catalysts consist of metal particles in the 1–100 nm size regime dispersed in a high 

surface area support [76]. This leads to the situation that in most cases the results obtained 

from experiments on single crystalline surfaces (Fig. 1.2 a), cannot directly (or only in part) 

help to understand the reaction mechanism of a realistic catalyst of corresponding material 

[77-79]. For that reason, more realistic, but nevertheless structurally well defined model 

systems were introduced, in particular planar supported metal catalysts (Fig. 1.2 b), where 

metal nanoparticles are supported on thin oxide or other compound films or on massive oxide 

substrates [22, 80-84]. These model catalysts were prepared in different ways, e. g., by 

deposition of the respective active metal phase via evaporation, deposition of preformed metal 

nanoparticles or chemical impregnation plus subsequent activation procedures. While 

structurally and chemically are still reasonably well defined, these systems are more realistic 

than pure metal substrates since they include, e. g., particle size and shape effects [85-91] or 

effects resulting from the interface between support and active material [92-94]. 

 

 

 

 

Fig. 1.2: Several possibilities for model catalysts between single crystal surfaces and porous supports 
[24]. a) Atomically resolved STM image of a AuxPt1-x surface alloy [95], b) AFM image of Au 
nanoparticles on a TiO2(110) substrate [82], c) Scanning electron microscopy (SEM) 
micrograph of a small silica sphere supporting Rh nanoparticles [96] and d) TEM image of a 
P25 (Degussa) based Au/TiO2 powder catalyst [97]. Reprinted with permission from John Wiley 
& Sons, Inc.: Chem. Phys. Chem. [95], ©2010, the American Chemical Society: Langmuir [82], 
©2004, Elsevier: Ultramicroscopy [96], ©1988 and Springer: Catal. Lett. [97], ©2007. 
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A variant of planar catalyst supports are oxide particles of simple geometric shape carrying 

the metal nanoparticles (Fig. 1.2 c) like spherical particles of silica or titania, cubes of MgO 

or alumina in the form of faceted spheres [98]. They are closer to realistic catalytic systems 

but, in comparison to the porous support of real catalysts (Fig. 1.2 d), the oxide particles do 

not have any re-entrant surfaces and thus are well-confined to the external surface of the oxide 

support. These model systems are well suited to study the particle morphology and the metal-

support interactions by TEM analysis, like shown, e. g., for Rh particles on SiO2 spheres [99] 

or Pd on Al2O3 spheres [100]. 

The examples given in Fig. 1.2 show the possibility to successively bridge the materials gap 

between unsupported single crystal surfaces and metallic nanoparticles supported on a porous 

substrate by using more and more complex model systems. However, these model systems 

differ from realistic catalysts in one important aspect, namely in the transport conditions of 

the reactant and product gases towards and away from the active sites. Fig. 1.3 shows the 

fundamental steps of a catalytic reaction running at the grains of a typical powder catalyst.  

 

 

 

Fig. 1.3: The fundamental steps of a catalytic reaction running at the grains of a typical powder catalyst. 
1 and 7: Diffusion of the reactant and product gases towards and off the grain surface trough 
the diffusion zone. 2 and 6: Diffusion of the reactant and product gases within the pore system 
of the catalyst. 3 and 5: Adsorption and desorption of the educts and products at the active 
center of the catalyst. 4: Catalytic reaction at the catalyst surface. Reprinted and translated 
with permission from John Wiley & Sons, Inc.: Chem. Unserer Zeit [3], ©2006. 

 

free gas phase
diffusion zone
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Besides the catalytic reaction step at the active sites of the catalyst and the necessary 

adsorption and desorption of the reactants and product gas molecules, diffusion towards and 

off the catalyst as well as diffusion inside the pore system of the porous support are possible 

rate-limiting steps. As a consequence, the expression complexity gap has been established in 

literature beside the materials gap, which does not only include the sheer difference in the 

geometric or physical structure between model and realistic catalyst, but emphasizes the 

related different degree of complexity of the gas transport towards or within the catalyst 

structure [35]. 

To further increase the performance of catalyst systems, the molecular transport of reactants 

and products within the micro- or mesoporous channels of catalyst materials has to be studied 

in detail [101] in order to reveal rate limiting factors like hindered gas transport within the 

pore system of a catalyst or even ‘dead zones’, which are defined as regions totally devoid of 

reactants [102]. For that reason, over the last years, more and more complex model systems 

have been developed like, e. g., dense arrays of ordered one-dimensional TiO2 nanorods and 

nanotubes (cf. Fig. 1.4)[103, 104], which were synthesized in order to offer an intermediate 

degree of complexity between well-ordered clean crystals used in surface science studies and 

real catalysts. The thin films are intended to be used in spectroscopic and surface science 

studies to investigate the relationship between nanostructure and reactivity. 

 

 
 

Fig. 1.4: Field emission scanning electron microscopy (FESEM) images at low and high magnifications 
of an ordered array of titania nanotubes.  The film thickness is between 300 and 500 nm. 
Reprinted with permission from Springer: Top. Catal. [104], ©2008. 

 
 



 - 10 -   

1.3 Locally resolving mass spectrometry 
 

The objective of surface science studies on model systems to understand the elementary steps 

of a specific catalytic reaction is aimed at a very selective improvement of the respective 

catalyst material. For that reason, the direct benefit for industrial applications is normally 

limited due to the difficulty to directly transfer the respective results to improve realistic 

catalytic systems (cf. chapter 1.2). Thus, the time-scale to implement new discoveries 

obtained from classical surface science experiments into existing industrial processes is often 

too large compared to the progress in industrial applications demanded by the economic 

pressure. 

A much faster approach to find new catalyst materials or to improve existing catalysts was 

developed in the last two decades, applying mass spectrometric measurements with spatial 

resolution as detection method for high-throughput testing of heterogeneous catalysts [105-

108]. Different from other analytical methods such as fluorescence measurements [109], 

infrared thermography [110, 111], laser-induced fluorescence imaging (LIF) [112] or 

resonance enhanced multiphoton ionization (REMPI) [113], mass spectrometric 

measurements gain information not only on the activity, but also on the selectivity of the 

respective catalysts. 

Besides catalyst screening experiments, which are basically a specific way of the trial-and-

error method for parallel testing of different catalyst materials, spatially resolving mass 

spectrometer set-ups are a promising tool for studying the role of local inhomogeneities in the 

catalytic activity and of transport effects in catalytic reactions on planar model catalysts. By 

evaluating the product distribution above neighboring active fields on a microstructured 

model catalyst and its dependence on parameters such as the reactant partial pressures, the 

substrate temperature or the size and separation of the active fields, effective interactions 

between different catalytically active regions on a sample surface can be studied and possible 

mesoscopic transport effects in these reactions can be mapped out [82, 114]. 

A further application of spatially resolved mass spectrometry aims at studying the progress of 

the reaction along a catalyst bed of a fixed-bed reactor by analyzing the gas composition at 

different positions along the reactor [115-121].  

In the following, the different principles and applications for locally resolving mass 

spectrometry are introduced, discussing their benefit for further investigation and 

improvement of catalyst materials or reaction conditions. 
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1.3.1 Combinatorial and high-throughput catalyst screening 
 

An alternative to rational material design based on the knowledge, e. g., obtained from surface 

science studies is the approach of combinatorial and high-throughput catalyst screening by 

systematic preparation, processing, and testing of large diversities of chemically and 

physically different  materials [106, 108]. The term ‘high-throughput experimentation’ is 

applied for the automated parallel and rapid sequential evaluation processes of materials and 

process parameters, whereas ‘combinatorial materials screening’ includes truly combinatorial 

permutations [108]. Already in 1970, Hanak [122] introduced the concept of a materials-

development workflow including the compositional mapping of a multicomponent system in 

one experiment. Based on this idea, discrete and gradient catalyst libraries were fabricated in 

order to facilitate a rapid and automated assessment of single or multiple properties of the 

large number of samples. This way, e. g., 200 catalyst samples can be evaluated in a single 

combinatorial catalyst screening experiment [123]. 

In order to perform kinetic measurements on a large number of catalysts in parallel using 

mass spectrometry, arrays of micro-reactors were either directly connected to a mass 

spectrometer (MS), or the entire array was moved relative to the stationary sampling probe 

with the aid of a x,y,z positioning system, and the effluent of each micro-reactor was 

sequentially analyzed by inserting a capillary probe connected to a MS into the micro-reactor 

[124-127]. Maier and coworkers used a concentric bundle of capillaries providing the gas feed 

as well as the MS detection, which was sequentially moved across the catalyst library and 

lowered into 2.4 mm wide wells containing the catalyst [123, 128, 129] (cf. Fig. 1.5a). Using 

this set-up, a series of ternary mixed oxide compositions was studied. Fig. 1.5b shows a 

measurement involving 66 different MoVSbOx samples of varying composition of the three 

metal components. The isobutane conversion was investigated and compared to a literature 

MoVSb slurry-type catalyst, which was found to be the most effective catalysts for the 

selective oxidation of isobutane in comparison to other ternary mixed metal oxide libraries 

tested within that work, including nine selected elements (V, Fe, Mo, Cr, Ta, Nb, Mn, Sb and 

Bi). Furthermore, a catalyst with the specific composition ‘Mo10V10Sb80Ox’ featured the 

highest selectivity towards the partial oxidation products isobutene and methacrolein [129], a 

discovery, which would have been hardly found by only rational material design. 

A comparable set-up, laid out for operation in O2 free atmosphere rather than in air, is 

described by Eckhard et al. and Li et al. [130, 131]. In the design by Li et al., the catalyst was 

deposited as circular spot on a planar, catalytically inactive support. In contrast to designs 
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using micro-reactor arrays or individual wells with the catalyst layer at the bottom, 

discrimination between contributions from different catalyst spots is based on the lateral 

resolution of the MS measurement under reaction conditions, which in that study was around 

0.5 mm [131]. Using the same approach, Cong et al. studied the catalytic oxidation of CO and 

the reduction of NO by ternary metal alloy catalysts using triangular libraries containing 120 

different catalysts, which were prepared by depositing three metals by sputtering through 

masks onto a quartz wafer [132]. 

 

 

 

Fig. 1.5: a) Picture of a high-throughput reactor, allowing for sequential screening of catalyst libraries 
with up to 200 samples. The sampling needle is connected to a MS for gas analysis [123]. b) 
Results of a screening experiment showing the relative isobutane conversion for 66 MoVSbOx 
samples of varying mol% of the metal components, compared to a literature MoVSb slurry-
type catalyst. As a result, the Mo10V10Sb80Ox catalyst exhibits an optimal selectivity towards the 
partial oxidation products isobutene and methacrolein [129]. Reprinted with permission from 
Elsevier: Solid State Sci. [123], ©2003 and Appl. Catal. A [129], ©2004. 

 

1.3.2 Scanning mass spectrometry to study catalyst samples on planar supports 
under UHV conditions 

 

The scanning mass spectrometer designs presented in chapter 1.3.1 were all operated at 

atmospheric pressure. However, Cong et al. already demonstrated the use of metal fields 

deposited on a planar substrate [132]. Johansson et al. extended the use of scanning mass 

spectrometry to vacuum conditions, which enabled them to use UHV techniques for 

a b
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controlled in-situ preparation and surface characterization of model catalysts, e. g., by sputter 

deposition, and thus added the possibility of an in-situ control of the catalyst purity [133, 

134]. Catalytically active fields were deposited on an inert substrate, which was mounted on 

an UHV sample holder. The catalytic activity of the catalysts was evaluated in a high pressure 

cell, at pressures in the range from 0.25 bar to atmospheric pressure, by scanning a set of two 

concentric capillaries over the fixed substrate (cf. Fig. 1.6 a).  

 

 

Fig. 1.6: a) Scanning mass spectrometer set-up for testing the catalytic activity of planar catalyst 
samples. On the right, an enlargement of the lower part of the gas inlet tube with the quartz 
capillary is shown: a thin tube surrounding the probing capillary guides the reactant gases 
directly to the sampled region.  b) Mass spectrometer signals measured over an oxidized 
Al(111) crystal with eight Pd spots surrounding one Au spot (of varying field height), show the 
respective CO consumption and CO2 production atop the different fields. Reprinted with 
permission from the American Institute of Physics: Rev. of Sci. Instrum. [134], ©2004. 

 

Up to 20 catalyst samples, each 1 mm in diameter, could be deposited and characterized on a 

single substrate (10 mm diameter), with a lateral resolution of the device of about 0.5 mm 

[134]. The nose of the concentric capillary arrangement samples stepwise and at a constant 

vertical position of 0.2 mm above the planar sample surface, gathering twodimensional maps 

of the local gas composition. As an example, Fig. 1.6 b shows the CO consumption and the 

a b
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CO2 production atop eight Pd fields surrounding one Au spot on a Al(111) substrate during 

CO oxidation reaction [134]. 

The set-up presented by Johansson et al. enables to test the local reactivity on planar model 

catalyst samples within the limitations of the lateral resolution of the device. However, the 

device does not provide the possibility to study gas transport effects during catalytic reactions  

such as coupling between separate catalytically active areas, spillover effects, or the  

formation of two-dimensional reaction patterns as proposed by Kielbassa et al. [82]. The high 

pressure gas supply via the tube surrounding the sampling capillary determines the reaction 

conditions and the steady flow homogenizes the gas mixture above the sampled area and 

eliminates any gas influx from regions around the sampled position. 

Recently, Bilbao et al. presented measurements on a polycrystalline Pt model system applying 

scanning quadrupole mass spectrometry (SQMS) under dynamic reaction conditions to detect 

concentration gradients within the gas phase above single catalyst grains [114]. They could 

show that the reaction environment near the surface is not uniformly mixed and concentration 

gradients extend several hundred microns into the gas-phase. This way, surface oscillations 

trigger oscillating reactant clouds, which in turn affect the behavior of nearby oscillators. 

Thus, coupling between individual catalyst grains, by way of gas phase communication, can 

be restricted by concentration gradients existing at the surface. Comparable to the set-up of 

Johansson et al., the gases are analyzed in an adjoining analysis chamber with the quadrupole 

mass spectrometer (QMS), which (in case of Bilbao et al.) is connected to the reaction 

chamber via a tapered glass capillary. However, the reactant gases are not provided via a tube 

concentrically surrounding the sensing capillary directly to the probed region above the 

catalyst (and thus the gas supply determines the reaction conditions), but the entire reaction 

chamber is completely filled with the reactant gases. For that reason, the set-up of Bilbao et 

al. allows for three-dimensional sampling of the (rather unperturbed) gas phase above the 

sample surface, whereas the set-up of Johansson et al. (i) is limited to variations of the lateral 

position only (no variation of distance between bundle of concentrically arranged capillaries 

and sample surface) and (ii) defines the local reaction conditions by a high pressure gas 

supply directly to the sample surface underneath the tip (no existent unperturbed gas phase at 

all). In the case of Bilbao et al., at proper pressure and flow conditions, the probing capillary 

may have minimal influence on the local reaction conditions. 
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1.3.3 Minimally invasive measurements within fixed-bed reactors 
 

A further, relatively new application of spatially resolved mass spectrometry aims at studying 

the progress of the reaction along the catalyst bed of fixed-bed reactors by analyzing the gas 

composition at different positions along the reactor [115-121]. In that case, the orifice of the 

capillary is placed at different positions along the catalyst bed in order to evaluate the 

influence of existing gradients (e. g., variation of partial pressure of gases and/or 

temperature). In this case, it is of outmost importance, that the influence of the sampling 

capillary on the reaction conditions is limited to a minimum [115]. 

Fig. 1.7 a shows the most recent version of the experimental set-up used by Schmidt and 

coworkers [116-120].  

 

 

Fig. 1.7: a) Experimental set-up with sampling system for spatial profiling in a fixed-bed reactor. b) 
Composition profiles through an αααα-Al 2O3 supported Rh catalyst (5% Rh on 80 ppi (pores per 
inch) low surface area αααα-Al 2O3 foam monolits) as a function of use: fresh catalyst (dashed lines) 
and aged (10 h) catalyst (solid lines) during catalytic partial oxidation (CPO) of methane. 
Reprinted with permission from Elsevier: Appl. Catal. A [119], ©2008. 

 

A thin quartz capillary with a small orifice of 200 µm is used to sample the gas concentration 

along the catalyst bed. The sampling quartz capillary and the thermocouple meet in a stainless 

steel tee (illustrated in Fig. 1.7  by the big hole in the liear stage), which is connected to the 

a b
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mass spectrometer (vacuum) via a stainless steel capillary (third port of the tee). Under 

atmospheric conditions the flow rate towards the mass spectrometer is approximately 

10 ml min-1. To maintain this flow rate at higher reaction pressures, a needle valve (not shown 

in Fig. 1.7) was installed to adjust the pressure at the inlet of the mass spectrometer (by 

introducing another tee in the gas pipe between linear stage and mass spectrometer). 

The experimental data in Fig. 1.7 b show the species profiles along the catalyst bed of an α-

Al 2O3 supported Rh catalyst during catalytic partial oxidation (CPO) of methane at 

atmospheric pressure for the fresh and the used catalyst (after 10 h). Beyond the front heat 

shield, the gases enter the catalyst region starting with a short oxidation zone (1–2 mm), in 

which on the one hand O2 and CH4 are rapidly consumed until O2 is fully converted and, on 

the other hand, CO, H2, and H2O rise about the same rate (~0.5 mmol/s after 1 mm), while 

small amounts of CO2 are produced. The oxidation zone is followed by a steam reforming 

zone, where CH4 and H2O react with each other and more CO and H2 are produced. The H2 

and CO formation rates drop and the CO2 formation stops at this point. H2O flow rate goes 

through a maximum at the end of the oxidation zone and H2O now becomes the co-reactant to 

CH4. This way, from the spatial profiling it could be concluded that the mechanism of the 

methane CPO is a combination of partial oxidation and steam reforming [118, 119]. 
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1.4 Objectives 
 

As discussed above, surface science experiments are essential in order to reveal the 

fundamental mechanisms of a specific catalytic reaction. Even though screening experiments 

can help to find optimum structural and reaction parameters and, on a short time scale, may be 

considered more efficient compared to rational material design, they do not allow for 

measuring of absolute reaction rates and thus are hardly useful to obtain new knowledge or 

concepts for catalyst engineering. 

In order to successively close the materials gap, more and more complex model systems have 

to be found, not only to bridge the gap in structural complexity between well-defined (single 

crystal) model systems and complex porous real (powder) catalysts, but also to understand the 

influence of mesoscopic effects like gas transport effects and concentration gradients in the 

gas phase around the catalyst. 

Using scanning mass spectrometry for direct in-situ analysis of the local gas phase 

composition above appropriate model systems seems to be a fascinating approach. However, 

for this purpose, it is of utmost importance that the sampling probe, in this case the probing 

capillary, does not or at least only in a well defined way affect the measured reactant and 

product distributions, i.e., it should be minimally invasive analogous to the measurements in 

fixed-bed reactors (cf. chapter 1.3.3). For that reason, the set-up developed by Johansson et al. 

(cf. chapter 1.3.2) is not suitable for this kind of experiments. Its limitation to measurements 

within a certain plane very close to the sample surface and the high pressure gas supply 

directly to the sampled surface area conflicts the idea of probing the unperturbed gas phase 

above the catalyst surface. 

The present thesis will focus on that point, answering the questions if it is possible to perform 

minimally invasive measurements of the gas composition close to the surface of planar model 

catalysts which can be quantitatively evaluated and what are the limiting factors of such 

measurements. Furthermore, in a second part, a new model system of ultra-thin mesoporous 

Au/TiO2 catalyst films is studied. These films are intended to further bridge the materials gap 

for gold catalysts.  
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1.4.1 Scanning mass spectrometer (SMS) for quantitative gas analysis above 
planar model catalysts 

 

In the first part of this thesis (chapter 2.1 and 2.2), the development of a scanning mass 

spectrometer is described (first published in 2007 [135]), which is very similar to that 

presented recently by Bilbao et al. (published three years later in 2010 [114]), but featuring a 

higher level of automation by the implementation of a computer controlled three-dimensional 

data acquisition procedure. 

Using the CO oxidation reaction over planar Pt fields of defined geometry as a test reaction, 

the main characteristics of the scanning mass spectrometer set-up are evaluated (chapter 4), 

including (i) the lateral resolution and its dependence on the pressure regime, the capillary 

height and the geometry of the capillary orifice, (ii) the ability to operate the device over a 

wide pressure range, from the sub-mbar range up to several mbar, (iii) the dynamics of the 

system, which limits the maximum sampling rate during spatially resolving mapping of 

reactant gases, (iv) the control of the vertical distance between sample surface and capillary 

tip by a fiber optic displacement sensor or, for very small distances, by monitoring the 

pressure decrease of an inert component added to the gas atmosphere, and (v) the ability to 

determine quantitative reaction rates by placing the capillary very close to the catalytically 

active structure. 

The objective to systematically study the transport of reactant/product gas species towards/off 

the sample surface in a running catalytic reaction, while taking minimum influence on the 

reaction conditions requires a detailed understanding of the gas transport between sample 

surface and the tip of a detecting capillary to quantitatively analyze the measured product gas 

evolution. As mentioned already by Li et al. [131], the measured product gas concentration 

depends sensitively on the height of the capillary probe above the catalyst. Furthermore, the 

actual lateral resolution of catalytic measurements rapidly decreases with increasing height of 

the capillary probe relative to the sample surface due to increasing lateral gas transport by 

diffusion or by ballistic motion. The latter depends on the pressure regime used in the 

catalytic reaction. In order to directly correlate the product partial pressure/concentration 

measured above a microstructure to its catalytic activity, next to the total number of active 

sites at the catalyst surface and the absolute number of product gas molecules leaving the 

catalyst surface, the fraction of product gas molecules, which finally hit the capillary orifice 

has to be known. 

For that reason, the spatial product gas evolution above differently shaped active Pt 

microstructures is simulated by Monte Carlo (MC) techniques, by computing the trajectories 
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of the CO2 molecules and their collisions with other gas phase molecules (chapter 3.1). 

Additionally, informations obtained from Computational Fluid Dynamics (CFD) calculations 

are included into the MC simulations in order to consider non-ballistic gas transport within 

the region between the sample surface and the capillary tip. This way, shadowing effects 

introduced by the presence of the capillary sensor and its specific geometry, which may 

reduce the reactant partial pressures in the space between capillary and substrate and hence 

the local reaction rate in that area, are evaluated by the CFD calculations, which consider the 

specific geometric configuration of the tip orifice and the catalytically active fields as well as 

the physical properties of the involved gas species (chapter 3.2). The simulation results are 

compared to respective measurements, intrinsic limitations of the SMS measurements are 

identified and optimal measurement conditions/parameters are worked out (chapter 5). 

 

1.4.2 Reaction studies on mesoporous Au/TiO2 model catalysts using locally 
resolving mass spectrometry 

 

The last part of this thesis (chapter 6) focuses on locally resolved kinetic measurements on 

novel ultra-thin Au/TiO2 catalyst films of mesoporous TiO2, which are considered as a rather 

complex model system to further bridge the materials gap between Au nanoparticles 

supported on a single crystalline TiO2 substrate and standard Au/TiO2 powder catalysts. The 

samples consist of a nanoscale catalyst layer of hundred to a few hundred nanometers 

thickness on a planar support. While both the preparation procedure and the internal surface 

chemistry and structure closely resemble those of realistic, dispersed catalysts, the transport 

properties in the nanostructured catalyst are much better controlled. Therefore, these model 

catalysts should be particularly suited for studies on the influence of the internal nanostructure 

and transport properties on the reaction characteristics. 

First, the structure and morphology of the TiO2 and the particle size of the Au nanoparticles is 

studied using transmission electron microscopy images and XRD results and the chemical 

state of the materials will be characterized by XPS (chapter 6.1).  

A variant of the scanning mass spectrometer set-up used for the spatially resolving gas 

analysis is developed to measure the activation energy and the reaction orders of CO and O2 

on those films, using the CO oxidation reaction as probe reaction. In order to enable 

measurements on the Au/TiO2 system with much lower catalytically active surface area 

compared to Pt microstructures, the thin capillary tip is substituted by a flow restrictor which 

ends in a flat titanium cap in order to sample a larger surface area. This variant of the set-up is 
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not suitable to study lateral gas transport or spatial product gas concentrations above the 

sample surface, however, measurements at different lateral position enable direct comparison 

between different samples and/or an inert reference sample. By varying the film thickness of 

the Au/TiO2 layers, the accessibility of deeper lying regions by the reaction gases and thus, 

the vertical gas transport through the catalytically active layer is studied (chapter 6.2). 
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2 Experimental 

2.1 General technical set-up 
 

In the following, the construction and the further development of a spatially resolving mass 

spectrometer set-up, also denominated as scanning mass spectrometer (SMS) to characterize 

planar microstructured model catalysts will be described (see also [135, 136]). The UHV 

system was originally planned and built up by M. Kinne and T. Häring; first measurements on 

microstructured Pt fields showing lateral resolution were performed by S. Kielbassa to prove 

the working principle of the device [137]. The most important improvements of the UHV 

system carried out within the scope of this PhD thesis are pointed out including the principle 

of communication between the different measurement devices, which are part of the system. 

Parts of chapters 2.1.1, 2.2.1, 2.3.1 and 2.4 were already published in references [135, 136] 

and are adopted with permission from the American Institute of Physics: Rev. Sci. Instrum., 

©2007 and J. Chem. Phys., ©2010, respectively. However, the experimental details shown in 

chapter 2 are basically completely re-organized in order to give a comprehensive description 

of the UHV system. Chapters 2.1.2, 2.2.2 and 2.3.2 are completely new, giving details on the 

data acquisition and data processing used in the different measurement modes.  

 

2.1.1 UHV system 
 

The original set-up consists of three main parts: a reaction chamber with a moveable sample 

stage, a separated analysis chamber with a differentially pumped QMS, and a gas flow control 

unit to supply gases to the reaction chamber at defined flow. In this work, a load-lock system 

was added in order to enable a fast sample exchange without breaking the vacuum. 

The central part of the system is the reaction chamber, which contains the sample stage. It is 

pumped by a turbomolecular pump (Pfeiffer-Vacuum TMU 261, 210 l s-1) connected via a 

manually operated UHV gate valve (VAT, series 10, DN 100 CF). The gate valve can be 

partly closed to reduce the pumping speed and to enable measurements at pressures up to 

10 mbar without affecting the operation of the turbomolecular pump. During this work, a 

bellow valve (Parker, P-Series) was added to the system, which bypasses the existing UHV 

gate valve, in order to guarantee a more accurate adjustment of the pressure in the reaction 

chamber (especially in the mbar regime when the gate valve has to be almost completely 

closed). To reach higher reaction pressures, the main gate valve can be completely closed 
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during the measurement and the pressure is solely adjusted via the bellow valve, by 

controlling the outflow of the reactant gases. A combined Pirani/cold cathode gauge (Pfeiffer-

Vacuum PKR 261) enables the monitoring of the pressure in the reaction chamber. 

Furthermore, a capacitance gauge (Pfeiffer-Vacuum CMR 263) was added for a more precise 

adjustment of the gas mixture within the reaction chamber (pReact) and was used to adjust the 

reaction pressures in all measurements presented in this work. 

The analysis chamber with the QMS is mounted on top of the reaction chamber and is 

completely separated from that, except for the capillary between sample stage and QMS 

(cf. Fig. 2.1).  

 

 
 

Fig. 2.1: Schematic drawing of the scanning mass spectrometer. Top: analysis chamber with QMS and 
capillary pointing to the sample, bottom: reaction chamber with sample stage, load lock and gas 
handling system. 

 

Major modifications carried out within this work were the exchange of the positions of the 

QMS and of the turbomolecular pump for differential pumping. This way, after leaving the 

capillary, the gas molecules originating from the reaction chamber pass directly through the 
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ionization room of the QMS, which is oriented normal to the molecule flight direction, and 

then hit the rotor of the turbomolecular pump (Varian TV 301 Navigator, 250 l s−1). The latter 

one is now oriented along the axis of the flight path of the molecules and substitutes a much 

smaller turbomolecular pump used before (Pfeiffer-Vacuum TMU 071 P, 60 l s−1) for 

pumping the analysis chamber (cf. Appendix A). These changes result in a more efficient 

pump-off of the gas molecules after passing the ion source of the QMS, which lowers the 

overall background of the analysis chamber and thus increases the sensitivity of the QMS 

(only slight decrease of CO2 background from 0.63% to 0.56% for a gas mixture of 

CO : O2 = 2 : 1, pQMS = 1 - 2×10-8 mbar). Analogously to the reaction chamber, the pressure in 

the analysis chamber is controlled with a combined Pirani/cold cathode gauge (Pfeiffer-

Vacuum PKR 251) which later on was substituted by an active cold cathode transmitter 

(Pfeiffer-Vacuum IKR 270) allowing to measure pressures below 5×10-9 mbar. A thin 

capillary connecting the QMS ionization room with the reaction chamber probes the local gas 

composition close to the sample surface. The probed gas species were analyzed by a 

quadrupole mass spectrometer (Pfeiffer-Vacuum QMG 422, off-axis secondary electron 

multiplier) equipped with a cross beam ion source and an yttrium oxide coated iridium 

filament (Y-type cathode) to reduce the reaction with reactive gases, in this case the formation 

of CO2 in the CO/O2 mixture. This way, the CO2 background could be significantly reduced 

compared to the situation before, where a tungsten filament was used instead, especially in 

O2-rich gas mixtures (CO2 background decreases from 1.6% to 0.63% for a gas mixture of 

CO : O2 = 2 : 1, pQMS = 1 - 2×10-8 mbar; note that the change of the filament was done before 

changing the size and the position of the turbomolecular pump; see also Appendix A). 

The flow of reactant gases, in this case CO (Westfalen, purity 99.97%) and O2 (Westfalen, 

purity 99.999%) to the reaction chamber is controlled by two mass flow controllers (MFCs) 

(Hastings, HFC-302, 0-50 sccm min-1), followed by additional on-off valves (Swagelok, SS-

4BG) to maintain constant and controlled pressure and gas composition conditions during the 

measurements. In order to avoid the accumulation of nickel carbonyls in the gas lines between 

gas bottle and the flow controller for CO (pCO = 2.5 mbar), the latter was substituted by 

another model without a Ni containing gasket (MKS 1479A, 0-100 sccm min-1). Furthermore, 

a carbon monoxide gas purifier (Entegris, Gatekeeper®) was added to this part of the CO gas 

pipe. In addition, an inert gas (here: Ar, purity 99.999%) can be added to the gas mixture by 

an additional leak valve for monitoring the stability of the measurement, in particular 

variations in the capillary- sample distance which influence the detection of the products. The 

connecting gas lines can be pumped separately, either via the load lock system or via the 
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reaction chamber. The accessible pressure regime in the reaction chamber is limited by the 

pressure in the analysis chamber, which should not exceed 2×10-6 mbar during operation of 

the QMS. However, the relation between the pressures in reaction and analysis chamber can 

be modified by variations in the conductance of the capillary. 

 

2.1.2 Data processing 
 

The measured data, which are continuously acquired by a measuring computer, are 

synchronized with a new software program which was developed using LabVIEW (National 

Instruments). Parameters like the pressures in the reaction chamber and the analysis chamber 

as well as the relative sample position and the sample temperature can be directly 

communicated to the SMS software via serial interfaces (recommended standard 232 (RS-

232)) and an analog-to-digital converter (miniLAB 1008 from Measurement Computing), 

respectively (cf. Fig. 2.2).  

 
 

 
Fig. 2.2: Schematic of the data acquisition using LabVIEW and the communication between the 

LabVIEW main program and the "Quadstar 422" softwar e via DDE (dynamic data exchange). 
(posx,y,z = relative x-, y-, z-position of the sample, preact/pQMS = pressure in the reaction/analysis 
chamber, Tpyr = temperature measured by the pyrometer, εεεε = emissivity of the sample surface, 
t90 = exposure time for pyrometric measurement, parQMS = parameters related to the 
functioning of the QMS, Iion = QMS ion currents). The attributes r and w indicate if the 
respective parameter can be red and set by the measuring computer, respectively. 

 

On the other side, the QMS the measurement is controlled by the rather complex software 

package “Quadstar 422” (Pfeiffer-Vacuum) via the serial interface. This allows not only for 

reading the gas composition within the analysis chamber but also to set all QMS related 
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parameters. In order to synchronize the table positioning and gas sampling, the dynamic data 

exchange (DDE) protocol running under Microsoft Windows is used, which establishes 

communication between LabVIEW and the “Quadstar 422” software. This way, the ion 

currents measured for the respective masses by the QMS are continuously provided to the 

LabVIEW main program via a programmed sequence embedded in the “Quadstar 422” 

software. The updating of the values depends on the resolution set for the QMS (time to 

accumulate gas molecules, typically 0.2s) which finally restricts the apparent sampling rate.  

The duration of the waiting period necessary between moving the tip towards the actual 

position and the actual measurement was derived from CO oxidation experiments, where the 

capillary was repeatedly stepped from a position above a catalytically active Pt field 

(microstructured Pt field on a Si substrate) to a position 5 mm aside the Pt field (bare Si) and 

vice versa. As shown in Fig. 2.3, the rise time as well as the decay time for the CO2 and CO 

signals from maximum to minimum due to the varying local CO conversion are less than 1 s. 

Thus, in the following measurements, typical waiting times of 2 s were used. 

 
Fig. 2.3:  Rise and decay time of the CO and CO2 signals at the QMS upon moving the sample stepwise 

from a position with the capillary above the center of a Pt field to a position 5 mm apart (preact = 
8.5 × 10-1 mbar, T = 317°C, dtip-surface = 1.4 µm). Reprint with permission from the American 
Institute of Physics: Rev. Sci. Instrum. [135], ©2007 
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2.2 Spatially resolved measurements above microstructured model catalysts 
 

For the spatially resolved measurements on Pt microstructures, a new sample stage was 

developed, allowing for precise positioning of the sample with respect to a fixed capillary 

with defined tip geometry, sample heating and fast sample exchange via the load lock system 

(cf. reference [135]). To synchronize the sample position and the measured data, a three 

dimensional data acquisition procedure was developed and added to the LabVIEW program 

described in chapter 2.1.2. 

 

2.2.1 Capillary probe and sample stage 
 

The home-built sample stage shown in Fig. 2.4a consists of a commercial, three-axes high 

precision positioning substage (Kleindiek Nanotechnik LT6820) for controlled lateral and 

vertical motion of the sample and a sample support construction, which is mounted on top of 

the positioning substage and which contains the sample heating and accepts the transferable 

sample holder. 

 

 

Fig. 2.4: Detailed drawing of the sample stage (a) with capillary (A), sample holder (B), clamp 
mechanism (C), distance sensor (D), halogen bulb for heating (E), and tantalum shielding (F) 
[135] and schematic drawing of the capillary tip (b) used for product gas sampling showing the 
capillary geometry (i.D.: inner diameter, o.D.: outer diameter) [136]. For comparison the 
optical microscope picture of a capillary is shown in the inset. Reprint with permission from the 
American Institute of Physics: Rev. Sci. Instrum. [135], ©2007 and J. Chem. Phys. [136], 
©2010, respectively. 
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The positioning substage allows for controlled travel of 20 mm along the x- and y-axis and of 

15 mm along the z-axis (vertical motion). In all cases, the minimum step width is 0.5 nm, 

where positioning encoders guarantee a reproducibility of the lateral motion of 100 nm. The 

vertical distance between the tip of the capillary and the sample surface can be controlled by a 

fiber optic displacement sensor (PHILTEC Model RC25-Bv3L) (D), measuring the distance 

to the sample holder (detection range 1.5 mm, precision 1µm). The motion of the substage 

relative to the tip of the glass capillary (A) can be controlled either manually by an external 

control unit or by computer control. During that, the sample position can be monitored by a 

far field microscope (Wild M3B, amplification: 40x) installed outside the reaction chamber. 

The sample support construction, which is machined from titanium, supports the sample 

holder and contains the heating device. In order to avoid possible reactions of reactive gases 

at a hot filament, sample heating was performed by using a completely encapsulated filament, 

in this case a commercial halogen light bulb (50 W) located underneath the sample (E) 

(distance ~1 mm). A tantalum foil cladding (F) is used to reduce radiation heating of the 

piezo-driven actuators of the positioning table (warming by ≤100°C).  

The sample is mounted in a home-built Ti sample holder (B) which is compatible to the trans-

fer system in a UHV system used for studies of the surface structure and composition, which 

is equipped with XPS and a UHV-AFM [82, 138]. To avoid accidental lateral displacements 

of the sample holder on the sample support construction, it is clamped by a steel fork (C). The 

temperature of the sample is measured with a calibrated pyrometer (Impac Infratherm IP 140). 

For studies on the microstructured Pt/Si samples (see below), this was focused on the Pt-free 

regions of the sample. The pyrometer was calibrated by heating experiments with a Ni/NiCr 

thermocouple glued to the sample (Graphi-Bond 669, Kager GmbH). Alternatively, e. g., for 

measurements on transparent samples, the temperature could also be measured by a 

thermocouple. 

The capillary (A) is made from a 122 mm long glass tube (Duran) with an inner diameter of 

1.6 mm, whose front end (pointing to the sample surface) transforms into a tip with a 

constricted inner channel which limits the total gas flow to the QMS reference. The capillary 

tip is produced by heating the tube in a flame and drawing it to the desired diameter. 

Subsequently, it is cut and broken at the constriction. In order to obtain a well-defined tip 

geometry, the constricted end of the capillary was drawn to a uniform cylindrical channel of 

about 3 mm in length with well defined inner and outer diameters (capillary orifice and 

capillary wall) (Fig. 2.4b). In the present work, three different capillaries with defined inner 

and outer diameters were used (see Table 2.1) for the measurements with lateral and spatial 



 - 28 -   

resolution presented in chapter 4.2 and chapter 5.1 (all custom products by Hilgenberg 

GmbH). Furthermore, in a few earlier measurements presented in chapter 4.1-3 (showing 

principal characteristics of the SMS) a capillary of less defined tip geometry was used, which 

has been fabricated by the glass workshop of the Ulm University. The length of the 

constriction was of 2 mm with an inner diameter of 100 µm (for details see reference [137]). 

 

 inner diameter outer diameter 

Capillary 1 45 µm 250 µm 

Capillary 2 70 µm 300 µm 

Capillary 3 110 µm 315 µm 

 

Table 2.1: Summary of the capillaries used for studying the effect of the tip geometry on the lateral 
resolution (cf. chapter 4.3.1). 

 

To investigate the local gas composition above the sample surface, the sample was adjusted to 

a defined distance with respect to the capillary tip. Absolute values for the vertical distance 

could be obtained by first moving the sample stepwise (in steps of 1 µm) towards the capillary 

tip until reaching mechanical contact (zero point reference for the optical distance sensor). 

The distance between sample surface and capillary tip was verified via an optical microscope 

by looking at the distance between the capillary tip and its mirror image visible on the Si 

wafer. Furthermore, mechanical contact results in a stopping of the upwards motion of the 

sample stage (before/instead of breaking the capillary tip).  

For recording lateral maps of the gas composition above the sample, the sample holder was 

moved with respect to the capillary tip. Moving the sample stage instead of the capillary [134] 

or a combination of lateral sample motion and vertical capillary motion [130, 131] allows a 

much simpler construction of the probing system. Thus, the gas species probed by the tip can 

directly reach the QMS (without additional flexible parts as in ref. [130, 131, 134] that are 

required in configurations where the tip is moved relatively to the sample. Due to the short 

distance between sample and QMS (short settling time for reaching steady-state conditions, 

cf. chapter 2.1.2), the measurements can be performed relatively ‘fast’ compared to systems 

using long capillary connections (and thus entail a high time constant). In addition, smaller 

capillary diameters can be used while maintaining reasonable gas flow rates to the QMS, 

which is beneficial for measurements with high lateral resolution at lower pressures. 
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2.2.2 Three-dimensional data acquisition 
 

To measure the tree-dimensional product gas evolution above a defined surface area, a series 

of two-dimensional maps were recorded for different distances between sample surface and 

the capillary tip using a LabVIEW-controlled program. The lateral sampling parallel to the 

surface plane was performed by moving the sample stage in a meander-like way in defined 

steps below the capillary. Each measuring step consists (i) of the lateral sample displacement, 

(ii) a short waiting time to reach steady-state conditions in the QMS, and (iii) the subsequent 

measurement and recording of the respective reaction parameters like the QMS ion currents 

and the pressure in the reaction and analysis chamber. In chapter 2.1.2, the acquisition of the 

different measurement parameters (QMS ion currents, the pressures and the relative capillary 

height) are explained. While the values of the ion currents and the pressures, which are 

transmitted to the LabVIEW program, correspond to the respective measurement units ampere 

and millibar, the voltage obtained from the control unit of the optical displacement sensor via 

the A/D converter has to be converted into micrometer units using the calibration curve given 

by the manufacturer in the manual (0.136 µm/mV). For the communication between 

LabVIEW and the devices connected to the serial ports (controller of piezo stage, pressure 

gauges and pyrometer), the virtual instrument software architecture (VISA) standard was used 

to program the RS-232 interface, taking advantage of the precast commands given by the 

manufacturer (cf. Appendix B). 

The signal flow diagram in Fig. 2.5 represents an overview of the most important modules of 

the control software. The user interface allows for manual actuating of the piezo stage either 

by displacement in x, y, or z direction for a predefined step width or by specifying the 

coordinates for lateral displacement (x-y plane) and the capillary height (z direction). In the 

latter case, the reference position of the sample stage is set by zero x,y and zero z before 

starting the measurement to define the center of the sampled field and the vertical position at 

which the capillary tip touches the sample surface, respectively. Note that a linear incremental 

encoder system included into the actuators, which move the sample stage in x and y direction, 

allows for direct lateral positioning, whereas a separate control loop had to be included into 

the LabVIEW program for the z positioning which is controlled by the external optical 

displacement sensor. The parameters described by frequency and amplitude are used to adjust 

the voltage pulses to the piezo driven linear motors (LT6820, Klocke & Kleindiek 

Nanotechnologie, Nanomotor®). They have to be optimized in order to either allow for large 

range travel on the one hand or for fine positioning on the other hand. For displacement in z 
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direction, the time for which the friction between the slider and the friction tube changes from 

adhesion to gliding has to be short enough to avoid slipping due to the operating weight of the 

sample substage 

 

 

 

Fig. 2.5: Signal flow diagram describing the SMS software to control the spatially resolved measurement 
of reaction parameters using LabVIEW. 

 

Before starting the measurement, the scan range enclosing the volume of the cuboid spanned 

by x, y and z size has to be set. Together with the respective step widths and the initial 

z-height, an array of two-dimensional matrices is generated to define the sampling points of 

the meander-like pathways for each capillary height which in the following measurement are 

going to be filled with the local measurement parameters (ion currents of CO2, CO, O2 and 

Ar, as well as pressures in the reaction and analysis chamber). The red arrows of the flow 

diagram in Fig. 2.5 represent the measurement loop implying (i) the acquisition of the local 

measurement parameters and (ii) the activation of the piezo stage to move the sample to the 

next measuring position. This procedure is repeated for all lateral sampling points and all 

capillary heights. During a measurement, the related parameters and the two dimensional 

x-, y-step width

ca
pil

lar
y he

ig
ht

CO2.txt

CO.txt

O2.txt

height 1

height 2

3D plots2D plot

CO2 CO

O2 Ar

signal

graphs

y(t)

visualization

data storage

height 4

height 3

height 2

height 5

user interface / actuators

x-, y-scan size

start scan

initial z-height

x-, y-step

zero x,y

zero z

z-step

z-position

x-, y-position

z-scan size

z-step width

m
a

n
u

a
l

co
n

tr
o

lo
f 

p
ie

zo
st

a
g

e
p

o
si

ti
o

n

d
e

fi
n

it
io

n
o

f 
sc

a
n

m
a

tr
ix

p
ie

zo
st

a
g

e

p
a

ra
m

e
te

rs

o
ff

se
t

p
a

ra
m

e
te

r

QMS ion currents

pQMS, PReactx-, y-positionz-position

measurement data

DDE

miniLab

A/D interface

frequency

amplitude

array of

2D matrix

ICO2
, ICO, 

IO2
, IAr, 

pReact, pQMS

data processing

height 1

root

p
ie

zo

p
a

ra
m

e
te

rs

VISA



 - 31 -   

point array defining the meander-like pathway of the capillary, including the actual position, 

are continuously displayed (green arrows). After each loop, the data is stored to separate files, 

containing the two-dimensional data set of the respective measurement parameters and the 

information about the lateral extension of the sampled area. 
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2.3 Measurements on planar catalysts with low reaction rates 
 

In order to study the CO oxidation reaction on mesoporous Au/TiO2 films and to enable 

measurements on samples under reaction conditions, which imply much lower reaction rates 

compared to the measurements above the Pt microstructures at temperatures above 300°C, a 

new capillary set-up was developed, which allows for a more accurate quantification of the 

measured product gas signal [139]. For this purpose, the tiny capillary tip for locally resolving 

product gas detection is substituted by a flow restrictor (same dimensions like the constricted 

end of the capillary in 2.2.1) which ends in a flat titanium cap in order to sample a much 

larger surface area, but at the same flow rate as for the capillary probes presented in chapter 

2.2.1. In case that the capillary tip is fully approached to the sample surface, the system can be 

considered as a micro flow reactor-like constellation of similar dimensions (reactor volume, 

flow rate) compared to the one described in [137]. 

 

2.3.1 Set-up for differential product gas detection 
 

In this set-up, the constriction at the lower end of the capillary, which reaches into the 

reaction chamber, is realized by gluing a small cylindrical flow restrictor (channel length 

3 mm, inner diameter 50 µm) into the lower end of the quartz capillary (inner diameter of 2 

mm). The flow restrictor ends in a flat Ti cap (cylindrical volume with inner diameter of 2.5 

mm and height of 0.1 mm) to collect the gas species above a defined sample area. By using 

this construction, a much larger surface area of the underlying sample contributes to the 

measured signal than in the set-up presented in chapter 2.2.1, where the end of the capillary 

transforms into a tip with a constricted channel. In this set-up, the three-axes high precision 

sample stage, allowing for free (relative) positioning of the sample underneath the Ti cap on 

any lateral position of the sample surface, is used to switch the lateral position of the capillary 

probe between the Au/TiO2 film and a Si reference sample before approaching it towards the 

desired position (cf. Fig. 2.6). Although the capillary head is fully approached towards the 

sample surface during this procedure (until mechanical contact is reached), no measurable 

drop in the pressure underneath the Ti cap can be found. This effect can be explained by the 

large diameter of the Ti cap and the very thin extension of the wall (0.1 mm) surrounding the 

volume within the cap resulting in a flat and relatively long (circular) slit between this wall 

and the sample surface, which in turn is due to surface roughness and/or a slight tilt between 

the sample surface and the Ti cap. Apparently, the flow reduction by this slit is far less 
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efficient than the flow restriction by the flow reducer between the cap and the analysis 

chamber, so that the outgoing flow through the capillary does not lead to a measurable 

pressure drop in the reaction volume under the Ti cap (cf. reference [136]). The slow flow of 

reactants into and out of the reaction volume also results in an accumulation of CO2 product 

gas within the reaction volume, which in turn leads to an enhancement of the CO2 signal such 

that this can be reproducibly detected. 

 

 

Fig. 2.6: Schematic drawing of the end of the SMS capillary and the sample in the scanning mass 
spectrometer showing the sample holder with resistive heater and two separate samples [139] 
(here: mesoporous Au/TiO2 film on Si and a catalytically inactive Si wafer) underneath the 
capillary with flow constriction which can be moved from one sample to the next one.  

 

To obtain the background corrected product gas concentrations, additional measurements on a 

Si reference located aside the actual sample can be performed. Since the Si surface is 

catalytically inactive, the CO2 concentration above such a sample can be considered as 

background signal which is superposed to the CO2 concentration arising from the catalytically 

active sample. This assumption is valid as long as the product gas concentration is low 

enough not to significantly affect the concentration and flow of the reactant gases (CO and 

O2). Furthermore, the Si reference sample was used for measuring the temperature at the 

sample surface with a calibrated pyrometer (LumaSense - Impac IPE 140), when the capillary 

is located above the Au/TiO2 sample. This way, the temperature measurement is independent 

of any variations in the specific emissivity of the Au/TiO2 films. Note, that in order to access 

Au/TiO2 film Si (reference)

to QMS

CO + O2

flow
restrictor:
Ø = 50 µm

resistive
Ta-heater

pyrometer



 - 34 -   

a temperature range starting already from 30°C up to temperatures larger than 400°C, a 

different type of pyrometer was used compared to the one used in chapter 2.2.1 which works 

with wavelengths between 3 - 5µm. For that reason the respective standard borosilicate 

viewport (transmission range: 0.4 - 2.0 µm) was substituted for a sapphire window with a 

transmission range of 0.25 - 4 µm (Vacom, DN40CF).  

Besides changing the capillary, a further modification was to substitute the halogen bulb by a 

Ta-wire (diameter: 0.25 mm) for resistive heating of the sample (heating power: 6 W @ 

140°C) to avoid large isotropic heat dissipation by irradiation. The heating wire is led through 

a stack of flat double-hole ceramics, which are recumbently arranged side by side. In order to 

allow the additional mounting of a reference sample, a new and very flat Ti sample holder 

was developed (thickness = 1 mm), which is mounted directly on top of the heated ceramics 

during the measurement. Due to the lower sample temperature needed for measurements on 

the mesoporous Au/TiO2 films, resistive heating in reaction gas atmosphere (pReact = 2 mbar, 

CO : O2 = 1 : 1) does not lead to any severe corrosion of the heating wire. For calcination, a 

second heating system was built up, located in the load lock system, with a halogen bulb to 

enable heating of the samples up to 400°C in an O2-rich atmosphere. For this treatment, the 

load lock chamber can be attached to the reaction chamber to adjust the desired gas pressure 

by disconnecting the turbomolecular pump from the load lock chamber, while keeping the 

valve to the reaction chamber open. The temperature within the load lock is measured via a 

second pyrometer (Impac Infratherm IP 140, cf. chapter 2.2.1).  

 

2.3.2 Acquisition of reaction parameters and data evaluation 
 

The capillary set-up described in chapter 2.3.1 allows for switching between different 

measurement positions in such a way that two different samples mounted next to each other 

onto the sample holder can be directly compared. In order to discuss the measurement 

procedure, a representative measurement is shown in Fig. 2.7, revealing the CO2 production 

above a mesoporous Au/TiO2 film at varying temperature (the present dataset represents the 

raw data for determining the activation energy, which is discussed in chapter 6.2). In this 

measurement, a Si reference is mounted next to the mesoporous Au/TiO2 film and both 

samples were alternately probed using CO oxidation as test reaction. Note, that the Au/TiO2 

film thickness is very thin (about 250 nm) compared to the supporting (bare) Si substrate 

(0.5 mm) (cf. chapter 2.4.2) and the reference sample is made from the same wafer which 
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serves as substrate for the Au/TiO2 film, so that the vertical heat transport between sample 

surface and heating should be the same in both cases. 

 

Fig. 2.7: Principle of the SMS measurement on a mesoporous Au/TiO2 film using CO oxidation as test 
reaction. The CO2 signal is measured for decreasing sample temperature (blue data), 
subsequently above the catalytically active layer (1) and the bare Si reference (2). The grey 
dotted line represents the temperature recorded by the pyrometer during measurement on the 
reference sample (highlighted by the blue lines) and on an arbitrary position on the sample 
stage (the pyrometer is adjusted for temperature measurement on the reference sample when 
the capillary is positioned above the Au/TiO2 film (1); when changing the capillary position to 
measure above the Si reference sample (2), the pyrometer points to any arbitrary position next 
to the reference sample). 

 

The CO2 gas concentration measured above the Si reference (2) can be considered as 

background signal for the adjacent catalytically active film (1). This is carried out by fitting a 

polynomial function to the data set obtained from the measurements above the reference (red 

dotted line). The procedure works well in case that the background signal does not change 

discontinuously during the measurement above the catalyst sample. The grey dotted line 

represents the temperature recorded by the pyrometer during the interval when the position of 

the capillary is changed and during measurement on the reference sample. In this case, the 

area where the temperature is measured (spot size = 2 mm) changes from the reference sample 

to an undefined position besides the sample holder. As a consequence, the temperature 

logging works does not work together with the measurement above the reference sample. On 

the other hand, the rapid variation of the temperature recorded for two subsequent data points 

during the change of position is utilized for a partly automated data processing of the obtained 
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raw data after the measurement (cf. black data points in Fig. 2.7). The data points are 

continuously stored to a text file, using the format of a table-like data set, where each 

parameter is stored in a separate column. By applying an algorithm using Microsoft Visual 

Basic (2008 Express Edition), the column containing the temperature values is checked for 

two sequent rows (two sequent data points) for which the difference of the temperature values 

exceeds a certain threshold (cf. jump in the profile of the grey data set when switching from 

position (1) to position (2)). These sudden changes in temperature for two sequent data points 

are related to jumps of the capillary (and thus sudden changes of the measuring position of the 

pyrometer), because local changes in temperature (cooling, heating) always run gradually. 

This way, the breaking points for the separation of the two different data subsets, representing 

the measurement points (of all columns: time, ion currents, temperature, pressure in the 

reaction chamber and pressure in the analysis chamber) above the mesoporous Au/TiO2 film 

(1) and the Si reference sample (2) are generated. This method becomes especially important 

in the case of long running measurements to efficiently separate the two data sets related to 

the measurement above the Si reference and the catalyst sample, respectively.After 

determining the fraction of the ion current related to CO2 molecules produced within the 

catalytically active region of the sample underneath the Ti cap, CO conversions were 

calculated from the CO2 content in the reaction gas as probed by the mass spectrometer, using 

tabulated values for the ionization probability of the respective species CO, O2 and CO2 [140]. 
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2.4 Sample preparation 
 

In this work, the CO oxidation reaction was investigated using two different types of samples: 

(i) Planar microstructured Pt fields of defined size and shape and (ii) thin mesoporous 

Au/TiO2 films. The former aimed at studying the spatial product gas evolution, the latter were 

prepared to study their structural and catalytic properties. 

 

2.4.1 Microstructured Pt fields 
 

To test the lateral resolution of the scanning mass spectrometer set-up, model systems 

containing microstructured Pt fields of different shapes, lateral diameters and variable 

distances between the fields were fabricated on a Si(111) substrate by standard optical 

photolithography. A single layer negative resist lift-off process and a self designed photo 

mask with sets of different field types was used for patterning the sample surface with the 

structures presented in Fig. 2.8.  

 

 

Fig. 2.8: Photo mask for fabrication of Pt microstructures (a) and optical microscope image of Pt 
microstructures on a Si(111) substrate fabricated by sputter deposition (b). 

 

The Pt fields (thickness 300 nm) were produced by sputter deposition on top of a 200 nm Ti 

buffer layer, which acts as adhesion promoter. This results in well defined structured 

geometries (cf. Fig. 2.8b). In a final step, the individual samples (10 mm × 10 mm), each 

containing a set of structures shown in Fig. 2.8a, were cleaved from the Si substrate. Prior to 
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the measurements, all samples were cleaned by annealing to about 430°C for 30 min in O2 

(6 - 9⋅10-1 mbar), and subsequent reduction in the reaction gas mixture.  

A second set of samples was produced to study the spatial product gas evolution above single 

Pt microstructures where each sample contains a single isolated field, in order to avoid the 

superposition of the product gas signals from adjacent fields. For this purpose a second photo 

mask was designed to fabricate a series of different individual samples (10 mm × 10 mm), 

each containing a single Pt field of different geometry. Results presented in this work were 

mainly obtained from two fields with a quadratic shape (800 µm × 800 µm) and a rectangular 

shape (200 µm × 10000 µm). The Pt structures (thickness of 200 nm) in this case were 

produced by vapor deposition on a Si(111) substrate, again using standard optical 

photolithography under clean room conditions. This way, Pt microstructures were prepared 

where a single Pt field with a well-defined shape is located in the center of each sample. For 

cleaning, all the samples were annealed at 425°C in O2 (30 minutes, 3.6 mbar) prior to the 

reaction measurements.  

 

2.4.2 Fabrication of mesoporous Au/TiO2 thin films 
 

Mesoporous Au/TiO2 thin films (190 nm – 420 nm) were produced to study the feasibility of 

such kind of layers to serve as a more realistic model system to bridge the gap between planar 

model and powder catalysts. The films were fabricated in collaboration with D. Böcking and 

Prof. Dr. N. Hüsing (Institute of Inorganic Chemistry, Ulm University) and Dr. G. Kucerova, 

by applying a sol-gel process for fabrication of the mesoporous TiO2 powder, which was 

deposited onto Si substrates by spin coating (D. Böcking), and subsequent loading with Au 

(Dr. G. Kucerova). The following description of the sample preparation is published in 

reference [139]; some details of the spin coating process, however, were added at the end of 

this chapter. 

In a typical procedure, 0.32 g Pluronic® P123 (5 µmol) in 6 g ethanol (0.13 mol) were 

homogenized with a solution of 2.68 g titanium tetraisopropoxide (9.45 mmol) in 1.36 mL 

hydrochloric acid (conc.), resulting in a clear TiO2 sol. After an aging period of 60 min at 

room temperature, the sol was spin-coated on the precleaned Si substrates with a spinning 

speed of 4000 rpm (for 280 nm thickness) for 30 s. To obtain different thicknesses of the 

titania films, spinning speeds of 2000 rpm (for 420 nm thickness) and 6000 rpm (for 190 nm 

thickness) were used instead for 30 s. The Si(100) wafer was cut into small pieces (9 mm × 

9 mm) prior to the coating procedure. To remove possible organic contaminants, the wafer 
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was cleaned with acetone, rinsed with distilled water and immersed into a piranha solution 

(2 H2SO4 : 1 H2O2 (30%)) for 5 min, followed by rinsing with water before the deposition 

process. Subsequently, the films were aged in air for 8 h at room temperature, followed by 

drying in an oven (40°C, 24 h, air). Finally, the structure-directing agent Pluronic® P123 was 

removed by calcination in air at 350°C for 3 h, with a ramp rate of 1 K min−1.  

The Au/TiO2/Si catalysts were prepared following a deposition–precipitation (DP) procedure 

as described previously [153, 162, 163]. Up to 5 TiO2/Si samples were immersed into 100 mL 

H2O and heated to 60°C. Then, an aqueous solution of 0.01 M HAuCl4·3H2O was added at 

constant temperature, while the suspension was stirred and the pH of the solution was kept 

constant at about 5.5 by dropwise addition of 0.01 M K2CO3 solution. Subsequently, stirring 

was continued for additional 30 min, and the solution was then cooled to room temperature. 

Finally, the Au/TiO2/Si pre-catalysts were washed several times with distilled H2O to remove 

residual potassium and chloride ions as well as unreacted Au species, and then dried at room 

temperature in vacuum. Prior to the measurements, the Au/TiO2 catalyst film was calcined for 

1 h at 350°C in 2 mbar O2 (O350 treatment). 

The minimum size of the rectangular samples is limited to 9 mm × 9 mm by the spin coating 

process. The sample is fixed on the spin coater by applying a vacuum to the bottom side and 

thus can not be smaller than the size of the underlying viton gasket used for sealing. In order 

to obtain smaller samples, which is necessary, e. g., to place an additional reference sample 

onto the sample holder (maximum sample size: 1.1 mm × 1.1 mm), the finished samples can 

be cleaved after the Au loading process. 
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3  Simulation of the spatial product gas evolution 

3.1 Monte Carlo (MC) simulations 
 

To obtain a better understanding of the spatially resolved measurements (presented in chapter 

5.1), the distribution of CO2 product molecules above microstructured Pt fields was simulated 

using Monte Carlo techniques. In his PhD thesis [137], S. Kielbassa presented an analytical 

approach to develop an equation which describes the apparent product gas distribution above 

a rectangular field, sampled with a squared capillary orifice dependent on the distance 

between the capillary tip and the sample surface. Although the results give a basic 

understanding how the tip-sample geometry influences the lateral resolution and the relative 

number of product gas molecules which impinge on the capillary orifice, Monte Carlo 

simulations are necessary to additionally include the following features into the calculations: 

• any arbitrary shape of the catalytic active field  

• varying geometry of the capillary orifice (square/circular shape) 

• the finite width of the capillary wall (especially important if the capillary tip is 

positioned very close to the sample surface)  

• the influence of the reactant gas phase in the region between capillary tip and sample 

surface on the molecule trajectories (due to variation in pressure and temperature). 

 

3.1.1 Concept of finite elements 
 

In the MC simulations, the Pt fields are approximated by finite-sized surface elements (square 

areas with 20 µm x 20 µm were used in this work), with the center of each element being a 

local (point) source for the desorption of product gas molecules (CO2). As an example, in Fig. 

3.1 the distribution of point sources (indicated by the red dots) for a circular shaped field is 

shown. After desorption from the surface, the trajectories of the CO2 molecules are 

determined by ballistic mass transport and intermolecular collisions with molecules of the gas 

phase in the region between sample surface and capillary tip. The region included in these 

simulations is limited by the sample surface and by a plane parallel to the surface (denoted as 

capillary plane), which touches the final end of the capillary tip (Fig. 3.1). Molecules which 

finally pass the capillary plane during their motion are evaluated with respect to their lateral 

position. If they hit the plane outside the capillary wall, they are discarded, if they hit the 

capillary wall around the orifice, they are elastically reflected, analogously to molecules 
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hitting the sample surface, and only those CO2 molecules impinging on the capillary plane 

within the orifice area are considered for the detector signal. In order to get reliable statistics, 

the simulation was repeated 1000 times per surface element and capillary position. 

 

 

 

Fig. 3.1: Top view: Schematic drawing of the principle of simulation using the example of a circular 
shaped field (area within the green dashed line). The catalytically active surface area is 
subdivided into finite elements representing point sources for desorbing CO2 molecules (red 
dots). Side view: Desorbed molecules, which move between sample surface and capillary tip, 
interact with molecules in the gas phase (mainly O2), as described by the MC simulations. 

 

The software to perform the Monte Carlo simulations was developed using always the latest 

version of Microsoft Visual Basic (2005 – 2008) Express Edition. The main algorithm 

consists of three interlaced for-loops to repeat the calculation for the trajectories of a CO2 

molecule in the room between sample surface and capillary plane for (i) each surface element, 

(ii) each capillary position and (iii) for the desired number of attempts (typically 1000). 

During this cycling, a number of different functions are recalled by the main program; a brief 

overview of the program source code, highlighting the most important functions is given in 
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Appendix C. Additionally, several options for visualisation are given during the run of the 

program. Although the overall calculation speed to determine the spatial product gas 

distribution slows down (due to additional computing effort occupying the CPU of the PC), 

the visualisation options are useful to qualitatively control the functionality of different parts 

of the algorithm (e. g. visualization of the molecule trajectories shown in Fig. 3.5). 

In the following, the motion of a CO2 molecule within the gas phase between sample surface 

and capillary tip is discussed. For simplicity reasons, the composition of the gas phase is 

assumed to consist of O2 molecules only (the presence of CO and CO2 molecules in the gas 

phase is neglected). This is a reasonable assumption due to the excess concentration of O2 

(O2:CO ≈ 10:1) used in all CO oxidation reaction experiments on microstructured Pt fields 

presented in chapter 4. Furthermore, the physical properties of O2 and CO molecules, which 

influence the trajectories of the CO2 molecules via intermolecular collisions are very similar 

(cf. equations 3-1 to 3-3, molar mass: MO2/MCO = 1.14 and effective cross sectional area: 

σCO/σO2 = 1.05, cf. also Appendix D). Collisions of CO2 molecules with other CO2 molecules 

in the gas phase are not included by the MC concept described above, where CO2 molecules 

are assumed to nevermore return into the region between sample surface and capillary tip 

after once having passed the capillary plane. However, due to the above mentioned excess 

concentration of O2, the CO2 concentration in the gas phase should not exceed the initial 

concentration of CO molecules in the reactant gas mixture (which would be about one-tenth 

of the gas phase in the worst case). 

A number of parameters determining the motion of the CO2 molecule are calculated after each 

collision or desorption event: The three Cartesian coordinates x, y, z define the actual position 

of the molecule relatively to the center of the Pt field, the azimuth and the polar angle 

describe the direction of motion from this position and the apparent temperature TCO2 is used 

as an equivalent to the molecular velocity, either given directly by the desorption temperature 

directly after leaving the substrate from a specific surface element, or to be calculated from 

the resulting impulse after collision with an O2 molecule of the gas phase: 

2

2

2

2
3 CO

CO
CO

RT
v

M
=          (3-1) 

Furthermore, the length of the single molecular trajectories and the mean free path λMFP,CO2, is 

calculated using the local pressure pO2 and temperature TO2 of the gas phase, as well as the 

actual temperature of the CO2 molecule TCO2:  
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The parameters dCO2 and dCO are the nominal diameters of the CO2 and CO molecules (a 

derivation of equation 3-2 can be found in Appendix D). Together with the molecule position 

(x, y, z of the starting point) and the direction of motion (defined by the azimuth and the polar 

angle) the free path (calculated from the respective density functions, cf. chapter 3.1.2), 

determines the end point of the following trajectory if the molecule is neither impinging on 

the sample surface or the capillary wall nor on any lateral position within the capillary plane. 

In this case the end point is the starting point of the next trajectory and the new direction is 

determined by the velocity components vCO2,new,x, vCO2,new,y, vCO2,new,z resulting from the 

evaluation of the collision event with an O2 molecule of the gas phase. These events are 

described as elastic collisions of two point masses (mCO2/O2 = MCO2/O2) representing the CO2 

molecule and an O2 molecule of the gas phase (cf. Appendix D): 
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The absolute value of the velocity vector again serves to determine the mean free path by 

applying equation 3-1 to calculate the following trajectory. For molecules just started from a 

surface element (red dots in Fig. 3.1), a temperature of 1700 K is assumed to describe the 

velocity of the desorbing CO2 molecules [141, 142]. Note, that collisions with CO molecules 

are not separately evaluated due to their low concentration in the gas mixture (CO : O2 = 

1 : 14) and the small mass difference between CO and O2. Molecules impinging on the sample 

surface or the capillary wall (annulus shaped area within the capillary plane) are reflected 

(specular reflection); the trajectory ends, in case that the CO2 molecule either impinges on the 

capillary orifice or crosses the capillary plane at any lateral position aside the capillary wall.  

 

3.1.2 Probability functions describing molecular motion 
 

In chapter 3.1.1, by means of a few equations (3-1…3-3), the physics determining the motion 

of a CO2 molecule moving within an O2 gas phase are discussed. However, for calculating 

exact molecular trajectories, absolute numbers have to be applied to determine the velocity 

and direction of the molecular motion. In order to perform more realistic simulations, a 

stochastic model was applied, evaluating the density functions of the specific parameters 

instead of simply using the respective expected values (mean values of the density functions). 
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This way, values for the polar angle of desorbing CO2 molecules, the free path of the CO2 

molecules and the magnitude of the velocity components of the O2 molecules were calculated, 

by applying the cosine distribution, a Poisson distribution and a Maxwell-Boltzmann 

distribution, respectively. In the stochastic model, the co-domain of the respective values 

(polar angle, free path and molecule velocity) are accessed by applying random numbers from 

the interval W = [0; 1] to the reverse functions of the cumulative distribution functions. Each 

random number between 0 and 1 is related to a specific value as defined by the related 

cumulative distribution function. (Note that it depends on the specific probability distribution 

whether the interval W includes or excludes the endpoints to ensure convergence of the 

calculation). In the following, the probability distributions and the cumulative distribution 

functions to determine the desorption angle, the O2 velocity and the mean free path are briefly 

discussed: 

 

Desorption angle (cosine distribution): 

The polar and azimuth angle determining the direction of the desorbing CO2 molecules is 

described by a cosine distribution [143-145] and an isotropic distribution (trivial), 

respectively. In the MC simulations, at the beginning of each desorption step, the polar and 

the azimuth angle are calculated by choosing a random number between 0 and 1 to evaluate 

the respective cumulative distribution functions. 

The cumulative distribution function of the polar angle, allowing values of α = [0°; 90°], is 

calculated by integration of the cosine distribution (cf. Fig. 3.2): 

0

( ) cos( ) sin( )F t dt
α

α α= ⋅ =∫         (3-4) 

To evaluate the cosine distribution of arbitrary order (cosn(α) with n ≠ 1), the reverse function 

of the cumulative distribution function has to be numerically determined. 
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Fig. 3.2: Probability density function (red) and the cumulative distribution function (blue), describing 
the polar angle of a desorbing CO2 molecule from a Pt surface. 

 

Velocity distribution (Maxwell-Boltzmann distribution): 

The one-dimensional Maxwell-Boltzmann velocity distribution function is used to select the 

velocity components (vx,vy,vz) of the O2 molecules in the gas phase:  
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Integration of the Maxwell-Boltzmann distribution and proper substitution results in the 

cumulative distribution function, which can be expressed via the error function erf(x) (details 

to the derivation of equation 3-6 are found in Appendix E): 
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The functions 3-5 and 3-6 are presented in Fig. 3.3 using the example of O2 molecules at 

300 K. To calculate the velocity components from the reverse cumulative distribution 

function (blue curve), a numeric approach has to be applied (cf. Appendix E). 
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Fig. 3.3: Probability density function (red) and the cumulative distribution function (blue), describing 
the one-dimensional velocity distribution of O2 molecules at 300K. 

 

Free path of travel (Poisson distribution): 

The mean free path λMFP,CO2 for a CO2 molecule moving in an O2 gas can be calculated 

according to equation 3-2. From a mathematical point of view, the mean free path is the 

characteristic value in the cumulated distribution function of the free path, which is derived 

from the Poisson distribution Pλ(c) [146]: 
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The general notation of the Poisson distribution with the expected value λ = x/λMFP describes 

the probability for a particle of running into a number of c collisions when moving for a 

distance x. To determine the free path, the cumulated distribution function for a particle 

moving without running into any collision (c = 0) has to be evaluated:  

/(0) MFPxP e λ
λ

−=          (3-8) 

In Fig. 3.4, the Poisson distribution describing the free path of a CO2 molecule with the mean 

free path of λMFP = 200 µm being the characteristic constant is shown.  
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Fig. 3.4: Cumulative distribution function of the free path of travel for molecules moving in a gas phase 
with the mean free path λλλλMFP = 200 µm. 

 

The influence of the mean free path on the MC simulation results can be qualitatively 

evaluated from the screen shots presented in Fig. 3.5 by comparing the trajectories of CO2 

molecules moving within the gap between sample surface and capillary tip at varying 

pressure. The capillary height is 100 µm and the mean free paths are 138 µm, 69 µm and 

14 µm, related to the pressures of p1 = 0.5 mbar, p2 = 1 mbar and p3 = 5 mbar, respectively 

(cf. Appendix D). The decrease of the mean free path with increasing pressure results in a 

decreasing path length for the molecules in between two collisions (white arrows). As a 

consequence, the number of collisions until the molecule finally impinges on the capillary 

plane increases and thus, the total time to terminate the calculation. For that reason, the 

maximum number of collisions per desorbed CO2 molecule was limited to a number of 10000. 

In case that this number was exceeded during the run of the program, the trajectory was 

discarded (the occurrence of this event is documented during the run of the program; for the 

simulations presented in this work, the event that the number of 10000 collisions was 

exceeded occurred only occasionally, e. g., 1-2 times per 1000 attempts). The red and green 

arrows in Fig. 3.5 indicate the two possible events terminating the calculation of a specific set 

of trajectories. In the middle panel, the green arrow indicates the situation that the molecule 

impinges on the capillary orifice and thus contributes to the magnitude of the local signal 

intensity, whereas the right and the left panels show the case for a CO2 molecule passing the 

tip aside the capillary wall (red arrows). 
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Fig. 3.5: MC simulations of the trajectories of a CO2 molecule moving in the space between the sample 

surface and the capillary plane (capillary height = 100 µm) at different pressures (upper panels: 
top view, lower panels: side view; yellow lines indicate the dimensions of the lower part of the 
capillary tip). The blue dots indicate the starting point on the Pt field; the green and the red 
dots/arrows indicate whether the molecule impinges on the capillary orifice or passes the tip 
aside the capillary wall. 
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3.2 Computational Fluid Dynamics (CFD) calculations 
 

The Monte Carlo simulations described in chapter 3.1 allow for modeling the trajectories of a 

CO2 molecule moving within a homogeneous O2 gas phase of defined physical properties 

(like pressure, temperature, molecular weight of the gas molecules and the desorption angle 

and temperature). However, local variations of the physical properties within the gas phase 

between capillary tip and sample surface as well as the flow of reactant gases towards the 

capillary orifice, especially for small capillary heights, are not included in this model. For that 

reason, CFD calculations were performed in collaboration with Prof. Dr. D. Zhang and Prof. 

Dr. O. Deutschmann (Institute for Chemical Technology and Polymer Chemistry, Karlsruhe 

Institute of Technology), considering the specific tip geometry and position relatively towards 

the sample surface. The information about local variations of the physical properties of the 

gas phase, obtained by the CFD calculations, was then embedded into the MC simulations to 

study the influence on the molecular trajectories [136]. 

 

3.2.1 Applying CFD calculations on the capillary-sample geometry 
 

CFD calculations were conducted to obtain details on the flow and pressure patterns between 

capillary tip and the sample surface towards the capillary orifice, using the commercial 

software package Fluent (version 6.2.16). Due to the large excess in oxygen, a single-

component flow simulation is sufficient to compute the pressure loss between the substrate 

and the capillary; the resulting pressure variation is then used as a parameter in the MC 

simulations. Because of the similar diffusion properties of CO and O2, the computed total 

pressure also reflects the variation of the CO partial pressure in this regime. The simulations 

compute the velocity, pressure, and temperature profiles in the gap between capillary and 

sample. Dirichlet boundary conditions were used for the pressure and temperature at the inlet 

and outlet, which were taken from the experimental conditions. At the heated substrate 

surface, no-slip and constant temperature boundary conditions were used, while the capillary 

wall was treated as an adiabatic wall, employing Neumann boundary conditions with zero 

heat flux. 

Due to the axial symmetry of the capillary tip, the three independent spatial variables (x, y, z) 

of the steady-state Navier-Stokes equations can be reduced to two: the axial coordinate z 

(height above the sample surface) and the radial coordinate r (lateral distance to the capillary 

center) with the corresponding components of the velocity vector (va, vr) aligned with the 
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cylindrical coordinates (z, r). Hence, two-dimensional simulations of the flow fields and the 

heat balance were performed in cylindrical coordinates for a set of external geometrical, 

temperature, and pressure conditions. 

Fig. 3.6 shows the arrangement of data points around the capillary wall (red hatched area) 

within the (z, r) plane for a capillary height of 10 µm with inner and outer diameter of 70 µm 

and 300 µm (inner and outer radius of 35 µm and 150 µm), respectively.  

 

Fig. 3.6: Distribution of the data points within the (z, r) plane containing the local information for 
pressure, temperature and the velocity components obtained from CFD calculations, using the 
example of a capillary tip with inner and outer diameter of 70 µm and 300 µm, respectively and 
a capillary height of 10 µm. Note that in the region within the capillary channel and close to the 
capillary tip, the single data points are not distinguishable due to the high density. The inset 
shows the pressure distribution for a reaction pressure of 3.7 mbar. 
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The distribution and the density of the data points are defined by the mesh which was applied 

to the capillary-sample geometry in the CFD calculations, where each node contains local 

information about the pressure, temperature and the velocity components (va, vr). In order to 

increase the calculation speed, the mesh size was varied dependent on the radial and axial 

position. Thus, the density of data points (nodes of the mesh) far away from the capillary tip 

(gas properties correspond to the nominal reaction parameters) is rather low in comparison to 

the data points which are close to regions constricted by the capillary wall (channel between 

tip and the sample surface, capillary channel) in order to ensure sufficient (lateral) resolution 

of the CFD information within the (r, z)-plane. However, for large capillary heights, the mesh 

size is larger to increase the calculation speed (cf. Appendix F). 

The maximum value of the axial abscissa (cf. Fig. 3.6) was fixed to 3000 µm (corresponding 

to the length of the capillary tip), thus the absolute length of the capillary channel decreases 

with increasing capillary height. However, for small capillary heights (< 100 µm) the effect 

on the local pressure distribution is negligible. 

The inset of Fig. 3.6 shows the pressure gradient determined by the CFD calculations. The 

gray data points correspond to the distribution of nodes within the (r, z)-plane (same data 

points as depicted in the main plot) and the black data points indicate the pressure value at a 

certain position within the (r, z)-plane. In the region outside the capillary tip (r > 150 µm), the 

pressure is fixed to the reaction pressure of 3.7 mbar and at the end of the capillary tip 

(z > 3000 µm) the value is fixed to 0 mbar. As a consequence, the pressure drop between 

reaction chamber (3.7 mbar) and analysis chamber (0 mbar) occurs within the system of the 

two adjacent channels – the capillary channel (r < 35 µm) and the gap between capillary wall 

and sample surface (35 µm < r < 150 µm). For a capillary height of 10 µm, the pressure drop 

in the spacing between the capillary wall and the sample surface is 1.4 mbar, resulting in a 

local pressure of 2.3 mbar in the region directly underneath the orifice. 

 

3.2.2 Embedding the CFD results into the MC simulations 
 

The information about the macroscopic properties of the gas phase around the capillary orifice 

obtained from the CFD calculations (gas flow, pressure variation and heat dissipation) can be 

embedded in the MC simulations. For this purpose, the region between the sample surface and 

the capillary tip is divided into finite radial volume elements (of hollow cylindrical shape), 

each of which is characterized by averaged values of the local pressure, temperature, and 

radial and axial velocity components, as derived from the CFD calculations (cf. Fig. 3.7). The 
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size of the elements (radial/axial extension of elements) varies between 1 and 25 µm, 

depending on the capillary height. Fig. 3.8 shows the distribution of volume elements between 

the sample surface and the capillary tip (inner/outer diameter of 70/300 µm, corresponding to 

capillary 2 in Table 2.1) at two different capillary heights and a reaction pressure of 3.7 mbar. 

Each element contains the mean values of the local pressure, temperature and velocity 

components; as an example Fig. 3.8a (z = 10 µm,) and Fig. 3.8b (z = 1000 µm,) show the 

radial velocity component vr and the temperature T, respectively. The magnitude of the values 

is indicated by the color shade and represents the mean value of all nodes within the 

respective area. In regions where the density of the nodes is very low or which are not 

included in the CFD calculations, black elements remain, indicating that no CFD information 

is available for these areas. For that reason, the element size should be large enough, as 

illustrated in Appendix F, showing the element distribution in the region between the sample 

surface and the capillary tip for varying element size. Elements which are far away from the 

capillary tip beyond the region considered in the CFD calculations (as well as all remaining 

black elements) are filled with parameters corresponding to the conditions within the 

unperturbed gas phase (nominal reaction pressure, ambient temperature, no flow). The size of 

the elements should be adapted to the capillary height to ensure sufficient lateral resolution in 

case of very small capillary heights (Fig. 3.8a: element size of 2 µm × 2 µm for z = 10 µm) 

and reasonable calculation speed at large capillary heights (Fig. 3.8b: element size of 

25 µm × 25 µm for z = 1000 µm). 

 

 
Fig. 3.7: Schematic drawing of the principle of simulation including the results from CFD calculations. 

The region between substrate and capillary plane is divided into finite radial elements, with 
characteristic properties of the local gas phase as determined by the CFD calculations 
(pressure, temperature, velocity components). Reprint with permission from the American 
Institute of Physics: J. Chem. Phys. [136], ©2010. 
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Fig. 3.8: Distribution of volume elements in the (r, z)-plane (r: radial abscissa, z: axial abscissa) for at a 
pressure of 3.7 mbar (gas species: O2) containing information on a) the radial velocity vr of the 
O2 molecules at a capillary height of 10 µm (element size: 2 µm × 2 µm) and b) the temperature 
T at a capillary height of 1000 µm (element size: 25 µm × 25 µm) (inner/outer diameter of the 
capillary = 70/300 µm). Note that the molecular flow in (a) points towards the negative direction 
of the radial abscissa (r). The visualization of the CFD information is part of the MC software 
developed within this work.  
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the velocity vectors of the O2 molecules (note that this implies a coordinate transformation 

from cylindrical coordinates into Cartesian coordinates). 

The local pressure enters the simulations when re-calculating the free path length for the CO2 

molecules after collision with an O2 molecule. However, during a single trajectory, the 

molecule may pass several volume elements (cf. Fig. 3.9), each of varying pressure and gas 

temperature. For that reason, at first the probability for passing the actual volume element is 

calculated by selecting the free path length from the Poisson distribution of path lengths 

(dependent on the pressure and gas temperature in the volume element). If the free path length 

exceeds the size of the volume element, the CO2 molecule will pass this element, and enter 

the next element, where the same process (re-calculation of the free path length for the CO2 

molecule, calculation of probability for passing the actual element) starts again with updated 

local gas properties. If the selected free path length is lower than the element size, it comes to 

a collision with an O2 molecule under the local reaction conditions within the respective 

volume element. 

 

 

Fig. 3.9: Trajectory of a CO2 molecule moving in the region between sample surface and capillary plane, 
passing through different radial and axial elements containing the information of the local gas 
phase as determined by CFD calculations (pressure, temperature, velocity components).  

 

The heat dissipation in the gas phase and the influence of the velocity field underneath the 

capillary tip is discussed in chapter 5.2 and 5.3.3, together with variations in the local pressure 

due to the presence of the finite sized capillary tip. 

(p, T, vA,R) 1,2

0 1 2 3 4 5 6

0

1

2

3

4

5

CO2

capillary
plane

sample
surface



 - 55 -   

4 Measurement of the product gas evolution above Pt micro-
structures 

 

The performance of the scanning mass spectrometer apparatus is demonstrated using the CO 

oxidation reaction over Pt microstructures fabricated on a Si substrate as test case. 

Characteristic features such as the lateral resolution of the catalytic measurements and its 

decay with increasing vertical distance between sample and capillary probe or the ability to 

control the stability of the vertical distance are studied, as well as the feasibility of measuring 

absolute reaction rates. The results are discussed considering the characteristics of the product 

gas evolution above the Pt fields in dependence of the angular distribution of desorbed CO2 

molecules, the mean free path when moving in the region between capillary tip and sample 

surface and also the influence of the finite size of the capillary tip. Furthermore, the apparent 

activation energy of the CO oxidation reaction above different Pt fields is determined and the 

resulting values are compared to data obtained in previous studies of the CO oxidation re-

action on Pt. 

All measurements and data evaluation presented in chapter 4 were done by my own. Parts of 

the chapter were published in reference [135] and are adopted with permission from the 

American Institute of Physics: Rev. Sci. Instrum., ©2007, including the distance control with 

Ar (4.2) and the quantification of the results (4.4). The measured results in chapter 4.1 are 

basically adopted from reference [135], however, the text and the images were largely 

rearranged. The measurements and considerations on the lateral resolution of the apparatus, 

including, e. g., the effect of the finite sized capillary wall (chapter 4.3), are discussed in 

much more detail compared to the previous presentation in reference [135]. 
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4.1 SMS measurements with lateral and spatial resolution 
 

The basic functioning of the scanning mass spectrometer apparatus is demonstrated by the 

laterally resolved measurement shown in Fig. 4.1. The two-dimensional product gas 

distribution close to the sample surface above a linear array of three circularly shaped spots 

(diameters: 100 µm, distances: 200 µm, cf. optical microscope image in Fig. 4.2a) is probed at 

a small constant vertical distance of ∆z = 1-2 µm at a reaction pressure of preact = 

8.2×10-1 mbar. Additionally to the product gas evolution (left part in Fig. 4.1), the 

consumption of the educt gases is detected (right part in Fig. 4.1). The magnitude of the CO2 

signal clearly varies with the lateral position of the capillary and is strongly enhanced above 

the three Pt fields relative to positions above the unmodified Si substrate. Simultaneously with 

the CO2 formation, the CO partial pressure decreases due to CO consumption. 

 

 
 

Fig. 4.1: Laterally resolved mass spectrometry intensities of the CO2 (left) and CO (right) signals in a 3D 
presentation recorded during the CO oxidation reaction above three circularly shaped Pt fields 
(diameter 100 µm) separated by 200 µm (pO2 : pCO  = 9 : 1, preact = 8.2×10-1 mbar, T = 327°C, 
dtip-surface = 1.4 µm). 

 
The direct correlation between local CO2 formation and local CO consumption is 

demonstrated in Fig. 4.2b and c, which show the lateral dependence of the respective signals 

in a 2D diagram; it is even better visible in the line profiles through the maxima and minima 
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of the 2D maps in Fig. 4.2d. Both QMS signals (CO2 and CO) show a small plateau in the 

inactive regions separating the Pt fields, with a minimum in the CO2 and a maximum in the 

CO signal, respectively. In the region above the Pt spots, in contrast, the signals exhibit local 

minima/maxima. The absence of plateau like regions in these areas can be understood from 

the small diameter of the Pt fields, which is comparable to the diameter of the opening of the 

capillary (100 µm), whereas the distances in between the fields are significantly larger and 

about double in diameter. 

 

 

Fig. 4.2: a) Optical microscope image of three circularly shaped Pt fields (diameter 100 µm) separated 
by 200 µm at a scale identical to those in the following 2D presentations of the CO2 production 
(b) and CO consumption (c). Bright and dark areas represent higher and lower partial pres-
sures, respectively. d) Line profiles through the minima/maxima in the CO/CO2 signal 
(y = 170 µm). The grey bars in the middle symbolize the position and the size of the respective 
Pt fields on the sample. 
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The dependence of the vertical distance between the catalytically active surface and the 

capillary probe tip are demonstrated in the line scans in Fig. 4.3, which depict the lateral 

variation of the CO2 signal above an array of Pt fields (field size 100 µm × 200 µm) with 

increasing separation between the fields (separation 30 – 90 µm) at different vertical distances 

between surface and capillary tip. A microscope image of the array is shown as inset in Fig. 

4.3 (note that two additional fields follow at the left hand side of the scanned area). In general, 

the CO2 signal is always higher above the fields than in the region between the fields, and it is 

significantly higher above the array in total than beside the array. Above the Pt fields, both, 

the absolute (average) magnitude of the CO2 signal and the amplitude of its lateral variation 

decrease with increasing vertical distance of the capillary tip from the surface. Furthermore, 

the corrugation of the CO2 signal also increases with increasing lateral separation between the 

Pt fields, from the right to the left hand side of the scans. In the different curves, the 

maximum reaches about similar values independent of the spacing, while the minima become 

increasingly deeper. In none of the cases, however, the spacing between the fields is 

sufficiently wide that the CO2 signal decays to its background level outside the array of Pt 

fields. The latter observation is different from the situation in Fig. 4.2d, where the spacings 

were sufficiently large that the CO2 signal could decrease to the background CO2 level. 

 

 

Fig. 4.3: CO2 product signals recorded above an array of Pt fields (field size 100 µm ×××× 200 µm) with 
increasing separation (from right to left: 30 µm – 90 µm) at different vertical distances between 
capillary and sample; the distances are given in the figure. The measurement was performed at 
a reaction pressure and temperature of preact = 6.7 × 10-1 mbar and T = 335°C, respectively 
using a gas mixture of pO2 : pCO  = 9 : 1. 
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Both the decreasing total CO2 pressure as well as the decreasing lateral corrugation of the CO2 

with vertical spacing between sample surface and capillary tip can be understood by 

diffusion/intermixing effects in the gas layer between catalyst surface and capillary detector. 

At pressures in the submillibar regime, the mean free path of the relevant gas molecules is 

~100 µm, which is significantly more than the distance between capillary tip and sample 

surface of typically less than 10µm in a measurement with reasonable lateral resolution (for 

details see chapter 4.2). Considering each Pt field as a source of CO2 molecules and a cosine 

distribution of the desorbing CO2 product molecules [143-145], the lateral loss of CO2 product 

molecules formed in the catalyst region underneath the capillary orifice is negligible for 

vertical distances which are very small compared to the diameter of the capillary orifice and 

the size of the active catalyst field. However, for higher pressures and larger distances the 

ballistic motion approach can no longer be used, and molecular motion is properly described 

by diffusion equations applying, e. g., CFD calculations (see chapter 3.2). In the case of 

neighboring catalyst fields, CO2 formation from these fields will overlap at sufficient vertical 

distance, and this overlap increases with increasing vertical distance and decreasing lateral 

spacing between the sources. In addition to these effects related to lateral gas transport, the 

measured corrugation will be further reduced by the finite size of the capillary probe, which 

averages the CO2 partial pressure over the range of the capillary orifice. Further 

measurements on the effect of the capillary geometry and the pressure of reactant gases on the 

lateral resolution are discussed in chapter 4.3.1; a quantitative approach to evaluate the 

intermixing of the product gases above two adjacent fields dependent on the lateral spacing is 

discussed in chapter 4.3.2. 
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4.2 Distance control using Ar 
 

Fig. 4.4 shows the dependence of the CO2 and CO signals above a circular Pt field (diameter 

100 µm) as a function of the vertical distance, where the latter was determined by the optic 

displacement sensor. For comparison, the signal of on inert gas (Ar) is included, which does 

not interact with any part of the surface and therefore can be used as reference signal, e. g., for 

identifying possible changes in the reaction or analysis conditions [131]. The Ar signal was 

recorded at two different lateral positions, above a Pt field and 5 mm aside the field. As 

expected, the Ar signal does not depend on the vertical distance for larger distances, where the 

capillary probes the composition of the unperturbed, homogeneous gas phase, and is identical 

in both cases. For small vertical separations below about 60 µm (see inset in Fig. 4.4), the Ar 

signal decreases significantly by about 20% with decreasing vertical distance (smallest 

distance: 1 µm). Also this decrease is identical on both positions, as shown in the inset and 

thus can serve as reference signal indicating the capillary height independent of the catalytic 

activity of the underlying sample.  

 

Fig. 4.4: Variation of the mass spectrometric signals of a reactant (CO) and a product (CO2) species, 
with vertical distance between sample surface and capillary tip, together with that of an inert 
gas (Ar, which was added to the reactant gas mixture) recorded for normalization 
(pO2 : pCO = 9 : 1, preact = 8.2 × 10-1 mbar, T = 325°C). The inset shows the Ar signal enlarged in 
the distance regime close to the surface at two different lateral position: (i) above a Pt field and 
(ii) above the bare Si substrate. 
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The decrease in Ar pressure is due to a blocking effect by the finite size of the capillary, 

which inhibits an effective gas transport into the region below the capillary opening, while the 

gas flow through the capillary is not affected. Therefore, the effective partial pressure 

underneath the capillary is reduced for small vertical distances. Such modifications of the 

effective partial pressure underneath the capillary will, of course, occur also for reactive gases 

and has to be considered in the evaluation of the reaction rates (in chapter 4.4). 

The drop in the argon pressure could also be, at least to a certain extent, caused by a 

temperature gradient in the gas in front of the sample. However, since in the pressure regime 

used in this experiment, the mean free path of the molecules is around 100 µm (Appendix D), 

this effect can represent only a smaller contribution to the observed pressure dependence. To 

quantify the pressure drop and the temperature gradient in the region between sample and 

capillary tip, CFD calculations were performed for varying reaction pressures and capillary 

heights. The main results are presented in chapter 5.2. 

As described by Li et al. [131], the decrease in the signal of an inert component such as Ar 

can be used to control the vertical distance between sample surface and capillary tip. Thus, by 

monitoring the Ar signal a possible tilt of the surface plane relatively to the scan plane can be 

corrected by embedding a control algorithm into the LabVIEW program of the sampling 

procedure. The possibility to control the sample-tip distance is especially interesting for large 

samples where the catalyst fields are distributed over a wide area. In this case, already a slight 

tilt would strongly complicate a direct comparison of the activity of fields lying far away from 

each other. By adding Ar to the reactant gas mixture (as shown in Fig. 4.4), variations of the 

distance between sample surface and capillary tip could be automatically corrected for each 

measurement point/position to compensate such a tilt of the sample surface. 
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4.3 Lateral resolution of the SMS measurements 
 

To quantify the lateral resolution of the scanning mass spectrometer measurements, single line 

scans were performed across the edge of different rectangular Pt fields. To avoid the overlap 

of the product gas evolution of neighboring fields (cf. chapter 4.1), the line scans are taken 

from samples which exhibit only one single Pt field in the center of a 9 mm × 9 mm Si 

substrate. The measurements were performed for varying distances between capillary tip and 

the sample surface; however, measurements to study the influence of the tip geometry 

necessitate sampling at constant vertical positions very close to the Pt fields. Three different 

capillaries of varying tip size (variation of the orifice diameter as well as the thickness of the 

capillary wall) were used in the measurements and a concept to improve the tip geometry is 

given. Furthermore, the influence of the reactant pressure on the lateral resolution is studied 

and finally, a criterion for optimizing the capillary height in order to maximize the signal 

intensity and the lateral resolution of the SMS measurements is discussed. 

 

4.3.1 Lateral resolution close to the sample surface 
 

In order to quantify the geometric resolution of the SMS set-up, line scans at very small 

vertical distances (∆z = 2-3 µm) were performed across the edge of a quadratic Pt field (Fig. 

4.5a; field size: 800 µm × 800 µm, preact = 0.37 mbar), using three different capillaries with 

varying inner and outer diameter (cf. Table 2.1). Fig. 4.5b-d show the CO2 signal intensity, 

when passing from a position atop the center of the Pt field onto the bare Si surface (the 

extension of the Pt field from -400 µm to 400 µm). For better comparison, the CO2 signals 

were normalized to the ion currents measured atop the center of each field. Taking this value 

as maximum is justified by the presence of clear plateaus around the center of the Pt field, 

which is due to the large extension of the field compared to the dimensions of the capillary 

probes. In all three cases, the signal decreases from a maximum value for capillary positions 

above the Pt field (sufficiently far away from the edge) to the CO2 background signal far 

away from the field. As expected, the slope of the line profile decreases gradually, as soon as 

the capillary orifice meets the edge of the Pt field. On the other hand, when the orifice has 

fully passed the edge, the signal decrease does not come to an end but continues until the 

whole capillary wall reaches a position aside the Pt field. The blue and red lines included in 

the main plots (Fig. 4.5b-d) together with the measured data represent the calculated 
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geometric overlap of the catalytically active Pt field with the circularly shaped capillary 

orifice (yellow marked region, corresponding to the inner diameter indicated in Fig. 4.5a) and 

the capillary wall (grey marked region, corresponding to the outer diameter indicated in Fig. 

4.5a), respectively, when scanning across the step edge.  

 

 

Fig. 4.5: a) Schematic drawing of the capillary tip performing a line scan across the edge of a square 
shaped Pt field (800 µm ×××× 800 µm, lateral extension from -400 µm to 400 µm) at very small 
(constant) vertical distance (∆∆∆∆z = 2-3 µm) and a reaction pressure of 0.37 mbar. b)-d) CO2 
signal intensity normalized to the maximum ion current measured atop the center of the Pt 
fields using three different capillaries with varying inner and outer diameter. The blue and red 
lines represent the geometric (lateral) overlap of the Pt field with the orifice and the capillary 
wall, respectively, dependent on the lateral position of the capillary tip. 

 

The normalized overlap area AO,N of the Pt field with the circular area of the tip orifice and the 

capillary wall (considering the extension of the entire tip), dependent on the lateral position x, 

is determined by calculating the respective projected area AO (segment of a circle with radius 

r, corresponding to the inner/outer diameter of the capillary tip; x: displacement of the circle 

center relative to the lateral position of the field edge; cf. Fig. 4.5a): 
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2 2
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, (-r ≤ x ≤ r)   (4-1) 

Equation 4-1 describes the relative geometric overlap of a circular area with radius r and a 

half-plane as a function of the lateral displacement (x = -r: complete overlap of the circular 

area and the half-plane; x = r: no overlap, tip completely aside the Pt field). 

A detailed derivation of equation (4-1) is given in Appendix G. (Note that the graphs in Fig. 

4.5b-d imply a linear transformation of the x coordinate: x’ = x – 400 µm). 

Ideally, the lateral resolution is solely limited by the finite extension of the capillary orifice, 

thus, the width of the transition region should essentially equal the diameter of the capillary 

orifice. Actually, the slopes of the measured line scans presented in Fig. 4.5b-d agree well 

with the calculated relative overlap in the case that the center of the capillary tip is above the 

Pt field (x < 400 µm, straight blue lines). On the other side, in case that the capillary tip 

samples the product gas concentration at a lateral position beside the Pt field, the measured 

data agree well with the calculated overlap of the circular area defined by the outer diameter 

of the capillary wall (x > 400 µm, red straight lines), featuring a much broader slope. Thus, 

not only the size of the orifice but also the extension of the capillary wall limits the lateral 

resolution. Remaining deviations are small and, at that point, may arise due to experimental 

reasons such as a not perfectly shaped flat tip and or a slight tilt of the orifice towards the in-

plane position of the sample surface. In general, if the capillary tip is positioned close to the 

sample surface but besides the catalytically active field, there is an enhanced probability for 

product gas molecules to reach the capillary orifice, if the capillary wall partially overlaps 

with the Pt field. This indicates, that product gas molecules, which desorb underneath the 

capillary wall can get (temporarily) trapped within the region between tip and sample surface, 

instead of directly moving towards a position far away from the sample surface (mean free 

path in the order of 100 µm). A more detailed description of the influence of the capillary wall 

on the lateral resolution is obtained from Monte Carlo simulations presented in chapter 5.3.4. 

The measurements shown in Fig. 4.5b-d indicate that a thinner capillary wall is favorable to 

increase the lateral resolution. However, the fabrication of a capillary tip featuring a very thin 

capillary wall is not trivial and its handling would be complicated due to the fragileness of 

such a thin glass tube. An alternative tip geometry presented in Fig. 4.6b provides a solution 

to this problem. A conical frustum shaped tip fabricated, e. g., by chamfering the wall of a 

pre-fabricated cylindrical capillary tip, would minimize the lateral overlap with the sample 

surface to the extensions of the orifice area. As a consequence, the influence of the capillary 

wall becomes negligible and the lateral resolution is solely determined by the diameter of the 
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orifice. Additionally, the use of a frustum shaped tip would decrease the effect of the 

shadowing of reactant gases in case that the orifice is positioned at vertical positions very 

close to the sample surface. Thus, the influence of the capillary tip on the local reaction 

conditions decreases, favoring the performance of minimal invasive measurements. 

 

 

Fig. 4.6: Comparison of two different tip geometries, featuring a) a cylindrical and b) a conical frustum 
shaped capillary wall. In the latter (idealized) case only the capillary orifice overlaps with the 
sample surface contrary to (a) where the cylindrical capillary wall contributes to the lateral 
overlap 

 

Fig. 4.7 shows the normalized signal intensity of line scans performed across the edge of a Pt 

field at two different pressures (0.37 mbar and 3.7 mbar) and a capillary height of 3 µm.  

 

Fig. 4.7: Normalized signal intensities of two line scans performed across the edge of a Pt field 
(800 µm ×××× 800 µm) at pressures of 0.37 mbar (green data) and 3.7 mbar (orange data) at a 
capillary height of 3 µm (the first corresponds to the measurement shown in Fig. 4.5d) 
compared to the geometric overlap of the tip (blue line: orifice, red line: capillary wall; 
capillary inner/outer diameter = 110/315 µm) and the underlying Pt field (800 µm ×××× 800 µm).  
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The green data points (preact = 0.37 mbar) correspond to the measurement shown in Fig. 4.5d, 

with the slope in good accordance with the geometric overlap of the Pt field and the capillary 

tip (orifice atop the Pt field and capillary wall aside the Pt field). Interestingly, the line scan 

performed at 3.7 mbar taken at the same capillary height shows a rather strong enhancement 

of the relative signal intensity beside the Pt field. Even though the capillary is positioned 

completely aside the catalytically active field (lateral displacement larger than 558 µm), the 

signal intensity is still about 20%. This effect can no longer be explained by ballistic mass 

transport between the sample surface and the capillary tip. It is rather explained by local 

accumulation of product gas species based on the backscattering and diffusion of CO2 product 

gas molecules from regions above the Pt field. The occurrence of these effects is further 

discussed in chapter 5.3.2. 

 

4.3.2 Lateral resolution for varying capillary-sample distances 
 

Fig. 4.8 shows a series of individual line scans across the edge of a Pt field for varying 

distances between sample surface and capillary tip (inner/outer diameter: 110/315 µm; cf. 

capillary #3 of Table 2.1:).  

 

Fig. 4.8: CO2 signal obtained from a series of linear scans across the edge of a square shaped Pt field 
(800 µm ×××× 800 µm) for varying vertical distances and a reaction pressure of 0.37 mbar using a 
capillary with inner/outer diameter of 110/315 µm. The data points connected by the black lines 
represent the measurement at h = 3 µm as a reference (corresponding to the measurement 
shown in Fig. 4.5d). The signal intensities of the different line scans are normalized to the 
respective maxima atop the center of the Pt field (lateral displacement = 0 µm). 
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The line scan taken at a capillary height of 3 µm (data points connected with solid black lines) 

serves as a reference for the distance dependent measurements, corresponding to the position 

where the capillary is closest to the sample surface and thus, in this pressure regime, the 

lateral resolution is mainly influenced by the capillary geometry (cf. Fig. 4.5d). The signal 

intensity of each line scan is normalized to the respective maximum value atop the center of 

the Pt field; the absolute intensity values, however, decrease with increasing capillary-sample 

spacing (cf. Fig. 4.3). With increasing capillary-sample distance, the slope of the lines and 

thus the lateral resolution decreases. (Note that the increase of the apparent signal noise for 

larger capillary heights is due to the higher relative amplification of the CO2 signal.) For 

capillary heights larger than 100 µm, the slope of the line profiles significantly broadens with 

increasing capillary height (as indicated by the black dotted arrows in Fig. 4.8). As already 

mentioned in chapter 4.1 the characteristic change of the slopes scales with the mean free path 

in the space between sample surface and capillary tip (λ ≈ 100 µm) and the broadening of the 

line scans can be related to a change in the characteristics of the spatial product gas evolution 

above the sample surface from a cosine distribution towards an apparent spherical distribution 

(as seen far away from the sample surface). For small capillary heights, the probability of a 

desorbed CO2 molecule to collide with other molecules in the gas phase before reaching the 

tip is very low; thus, the CO2 molecules either hit the orifice and contribute to the local signal 

intensity or pass the capillary tip and, in this pressure regime, leave the reaction chamber via 

the pumping system (which is in contrast to the situation at higher pressures discussed in 

chapter 4.3.1). For capillary heights above 100 µm, the probability for inter-molecular 

collisions of CO2 molecules with molecules from the gas phase before reaching the capillary 

tip increases, and, after a sufficient number of collisions, the cosine distribution more and 

more changes its appearance towards a spherical, and thus, broader distribution. Furthermore, 

the change in signal intensity as a function of the lateral position decreases with increasing 

distance to the catalytically active field, due to the spherical product gas distribution above the 

Pt field. 

Finally, the influence of neighboring Pt fields on the local measurement should be discussed. 

For that purpose the spatial product gas evolution above a stripe shaped Pt field (rectangular 

Pt field of very high aspect ratio: 300 µm × 10000 µm) is analyzed, which could represent a 

single element within a one-dimensional array of such fields (which, e. g., serves for 

screening of catalyst materials). In that case, it would be important to minimize the 

intermixing of the product gas species originating from different fields within the gas phase 

above the array structure. Thus, the minimum spacing between adjacent catalytically active 
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fields is limited not only by the geometry of the probing capillary tip, but also by the lateral 

extension of the characteristic product gas distribution. 

Fig. 4.9a shows a series of line scans across the center of the Pt stripe for varying capillary 

heights at a reaction pressure of 6 mbar (note the logarithmic scale of the axis carrying 

information about the capillary height). All line scans show a pronounced peak atop the 

catalytically active Pt field, which tends to decrease in intensity and broaden for larger 

capillary heights. However, when the distance between capillary tip and sample surface 

becomes very small, the peak height decreases due to shadowing of the reactant gases 

underneath the capillary tip (cf. chapter 4.2). 

 

 
Fig. 4.9: a) Line scans taken atop the center of a Pt stripe (300 µm × 10000 µm) for varying capillary 

heights (preact = 6 mbar). b) Evaluation of the full width half maximum using the example of the 
line scan taken at a capillary height of 45 µm (red data points) with the intensity normalized to 
the maximum value measured atop the center of the Pt field. 
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For a SMS measurement atop catalytically active fields of defined field size with a capillary 

of defined tip geometry, the lateral resolution of the specific measurement is limiting the 

minimum distance between two adjacent fields. In this case, the slope describing the decay of 

the signal intensity aside the catalytically active field is of interest, due to its overlap with the 

product gas distribution of the adjacent field. If the overlap of the signal intensities of two 

adjacent fields increases, it becomes more and more difficult to clearly allocate the measured 

product gas evolution. A criterion to evaluate the critical distance between two Pt fields (both 

supposed to be of same size and catalytic activity at this point) can be the full width half 

maximum (FWHM) - the distance at which the signal intensity inbetween the adjacent fields 

becomes equal to the signal intensity measured atop the center of the single fields (no overlap 

with other fields). In case of the line scan shown in Fig. 4.9b, the FWHM is around 350 µm, 

which would resul in a minimum spacing of 50 µm in between the 300 µm broad fields.  

 

Fig. 4.10: The maximum CO2 ion current (blue data) and the full width half maximum (red data), 
corresponding to the maximum signal intensity and the minimum spacing inbetween two 
adjacent fields, respectively,  as function of the capillary height. 

 

The red data set in Fig. 4.10 shows the FWHM as function of the vertical spacing between 

capillary tip and sample surface. As expected the FWHM increases with increasing capillary 

height due to stronger intermixing of the product gas molecules. Interestingly, for very small 

capillary heights the FWHM again increases, resulting in a minimum of the FWHM for 
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capillary heights between 10-20 µm. The increase of the FWHM towards smaller capillary 

heights is explained by the enhancement of the signal intensity underneath the capillary for 

lateral positions beside the catalytically active field resulting in a broadening of the entire line 

profile (the decrease in signal intensity atop the field, shown in Fig. 4.10, which also would 

result in a broadening of the line profile, occurs only for capillary heights below 5 µm and 

thus is excluded from the argumentation at this point). In chapter 4.3.1, this effect was already 

explained by the local accumulation of product gas species close to the sample surface as a 

result of the backscattering and diffusion of CO2 product gas molecules from regions above 

the Pt field. However, this effect is only observed for higher pressures. Therefore, the slope of 

the FWHM in case of ballistic motion (preact < 1 mbar) is expected to be rather continuously 

increasing with the capillary height even for very small capillary-sample distances. 

The FWHM provides a good hint to estimate the optimum height at which the measurement 

of the catalytic activity should be performed. A further factor that should be implemented into 

these considerations is the maximum intensity (peak height) measured atop the center of the 

fields (blue data in Fig. 4.10). To obtain maximum signal intensity and maximum lateral 

resolution, the optimum capillary height has to be around 5-8 µm and 10-20 µm, respectively. 

Thus, the most favourable capillary height under the present measurement conditions is found 

in between 8-10 µm. 
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4.4  Quantification of the results 
 

The ion currents recorded by the QMS can be converted into reaction rates based on two 

assumptions. First, the total gas flow through the capillary is assumed to be identical to the 

pumping speed, vp, at the respective partial pressure in the analysis chamber and the detection 

probability of CO2 molecules (e.g. ionization probability within the ion source) has to be 

constant independent of the gas composition. Second, for very close distances between 

sample surface and capillary tip only those CO2 molecules formed in the catalyst area directly 

underneath the orifice are assumed to enter the capillary and can thus reach the analysis 

chamber. The first assumption is correct as long as the pumping speed is independent of the 

gas components for the reactant and product gas atmosphere. In the present case, for CO, O2, 

CO2 (and also Ar), this can be safely assumed. Furthermore, due to the low concentration of 

CO2 molecules within the gas stream, which passes the ionization room, no critical variations 

of the detection probability of the product gas molecules are to be expected. The second 

assumption can be justified by considering that for very small vertical spacings between cap-

illary tip and catalyst surface (relative to the lateral dimensions of capillary orifice and 

catalytically active field), the contributions of lateral transport into or out of the gas phase 

region underneath the orifice is very small compared to the transport into the capillary (cf. 

also chapter 4.3.1). Therefore, differences between lateral transport into or out of that region 

are even smaller and can thus be neglected. Monte Carlo simulations presented in chapter 

5.3.4 show that this is indeed a reasonable assumption for pressures below 1 mbar. 

Under these conditions, the number of CO2 molecules formed on the imaged catalyst area can 

be determined from the CO2 partial pressure in the analysis chamber, pCO2,QMS, via the follow-

ing equation:  

 
2 2,

0

A
CO p CO QMS

mol

N
F v p

V p
= ⋅ ⋅

⋅
        (4-2) 

FCO2 describes the flow of incoming CO2 molecules passing through the capillary, vp denotes 

the pumping speed in l s-1, and NA, Vmol and p0 represent the Avogadro number, the molar 

volume under standard conditions and the standard pressure. The CO2 partial pressure pCO2, 

related to the flow of CO2 molecules through the ionization room of the QMS, can be derived 

from the measured CO2 ion current via calibration measurements using pure CO2.  

This way, production rates from CO2 signals obtained in measurements directly above Pt 

spots (distance ~1µm) of different sizes between 100 – 200 µm (probe diameter: 100 µm, T = 

320°C, pO2 = 0.72 mbar, pCO = 0.08 mbar) can be calculated. The partial pressures were 
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derived from the total pressure measured in the reaction chamber by using the ratio of gas 

flows pre-set at the MFCs. They represent nominal values, at the position of the imaged 

catalyst field the actual partial pressures are about 20% lower due to the very close sample-

capillary separation (cf. chapter 4.2). This way, values of 1.5×1013 s-1 and 1.4×1013 s-1 for a 

200 µm field and a 150 µm diameter field and slightly lower values for a smaller Pt field 

(1.0×1013 s-1, 100 µm spot) were obtained, describing the number of CO2 molecules passing 

the capillary per second. The slightly lower value in the latter case can be explained by the 

fact that in this case the aperture of the capillary is of the same size as the measured field, and 

a slight misalignment would lead to a decrease of the signal intensity. The reaction rates can 

be converted into turn-over frequencies (TOF) for CO oxidation using a surface area of the 

imaged part of the active field (area defined by the overlap of the orifice and the Pt field) of 

~7.9·10-5 cm2 and a density of Pt surface atoms of ~2·1015 cm-2. This leads to a measured 

TOF number of ~90 s-1 for CO oxidation on an individual Pt microstructure under present 

reaction conditions. 

This value can be compared with reaction data reported in previous studies [147, 148]. For 

measurements at the same temperature (corrections for the respective partial pressures follow 

afterwards), Berlowitz et al. reported a TOFs of ~10  s-1 on a Pt(100) surface (pO2 = 11 mbar, 

pCO = 22 mbar, 315°C) [147], and Yao obtained a rather similar value of ~12 s-1 for a Pt wire 

(pO2 = 5 mbar, pCO = 5 mbar in 1 bar helium, 300°C) [148]. Correcting for the different partial 

pressures using a simple power law ansatz with reaction orders of -0.9 [148] to -1.0 [147] for 

CO and of +1 for O2 [147, 148], we obtain TOFs of 90-100 s-1 for the reaction conditions in 

our experiment, in excellent agreement with our results. It should be noted that the above 

reaction orders were measured over a very wide range of gas compositions (up to 

pO2 : pCO = 10 : 1) for varying temperatures, including the present reaction temperature. 

Therefore, the extrapolation described above appears sufficiently reliable for the present 

purpose. 

Finally, for further comparison of the reaction characteristics on extended surfaces and on a Pt 

microstructure, the activation energy for CO oxidation over a Pt field was determined in the 

temperature range from 215°C to 270°C. The ion currents obtained upon reaction at different 

temperatures, in the same atmosphere as used before (0.72 mbar O2 and 0.08 mbar CO), are 

presented in an Arrhenius plot in Fig. 4.11. Evaluation of the slope results in an apparent 

activation energy of 115 kJ·mol-1. Also this value fits very well to results published earlier for 

Pt(100) in this temperature regime (133 kJ·mol-1, temperature between 225 and 425°C) [148] 

and a Pt-wire sample (125 kJ·mol-1) [147], proving further support for the above conclusion 
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that the CO oxidation characteristics on the Pt microstructures closely resemble those on 

extended single- and polycrystalline Pt surfaces. 

 

 

Fig. 4.11: Arrhenius plot of the CO2 signal intensity (QMS: m/z=44; capillary distance to surface: 3.7 µm; 
preact: 7.1××××10-1 mbar, pO2 : pCO = 9:1, temperature regime: 220-280°C).  
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4.5 Conclusions 
 

The scanning mass spectrometer provides the possibility to investigate and quantitatively 

characterize the catalytic properties of individual catalytically active microstructures or arrays 

of microstructures on planar, microstructured surfaces. Reaction studies are possible over a 

wide pressure range (sub-millibar to millibar regime), and at temperatures between room 

temperature and 400°C. Advantages of the set-up include its compact design with a very short 

capillary, the high precision of the lateral and vertical motion by moving the sample via a 

high-resolution, piezo-electrically driven positioning substage, and the ability to precisely 

control the vertical distance between sample surface and capillary tip by means of a optic 

displacement sensor and, in principle, via the intensity of the signal of an inert gas added to 

the reaction atmosphere. This allows controlled measurements at very close vertical distances 

of a few micrometers, which in turn enable direct determination of absolute reaction rates 

with high local resolution. Applying appropriate control algorithms, distance variations can be 

avoided also for large scan areas, where otherwise already small tilt angles could induce large 

variations in the measured signal intensity. Using a capillary of proper tip geometry 

(negligible capillary wall thickness) for probing the gas composition, the lateral resolution is 

mainly limited by the diameter of the orifice in the pressure regime below 1 mbar. The short 

capillary connection between reaction chamber and MS allows short settling times for 

reaching steady-state positions and thus fast measurements (cf. chapter 2.1.2). 

The results on the CO oxidation on catalytically active Pt fields with sizes in the range 100-

300 µm, which were separated by comparable distances, demonstrate the high lateral 

resolution and stability of the measurements. As expected, the lateral resolution is dominated 

by the size of the capillary orifice in close proximity of a few µm to the sample, while at 

larger distances the measured resolution decays due to increasing lateral gas transport in the 

room between sample and capillary tip. The good agreement between reaction rates and 

apparent activation energy obtained from such measurements with previous data on extended 

surfaces underlines the feasibility of determining absolute reaction rates on individual 

microstructures or on arrays of catalyst fields on microstructured planar model catalyst 

samples by positioning the capillary tip sufficiently close to the sample surface, but still far 

enough that educt transport from the surrounding gas atmosphere is still facile. 

The lateral resolution of the present set-up can still be improved by using capillaries with 

smaller diameter of the orifice and hence lower conductance. At lower pressures, there is 

enough intensity to tolerate a reduction in the signal intensity by at least two orders of 
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magnitude and at higher pressures, on the other hand, the lower gas flow through the capillary 

into the QMS chamber would allow higher gas pressures in the reaction chamber, making 

reaction studies in the sub-bar range feasible. This way the high stability and spatial resolution 

of the instrument would allow detailed studies of transport effects such as gas phase coupling 

between different catalytically active fields, by evaluating the local product and educt 

concentrations at different lateral and vertical positions relative to the active fields and by 

varying the separation between these fields [114]. 
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5 Simulation of spatially resolved measurements on Pt micro-
structures 

 

Monte Carlo simulations of the spatial product gas distribution above two distinct Pt 

microstructures were performed and compared to the respective measurements, using the 

oxidation of CO as test reaction. The measurements were performed at two different pressures 

(0.37 mbar and 3.7 mbar) considered as low and high pressure regime, resulting in 

characteristic mean free paths (270 µm and 27 µm) which are large and small, respectively, 

compared to the dimensions of the capillary tip (orifice/wall diameter: 70/300 µm).   

For a detailed understanding of the measured data, the number of CO2 product molecules, 

which reach the orifice of the sensing capillary at a given position of the capillary relative to 

the active microstructure and are thus detected by the mass spectrometer, is simulated by 

Monte Carlo techniques (cf. chapter 3.1). 

Furthermore, shadowing effects arising from the specific geometry of the capillary sensor (cf. 

chapter 4.2) may reduce the reactant partial pressures in the space between capillary and 

substrate and hence the local reaction rate in that area. These effects were evaluated by fluid 

dynamics calculations, which consider the specific geometric configuration of the tip orifice 

and the catalytically active fields as well as the physical properties of the involved gas species 

CO and O2. The information obtained about the gas flow for a certain capillary height and 

reaction pressure is included into the MC simulations when computing the trajectories of the 

CO2 molecules and their collisions with other gas phase molecules (cf. chapter 3.2). 

The final objective of this study is (i) to quantitatively evaluate coupled reaction and transport 

processes in a running catalytic reaction while taking minimum influence on the reaction 

conditions and (ii) to understand the gas transport between sample and the tip of a detecting 

capillary to quantitatively analyze the measured product gas evolution. After a brief 

description of the experimental set-up and the experimental and theoretical procedures, first 

the results of the spatially resolved mass spectrometric measurements are presented, 

considering two different shapes and sizes of active Pt microstructures and two different 

pressures of the reaction atmosphere (chapter 5.1). Subsequently, fluid dynamics calculations 

are presented describing the gas flow in the gap between sample surface and capillary wall, 

revealing not only shadowing effects (pressure drop) caused by the presence of the capillary 

tip but also describing the temperature distribution and the velocity components of the 

molecular flow for varying capillary heights (chapter 5.2). Additionally, CFD calculations for 

three capillaries of different geometries (varying inner/outer diameters, cf. Table 2.1) are 
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compared in order to obtain a better understanding of the influence of the finite sized capillary 

tip on the reaction conditions. Finally, the distribution of CO2 product molecules is modeled 

in Monte Carlo simulations, considering the CFD results (chapter 5.3). By performing the MC 

simulations with and without the information obtained from the CFD calculations, the 

influence of the flow field is studied. Furthermore, the lateral resolution of these 

measurements is assessed quantitatively by evaluating the origin of the detected CO2 

molecules on the sample relative to the capillary orifice. 

The CFD calculations were performed by Dr. D. Zhang at the Institute for Chemical 

Technology and Polymer Chemistry, Karlsruhe Institute of Technology (KIT), who supplied 

the raw data which I included into the Monte Carlo Simulation program written by my own. 

Furthermore, all graphical representations and further evaluation of the CFD raw data were 

done by my own, by implementing a respective algorithm into the Monte Carlo software. 

Finally it can be stated that all measurements and calculations presented in chapter 5 (except 

of the CFD raw data) were planned and performed without the help of a third party. 

Large parts of the content of chapter 5 were published in reference [136] (chapter ‘Results and 

Discussion’ and ‘Conclusions’, adopted with permission from the American Institute of 

Physics: J. Chem. Phys., ©2010). The style and format of the publication were adapted to the 

present thesis. In addition to the previously published parts, the three new subchapters (5.2.2, 

5.2.3 and 5.2.4) are included, which deepen the discussion on the pressure drop underneath 

the capillary, the velocity components within the gas phase and the heat dissipation by the 

heated substrate, respectively. Furthermore, a more detailed discussion on the number of 

molecules impinging on the capillary orifice dependent on the lateral position and reaction 

conditions is given in chapter 5.3.4, including a new figure (Fig. 5.13). Minor changes include 

the splitting of original figures from the publication (the pairs of Fig. 5.1/Fig. 5.2, Fig. 

5.4/Fig. 5.5 andFig. 5.14/Fig. 5.15 used to be one figure each) and the addition of a panel in 

Fig. 5.10, showing the evolution of the CO2 signal above the center of the square Pt field. 
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5.1 Measurement of the spatial gas evolution and distribution  
 

The spatial evolution of CO2 product molecules and the position dependent reactant partial 

pressures above two different Pt microstructures were evaluated above two Pt fields of 

varying geometry at two different pressures. The first Pt microstructure has a quadratic shape 

(800 µm x 800 µm), while the second one has a rectangular shape (200 µm x 10000 µm). The 

gas pressures used in these experiments were 0.37 mbar and 3.7 mbar at a CO : O2 ratio of 

1 : 14, resuling in different mean free path lengths of about 270 µm and 27 µm, respectively, 

for CO2 molecules in an O2 environment at 600 K. 

The data were acquired in line scans across the Pt structure parallel to the surface (Fig. 5.1a, 

for measurement see left panel of Fig. 5.2) at different vertical distances between capillary 

orifice and sample surface, with the distances ranging from values close to zero up to 

1000 µm. Fig. 5.1b shows the results of spatially resolved SMS measurements on the 

evolution of CO2 and the consumption of CO above the Pt stripe at 3.7 mbar, representing a 

two-dimensional cross-sectional view of the lateral variation of the gas pressures above the Pt 

stripe.  

 

 

Fig. 5.1: a) Line scans above a 200 µm wide Pt stripe (length: 10000 µm) for varying capillary heights. 
(step width: 25 µm) b) Spatial distribution of reactant (CO) and product (CO2) partial 
pressures above the Pt stripe at 3.7 mbar and 600 K determined by scanning mass 
spectrometry, showing the (local) consumption and production of reactant and product gases in 
two-dimensional plots representing a cross-sectional view of the spatial variation of the partial 
pressures of the components. 
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The upper panel of Fig. 5.1b illustrates the distribution of the CO2 product gas originating 

from the underlying Pt structure (indicated by the black bar in the center of the x-axis) and the 

lower panel represents the correlated spatial variation of CO in the gas phase caused by 

consumption in the catalytic reaction and gas flow through the capillary. (The O2 partial 

pressure was measured as well, but is less informative because of the rather small variations.) 

The gas distributions in the two graphs are not exactly complementary because the increase of 

CO2 pressure (CO2 formation via desorption from the Pt field minus CO2 losses through the 

capillary) and the loss of CO (CO consumption on the Pt field plus CO losses through the 

capillary) are related to different mechanisms. The decrease of the CO signal close to the 

surface also far aside the Pt field (and thus far away from the CO sink) again indicates a 

pressure drop induced by the presence of the capillary tip (shadowing by the capillary tip). A 

more quantitative evaluation can be deduced from the respective line scans shown in the left 

panel of Fig. 5.2.  

 

Fig. 5.2: Line scans across a 200 µm wide Pt stripe (length: 10000 µm) at 3.7 mbar and 600 K (left panel) 
showing the variation of the SMS signal above the center of the Pt structure with increasing 
capillary height (right panel). 

 

At close distances between sample and orifice, the SMS signals show pronounced peaks 

(CO2) and depressions (CO) above the catalytically-active field, which broaden and loose in 

intensity with increasing vertical distance. The QMS ion currents measured above the center 

of the Pt structure are additionally plotted in the right panel of Fig. 5.2 in order to demonstrate 

the decrease (increase) of the CO2 (CO) ion current with increasing separation between 

sample surface and capillary tip. With increasing height of the capillary tip relative to the 

sample surface, the CO partial pressure increases until it reaches the preset value in the 
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reaction chamber. At the same time, the CO2 signal decreases. It should be noted that the CO2 

signal starts to decrease when the capillary tip is very close to the sample surface. This effect 

is related to a shadowing introduced by the capillary tip, which was already discussed in 

chapter 4.2. The fact that the reactant gases have to pass the narrow channel between capillary 

wall and sample surface limits the CO conversion in this distance regime (for details see also 

chapter 5.2). 

The influence of the geometry of the Pt microstructure and of the total pressure in the reaction 

chamber on the CO2 evolution above the Pt structures is illustrated in Fig. 5.3, which shows 

SMS measurements over a quadratic Pt field (left panels) and over the Pt stripe described 

above (right panels) at two different pressures: 0.37 mbar (top) and 3.7 mbar (bottom). All 

graphs in this figure have identical x-axes (from -950 µm to +950 µm); the lateral displace-

ment denotes the lateral position of the capillary orifice relative to the underlying fields. To 

facilitate a direct comparison of the data presented in this figure, the scales of the y-axes of 

the respective horizontal graphs as well as the pressure levels of the colors in the contour plots 

are identical over the two different structures. 

The characteristic features of the line scans (CO2 signal) in the central part of Fig. 5.3 are 

obviously strongly affected by the geometry of the respective underlying Pt fields (marked 

areas), with the highest CO2 ion currents measured directly above the Pt fields. In contrast to 

the Pt stripe, the CO2 intensity shows a pronounced plateau above the broader square field for 

small capillary heights (Fig. 5.3a and c), which successively decreases in intensity and width 

when the capillary is retracted from the sample. When comparing the heights of the CO2 

signals above the center of the square Pt field and the Pt stripe at lower pressure (0.37 mbar), 

the values are comparable for small capillary - sample distances, although the formation of a 

plateau above the Pt stripe is not observed due to the smaller lateral size. In both cases, the 

CO2 signal decays rapidly to a constant signal corresponding to the CO2 background in the 

analysis chamber, when the orifice is no longer located above the Pt area. It has been shown 

earlier that the characteristics of this slope are mainly dominated by the distinct geometry of 

the capillary tip when it is very close to the sample surface [135]. At higher pressures 

(3.7 mbar), the line scans generally exhibit a much rounder and broader shape, which leads to 

a less pronounced plateau and slower decay of the signal asides the Pt fields. As a 

consequence, the CO2 signal does not even reach the CO2 background level within the range 

of the measured lateral scan. This behavior is also reflected in the four contour plots.  
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Fig. 5.3: CO2 product partial pressure above a square Pt field (800 µm × 800 µm, left panels) and a Pt 
stripe (200 µm × 10000 µm, right panels) at 0.37 mbar (upper panels) and 3.7 mbar (lower 
panels). The line scans displayed in the center were taken at different vertical distances between 
capillary orifice and sample surface (4, 15, 25, capillary heights of  (a) 4, 16, 26, 36, 73, 110, 355, 
875, and 964 µm, (b) 3, 13, 24, 34, 79, 131, 291, 701, and 951 µm, (c) 4, 14, 35, 65, 108, 213, 353, 
623, 873, and 973 µm and (d) 4, 15, 37, 76, 126, 193, 298, 438, 708, and 958 µm.. The signal 
intensities of the line scans decrease in this order, except for the grey colored data points (p = 
3.7 mbar) related to the lowest capillary height (4 µm). The grey areas in the graphs represent 
the lateral extents of the Pt fields and the contour plots related to the respective sets of line 
scans visualize the two-dimensional product gas evolution above the fields. 

 

At 0.37 mbar, the presence of CO2 molecules is mainly limited to the region directly above 
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more of spherical character, showing that the primary angular distribution of the desorbed 

CO2 molecules is disturbed by multiple collisions with other molecules in the gas phase. 

Qualitatively, this result agrees perfectly with expectations based on the mean free path of the 

(product) molecules. Due to the short mean free path of about 27 µm in the high pressure 

regime (at 3.7 mbar), the molecules exhibit a much higher number of collisions compared to 

the pressure regime at 0.37 mbar, while at lower pressures the large mean free path of about 

270 µm enables an almost pure ballistic motion of the CO2 molecules between the sample 

surface and the capillary orifice. Thus, for small capillary heights, the slopes of the respective 

line scans are dominated by the geometric overlap of the capillary orifice and the Pt field in 

both pressure regimes. With increasing distance, the slopes successively broaden due to the 

increasing influence of the angular distribution of the desorbing molecules. In the high 

pressure regime, the much slower lateral decay of the signal amplitude implies a basically 

different transport mechanism. This is described in more detail together with the simulations 

in chapter 5.3. 
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5.2 Computational Fluid Dynamics calculations  
 

Proper understanding of the shadowing effects caused by the capillary, which were observed 

in the measurement described in chapter 5.1, requires a more detailed analysis of the gas 

atmosphere and the local pressure in the region between sample surface and capillary tip. 

In section 5.2.1, I will give an overview of the CFD results obtained for the different 

parameters (pressure, velocity components and temperature) is given, showing the respective 

distributions in the region between sample surface and capillary tip using the example of a 

specific capillary height (10 µm) and pressure (3.7 mbar). Based on these results, the 

consequences for implementation of the CFD calculations into the MC simulations are 

discussed (e. g., consideration of reaction orders). 

A more detailed analysis of the pressure drop, the magnitude and distribution of the radial and 

axial velocity components and the temperature dissipation in the region between the sample 

surface and the capillary tip is given in sections 5.2.2, 5.2.3 and 5.2.4, respectively. For that 

purpose, the results obtained from CFD calculations for three different capillaries with 

varying dimensions (varying inner and outer diameter, cf. Table 2.1) are compared for 

varying capillary heights. 

 

5.2.1 General characteristics of the flow field  
 

Fig. 5.4a-d show the calculated distribution of pressure, temperature and the velocity 

components (axial and radial velocity) in the small volume delimited by the capillary tip and 

the sample surface, which were determined via fluid dynamics calculations, using a capillary 

height of 10 µm and a pressure of 3.7 mbar as example. 

The pressure decreases towards the center of the capillary, until it reaches a constant value of 

2.4 mbar in the region around the orifice (Fig. 5.4a). Fig. 5.4b and c show that this gradient 

induces a molecular flow of gases towards the capillary orifice, which is reflected by the 

radial and axial velocity components. However, the maximum velocity of 1.32 m s-1 is rather 

small. Furthermore, as seen in Fig. 5.4d, the temperature of the gas increases in the region 

close to the sample due to interaction of the gas molecules with the hot sample surface. The 

CFD calculations were performed for pressures of 0.37 mbar and 3.7 mbar, and for various 

capillary heights between 2 and 1000 µm in order to cover the entire range of the SMS 

measurements presented in chapter 5.1. 
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Fig. 5.4: Distribution of the (a) pressure p, (b) radial velocity vradial,, (c) axial velocity vaxial and (d) 
temperature T in the gap between sample surface and capillary tip (10 µm) at 3.7 mbar, 
computed by 2D CFD simulations.  

 

Fig. 5.5 shows the drop of the total pressure for different distances between capillary tip and 

sample surface (2 µm - 40 µm) at various lateral positions underneath the capillary relative to 

the center of the capillary orifice (x = 0). For capillary heights below 20 µm, the pressure 

decreases strongly to an almost constant level in the central region under the orifice. The 

gradual pressure drop leads to a situation, where the mean free path of the molecules 

decreases upon moving away from the orifice. This results in an enhanced density of CO2 

molecules around the orifice, and hence increases the probability of CO2 molecules of being 

detected. A similar effect is obtained also by the effective transfer of momentum towards the 

center of the capillary due to the velocity component in that direction in the molecular flow 

field. Finally, the pressure drop underneath the capillary tip leads also to changes of the local 

reaction rate. In a simple power law model the change in reaction rate and hence in the 

number of CO2 molecules produced per unit area and time can be described by equation 5-1: 

'2 2
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Here, the partial pressures pCO2, pO2 and pCO determine the amount of produced CO2 mole-

cules and the number of O2 and CO molecules per volume with the respective reaction orders 

a and b. As long as the composition of the gas mixture is constant (and assuming comparable 

diffusion properties of the two components), the total reaction order n can be used to describe 

the influence of the total pressure. In chapter 4.4 it was shown that reaction orders of a = 1 

(O2) and b = -0.9 (CO) for the CO oxidation on a Pt surface, as they were determined in 

earlier studies [147, 148], provide a proper description of the reaction kinetics. Hence, a total 

reaction order of n = 0.1 is used to account for variations of the reaction rate in the MC 

simulations (chapter 5.3.3). 

 

 

Fig. 5.5: Total pressure underneath the capillary tip at different relative capillary heights vs. the lateral 
position relative to the center of the capillary orifice (marked area: capillary wall). The inset 
shows the evolution of the pressure at the capillary orifice with decreasing capillary height. 

 

5.2.2 Pressure drop underneath the capillary tip 
 

Fig. 5.6a shows the pressure drop underneath the capillary wall for three different capillary 

heights, obtained by CFD calculations for a total pressure in the reaction chamber of 3.7 mbar 

(capillary inner/outer diameter: 45/250 µm). The color shade indicates the decreasing 

magnitude of the pressure from 3.7 mbar (red elements on the right: region outside of the 

capillary) to the resulting pressure at the center of the capillary due to the constriction formed 

by the sample surface and the capillary wall (blue elements). In Fig. 5.6b the pressure drops 

along the white dashed lines marked in the middle of this channel in Fig. 5.6a are shown. 
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(Note that the pressure drop continues within the capillary channel towards the analysis 

chamber; however, for the region underneath the orifice, between capillary tip and sample 

surface, the change in pressure depends mainly on the lateral position). In Fig. 5.6b-d the 

pressure distributions underneath three capillaries of varying geometries are shown for three 

different capillary heights.  

 

 

Fig. 5.6: a) CFD calculations of the pressure distribution in the region between capillary tip and sample 
surface for three different capillary heights using a capillary of inner/outer diameter of 
45/250 µm. The pressure values along the white dotted lines in the middle of the gap between 
capillary tip and sample surface are shown in b). c) and d) show the pressure distribution at the 
same capillary heights and reaction conditions for capillaries of inner/outer diameter of 
70/300 µm and 110/315 µm, respectively. The insets at the botton of the graphs in b)-d) show 
CFD calculations of the pressure distribution at a capillary height of 10 µm for the respective 
capillary geometry (preact = 3.7 mbar, Treact = 600 K). 
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capillary channel and the gap between capillary wall and sample surface. Due to the radial 

symmetry, the cross-sectional area of the channel underneath the capillary wall (surface area 

of a cylinder with radius r: inner radius ≤ r ≤ outer radius) increases quadratically with the 

radial abscissa. For that reason, the conductance of this channel (limiting the flow through this 

channel) cannot be directly related to the thickness of the capillary wall. Thus, the 

conductance between the capillary tip and sample surface in case of Fig. 5.6d, should be 

larger than (or at least similar to that) in Fig. 5.6c due to the similar outer diameter (314 µm 

and 300 µm), but significantly larger inner diameter (110 µm and 70 µm). However, the 

pressure drop for the capillary used in Fig. 5.6d is much more pronounced (∆z = 5 µm: from 

3.7 mbar to 0.2 mbar compared to a drop from 3.7 mbar to 1 mbar in Fig. 5.6c), indicating 

that the diameter of the orifice plays a dominant role, determining the pressure underneath the 

capillary orifice in the case of very small capillary heights. This effect can be explained by the 

enhanced conductance of the capillary channel and the more efficient vertical gas transport 

towards the analysis chamber in this case. 

In Fig. 5.7, the pressure around the center of the capillary orifice is shown for varying 

capillary heights as a function of the orifice diameter (left panel), considering that the pressure 

drop underneath the capillary orifice is predominantly influenced by the inner diameter of the 

capillary nozzle (valid for capillaries with comparable wall geometries).  

 

Fig. 5.7: CFD calculation results of the pressure at the center of the capillary orifice dependent on the 
orifice diameter for varying capillary heights (left panel) and the pressure drop as a function of 
the capillary height for varying orifice diameter (right panel).    
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stagnates to a constant value of 0.08 mbar (for ∆z = 2 µm), thus the constriction between the 

capillary wall and the sample surface predominantly restricts the gas flow. On the other side, 

in the case of large capillary heights (40 µm and above), the pressure drop underneath the 

capillary tip becomes negligible, showing a rather weak dependence on the orifice diameter. 

In the right panel of Fig. 5.7, the pressure underneath the tip of the three different capillaries 

dependent on the capillary height is plotted, showing a noticeable ‘onset’ needed for the 

capillary height of capillary #3 (inner diameter: 110 µm) before the pressure starts to 

significantly increase. 

 

5.2.3 Velocity components within the gas flow 
 

Closely related to the pressure gradient underneath the capillary tip is the magnitude and 

distribution of the velocity components of the gas flow in that region. Fig. 5.8a shows the 

distribution of the radial (left panel) and axial velocity component (right panel) in the region 

between capillary tip and sample surface for three different capillary geometries 

(∆z = 10 µm). The color shade represents regions with high and low velocities (red and blue 

colored elements, respectively). 

The radial velocity depends strongly on the lateral position, indicating a preferential motion of 

the gas molecules from the region outside the capillary wall towards the center underneath the 

capillary orifice, resulting in a maximum of the velocity component around the edge of the 

orifice. Hence, the velocity profile is directly related to the pressure gradient under the 

capillary tip shown in Fig. 5.6b-d. However, the increase of the radial velocity is most 

pronounced in the center of the channel defined by sample surface and capillary wall and 

decreases vertically towards the sample surface on the one side and the capillary wall on the 

other side. Note, that for larger capillary heights the maximum is more and more shifted from 

the center of the channel towards a vertical position closer to the capillary wall (cf. Appendix 

H). This characteristic is due to the no-slip conditions applied to the sample surface and the 

capillary wall in the CFD calculations (described in chapter 3.2.1), thus, the velocity 

components at these surfaces are fixed to zero. This is also valid in case of the axial velocity 

components shown in the right panel of Fig. 5.8a. In case of capillary 3 (largest orifice 

diameter), the maximum of the axial velocity component occurs close to the edge of the 

orifice, and is shifted to the center of the capillary with decreasing orifice diameter (capillary 

2 and 1). This characteristic can also be observed in case of capillary 3 when going to larger 
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capillary heights (see Appendix H) and thus seems to be directly related to the pressure drop 

under the orifice (which depends on both, the orifice diameter and the capillary height). 

 

 

Fig. 5.8: a) CFD calculations of the radial and axial velocity components (left and right panels, 
respectively) at a capillary height of 10 µm for varying capillary geometries (capillary 1-3 in 
Table 2.1) (preact = 3.7 mbar, Treact = 600 K).  b) Maximum of the radial and axial velocity 
around the capillary tip (see white crosses in a) as function of the capillary height for varying 
capillary geometries.  

 

Fig. 5.8b shows the absolute value of the maximum radial and axial velocity of the gas flow 

(left and right panel, respectively) within the gap between sample surface and capillary wall, 

extracted from the CFD data sets (as shown in Fig. 5.8a by the white crosses). As a general 

trend, the velocity components increase with increasing diameter of the capillary orifice, due 

to the larger pressure drop. In case of the radial velocity component, a maximum occurs for a 

specific capillary height. For smaller capillary heights, the velocity decreases due to cohesive 

forces between the gas molecules, which decelerate the flow of molecules close to the 

capillary wall and the sample surface where the velocity is fixed to zero (no-slip conditions). 

In the case of larger capillary heights, the flow decreases due to the decreasing pressure 

gradient (which is the driving force for the molecular flow). The axial velocity component, 
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however, continuously increases with increasing capillary height, until reaching a constant 

value around ∆z = 20 µm. 

 

5.2.4 Heat dissipation in the region between the heated substrate and the 
capillary tip 

 

Finally, the heat dissipation from the heated sample surface (Treact = 600 K) in the region 

between sample surface and capillary tip shall be discussed. In Fig. 5.9a, the temperature 

distribution above the sample surface is shown, using the example of a capillary height of 

350 µm and a pressure of 3.7 mbar.  

 

 

Fig. 5.9: a) Heat dissipation in the region between capillary tip and heated sample surface (Treact = 
600 K) with preact = 3.7 mbar and a capillary height of 350 µm (capillary inner/outer diameter: 
70/300 µm). b) Temperature distribution along the black dotted line depicted in (a) for varying 
capillary heights at two different pressures.  
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The gas temperature at the sample surface is fixed to the sample temperature of 600 K due to 

the constant temperature boundary conditions, whereas on the other side, the adiabatic 

capillary wall does not permit any heat transfer off or into the gas phase (cf. chapter 3.2.1). In 

the upper left and right corners of the contour plot, far away from the sample surface and the 

capillary wall, the temperature of the gas phase decreases to 300 K (room temperature), which 

is related to the temperature of the surrounding reaction chamber. Interestingly, the adiabatic 

capillary wall strongly influences the vertical temperature gradient in the region underneath 

the capillary tip. The last data set in Fig. 5.9b (cf. legend) shows the temperature decrease 

along the black dotted vertical line in the region between the sample surface and the center of 

the capillary orifice (in Fig. 5.9a). The fact, that the temperature decrease stagnates at a 

position close to the capillary orifice (at a temperature around 450 K) can be explained by the 

adiabatic capillary wall, which does not allow for further heat dissipation and the reduced 

intermixing possibility with gas molecules from other regions of the reaction chamber. This 

effect is even more pronounced in case of the smaller capillary heights additionally shown in 

Fig. 5.9b (∆z = 80 and 150 µm), where the hindrance of the inflow of colder gas species into 

the region between sample surface and capillary wall becomes more effective. Additionally, 

the decrease of the gas temperature for the three different capillary heights was calculated for 

two different pressure regimes at 0.37 mbar and 3.7 mbar, revealing that for all three capillary 

heights, in the higher pressure regime (3.7 mbar) the decrease of the gas temperature with 

increasing distance to the substrate goes faster. This can be explained by the smaller mean 

free path of the O2 molecules in the gas phase resulting in a higher number of intermolecular 

collisions. Thus, a more efficient heat transfer out off the region close to the sample surface is 

possible compared to the lower pressure regime (0.37 mbar), where the density of molecules 

is much lower. 
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5.3 Monte Carlo simulations 
 

In order to estimate the capability of quantitative product gas analysis using the scanning 

mass spectrometer set-up, the measured CO2 evolution above the Pt microstructures shown in 

Fig. 5.3 is modeled by MC simulations. The simulation is performed for the two pressures of 

0.37 mbar (low pressure regime) and of 3.7 mbar (high pressure regime). The variations of the 

local reaction rates are calculated via equation (5-1), using the reactant pressures above the 

respective position determined in the CFD calculations. 

 

5.3.1 Monte Carlo Simulations in the low-pressure regime 
 

The left panels of Fig. 5.10 show simulated line scans (open symbols) above the square field 

(a) and the stripe-shaped field (b) at a pressure of 0.37 mbar and, for comparison, the 

measured CO2 ion currents (solid symbols) for different capillary heights between 2 and 

1000 µm, according to the heights used for the CFD calculations. The simulated curves were 

adjusted to the experimental results by a scaling factor, which is constant for all data sets, and 

a constant offset which corrects for the CO2 background signal far beside the Pt fields. In 

general, the simulations are in good agreement with the measured line scans, both in the shape 

as well as in the height of the signals. In the right panels of Fig. 5.10, the characteristic decay 

of the simulated CO2 ion current (open circles) above the center of the Pt microstructures with 

increasing capillary height are shown; again the measured values are shown for comparison 

(solid squares).  

In order to assess the influence of the shadowing effects, i.e., the pressure reduction under the 

capillary tip, the MC simulations were performed once using the local pressures determined 

by the CFD calculations and once without that correction. The resulting differences are 

illustrated in the inset, which gives an enlarged view of the behavior at small capillary – 

substrate distances. It shows that simulations including (open circles) or neglecting (green 

dotted line) the corrections resulting from the CFD calculations differ only for very small 

distances (below 20 µm, see inset of the right panels in Fig. 5.10). Even though the total 

reaction order of the CO oxidation reaction is close to zero (n = 0.1) under the present 

conditions, the local decrease of the reaction rate leads to a noticeable decrease in the CO2 

signal intensity. This effect seems to over-compensate the influence of the molecular flow 

field, which points towards the capillary orifice and thus is expected to increase the signal 
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intensity by ‘pushing’ the CO molecules towards the capillary orifice. However, the impact of 

the molecular flow limitations determined by CFD calculations on the MC simulation results 

can become very significant and has to be included in the simulation at very small substrate – 

capillary distances. 

 

 

 

 

Fig. 5.10: Simulated line scans above a square Pt field ((a) 800 µm ×××× 800 µm) and a Pt stripe ((b) 200 µm ×××× 
10000 µm) at 0.37 mbar, obtained by Monte Carlo simulations and considering the variation in 
reactant pressures derived from CFD calculations (open symbols, capillary heights of 2, 5, 20, 
40, 80, 150, 350, 700, and 1000 µm). For comparison, results from SMS measurements 
performed at capillary heights of 4, 26, 36, 73, 215, 355 and 964 µm in (a) and 3, 24, 34, 79, 131, 
701 and 951 µm in (b) are included (solid symbols). The right panels show the evolution of the 
CO2 signal above the center of the Pt fields (lateral displacement x = 0) (Note that additional 
experimental data points have been used where for more clarity the line scans are not included 
in the left panels). The red colored data points denote the corresponding results from the SMS 
measurements (Fig. 5.3); green dotted lines: simulation neglecting the variation in partial 
pressure determined in the CFD calculations (see insets). 
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5.3.2 Monte Carlo Simulations in the higher pressure regime 
 

In the following, the focus will be set on the spatial evolution of the product gas at 

significantly higher pressures (3.7 mbar) in the reaction chamber, where due to the much 

shorter mean free path of the molecules a ballistic mass transport between sample surface and 

capillary orifice cannot be assumed any more. Local ‘measured’ CO2 partial pressures along 

line scans above the square Pt microstructure (800 µm × 800 µm), either determined by 

simulations or experimentally, are shown for different relative capillary heights in Fig. 5.11.  

 

 

Fig. 5.11: Comparison of measured line scans above a square Pt microstructure (800 µm × 800 µm) at 
3.7 mbar (solid symbols, capillary heights 14, 65, 108, 213, 353, 623 and 973 µm) and the 
corresponding simulated line scans obtained by Monte Carlo simulations (a) and by 
superposition of the gas distribution from point sources (b), using capillary heights of 20, 40, 80, 
150, 350, 700 and 1000 µm (open symbols). The right panels show the corresponding evolution 
of the signal intensity (simulation vs. measurement) above the center of the Pt field. Note that 
additional experimental data points were used which are not shown in the line scans. 
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When comparing the experimentally obtained line scans to the respective simulated data (Fig. 

5.11a), the simulations do neither reproduce the generally much more rounded and broader 

shapes of the measured lines very well (left panel) nor do they reveal the characteristic 

decrease in the signal intensity (right panel) for very small capillary heights (< 20 µm). Two 

processes that could possibly explain this discrepancy are i) a backscattering of CO2 

molecules, which have passed the capillary plane outside the capillary, back into the region 

between substrate and capillary and ii) (non-ballistic) diffusion of CO2 molecules from the 

outside, in particular from areas above the active Pt structure, into this region. This was not 

considered in the ballistic MC simulations for the low pressure regime, since the mean free 

path length of 270 µm is in the order of magnitude of the capillary-sample distance (150 - 

1000 µm). In contrast, in the high pressure regime, where the corresponding mean free path 

length of about 27 µm is much smaller, such kind of backscattering of CO2 molecules and 

diffusive influent of CO2 molecules becomes more probable and has to be taken into account. 

For capillary positions above the central areas of the Pt microstructures, the additional 

contributions from influent CO2 are at least partly accounted for in the calibration of the MC 

simulated signals (see chapter 5.3.1). For positions closer to the edges of the microstructures 

and at low capillary tip heights, the neglect of contributions from areas outside the active Pt 

field (see chapter 5.3.4) results in a steeper decay of the simulated signal than observed ex-

perimentally. Unfortunately, an extension of the MC simulations to include molecule tra-

jectories outside the capillary plane (in order to account for such events) would considerably 

increase the computation time in the MC simulations, especially for the high pressure regime.  

For comparison and in order to gain further information on the deviations in the MC simula-

tions, apart from the calculations presented above we also calculated the CO2 product 

distribution above a Pt microstructure by superposition of the gas distribution above the 

different Pt surface elements, which are considered here as point sources (see Fig. 3.1). The 

steady-state CO2 partial pressure N(CO2) at a position p above the substrate is calculated by 

adding all contributions from the different surface elements i, assuming a quadratic decay of 

the initial CO2 concentration above each of the respective elements i (element area: 10 µm × 

10 µm): 

22

2
0

2 )(
cd

c
nCON

ii
i +

⋅=∑         (5-2) 

The constant 0
in  represents the CO2 concentration directly above the respective element i, 

which for simplicity is assumed to be identical for all elements (no consideration of spatial 

variations in the activity, as introduced e. g., by shadowing effects), c is the decay constant 
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and describes the distance at which the concentration reaches the value 2/0
in , and d describes 

the distance from the respective surface element i to the point p. A fit of the parameters 0in  

and c to the measured data, optimizing the agreement above the central area of the 

microstructure, leads to the set of line scans shown in Fig. 5.11b. Comparison with the 

measured data (solid symbols) shows that this model gives a rather good account of the 

distance dependence of the CO2 signal above the center of the microstructure. Also the 

general shape of the line scans, in particular their characteristic slope at the edge of the 

microstructure (see Fig. 5.11b) fits rather well to the experimental data for not too small 

capillary heights, above 80 µm. For a capillary height of 80 µm and lower, the simulated CO2 

signals show an increasingly more pronounced smear-out of the decay at the edge of the line 

scans than the experimental data. Hence, this description, which neglects the effect introduced 

by the capillary wall, the finite extension of the orifice, and non-diffusive effects on small 

length scales, results in deviations from the experimental data which are opposite to those in 

the ballistic model, where the simulated slopes become steeper for close distances than the 

experimental ones. 

In total, a quantitatively correct description of the experimental data at close capillary heights, 

which yield the best lateral resolution, is not possible by the above superposition model, and 

also the description by the present ballistic MC simulation is limited under these conditions. 

More complex extensions of the latter method have to be considered for that purpose. 

 

5.3.3 Influence of the flow field on the simulations 
 

In order to compare the influence of the flow field on the MC simulations in the two pressure 

regimes (0.37 mbar and 3.7 mbar), performed MC simulations were performed which do not 

include the modifications in the local pressure, temperature and velocity components of the 

gas molecules determined in the CFD calculations. Furthermore, the influence of different 

reaction orders was tested using the CFD corrected local parameters in the MC simulations. 

Fig. 5.12 shows plots of the simulated CO2 signal (in arbitrary units) above the center of a 

square Pt microstructure versus the capillary height, concentrating on small capillary heights 

below 45 µm. 

First of all, the reaction order plays an important role on the distance dependence of the CO2 

signal, with an increasingly pronounced decay of the CO2 signal at small heights for 

increasing total reaction orders. This can be understood from the effect of the local reactant 



 - 97 -   

partial pressure on the local product formation rate. Second, we consider the special case of 

n = 0, where the influence of the reactant partial pressure on the product formation rate disap-

pears and where deviations compared to calculations which do not consider the variations in 

the flow field parameters determined by the CFD calculations would be solely due to the di-

rect influence of the molecular flow field underneath the capillary (velocity components 

pointing towards the orifice, increased mean free path due to the pressure drop under the 

capillary). In this case, distinctly higher CO2 signals are found for capillary heights below 

10 µm in the high pressure regime (upper data set in Fig. 5.12). In contrast, the data points 

show almost no deviation from the results without CFD in the low pressure regime (lower 

data set). The difference can be explained, on the one hand, by the higher number of collisions 

in the high pressure regime, resulting in a more effective transfer of momentum from the gas 

phase molecules to the CO2 product molecules and, on the other hand, by a favored motion of 

the CO2 molecules towards the region underneath the capillary orifice driven by the radial in-

crease of pressure under the capillary tip. Thus, considering the reduction of the molecular 

flow by the capillary tip becomes important for properly modeling the spatial product gas 

distribution at very small capillary - sample distances (< 20 µm) and in particular in the case 

of high total reaction orders of the catalytic reaction studied. 

 

 

Fig. 5.12: Simulation of the CO2 signal intensity (counts = number of CO2 molecules hitting the orifice) 
above the central position of a square Pt field (800 µm × 800 µm) vs. the height of the capillary 
at different pressures and for varying total reaction orders n (n = ααααCO + ααααO2 = 0-0.5, see legend). 
For comparison, a MC simulation using non-corrected parameters (no CFD based corrections) 
is included as well (black data set). 
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5.3.4 Influence of the capillary-sample configuration 
 

A comparison of the two data sets in Fig. 5.12 shows that the total signal increases by a factor 

of about 1.4 in the high pressure regime, independent of the flow field and of the reaction 

order. To study the physical origin of this difference, the positions of the original desorption 

elements of the CO2 molecules hitting the capillary orifice were evaluated (cf. Fig. 5.13).  

 

Fig. 5.13: Contour plots showing the number of CO2 molecules (out of 1000) impinging on the capillary 
orifice, depending on the lateral start position (position of surface element) as a function of the 
reaction order n and the capillary height ∆∆∆∆z for the pressure regimes at 0.37 mbar (a) and 
3.7 mbar (b). The color shade indicates the number of molecules from zero (blue) to 1000 (red) 
contributing to the CO2 signal. The capillary position relative to the surface elements is 
indicated exemplarily in the lower left panel of a). The capillary inner and outer diameter is 
70 µm and 300 µm, respectively and the element size is 20 µm x 20 µm. A complete overview of 
capillary heights up to 700 µm can be found in Appendix I. 
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Fig. 5.13 show contour plots indicating the number of CO2 molecules impinging on the 

capillary orifice, depending on the lateral position of the respective surface elements, in 

dependence of the reaction order n and the capillary height ∆z for the pressure regimes at 

0.37 and 3.7 mbar, respectively. The color shade indicates the number of molecules per 

element, which finally contribute to the CO2 signal measured by the QMS, ranging from zero 

(blue element: element far away from the tip) to 1000 (red element: 100% of the desorbed 

molecules hit the capillary orifice). 

Comparing the two pressure regimes (comparison of the corresponding plots of Fig. 5.13a and 

Fig. 5.13b), the contribution from elements situated at positions below the capillary wall 

increases significantly in the high pressure regime. The signal coming from regions directly 

underneath the capillary orifice is nearly the same for n = 0 or in case that the flow field is not 

considered. However, for n > 0 and for very small capillary heights (∆z < 5 µm, cf. also 

Appendix I), the number of CO2 molecules originating from that region starts to decrease 

remarkably due to the decresing prouct formation rate, which in turn is correlated with the 

pressure drop in that region (cf. chapters 5.2.1 and 5.2.2). 

For a quantitative evaluation of the influence of the capillary wall at higher pressures, the 

fraction of CO2 molecules that contribute to the CO2 QMS signal, depending on the radial 

start position on the catalytically active field with respect to the center of the capillary tip is 

depicted in Fig. 5.14 (upper part: 0.37 mbar, lower part: 3.7 mbar). These MC simulations 

were performed without considering the influence of the flow field. As expected, the number 

of ‘detected’ CO2 molecules originating from the area directly underneath the capillary orifice 

is almost identical for both pressure regimes for very small capillary heights (below 20 µm). 

In the high pressure regime (lower part), however, CO2 product molecules coming from the 

region underneath the capillary wall contribute stronger to the CO2 signal. This tendency is 

also observed for larger capillary heights, although the relative contribution from the region 

directly underneath the capillary orifice is considerably smaller in the high pressure regime. 

Due to the small mean free path of the CO2 molecules compared to the distance between 

capillary tip and sample surface, the high number of collisions with gas phase molecules 

(here: O2 molecules) results in a change of the apparent angular desorption characteristics (as 

seen far away from the sample surface) from a cosine-type distribution to an isotropic 

distribution. In the case of small capillary heights, the increasing number of collisions in the 

high pressure regime (gas-gas and gas-surface collisions) hinders the motion of CO2 

molecules towards the outer edge of the capillary wall and the molecules desorbing 

underneath the capillary wall have a higher probability of finally contributing to the overall 
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signal compared to the low pressure regime, independently of the flow field or the reaction 

order of the respective catalytic reaction. 

 

 

 

Fig. 5.14: Number of CO2 molecules hitting the orifice of a capillary (d = 70 µm; wall diameter: 300 µm) 
positioned above the center of a square Pt field (800 µm × 800 µm) as a function of the radial 
position of their origin on the sample surface (r = 0 at the center of the capillary), both for the 
low pressure regime (upper panel) and the high pressure regime (lower panel), as derived from 
MC simulations. 
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with a given radius (radius = distance from the center of the orifice), as a function of this 

radius and for different heights of the capillary. Even for very small capillary heights (below 

20 µm), the percentage of molecules stemming from the area directly underneath the capillary 

orifice (radius = 35 µm) is only 15% of the total CO2 signal and a fraction of 50% is reached 

only at a radius of about 75 µm. On the other side, the area contributing mostly to the total 

CO2 signal is mainly restricted to the region underneath the tip (orifice plus capillary wall, see 

insets Fig. 5.14), at least for tip heights of 80 µm and below, i.e., for tip heights, which are 

significantly lower than the total diameter of the capillary tip. Only for larger capillary 

heights, catalytically active surface areas outside the capillary projection contribute 

increasingly to the product signal. Moreover, the perturbations caused by the presence of the 

capillary tip at small capillary heights become even more pronounced, if the shadowing 

effects evaluated in the CFD calculations are considered. In this case, the reaction rate in the 

center of the capillary decreases, resulting in a smaller local CO2 production, and the 

molecular flow field pushes product gas species from the region under the capillary wall 

towards the orifice and thus decreases the lateral resolution of the measurement. This effect 

has to be considered especially when studying catalytic reactions with a higher reaction order 

and/or at high pressures. 

 

Fig. 5.15: Normalized volume integral of the radial distribution of the data presented in the lower panel 
of Fig. 5.14a, representing the cumulative signal intensity of CO2 product molecules reaching 
the orifice of the capillary, which is located above the center of a 400 µm x 400 µm Pt field. The 
data points represent the fraction of the CO2 molecules, which stemm from the inner part of the 
surface inside of a circle with radius r (with the center coinciding with the center of the Pt 
field).  
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5.4 Conclusions 
 

The spatial evolution of CO2 product molecules above catalytically active Pt microstructures 

of different size and geometry were analyzed during continuous CO oxidation at different 

reaction pressures employing a combination of scanning mass spectrometry measurements, 

Monte Carlo simulations and CFD calculations. These measurements and calculations, which 

were performed at length scales and under reaction conditions not easily accessible by con-

ventional modeling packages, provided detailed insight into the gas transport during chemical 

reaction in the region between sample surface and capillary tip, which is a pre-condition for 

the interpretation of data measured on microstructured model catalysts, e. g., for catalyst 

screening. Furthermore, they illustrate the effects induced by the presence of the capillary 

probe (shadowing effects) and thus allow to define measurement and reaction parameter 

ranges where these effects are negligible (‘minimal invasive conditions’). Specifically, the 

results lead to the following conclusions: 

1. Both in the low pressure regime (here around 0.37 mbar), where on the length scales of 

the sample – probe separation the motion of product gas molecules is dominated by 

ballistic mass transport, and in the high pressure regime (here around 3.7 mbar), where 

collisions with gas phase molecules become increasingly important, shadowing of the 

educt gases by the capillary results in an increasingly pronounced pressure drop within the 

gap between capillary tip (Ø = 300 µm) and sample surface for very small capillary 

heights, below 20 µm. Moreover, in the high pressure regime, the flow of reactant gas 

molecules directed towards the orifice of the probing capillary tip pushes CO2 molecules 

from the region underneath the capillary wall towards the orifice and thus lowers the 

lateral resolution. 

2. Due to the shadowing of educt gases the reaction rate in the region underneath the 

capillary is lowered, with the extent depending on the total reaction order and the actual 

reaction conditions. Especially for catalytic reactions with higher total reaction orders, the 

distance between sample and capillary tip has to be large enough to avoid severe effects 

on the reaction process.  

3. Generally, a well defined capillary tip geometry with a very thin capillary wall is desirable 

to obtain high lateral resolution and minimize perturbations of the catalytic reaction 

process. However, although scaling down of the capillary orifice can be easily achieved in 

combination with the reduction of the length of the capillary channel to maintain similar 
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flow rates [149], it is only worthwhile if accompanied by a reduction of the capillary wall 

thickness. 

4. At higher pressures, back-scattering of product molecules which initially missed the 

orifice of the capillary results in an accumulation of product gas species around 

catalytically active sample areas, which complicates a quantitative evaluation of the 

spatial gas evolution and lowers the spatial resolution. 

The good agreement between measurements and the combination of Monte Carlo simulations 

achieved in the low pressure regime shows that under these conditions, with pressures below 

1 mbar and capillary heights below a critical value of approximately 80 µm (below the 

diameter of the capillary orifice), the spatial distribution of product gas species measured by 

the finite size capillary can be unambiguously related to desorption processes at locations on 

the sample surface underneath the orifice. At higher pressures, effects caused by multiple 

collisions with the flow field of reactant molecules streaming towards the orifice of the 

capillary and back-scattering of molecules become increasingly important and have to be 

considered, e. g., by CFD calculations. Also under these conditions, however, reasonable 

agreement between experimental and simulated data can be reached. In total, the data provide 

an excellent basis for analysis of catalyst reactivities in microstructured model systems. 
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6 CO oxidation reaction on thin mesoporous Au/TiO2 layers 
 

In the last section of this thesis, results on the catalytic properties of mesoporous Au/TiO2 thin 

films are presented using a slightly modified variant of the scanning mass spectrometer set-up 

(cf. chapter 0). This novel type of model system was developed in order to further bridge the 

materials gap between well defined planar Au model systems and realistic dispersed powder 

catalysts. Due to the complex mesoporous TiO2 matrix, these model catalysts should be 

particularly suited for studies on the influence of the internal nanostructure and transport 

properties on the reaction characteristics. 

In the first part of this chapter (6.1), results on the structural and chemical properties of the 

films are presented, including TEM, XRD and XPS measurements, to study the distribution 

and particle size of the Au nanoparticles, the structure and morphology of the films and the 

chemical state of the materials, respectively. In the second part (chapter 6.2), the catalytic 

properties of the films are studied regarding the CO oxidation reaction, using a modified 

set-up of the spatially resolving mass spectrometer with a flat titanium cap attached to the end 

of the capillary. By measuring of the activation energy and the reaction orders of CO and O2, 

the feasibility of performing differential product gas detection with this type of set-up is 

demonstrated. Furthermore, the catalytic stability and the deactivation behaviour of the 

mesoporous Au/TiO2 films are studied. To test whether deeper lying regions within the 

catalytically active films are accessible to the reaction gases, the thickness of the TiO2 layers 

was varied for different measurements. 

The TiO2 films were synthesized by D. Böcking and characterized with XRD by S. Blessing 

from the Institute of Inorganic Chemistry I, Ulm University. Inductively coupled plasma-

optical emission spectroscopy (ICP-OES) was carried out by M. Lang of the Institute of 

Analytical and Bioanalytical Chemistry, Ulm University and TEM measurements were 

performed in the Transmission Electron Microscopy Group by Dr. J. Biskupek, Ulm 

University. The Au loading of the mesoporous TiO2 films was done by Dr. G. Kucerova and 

XPS characterization by T. Diemant and M. Eyrich, all from the Institute of Surface 

Chemistry and Catalysis, Ulm University. My contribution to this work was the measurement 

of the catalytic properties presented in chapter 6.2. Furthermore I was in charge to organize 

the synthesis and characterization of the samples by the different institutions. The content of 

chapter 6 was published in reference [139] (chapter ‘Results and Discussion’ and 

‘Conclusions’) and is adopted from the Beilstein J. Nanotechnol, 2011 (open access). The 

style and format of the publication was adapted to the present thesis and minor changes in the 
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text were made to in order to explain the determination of the layer thickness using AFM 

images and to include latest results obtained from measurements on the absolute reaction rates 

of the mesoporous Au/TiO2 films using a new microflow reactor (chapter 6.2.2 and chapter 

6.2.1, respectively). 
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6.1 Structural properties of mesoporous Au/TiO2 thin films 

6.1.1 Characterization of TiO2 coatings and Au/TiO2 catalysts 
 

The thin-film Au/TiO2 catalysts were prepared by an evaporation-induced self-assembly 

(EISA) approach, by spin-coating a Si(100) wafer with a TiO2 sol containing a structure-

directing agent [150], followed by precipitation–deposition of Au on these films. A stable and 

coatable sol was only obtained at very low pH (conc. HCl), due to the high reactivity of the 

titanium alkoxide precursor at higher pH values. The crystallinity and morphology of the 

coating depends critically on the post-treatment temperature. As synthesized, the coatings 

possess an amorphous network structure comprising mesopores. The mesoscopic ordering of 

the pore system after the heat treatment was confirmed by small angle x-ray scattering, 

displaying a broad maximum at 2Θ = 1.35, indicating repeating unit distances of 6.54 nm 

(data not shown). Upon calcination (350°C-1000°C, 3 h), the material crystallized and anatase 

nanocrystallites formed at temperatures above 350°C; crystallization was completed with 

increasing temperature (600°C). Further heat treatment resulted in the formation of the 

thermodynamically stable polymorph rutile, with complete transformation from anatase to 

rutile at about 1000°C (cf. Fig. 6.1). Concomitantly with crystallization, the organized 

mesopore system collapsed during the heat treatment as expected when structure-directing 

agents such as Pluronic P123 are applied [151]. Nevertheless, a porous material was obtained, 

built up from anatase crystallites of 9 nm diameter (calculated from the Scherrer equation) 

with specific surface areas (after calcination at 350°C) of 175 m2·g−1 and a monomodal, 

narrow, pore-size distribution with an average pore size of 3.1 nm (see Appendix J for 

experimental data). 

The DP method employed for Au loading of the oxide films was not expected to cause major 

changes in the structure of the oxide film because of the gentle conditions, which was also 

confirmed in previous studies of Au/TiO2 catalysts based on highly dispersed mesoporous 

TiO2 supports [152]. 

From the ICP–OES analysis of the Au/TiO2 catalyst material (cast in the Petri dishes) we 

derived a Au content of 2.7 wt%. This is in the range of Au contents typical for realistic 

supported Au catalysts [153, 154]. XPS measurements of the same cast material yielded a Au 

loading of 4.3 wt%, which is in reasonable agreement with the ICP–OES data. However, XPS 

data on Au/TiO2 films shown in section 6.1.2 reveal a much higher Au content of 26 wt% 

after calcination. Contamination levels (e. g., Cl) were below the detection limit of XPS (XPS 

data on Au/TiO2 films see in section 6.1.2). 
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Fig. 6.1: X-ray diffraction patterns obtained for TiO2 coatings treated at different temperatures as 
indicated in the figure. 

 

Further information on the structural characteristics of the thin-film model catalysts was 

obtained from TEM analysis of the Au/TiO2 layers. Using the procedures described in the 

experimental section, cross-sectional TEM measurements were performed directly on the 

nanoscaled Au/TiO2 film, allowing for a detailed characterization of the structure of the TiO2 

layers and of the distribution of the Au nanoparticles (NPs) in the TiO2 film and their size 
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distribution. According to these measurements (see Fig. 6.2), the mesoporous TiO2 films on 

the Si(100) substrate form a compact, homogeneous layer of polycrystalline mesoporous TiO2 

with a uniform film thickness (~280 nm at 4000 rpm) and typical TiO2 crystallites of 10–

20 nm. The observation of very small Au NPs agrees well with earlier findings for DP 

prepared Au/TiO2 catalysts, which generally yielded Au NPs with small sizes and a relatively 

uniform particle-size distribution [155]. 

  

 

 

Fig. 6.2: Cross-sectional scanning TEM image of a mesoporous Au/TiO2 film spin-coated onto a Si(100) 
wafer and subsequently loaded with Au. 

 

Based on the TEM analysis, the Au particles are homogenously distributed in the TiO2 film, 

with a broad particle-size distribution ranging from 0.25 to 6–8 nm. On the O350 calcined 

catalyst film, before CO oxidation, the maximum of the particle-size distribution is located 

close to ~2.0 (mean particle size 2.0 ± 1.6 nm, Fig. 6.3, left). As expected from the much 

higher temperature during the calcination pretreatment, we observed no substantial changes in 

the gold particle-size distribution after the CO oxidation reaction (see Fig. 6.3 right, mean 

particle size 2.2 ± 1.3 nm). This result closely resembles previous findings on highly 

dispersed Au/TiO2 catalysts, which also showed no significant growth of the Au NPs during 

reaction with similar pre-treatment and reaction conditions/procedures [88, 156, 157]. 
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Fig. 6.3: Upper part: High-magnification TEM images of the Au/TiO2 thin-film catalyst after oxidative 
pretreatment (left) and after subsequent CO oxidation reaction (300 min on stream, right); lower 
part: corresponding Au particle size distribution. 

 

Note that the size distribution of the Au nanoparticles differs significantly in the thin anatase 

films (280 nm thickness) compared to on the dispersed TiO2 supports with approximately 

spherical TiO2 particles of about 10–20 nm in diameter [152, 158]. In the latter case, the 

particle size distribution is much more symmetric, hence the value of the mean particle size is 

very close to the value of the most frequent particle size, whereas the most frequent particle 

size in Fig. 6.3 is clearly shifted to smaller values (with respect to the mean particle size). 

Despite the fact that the same preparation procedure was used for the Au deposition and 

formation of Au NPs on the TiO2 film as on the dispersed TiO2 support, the Au particles are 

measurably smaller than those obtained on a highly disperse mesoporous TiO2 support 

(anatase, 175 m2·g−1, maximum of the particle-size distribution at about 3.0 nm) [152, 158]. 

Furthermore, the particle-size distribution is broader for the mesoporous TiO2 films. These 

differences may be related to differences in the Au particle growth process from a Au3+ 

solution, and specifically to the different diffusion pathways of Au3+ ions towards the TiO2 

surface in the two cases, the TiO2 film and the TiO2 powder. For deposition on the TiO2 film 

0 1 2 3 4 5 6 7 8
0

5

10

15

20

25

 

 

F
re

qu
en

cy
 / 

%

Particle diameter / nm

0 1 2 3 4 5 6 7 8
0

5

10

15

20

25

 

 

F
re

qu
en

cy
 / 

%

Particle diameter / nm



 - 110 -   

samples, which were placed at the bottom of a beaker during stirring, the average diffusion 

path of the Au3+ complex to the TiO2 surface was larger compared to deposition on the TiO2 

particles that were free to move in the whole volume of the solution. Consequently, the 

probability that an Au3+ ion meets the surface of a Au nanoparticle will be higher for 

deposition on dispersed TiO2 than on the TiO2 film. The broader Au particle-size distribution 

in the Au/TiO2 film catalyst may be due to different reasons. First, earlier TEM analysis of 

powder Au catalysts was performed on a Philips CM 20 instrument (200 kV, thermionic 

electron emission) operated in conventional bright-field TEM mode with much lower 

sensitivity and spatial resolution than obtained on the present instrument (FEI Titan). On the 

former instrument, the smallest Au particles that could be detected within the background of 

the porous matrix were around 1.2 nm in diameter. In the current analysis, particles with sizes 

down to 0.3 nm could be detected since the scanning mode of a field emission scanning 

transmission electron microscope (STEM) using a high angle annular dark field (HAADF) 

detector delivers a very good signal-to-background ratio, especially for particles consisting of 

heavy elements within a matrix of low-atomic-number elements (contrast scales with 

approximately Z2). This may at least partly explain the higher probability of very small Au 

NPs in the present Au/TiO2 film catalysts as compared to previous data on dispersed Au/TiO2 

catalysts. Second, although there is no direct evidence, effects from residual Cl in the thin 

film catalysts cannot be ruled out. The presence of chloride anions is known to enhance the 

mobility and aggregation of Au NPs [28, 159], and it cannot be ruled out that the residual Cl 

contents in the Au/TiO2 film catalyst after the DP process are slightly higher than in a powder 

Au/TiO2 catalyst. Even at levels far below the detection limit of XPS (~1%), Cl could have 

measurable effects. 

 

6.1.2 Results obtained from XPS measurements 
 

The composition of the Au/TiO2 catalyst layer surface, in particular the oxidation state of the 

Au NPs and the amount of Au present in the film, was characterized by XPS, both before and 

after the oxidative pretreatment. Survey spectra showed the presence of Au, Ti, oxygen, and 

carbon species; significant carbon contributions are attributed to contaminations picked up 

during the sample transfer through air after drying or after calcination. Representative detail 

spectra of the Au(4f) region are displayed in Fig. 6.4 (upper and lower panel). The Au(4f) 

spectrum of the dried catalyst, prior to calcination, includes two Au related contributions, a 

metallic Au0 species with a Au(4f7/2) signal at 84.5 eV as the main component (intensity 
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~66% of the total Au(4f) intensity), and a second pair of peaks related to ionic Au species [97, 

160, 161]. The latter peaks appear at 1.9 eV higher binding energy compared to the metallic 

Au species, indicative of a Au3+ species [97, 160, 161]. The binding energy of the metallic 

Au(4f7/2) peak was calibrated with respect to the Ti(2p3/2) peak of the mesoporous TiO2 (EB = 

459.0 eV) [152, 161]. The total Au(4f) intensity corresponds to a Au content of 8.6 (as 

prepared) and 5.2 (after calcination) at%, equivalent to 41 wt% (as prepared) and 26 wt% 

(after calcination). The loss in Au(4f) intensity upon O350 treatment results from Au0 particle 

formation, which increases the absorption of Au(4f) electrons as compared to a dispersed 

distribution of Au3+ ions and very small Au0 NPs. After calcination, the Au(4f) signal only 

shows the spin–orbit splitting of the Au(4f) state of Au0 species, without any indication of 

ionic species. 

 

Fig. 6.4: Au(4f) signals of the Au nanoparticles in mesoporous Au/TiO2 catalysts before (upper panel) and 
after (lower panel) oxidative pre-treatment. 

 

Theoretically, the significantly higher Au content in the Au/TiO2 thin-film catalyst as 

compared to the dispersed Au/TiO2 catalyst (cf. value of 4.3 wt% in the cast material given 

before) might arise from the fact that XPS measurements are sensitive only to the uppermost 

layers (a few nanometers) of the sample surface. An inhomogeneous distribution of the Au 
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NPs in the film, with a pronounced enrichment at or close to the film surface, would result in 

much higher measured Au(4f) signals than obtained for a homogeneous Au NP distribution, at 

identical total Au contents. The TEM results, however, clearly indicate a homogeneous 

distribution of the Au NPs in the film, and a similar result was also obtained from high 

resolution scanning electron microscope (SEM) measurements, which resolved a lateral 

distribution of Au NPs and surface sensitive conditions (at 1 keV beam energy), which is 

compatible with that observed in the TEM images. Finally, Au contents of 15 wt% and higher 

were obtained also in energy-dispersive x-ray spectroscopy (EDX) spot measurements on 

Au/TiO2 thin-film catalysts. These probe the entire film thickness, and even into the Si 

substrate, as evident from the presence of a visible Si peak. Hence, despite a similar Au 

loading process and process parameters, the DP process leads to significantly higher Au 

contents on the TiO2 film samples than on highly disperse TiO2 powder. Most easily, this can 

be explained by the much smaller mass and surface area of the TiO2 films (~0.1 mg per batch 

with 4–5 film samples) as compared to that of the dispersed TiO2 support (~10 mg per batch) 

during Au deposition in identical solution volumes. In order to compesate this effect, the Au 

concentration in the solution during the DP process could be reduced (using the trial and error 

approach to achieve a defined Au content), implying a series of XPS and TEM measurements 

to verify the resulting Au content and mean paricle size, respectively. In the master thesis of 

K. O. Gyimah [168] this was tested for three different solutions with varying Au contents: (i) 

0.0178 M HAuCl4·3H2O, (ii) 0.0396 M HAuCl4·3H2O and (iii) 0.079 M HAuCl4·3H2O, 

resulting in Au contents of 28 wt% (mean particle size: 2.03 ± 1.39 nm), 27 wt% (mean 

particle size: 1.82 ± 1.14) and 44 wt% (mean particle size: 2.45 ± 1.51), respectively.  

In total, most of the structural properties of the mesoporous TiO2 thin films on Si(100) 

substrates (crystallinity, pore size) are similar to those found in the mesoporous TiO2 powder. 

Subsequent Au loading leads to a homogeneous distribution of the Au nanoparticles with a 

slightly smaller mean size, but a broader size distribution than obtained for disperse TiO2 

supports, for both mesoporous or nonporous (P25) supports. The Au content in the thin films, 

however, is significantly higher than in the disperse material, and must be reduced in future 

work. On the other hand, when comparing with typical planar Au/TiO2 model systems, 

consisting, e. g., of Au nanoparticles deposited on single-crystalline TiO2(110) supports by 

evaporation under UHV conditions, the size distributions are of comparable width. In 

contrast, depositing preformed Au nanoparticles, prepared by micellar techniques, yields 

model catalysts with much narrower size distributions and approximately spherical Au NPs of 

comparable size [88]. Hence, based on their structural characteristics, mesoporous Au/TiO2 
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thin film catalysts can be regarded as structurally well-defined planar model systems, which 

are closer to realistic catalysts than conventional planar model catalysts, but are nevertheless 

structurally well defined and thus are a suitable candidate to bridge the materials gap. 
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6.2 Measurement of catalytic properties 

6.2.1 CO2 formation as function of time 
 

The catalytic activity of the Au/TiO2 films for CO oxidation was investigated in different 

ways. First, the initial activity and the tendency for deactivation as a function of time in 

stream was tested. 

Fig. 6.5 shows the catalytic activity of the mesoporous Au/TiO2 films as a function of time 

(CO : O2 = 1 : 1, total pressure: 2 mbar) in two different temperature regimes, at 140°C (blue 

dots) and at room temperature (black squares). The data reveal a rapid deactivation of the film 

catalyst at room temperature (50% of initial activity value is lost within a few minutes), 

whereas at 140°C the decrease in activity is much slower (50% after 3 h, see inset before 

temperature modulation). 

 

 

Fig. 6.5: CO conversion during CO oxidation over a mesoporous Au/TiO2 film as a function of time and 
sample temperature at room temperature and 140°C, respectively. The inset shows the further 
development of the CO conversion at 140°C (blue dots) up to 3h (180 min) under identical 
conditions and changes when subsequently modifying the temperature (red curve). Dotted lines 
serve to guide the eye.  

 

Possible reasons for the deactivation of TiO2 supported Au catalysts are the 
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stable adsorbed species, such as surface carbonates or water, on the catalyst surface [157, 162-

165]. The latter deactivation process is reversible, if the adsorbed species can be removed 

without affecting the catalyst itself, e. g., by thermal desorption. Since, based on the TEM 

measurements, there was no significant change in the mean particle size during the reaction, 

Au NP sintering can be ruled out as the main reason for the rapid deactivation. Moreover, 

since particle agglomeration/sintering is a thermally activated process, this process should be 

faster at higher temperatures, which is in contrast to the observation made during this work. 

The much faster deactivation of the catalyst at room temperature instead points to an 

enhanced accumulation of stable adsorbed species, which may cause blocking of active sites 

[157, 162-165]. At higher temperatures, the enhanced desorption/decomposition of these 

surface species results in slower accumulation rates and hence slower deactivation, in 

agreement with findings made within this work [157]. The nature of the site-blocking 

adsorbate, however, is not clear from these experiments. It is likely that, similar to previous 

findings based on combined in situ IR and reaction measurements on dispersed Au/TiO2 

catalysts [162], surface carbonates are mainly responsible for the deactivation [157, 163-165]. 

However, additional effects from other species, e. g., residues of the synthesis process that are 

still present in the support material after the calcination procedures prior to the reaction 

measurement, cannot be ruled out. Evidence for an important role of surface carbonates in the 

deactivation process comes from a measurement in which the CO2 evolution was followed 

while lowering the reaction temperature from 140°C to 70°C and then returning to 140°C 

again, where it was held for 1 h (inset of Fig. 6.5). In that measurement, the CO2 production 

after the initial decay increased to even higher values after the reheating to 140°C than were 

measured before the temperature variation, that is from 50% to 60% of the initial signal 

intensity. Afterwards, the CO2 signal slowly returned to values as they would have been 

expected without the intermittent temperature variation. Most simply, the higher CO2 

formation rate after the heat-up procedure can be understood by additional CO2 formation due 

to the decomposition of carbonate species that were accumulated on the surface at the 

previously lower temperature [165]. Once the excess surface carbonates are removed, the CO2 

formation rate returns to its ‘normal’ value. While this argument appears plausible, definite 

proof for this hypothesis can be given by in situ IR measurements on the Au/TiO2 thin-film 

catalysts. In the master thesis of K. O. Gyimah [168], the CO oxidation on cast mesoporous 

Au/TiO2 material was studied by DRIFTS measurements over a time period of 60 minutes at 

room temperature and at 140°C. It was shown that carbonate peaks develop for both 

temperatures at ~ 1566 cm-1 and 1580 cm-1 (bidentate carbonate), 1436 cm-1 (monodentate 
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carbonates), 1366 cm-1 (monodentate carbonates) and at 1223 cm-1 (bidentate carbonates). 

Additionally, a band at ~1602–1621 cm-1, which is typical for adsorbed water, appears from 

the beginning of the CO oxidation reaction for both reaction temperatures. However, the 

build-up of carbonate species is significantly lower for the higher reaction temperature at 

140°C, indicating that carbonate species are more pronouncedly formed and accumulating in 

the lower temperature regime (lower rate of decomposition). The full DRIFTS spectra are 

shown in Appendix K. In contrast to the cast material, the mesoporous Au/TiO2/Si samples 

(thin films, prepared via spin coating) revealed to be not suitable to be investigated by 

DRIFTS measurements due to their high transparency towards the IR beam. For that reason, a 

new IR cell was constructed allowing for measurements in IR transmission mode. For details 

see Appendix K. 

The fact that the deactivation at 140°C is still faster than observed on a dispersed Au/TiO2 

catalyst supported on nonporous P25 (Degussa) at the same temperature [157] may be 

explained by the smaller TiO2 surface area available per Au NP in the thin film catalysts, 

which results from a combination of a much higher Au loading (~25 wt% versus 3.3 wt% in 

[157]), a smaller Au NP size (2.0 nm versus 3.2 nm in [157]), and a higher surface area 

(175 m2·g−1 versus 56 m2·g−1 in [157]). In total, the surface area per Au NP decreases to 

below one third of the value in the Au/P25 catalysts, and therefore surface blocking by stable 

adsorbed reaction by-products could be correspondingly faster. Similar effects were proposed 

recently by van den Berg et al. for a Au/TiO2-MCM-48 catalyst [166]. On the other hand, the 

fact that there was little difference in deactivation between dispersed mesoporous and 

nonporous TiO2 supported Au/TiO2 catalysts, despite the much higher surface area of the 

mesoporous catalysts [157, 167], contradicts this proposal. Furthermore, the very rapid 

deactivation at room temperature, which is considerably faster than observed for dispersed 

Au/TiO2 catalysts at similar reaction temperatures (not shown), indicates that in that case 

contributions from other site-blocking adsorbates that are not present on P25 based Au/TiO2 

catalysts, play a role as well. In summary, the physical origin for the rapid deactivation is not 

yet clear, but most likely it is related to more than a single effect. 

To measure absolute reaction rates, a new microflow reactor was developed and attached to 

the analysis chamber of the scanning mass spectrometer (cf. Appendix L). The reactor was 

further developed and optimized within the scope of the master thesis of K. O. Gyimah [168]. 

This way, absolute reaction rates were determined, which are in the order of 1×10-4 mol(CO2) 

gAu
-1·s-1 (for details see [168]). 
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6.2.2 CO oxidation activity as a function of film thickness 
 

A second important aspect in the catalytic properties of these film catalysts is related to 

transport effects, specifically to the accessibility of deeper lying regions within the 

mesoporous Au/TiO2 films by the reaction gases. This was investigated by measuring the 

activity of three samples with different film thicknesses (190 nm, 280 nm and 420 nm), which 

were fabricated with different rotation speeds (2000 rpm, 4000 rpm and 6000 rpm) during the 

spin-coating process. 

The Au/TiO2 film thickness was obtained from AFM profilometry by means of a Topometrix 

Explorer SPM (scan range: 100 µm) in contact mode. By mechanically removing part of the 

Au/TiO2 film, a free-standing edge of the film on the Si substrate around the sample center 

was generated, whose height was measured by AFM. Evaluation of single line profiles across 

the step edge between the bare Si substrate and the region of the intact Au/TiO2 film yielded 

statistically relevant data (cf. Appendix M). 

For direct comparison, the different TiO2 film samples were loaded with Au simultaneously, 

using the same aqueous solution of HAuCl4·3H2O. The catalytic activity of the Au/TiO2 film 

samples towards CO oxidation was measured at 140°C in a 1:1 mixture of CO and O2 (total 

pressure 2 mbar). To reduce the effect of deactivation before or during the measurements, the 

samples were heated to 140°C before adding the reactant gases, and the catalytic activity was 

evaluated within the first minutes after adjusting the CO and O2 gas flows. The resulting CO 

conversions, corrected for contributions from the background intensity (see Experimental 

section), were plotted versus the respective film thickness (Fig. 6.6). Considering also that the 

background corrected CO2 signal (CO conversion) on the bare Si wafer (film thickness: 0 nm) 

must be zero by definition, a linear fit to the data with a slope corresponding to an increase of 

the CO conversion of 0.037% per 100 nm Au/TiO2 film layer was obtained. The linear 

increase of the CO2 evolution/CO conversion with increasing film thickness is clear proof that 

under the given reaction conditions transport limitations within the mesoporous Au/TiO2 film 

are negligible. This together with a low conversion leads to identical reaction conditions at all 

locations on and in the film sample. This result implies that in further catalytic reaction 

measurements on these film catalysts, the product gas evolution detected atop a certain 

position on the film surface is representative for the entire underlying layer volume, and can 

be normalized accordingly. Effects stemming from limited lateral transport of product 

molecules within the film can be neglected considering that the diameter of the sampled 

surface area (2.5 mm) is large in comparison to the film thickness of 200–400 nm. 
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Fig. 6.6: CO conversion measured above mesoporous Au/TiO 2 films of different thicknesses.  

 

6.2.3 CO oxidation: Apparent activation energy and reaction orders 
 

A third aspect deals with inherent reaction properties such as the apparent activation energy 

(temperature dependence of the reaction rate) and the reaction orders (partial pressure 

dependence of the reaction rate). Here it is of interest whether the model systems exhibit 

characteristics that are comparable to those of realistic dispersed catalysts, in this case to those 

of dispersed Au/TiO2 catalysts. 

 The apparent activation energy EA was determined on a 280 nm thick Au/TiO2 film by 

varying the temperature during the measurement between 70 and 130°C while recording the 

CO2 production (CO:O2 = 1:1, total pressure 2 mbar). In order to reduce the impact of 

contributions from catalyst deactivation (see above), the measurement was started with the 

high temperatures. The resulting logarithmic CO conversions are plotted versus the inverse 

temperature in Fig. 6.7. The gaps in between the four groups of data points result from 

measurements on the reference sample (cf. Fig. 2.7). The apparent activation energy of EA = 

23.9 ± 0.2 kJ·mol−1, obtained from the Arrhenius plot, is comparable in size to results 

obtained under similar reaction conditions on other model systems (Diemant et al. [169]: 

0 100 200 300 400 500

0.00

0.04

0.08

0.12

0.16

 

 
C

O
 c

on
ve

rs
io

n 
/ %

film thickness / nm



 - 119 -   

27 kJ·mol−1, Valden et al. [170]: 15–23 kJ·mol−1) or on dispersed catalysts (Bollinger et al. 

[171]: 29 kJ·mol−1, Liu et al. [172]: 24 kJ·mol−1, Haruta et al. [155]: 34 kJ·mol−1, and 

Schumacher et al. [173]: 27 kJ·mol−1). Considering the still existing differences in reaction 

conditions (reaction gas pressure and composition, catalyst pretreatment), the numbers 

indicate a good agreement in the reaction characteristics of the Au/TiO2 film catalysts and the 

realistic Au/TiO2 catalysts. 

 

 

Fig. 6.7: Arrhenius plot of the CO conversion, which is proportional to the CO oxidation rate, to determine 
the apparent activation energy EA for Au nanoparticles in a mesoporous TiO2 film.  

 

Further information on the reaction characteristics comes from the reaction orders, i.e., the 
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varying either the CO (pCO) or the O2 partial pressure (pO2), while keeping the other 

component constant (1 mbar). The resulting data were evaluated according to equation 6-1, by 

plotting the logarithmic CO conversion versus the logarithmic total pressure (total reaction 

order n, Fig. 6.8a) or versus the logarithmic CO or O2 partial pressure (partial reaction orders 

αO2 and αCO, Fig. 6.8b). 

 

 

Fig. 6.8: a) Determination of the total reaction order n in the CO oxidation reaction at temperatures of 
100°C, 115°C and 135°C by varying the total pressure from 0.5 to 5 mbar at constant reaction gas 
composition (CO : O2 = 1:1). b) Partial reaction orders of O2 and CO at a reaction temperature of 
135°C and constant partial pressure of the respective other reactant (1 mbar).  

 

The calculated total reaction orders n vary between 0.9 for 100°C and 1.7–1.8 for 115°C and 

135°C. The reaction order at T = 100°C obtained in these experiments (n = 0.9 ± 0.1) is in 

good agreement with results from Diemant et al.: n = 0.88 [169]. Comparison with 

corresponding reaction data for dispersed, realistic, Au/TiO2 catalysts is limited by large 

differences in the reaction conditions, in particular in the composition of the reaction gas, but 

including also the total pressure, and the reaction temperature. Accordingly, typical total 

reaction orders measured on Au/TiO2 powder catalysts were found to vary between n = 0.3 

and 2.1 (e. g., Haruta et al. [155]: n = 0.3; Bollinger et al. [171], Liu et al. [172], Cant et al. 

[174]: n = 0.65; Lin et al. [175]: n = 0.9; Bondzie et al. [176]: n = 2.1), an overview is given 

in [154]. In addition to the reaction gas composition, also the preparation method and the 

pretreatment of the catalyst may affect these values. Concentrating on reaction conditions 

comparable to the present measurements, Schumacher et al. reported a total reaction order of 

n = 1.11 for reaction at 80°C [173]. Considering the trend in the experimental data, which 

reveals a pronounced decrease of the reaction order with decreasing temperature, a value of 
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below n = 0.8 can be expected for the total reaction order at 80°C, which fits well with the 

above numbers. 

Comparison of the partial reaction orders in these measurements and those reported in 

previous studies equally suffers from the variation in reaction conditions. Nevertheless, a few 

of the characteristics can be summarized which seem to be valid over a large range of reaction 

conditions. For instance, in most studies (except for that by Liu et al. [172]), the reaction 

order of CO was larger than that for O2, and it was always positive. The latter finding, which 

is in contrast to observations on platinum metal catalysts in the low-rate branch, indicates that 

the reaction is not limited by COad-induced blocking of active sites, but by a lack of COad. The 

partial reaction orders determined in these experiments at 135°C (cf. Fig. 6.8a) follow these 

trends, the CO reaction order (αCO = 1.0) is higher than the corresponding O2 value (αO2 = 

0.8). This is also compatible with the previous observation that at 1 mbar and 140°C the 

steady-state COad coverage is very low already in the absence of O2, due to rapid COad 

desorption, and is even less in the presence of O2 [157]. For CO oxidation on dispersed 

Au/TiO2 catalysts, CO and O2 reaction orders of n = 0.34 (at 1 mbar O2, CO variable) and n = 

0.32 [163] or 0.38 [177], respectively (at 1 mbar CO, O2 variable), were reported for reaction 

at 80°C and comparable gas-phase compositions. The much lower reaction orders in the 

above two studies can be explained by the lower reaction temperatures in those cases. 

Considering the steep increase of the total reaction order with temperature, by almost 100% 

upon increasing from 90°C to 135°C, a similar effect would be expected also for the partial 

reaction orders. The resulting values of around n = 0.4 for the partial reaction orders would 

agree perfectly with the findings in the earlier studies. 

In summary, it is demonstrated that the local catalytic properties of these nanoscaled 

mesoporous Au/TiO2 films largely resemble those of commonly investigated Au/TiO2 

catalysts supported by highly disperse, nonporous or mesoporous TiO2. This is a pre-

condition for their use as a model catalyst. Future research will concentrate on i) clarifying the 

physical origin of the faster deactivation at room temperature, and in particular on ii) 

exploring the role of transport effects in these films on the reaction characteristics, both by 

locally resolved measurements on microstructured samples by means of higher resolution 

scanning mass spectrometry and by time-resolved measurements, e. g., in a temporal analysis 

of products reactor. 

 



 - 122 -   

6.3 Conclusions 
 

Aiming at model catalyst systems with close-to-realistic internal transport properties, 

nanoscaled mesoporous Au/TiO2 films of 200–400 nm thickness were prepared with Au 

nanoparticles embedded in a mesoporous TiO2 film, and their structural, chemical and 

catalytic properties were investigated. The systems were prepared by spin-coating of a 

mesoporous TiO2 film from solutions of ethanolic titanium tetraisopropoxide and Pluronic 

P123 on planar Si(100) substrates, calcination at 350°C and subsequent Au loading by a 

deposition-precipitation procedure, followed by a final calcination step for catalyst activation. 

N2 adsorption and XRD measurements revealed a surface area of 175 m2·g−1 and a repeat unit 

of ~6.5 of the mesostructured anatase TiO2 films after calcination. After Au loading, XPS and 

EDX measurements determined Au contents of between 15 and 30 wt%, which is much 

higher than obtained by the same DP procedure on otherwise similar highly disperse TiO2 

material (cast material, 3–4 wt%). After calcinations (350°C, 2 mbar O2, 30 min), only 

metallic Au0 was detected in the film, which was present as Au NPs, in agreement with 

previous findings for dispersed Au/TiO2 catalysts. Cross-sectional TEM measurements 

revealed a homogeneous distribution of very small Au nanoparticles in the TiO2 film, with a 

maximum in the size distribution at 2.0 nm. These findings were supported also by highly 

surface sensitive SEM imaging, showing no enrichment of Au NPs at the film surface. 

Reaction measurements of the CO oxidation reaction, performed with a scanning mass 

spectrometer directly above the film, yielded reaction characteristics that are very close to 

those of highly dispersed Au/TiO2 catalysts at comparable reaction conditions, with an 

activation energy of 23.9 kJ·mol−1 and temperature-dependent positive reaction orders (at 

135°C αCO ≈ 1.0 and αO2 ≈ 0.8). Furthermore, the observation of a linear increase of the 

activity with increasing film thickness indicates that mass transport limitations inside the film 

are essentially absent (below the detection limit under present reaction conditions), and the 

reaction conditions (partial pressures) inside the film are independent of the location. 

The good agreement between the results presented here and those for dispersed Au/TiO2 

powder catalysts illustrates that this model system is well suited to further bridge the materials 

gap between model studies and real catalysts. The absence of transport limitations in the 

Au/TiO2 films, as evidenced by the linear increase of activity with thickness, together with the 

ability of a background corrected/differential probing of the product gas concentration above 

the sample surface will allow us to investigate possible transport effects. Accordingly, future 

work will include studies of microstructured Au/TiO2 film patterns for investigating transport 
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effects, and more detailed studies of structural effects imposed, e. g., by changes in the film 

morphology or in the Au particle size, and finally such work will focus on establishing in situ 

spectroscopy techniques. 
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7 Summary 
 

During this thesis, a scanning mass spectrometer (SMS) setup was developed allowing for 

locally resolved probing of the gas phase composition atop planar model catalysts. A thin 

quartz capillary which connects the reaction room to the analysis chamber equipped with a 

QMS, enables for sampling of specific regions atop the sample surface using a piezo-driven 

sample stage. The lower end of the capillary, which extend into the reaction room, either 

transforms into a very thin tip exhibiting a micrometer sized channel or is equipped with the 

combination of a flow reducer and an extremely flat titanium cap at the end. Application of 

the two types of set-ups studying planar model catalysts enable a detailed determination of the 

spatial distribution of reactant and product gas species atop the sample surface and allow for 

differential measurement of the product gas evolution when relocating the probe between the 

catalyst and an appropriate reference sample, respectively. 

In order to perform spatially resolved measurements under well defined reaction conditions, 

an existing ultra high vacuum system (finally denoted as scanning mass spectrometer), was 

further developed and significantly improved, in order to allow for careful 

adjustment/acquisition of reaction parameters like sample temperature, pressure and the 

reactant gas composition. Secondly, a fine positioning procedure was established to controll 

the relative position of the sample towards the (fixed) capillary tip, including a computer 

control of the piezo-driven sample stage as well as the set-up of a fiber optic displacement 

sensor to monitor the vertical distance between the sample surface and the capillary probe. 

For that purpose, a new software was developed allowing for automated sampling of a defined 

volume atop the sample surface, implying the acquisition of local reaction parameters such as 

gas composition and the pressures within the reaction and analysis chamber. 

Measurements on microstructured Pt fields using CO oxidation reaction were performed and 

the feasibility to quantitatively detect absolute reaction rates was demonstrated. A set of three 

different capillaries of varying (but well defined) tip geometry was used to characterize the 

lateral resolution of the apparatus. Measurements performed at varying reaction pressures 

(0.1-10 mbar) revealed basically different transport mechanisms for the gas molecules moving 

in the gas phase in the low and the high pressures regime (ballistic and diffusive motion, 

respectively) The latter results in an essentially lower spatial resolution at high pressures. 

Furthermore, when probing the gas species at vertical positions very close to the sample 

surface (below 20 µm) a significant change in the reaction conditions could be noticed due to 

a shadowing induced lowering of the reactant gas partial pressures. 
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Monte Carlo simulations were performed modeling the product gas evolution above Pt fields, 

including the physical properties of the gas phase and the desorbing product molecules, as 

well as the specific geometry of the Pt fields and the capillary orifice. In order to evaluate the 

pressure drop occurring within the constriction formed between the sample surface and the 

finite sized capillary wall in case of very small capillary heights, CFD calculations were 

performed modeling the gas flow within in that region, including the heat dissipation by the 

hot sample surface and the local velocity components in the gas phase. The results of the CFD 

calculations in turn were embedded into the Monte Carlo algorithm in order to consider local 

variations of the gas phase due to diffusive effects in the basically ballistic modeling of the 

motion of the product gas molecules. Using this approach, an integral simulation of the gas 

phase properties affecting the motion of desorbed product gas molecules in the region 

between the sample surface and the capillary tip could be realized, which properly describes 

the shadowing of reactant gases influencing the reaction rate in the region underneath the 

capillary. The latter depends also on the total reaction order and the actual reaction conditions. 

It was concluded, that especially for catalytic reactions with higher total reaction orders, the 

distance between sample and capillary tip has to be large enough to avoid severe effects on 

the reaction process. Furthermore, a well defined capillary tip geometry with an extremely 

thin capillary wall is desirable to obtain high lateral resolution and minimize perturbations of 

the catalytic reaction process. 

Simulation results obtained in the low pressure regime were in excellent agreement with 

respective measurements, showing that under these conditions, with pressures below 1 mbar 

and capillary heights below a critical value of approximately 80 µm (below the diameter of 

the capillary orifice), the spatial distribution of product gas species measured by the finite size 

capillary can be unambiguously related to desorption processes at locations on the sample 

surface. Modeling at higher reaction pressures turned out to be more complicated, due to the 

accumulation of back-scattered product gas molecules around the catalytically active sample 

area, which additionally had to be considered in the simulation results. Including this, 

reasonable agreement between experimental and simulated data could be reached also for the 

high pressure regime.  

Locally resolving mass spectrometer designs developed in other working groups, are either 

designed and optimized for high throughput measurements and screening experiments of 

catalysts or aim at measuring the spatial product distribution within fixed-bed reactors. The 

adaptation of the scanning mass spectrometer principle to study model catalysts under UHV 

conditions, was to a great extent expedited by Johansson et al. [133, 134]. However, due to 
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the use of a high pressure head at the end of the sampling capillary (concentric arrangement of 

gas supplying and gas sampling capillary), this set-up is not applicable for studies of transport 

effects such as gas phase coupling between different catalytically active fields. In summary, 

the present set-up is unique in respect to its ability to achieve a high lateral resolution, the 

feasibility of allowing minimally invasive measurements under well defined reaction 

conditions and a sophisticated computer control allowing for a largely automated three-

dimensional sampling of the gas phase atop the sample surface. 

To study the catalytic properties of mesoporous Au/TiO2 thin film samples regarding the CO 

oxidation reaction, a modified set-up of the spatially resolving mass spectrometer is presented 

in the last chapter of this thesis. In this version, a flat titanium cap is attached to the end of the 

capillary in order to sample a larger surface area and thus increase the signal intensity. By 

switching the capillary between the Au/TiO2 film and a Si reference sample during reaction, 

subsequent correction for the background signals is possible, enabling differential product gas 

detection. Using this method, the activation energy and the reaction orders of CO and O2 were 

measured and compared to respective measurements on planar Au/TiO2(110) model catalysts 

and standard Au/TiO2 powder catalysts. Furthermore, the catalytic stability and the 

deactivation behaviour of the mesoporous Au/TiO2 films were studied and measurements on 

samples of varying thickness of the TiO2 layers revealed a good permeability of the TiO2 

matrix for the reactant gases. Although, this variant of the scanning mass spectrometer set-up 

is not suitable to determine absolute reaction rates (when compared to measurements 

performed in a microflow reactor), due to the differential character of the product gas 

detection, it allows for very fast measurements of catalytic properties such as the activation 

energy and reaction orders, which include a rather large variation of the sample temperature 

and the reaction pressure, respectively. 

To complement the measurements on the mesoporous Au/TiO2 films, a new microflow 

reactor was developed and attached to the analysis chamber of the scanning mass 

spectrometer device. The reactor was further developed and optimized within the master 

thesis of K. O. Gyimah [168]. This way, a very useful combination of different kind of 

reactors was created, allowing for detailed characterization of the catalytic properties of such 

films. 
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8 Deutsche Zusammenfassung (german summary) 
 

Im Rahmen der vorliegenden Dissertation wurde ein scannendes Massenspektrometer (SMS) 

zur  Oberflächenanalyse entwickelt, welches die Analyse der Gaszusammensetzung über 

planaren Modellkatalysatoren mit lokaler Auflösung ermöglicht. Eine dünne Quarzglas-

kapillare, welche den Reaktionsraum mit einer Analysekammer mit Massenspektrometer 

verbindet, ermöglicht dabei die Abrasterung bestimmter Bereiche über der Probenoberfläche 

mit Hilfe eines über Piezo-Stellelemente betriebenen Probentisches. Das untere Ende der 

Kapillare, welches in den Reaktionsraum hineinragt, ist entweder zu einem mikrometer-

dünnen Kanal ausgeformt, wodurch eine detaillierte Bestimmung der räumlichen Verteilung 

von Reaktanden und Produktgas über der Probenoberfläche mit hoher lateraler Auflösung 

möglich ist, oder aber es trägt eine Kombination aus Durchflussdrossel und Titan-Kappe, 

welche aufgesetzt auf die Probenoberfläche ein sehr flaches Volumen einschließt, dabei aber 

eine wesentlich größere Probenfläche abdeckt. Die letztere Variante ermöglicht eine 

differentielle Produktgaserfassung, bei der während der Messung in regelmäßigen Abständen 

zwischen Katalysator und einer geeigneten Referenzprobe hin und her gewechselt wird. 

Um räumlich aufgelöste Messungen unter wohldefinierten Reaktionsbedingungen 

durchführen zu können, wurde ein vorhandenes Ultrahochvakuumsystem weiterentwickelt 

und dahingehend optimiert, wohldefinierte Reaktionsbedingungen wie Probentemperatur, 

Druck und Reaktionsgaszusammensetzung zu gewährleisten. Weiterhin wurde eine Prozedur 

des SMS zur Feinpositionierung eingesetzt, um die Relativposition der Probe mit Hilfe einer 

computergestützten Ansteuerung der Piezo-Stellelemente des Probentisches und der 

Einbindung eines faseroptischen Abstandsensors zur Kontrolle der vertikalen Position zu 

kontrollieren. Für diesen Zweck wurde eine neue Software entwickelt, welche die 

automatisierte Abrasterung eines definierten Volumens über der Probenoberfläche ermöglicht, 

und dabei die lokalen Reaktionsparameter wie z. B. Gaszusammensetzung sowie die Drücke 

in der Reaktions- und Analysekammer erfasst. 

Anhand der CO Oxidationsreaktion an mikrostrukturierten Platinfeldern wurde gezeigt, dass 

absolute Reaktionsraten mit diesem Aufbau bestimmt werden können. Ein Satz von drei 

unterschiedlichen Kapillaren verschiedener (allerdings wohldefinierter) Spitzengeometrie 

wurde herangezogen, um die laterale Auflösung des Geräts zu charakterisieren. Messungen 

bei verschieden Drücken (0.1-10 mbar) offenbarten grundlegend unterschiedliche 

Transportmechanismen für Moleküle in der Gasphase in einem Druckbereich der durch 

ballistischen Massentransport gekennzeichent ist, und in einem Druckbereich, in dem  
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Diffusion dominiert. In letzterem Fall war eine deutliche Verringerung der lateralen 

Auflösung zu beobachten. Darüber hinaus konnte eine deutliche Veränderung der 

Reaktionsbedingungen festgestellt werden, wenn die Kapillare in einem Abstand von weniger 

als 20 µm über der Probenoberfläche positioniert wurde, was auf Abschattung des 

Reaktionsgasflusses durch die Kapillarwand zurückgeführt werden konnte. 

Um die Produktgasentwicklung über mikrostrukturierten Platinfeldern zu modelliern, wurden 

Monte Carlo Simulationen durchgeführt, welche die physikalischen Eigenschaften der 

Gasphase und der desorbierenden Produktgasmoleküle sowie die spezifische Geometrie der 

Platinfelder miteinbezogen. Um den Druckabfall in der Verengung zwischen der endlich 

dicken Kapillarwandung und der Probenoberfläche im Falle kleiner Kapillarhöhen 

auszuwerten, wurden CFD Rechnungen durchgeführt, mit Hilfe derer der Gasfluss in dieser 

Region sowie die Wärmeabstrahlung von der heißen Probenoberfläche und die lokal 

variirenden Geschwindigkeitskomponenten des Gasflusses von der Reaktionskammer in die 

Kapillare berechnet wurden. Die Ergebnisse der CFD Rechnungen wiederum wurden in die 

Monte Carlo Software eingebunden, um die lokalen Veränderungen auf Grund von 

Diffusionseffekten innerhalb der Gasphase in dem Konzept des rein ballistischen 

Massentransports der Monte Carlo Simulationen berücksichtigen zu können. Auf diese Weise 

war eine umfassende Simulation der Ausbreitung von desorbierten Produktgasmoleküle in der 

Region zwischen Probenoberfläche und der Kapillarspitze möglich, sowie eine genaue 

Beschreibung des Abschattungseffekts der zuströmenden Reaktionsgase in diesem Bereich. 

Mit diesen Ergebnissen konnte eine lokale Abnahme der Reaktionsrate unter der 

Kapillarspitze postuliert werden, welche über die Reaktionsordnung der CO Oxidations-

reaktion mit dem Druckabfall in dieser Region zusammenhängt. Speziell für katalytische 

Reaktionen höherer Reaktionsordnung gilt, dass der Abstand zwischen Probe und Kapillare 

groß genug gehalten werden muss, um einen nennenswerten Druckabfall im Bereich zwischen 

Kapillarspize und Probenoberfläche zu vermeiden. Dieser würde mit einer entsprechend 

stärkeren Verringerung der Reaktionsrate in diesem Bereich einhergehen, was wiederum die 

Interpretation der Ergebnisse erschweren würde. Generell ist eine Kapillarspitze von 

wohldefinierter Geometrie und mit einer extrem dünnen Wandung  wünschenswert, um hohe 

laterale Auflösung zu erreichen und gleichzeitig minimalen Einfluss auf den Reaktionsprozess 

auszuüben. 

Die Simulationsergebnisse im niederen Druckbereich stimmen sehr gut mit den 

entsprechenden Messungen überein. Sie zeigen, dass unter diesen Bedingungen, für einen 

Druck unter 1 mbar und Kapillarhöhen von weniger als 80 µm (kleiner als der Durchmesser 
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der Kapillaröffnung), die räumliche Produktgasverteilung eindeutig dem Ort der Desorption 

auf der Probenoberfläche zugeordnet werden kann. Monte Carlo Simulationen bei höheren 

Drücken erwiesen sich, aufgrund der Anreicherung von rückgestreuten Produktgasmolekülen 

im Bereich der katalytisch aktiven Felder als schwieriger, da dieser Sachverhalt zusätzlich in 

den Simulationen berücksichtigt werden musste. Auf diese Weise konnte aber schlussendlich 

auch für den höheren Druckbereich eine gute Übereinstimmung zwischen experimentell 

gewonnenen Daten und den Simulationsergebnissen erreicht werden. 

Lokal auflösende Massenspektrometer, welche in anderen Arbeitsgruppen entwickelt wurden, 

sind entweder für Hochdurchsatz- und Screeningverfahren optimiert oder aber zielen darauf 

ab, Produktgasverteilung in Festbettreaktoren zu untersuchen. Die Anwendung des Prinzips 

der rasternden Massenspektrometrie auf Messungen an Modellkatalysatoren unter UHV-

Bedingungen  wurde hauptsächlich von Johansson et al. vorangetrieben [133, 134]. Der 

Einsatz einer Hochdruckeinheit am Ende der rasternden Kapillare (konzentrische Anordnung 

von gaszuführender und detektierender Kapillare), schließt jedoch den Einsatz dieses Aufbaus 

für die Untersuchung von Transporteffekten durch die Gasphase, wie die Gasphasenkopplung 

zwischen verschiedenen katalytisch aktiven Feldern aus. Zusammenfassend kann somit gesagt 

werden, dass der aktuelle Messaufbau in der Kombination seiner Eigenschaften einzigartig ist. 

Er bietet eine hohe laterale Auflösung und die Möglichkeit, minimal invasive Messungen 

unter wohldefinierten Reaktionsbedingungen durchzuführen, welche vereint sind mit einer 

ausgefeilten Computersteuerung für eine weitgehend automatisierte, dreidimensionale 

Messsignalerfassung. 

Um die katalytischen Eigenschaften mesoporöser Au/TiO2 Dünnfilme hinsichtlich der CO 

Oxidation zu untersuchen, wurde im letzten Teil der vorliegenden Arbeit ein modifizierter 

Aufbau des rasternden Massenspektrometers mit räumlicher Auflösung vorgestellt. Dabei 

wird durch eine Kombination aus Durchflussdrossel und Titan-Kappe, die auf die 

Probenoberfläche aufgesetzt eine wesentlich größere Probenfläche abdeckt, das Messsignal 

verstärkt, indem eine größere Probenfläche in die Messung einbezogen wird. Die Kapillare 

wechselt während der Reaktionsmessung zwischen zu messender Probe und einer 

Referenzprobe aus Silizium hin und her, was eine nachträgliche Korrektur um das jeweilige 

Hintergrundsignal ermöglicht (differentielle Produktgaserfassung). Mit dieser Methode 

wurden die Aktivierungsenergie und die Reaktionsordnungen von CO und O2 bestimmt und 

mit den Ergebnissen von entsprechenden Messungen an planaren Au/TiO2(110) 

Modellkatalysatoren und gängigen Au/TiO2 Pulverkatalysatoren verglichen. Darüber hinaus 

wurden die katalytische Stabilität und das Deaktivierungsverhalten der mesoporösen Au/TiO2 



 - 130 -   

Filme untersucht, wobei Messungen an Proben unterschiedlicher TiO2 Filmdicke eine gute 

Permeabilität der TiO2 Matrix für die verwendeten Reaktionsgase zeigten. Auch wenn diese 

Variante des rasternden Massenspektrometers für die Bestimmung absoluter Reaktionsraten 

eher ungeeignet ist (verglichen zu entsprechenden Messungen in Mikroflussreaktoren), so 

eröffnet sich mit ihr aufgrund der differentiellen Produktgaserfassung eine sehr schnelle 

Messmethode zur Bestimmung katalytischer Eigenschaften wie der Aktivierungsenergie und 

der Reaktionsordnungen, bei denen Probentemperatur und Reaktionsdruck über einen weiten 

Bereich variiert werden müssen. 

Um die Messungen auf den mesoporösen Au/TiO2 Filmen zu komplettieren, wurde ein neuer 

Mikroflussreaktor entwickelt und mit der Analysekammer des rasternden Massenspektro-

meters verbunden. Der Reaktor wurde im Rahmen der Masterarbeit von K. O. Gyimah weiter 

entwickelt und optimiert [168]. Auf diese Weise konnte eine Kombination unterschiedlicher 

Reaktortypen geschaffen werden, welche eine umfassende Charakterisierung der 

katalytischen Eigenschaften solcher Filme ermöglicht. 
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9 Appendix 

9.1 Appendix A 
 

A series of modifications was done to improve the performance of the SMS system. A major 

change was to turn the mass spectrometer from a vertical to a horizontal position such that the 

gas molecules originating from the reaction chamber pass directly through the ionization 

room of the QMS and being pumped off quickly by the turbomolecular pump which now is 

situated on top of the analysis chamber (cf. Fig. 9.1). 

 

 
Fig. 9.1: SMS system (a) before and (b) after changing the orientation of the mass spectrometer and the 

size and position of the turbomolecular pump.  

 

To quantify the effect of the modifications on the CO2 background within the analysis 

chamber, reference measurements were performed via a second capillary, connecting the SMS 

system to an external flow reactor [137]. The external capillary is connected to the analysis 

chamber via a stainless steel tube feedthrough, which guides the incoming gases towards the 

ion source of the QMS (the end is positioned directly next to the orifice of the glass capillary 

immerging into the reaction chamber, cf. Fig. 9.1 b). The measurement was performed for 

stoichiometric gas mixture using 3.3% O2 and 6.7% CO diluted in Ar as carrier gas at a total 

pressure of 250 mbar in the flow reactor, which resulted in a pressure of 1 - 2×10-8 mbar in 

the analysis chamber. 

The CO2 background signal was analyzed by evaluating the ion currents to determine the 

relative concentration of CO2 within the reactant gas mixture (CO2/(CO2+CO+O2)). As a 

result, the use of an yttrium oxide coated iridium filament instead of a tungsten filament 

turbo pump 

filament

a b
capillary to 
micro flow
reactor
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decreased the CO2 background from 1.6% to 0.63%. Furthermore, the CO2 background was 

reduced from 0.63% to 0.56% after the exchange of the QMS position. 
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9.2 Appendix B 
 

Control of measuring devices via serial link (RS232) 
 
In the following, a brief summary of the commands used for communication with the 

respective measuring devices and the LabVIEW main program of the SMS (cf. chapter 2.2.2) 

is given. The information was obtained from the different operation manuals as indicated. 

 
Kleindiek high precision positioning substage LT6820: 
 
The NanoControl sends a prompt '>' after finishing each command (summary see Table 9.1). 

There has to be a blank between the command and the axis disclaimer, a blank between the 

axis disclaimer and the sign is optional. A semicolon or a carriage return executes the 

commands. 

    

Command 1st Argument 2nd Argument Description 

coarse A, B or C -65536 ... 65535 Execute coarse steps for x, y or 
z displacement 

freque A, B or C 100 ... 10000 Set frequency for x, y or z 

amplit A, B or C 1 ... 10 Set amplitude for x, y or z 

movabs A, B 'position' Move selected axis to 'position' 
in multiples of 100 nm 

creset - - Reset all counters of 
incremental encoders 

 

Table 9.1: Summary of commands for communication of the Kleindiek high precision positioning substage 
with the PC via RS232 [178]. 

 
 
Impac Infratherm pyrometer IP/IPE 140 [179]: 
 
The device responds to the entry of a command (summary see Table 9.2) with: output (e. g. 

the measuring value) + carriage return, to pure entry commands with "ok" + carriage return. 

Every command starts with the 2-digit device address AA (e. g. "00"), which is followed by 

two lower case characters (e. g. "em" for level of emissivity ε) and finished with a carriage 

return.  
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Command Parameters Description 

ms Output: XXXXX (dec., in 1/10 °C or °F) Read temperature value 

emXXXX XXXX = (0010 ... 1000‰) (decimal) Set emissivity 

ezX X = 0 ... 6 (decimal) 
0 = intrinsic time constant of the device 
1 = 0.01 s 3 = 0.25 s 5 = 3.00 s 
2 = 0.05 s 4 = 1.00 s 6 = 10.00 s 

Set exposure time t90 

laX X = 0 switch off laser 
X = 1 switch on laser 

Laser targeting light 

pa Output 11-digit, decimal: 
Digit 1 und 2 (10...99 or 00): Emissivity 
Digit 3 (0 ... 6): Exposure time 
… 

Read parameters 

 

Table 9.2: Summary of commands for communication of the Infratherm pyrometer IP/IPE 140 with the 
PC via RS232 [179].  

 
 
Pfeiffer Vacuum pressure gauge controller TPG 261/262 [180]: 
 
Messages are transmitted in the form of mnemonic operating codes and parameters (summary 

see Table 9.3). All mnemonics comprise three ASCII characters. Spaces are ignored. <ETX> 

(CTRL C) clears the input buffer in the TPG 261/262. 

 

Command Transmit 
parameters 

Receive Description 

PRx x = 1 � gauge 1 
x = 2 � gauge 2 

x,sx.xxxxEsxx 
│ └ measurement value gauge x 
│     (exponential format) 
└ status gauge x 

Measurement data 
gauge 1 or 2 

PRX - x,sx.xxxxEsxx,y,sy.yyyyEsyy 
│ │                  │  └ measurement 
│ │                  │      value gauge 2 
│ │                  └ status gauge 2 
│ └ measurement value gauge 1 
└ status gauge 1 

Measurement data 
gauge 1 and 2 

 

Table 9.3: Summary of commands for communication of the Pfeiffer Vacuum pressure gauge controller 
TPG 261/262 with the PC via RS232 [180]. 
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9.3 Appendix C 
 

To model the spatial product gas distribution above catalytically active microstructures, a new 

software was developed using Microsoft Visual Basic (2005 - 2008 Express Edition). The 

main program provides a graphical user interface, which allows for defining the dimensions 

of the cylindrical capillary (inner and outer diameter of capillary wall) and the geometry of 

the catalytically active field (dimensions of a circular or rectangular shaped field). 

Furthermore, the size of the quadratic surface elements and thus the distribution of the point 

sources for desorbing product gas molecules, as well as the three dimensional pathway of the 

probing capillary tip have to be specified (cf. Fig. 9.2).  

 

 

Fig. 9.2 Screenshot of the SMS program, showing the distribution of the surface elements within a square 
Pt field (800 µm x 800 µm) with the capillary tip atop the center. The brown box on the upper left 
shows the selected submenu from the menu strip and in the graph on the lower left the positive 
half-plane of the velocity distribution of O2 molecules (Maxwell-Boltzmann distribution at 300 K, 
red line), the integral function (probability density function, blue line) and the reverse function 
(cumulative distribution function, green line). 

 

Pt field

capillary
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Beside the geometric arrangement, the physical parameters of the gas phase and the properties 

of desorbing molecules can be set (pressure, temperature, molar mass, distribution function of 

the desorption angle and the reaction order in case that information from CFD calculations are 

considered), as well as the size of the radial and axial elements (containing the CFD 

information) which are optionally included into the MC simulations. 

When simulating the molecule trajectories, the respective probability density functions are 

repetitively evaluated, including the physical properties of the gas phase and the moving CO2 

molecule. The most important functions used in the algorithm are given in the following, 

handling the calculation of the desorption angle (desorptionpolarang), the mean free path 

(MFPoisson), the velocity of the oxygen molecule within the gas phase before colliding with 

the CO2 molecule (O2speed) and the velocity and direction of motion of the CO2 molecule 

after collision (O2move): 

 
 

 

Function  desorptionpolarang() As Double 'function returns desorption angle  
 
 
        Dim W As Double  = Rnd() 'W = Random number between 0..1  
 
 

'in the following, 3 cases (1-3) regarding the powe r of the cos-function are considered  
 
        If  cospower.Value = 1 Then 'case 1: cos()  
 
            'inverse function of cos() after integration: arcsi n(p) (p=0...1) 
            Return  Math.Asin(W) 
 
        ElseIf  cospower.Value = 0 Then 'case 2: (cos())^0 = 1  
            Return  Math.PI / 2 * W 
 
        Else 'case 3: (cos())^x --> numeric approach to decribe the inverse function  
            Dim polmin = 0 
            Dim polmax As Integer  = numbofelementoffuncdiv - 1 
 
            While  polmax - polmin > 1 

     'iterative approach to find the value of the i nverse function (desorption angle) 
which corresponds to the random number W  

 
                If  W < elementoffunc((polmax + polmin) / 2) Then 
                    polmax = (polmax + polmin) / 2 
                Else 
                    polmin = (polmax + polmin) / 2 
                End If 
 
            End While 
 
            Return  polmin / (numbofelementoffuncdiv - 1) * Math.PI / 2 
        End If 
 
 
    End Function 
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Function  MFPoisson( ByVal  polar As Double , ByVal  azimut As Double , ByVal  CO2Temp As Double , 
                   ByVal  CO2pos() As Double , ByVal  CaposNumber As Integer ) As Double 
'function returns the free path length  
 
        Dim MFPath, freelength, W, p, T, x, y, z, Dx, Dy As Double 
 
        If  considerFF.Checked And Not  FFpath = ""  Then 

'including the effect of the flow field  
 
            x = CO2pos(0) 'position of the CO2 molecule (x, y, z)  
            y = CO2pos(1) 
            z = CO2pos(2) 
 
            Dx = x - cappos(CaposNumber, 0) 'relative position towards the orifice  
            Dy = y - cappos(CaposNumber, 1) 
 
            Dim radialElement, axialElement As Integer 
            Dim passelement As Boolean  = True 
            Dim pathlength, rastermin As Double 
 
            pathlength = 0 
 
            rastermin = Xraster.Value 
            If  Zraster.Value < Xraster.Value Then 
                rastermin = Zraster.Value 
            End If 
 
            rastermin = rastermin * CO2RasterSize.V alue / 100 

'length of a CO2 sub-trajectories. It should be cho sen to be reasonably smaller 
than the dimensions of the spatial elements (raster min)  

 
            While  passelement = True  And z <= zflowfieldsize And Not  z < 0 

'CO2 molecule passes the spatial elements one by on e, as long as (in each case) 
the free path is long enough and the molecule neith er moves out at the top of the 
flow field or hits the sample surface  

 
                If  (Dx ^ 2 + Dy ^ 2) < xflowfieldsize ^ 2 And z < zflowfieldsize Then 

'molecule position within the flow field? If yes, t he mean free path (MFPath) 
is calculated to determine the free path length fro m the Poisson distribution  

 
                    radialElement = Math.Sqrt(Dx ^ 2 + Dy ^ 2) \ Xraster.Value 
                    axialElement = z \ Zraster.Valu e 

 
 'get pressure and temperature of the current elemen t  

                    p = flowdata(radialElement, axi alElement, 0) * 100  
                    T = flowdata(radialElement, axi alElement, 1) 
 

MFPath = 4 * R * T / (Math.PI * (dO2 + dCO2) ^ 2 * NA * Math.Sqrt(1 + MCO2 
* T / (MO2 * CO2Temp)) * p) * 1000000 

                    W = Rnd()  'W = Random number between 0..1  
                    freelength = -MFPath * Math.Log (W) 
 
                Else 

'molecule position outside of the defined flow fiel d. --> using parameters of 
the unperturbed gas phase 
 

MFPath = 4 * R * TO2.Value / (Math.PI * (dO2 + dCO2 ) ^ 2 * NA * 
Math.Sqrt(1 + MCO2 * TO2.Value / (MO2 * CO2Temp)) *  pressure.Value) * 
1000000 

                    W = Rnd()  'W = Random number between 0..1  
                    freelength = -MFPath * Math.Log (W) 
 
                End If 
 
                If  freelength < rastermin Then 

'molecule does not pass the current element 
 
                    pathlength = pathlength + freel ength 
                    passelement = False 
 
                Else 

'molecule passes the current element; depending on the direction of motion 
(upwards, downwards or parallel to the sample surfa ce, the new molecule 
position is determined 
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                    pathlength = pathlength + raste rmin 
 
                    Dim Dxy, DeltaZ As Double 
 
                    Select  Case polar 
 
                        Case polar = Math.PI / 2 

'molecule moving parallel to the sample surface  
 
                            x = x + rastermin * Mat h.Cos(azimut) 
                            y = y + rastermin * Mat h.Sin(azimut) 
 
                            Exit  Select 
 
                        Case 0 To Math.PI / 2 

'molecule moving upwards  
 
                            DeltaZ = rastermin * Ma th.Cos(polar) 
                            Dxy = Math.Sqrt(rasterm in ^ 2 - DeltaZ ^ 2) 
 
                            x = x + Dxy * Math.Cos( azimut) 
                            y = y + Dxy * Math.Sin( azimut) 
                            z = z + DeltaZ 
 
 
                        Case Math.PI / 2 To Math.PI 

'molecule moving downwards  
 
                            Dim polarWneg As Double  = Math.PI - polar 
 
                            DeltaZ = rastermin * Ma th.Cos(polarWneg) 
                            Dxy = Math.Sqrt(rasterm in ^ 2 - DeltaZ ^ 2) 
 
                            x = x + Dxy * Math.Cos( azimut) 
                            y = y + Dxy * Math.Sin( azimut) 
                            z = z - DeltaZ 
 
                    End Select 
 
                End If 
 
            End While 
 
            Return  pathlength 
 
        Else 

'if the effect of the flow field should not be incl uded, the mean free path (MFPath) is 
calculated to subsequently calculate the free path length from the Poisson distribution 
 

MFPath = 4 * R * TO2.Value / (Math.PI * (dO2 + dCO2 ) ^ 2 * NA * Math.Sqrt(1 + MCO2 
* TO2.Value / (MO2 * CO2Temp)) * pressure.Value) * 1000000 

            W = Rnd()  'W = Random number between 0..1  
            freelength = -MFPath * Math.Log(W) 
 
            Return  freelength 
 
        End If 
 
 
    End Function 
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Function  O2speed() As Double 
'function returns the x, y or z velocity component of a O2 molecule within the gas phase  
 
        Dim W As Double  = Rnd() 'W = Random number between 0..1  
 
        Dim sigma As Double  = Math.Sqrt(R * TO2.Value / MO2) 
 
        Dim direction As Integer  = 1 
 
        If  W < 0.5 Then 'utilize symmetry cumulative distribution function (W = 0,5..1)  
            W = 1 - W 
            direction = -1 'negative direction if primarily W = 0..0,5  
        End If 
 
        Dim found As Boolean  = False 
        Dim rmin As Integer  = 0 
        Dim rmax As Integer  = 40 
        Dim rmed, row As Integer 
 

'it follows an iterative approach to find (from a t able of 10 columns and 41 rows) the 
value of the inverse Maxwell Boltzmann function (er fc())which corresponds to the 
random number W  

 
        While  found = False 'look for the right row  
 
            rmed = (rmin + rmax) / 2 
 
            If  W < IntVdist(rmed, 0) Then 
 
                rmax = rmed 
 
            Else 
                rmin = rmed 
            End If 
 
            If  rmin = rmax Or rmax - rmin = 1 Then 
 
                If  W < IntVdist(rmax, 0) Then 
                    row = rmin 
                Else 
                    row = rmax 
                End If 
 
                found = True 
            End If 
 
        End While 
 
        found = False 
        rmin = 0 
        rmax = 9 
 
        While  found = False 'look for the right column  
 
            rmed = (rmin + rmax) / 2 
 
            If  W < IntVdist(row, rmed) Then 
 
                rmax = rmed 
 
            Else 
                rmin = rmed 
            End If 
 
            If  rmin = rmax Or rmax - rmin = 1 Then 
                found = True 
            End If 
 
        End While 
 
        If  W - IntVdist(row, rmin) < IntVdist(row, rmax) - W Then 
            Return  sigma * (row / 10 + rmin / 100) * direction 
        Else 
            Return  sigma * (row / 10 + rmax / 100) * direction 
        End If 
 
 
    End Function      



 - 140 -   

Function  CO2move( ByVal  polar As Double , ByVal  azimut As Double , ByVal  T As Double , ByVal  
                 CO2pos() As Double , ByVal  CaposNumber As Integer ) As Array 
'function returns the temperature and direction of motion (polar and azimuth angle) of a CO2 
molecule after collision with an O2 molecule of the  gas phase  
 
 'determining the velocity components of the O2 mole cule (unperturbed gas phase)  
        Dim VxO2 As Double  = O2speed() 
        Dim VyO2 As Double  = O2speed() 
        Dim VzO2 As Double  = O2speed() 
 

'position of the CO2 molecule relatively to the ori fice  
        Dim Dx As Double  = CO2pos(0) - cappos(CaposNumber, 0)  
        Dim Dy As Double  = CO2pos(1) - cappos(CaposNumber, 1) 
 

If  considerFF.Checked And (Dx ^ 2 + Dy ^ 2) < xflowfieldsize ^ 2 And CO2pos(2) < 
zflowfieldsize And Not  FFpath = ""  Then 
'axial and radial velocity componets from the flow field are added to the O2 velocity 
if collision occur within the region where the flow  field is defined  

 
            Dim radialElement As Integer  = Math.Sqrt(Dx ^ 2 + Dy ^ 2) \ Xraster.Value 
            Dim axialElement As Integer  = CO2pos(2) \ Zraster.Value 
 

VxO2 = VxO2 + flowdata(radialElement, axialElement,  2) * Dx / Math.Abs(Dx) / 
Math.Sqrt(1 + (Dy / Dx) ^ 2) 
VyO2 = VyO2 + flowdata(radialElement, axialElement,  2) * Dy / Math.Abs(Dy) / 
Math.Sqrt(1 + (Dx / Dy) ^ 2) 

            VzO2 = VzO2 + flowdata(radialElement, a xialElement, 3) 
 
        End If 
 
        Dim VCO2 As Double  = Math.Sqrt(3 * R * T / MCO2) 'converting T into velocity  
 
        Dim VxyCO2 As Double  = VCO2 * Math.Sin(polar) 
 

'determining the velocity components of the CO2 mol ecule BEFORE collision  
        Dim VxCO2 As Double  = VxyCO2 * Math.Cos(azimut) 
        Dim VyCO2 As Double  = VxyCO2 * Math.Sin(azimut) 
        Dim VzCO2 As Double  = VCO2 * Math.Cos(polar) 
 

'calculating the velocity components of the CO2 mol ecule AFTER collision  
        VxCO2 = ((MCO2 - MO2) * VxCO2 + 2 * MO2 * V xO2) / (MCO2 + MO2) 
        VyCO2 = ((MCO2 - MO2) * VyCO2 + 2 * MO2 * V yO2) / (MCO2 + MO2) 
        VzCO2 = ((MCO2 - MO2) * VzCO2 + 2 * MO2 * V zO2) / (MCO2 + MO2) 
 
        Dim CO2parameter(3) As Double 
 
        VCO2 = Math.Sqrt(VxCO2 ^ 2 + VyCO2 ^ 2 + Vz CO2 ^ 2)  'new velocity after collision  
 
        T = VCO2 ^ 2 * MCO2 / (3 * R) 'new temperature value after collision  
        polar = Math.Acos(VzCO2 / VCO2) 'new polar angle after collision  
 

'to calculate the new azimuth angle, it has to be d istinguished between positive and 
negative motion in x and y direction  

        If  VyCO2 > 0 Then 
            If  VxCO2 > 0 Then 
                azimut = Math.Atan(VyCO2 / VxCO2) 
            Else 
                azimut = Math.PI + Math.Atan(VyCO2 / VxCO2) 
            End If 
        Else 
            If  VxCO2 > 0 Then 
                azimut = 2 * Math.PI + Math.Atan(Vy CO2 / VxCO2) 
            Else 
                azimut = Math.PI + Math.Atan(VyCO2 / VxCO2) 
            End If 
        End If 
 
        CO2parameter(0) = T 
        CO2parameter(1) = polar 
        CO2parameter(2) = azimut 
 
        Return  CO2parameter 
 
 
    End Function  
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9.4 Appendix D 
 

In this section, the equations determining the mean free path of a CO2 molecule moving 

within an O2 gas phase and the direction of motion after collision with an O2 molecule are 

derived. 

 

The mean free path λλλλMFP can be understood as the reciprocal product of the particle density 

NO2 and the effective cross sectional area σ for collision of the O2 and the CO2 molecules 

[181]: 

2

1
MFP

ON
λ

σ
=

⋅
; 2 2

2

2
O COd d

σ π
+ 

=  
 

 

The constants dO2 and dCO2 correspond to the nominal diameter of the O2 and CO2 molecules, 

respectively; an overview is given in Table 9.4: 

 

molecule nominal diameter 

CO2 0.464 nm 

O2 0.364 nm 

CO 0.381 nm 

Ar 0.366 nm 

 

Table 9.4: Table of the molecular cross section of different molecules [182] 

 

In the following, the mean velocities (root mean square) of an O2 and a CO2 molecule moving 

towards each other, 2relv , are calculated (cf. [181]): 

2 2 2 2

2 2 2

2 2 2 2

2 2 2 2
3 3

1O CO O CO
rel O CO CO

O CO CO O

RT RT T M
v v v v

M M T M

⋅
= + = + = +

⋅
; 2 2

2 2

1 O CO

CO O

T M
c

T M

⋅
= +

⋅
  

2 2

2

2 2

1 O CO
rel CO

CO O

T M
v v

T M

⋅
⇒ = +

⋅
        (9-1)
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The relative velocity for a CO2 molecule moving within an O2 gas phase deviates by the 

factor of c from the mean velocity of a CO2 molecule which is observed from the point of 

view of an external coordinate system: 

2

2 2

2

2 2

,

1

1
MFP CO

O CO
O

CO O

T M
N

T M

λ
σ

⇒ =
⋅

⋅ ⋅ +
⋅

      (9-2) 

Note that in case of a CO2 molecule moving in a CO2 gas phase at the same temperature the 

factor c results to 2c =  and the value calculated fort the mean free path corresponds to the 

Maxwellian mean free path: 

2

2

,

1

2
M CO

CON
λ

σ

 
 =
 ⋅ ⋅ 

 

Considering the ideal gas law relates the O2 molecule density NO2 to the pressure of the gas 

phase: 

2 2

2

2 2

O A O
O

B O O

p N p
N

k T R T

⋅
= =

⋅ ⋅
        ( 9-3) 

Substituting NO2 in equation 9-2 by 9-3 results in the final expression for CO2 molecules 

moving in an O2 gas phase, showing a reciprocal correlation of the mean free path of the CO2 

molecules and the pressure of the O2 gas phase: 

( )
2

2

22 2

2 2

2 2

,
2

4 1

1

O
MFP CO

OCO O
CO O A

O CO

RT

pM T
d d N

M T

λ
π

= ⋅
+ ⋅ +

     (9-4) 

 

After running through a single trajectory, the CO2 molecule can collide with an O2 molecule 

of the gas phase. In this work, only elastic collisions are considered, thus the velocity of the 

CO2 molecule after colliding can be calculated by applying the laws of the conservation of 

energy and the conservation of momentum [182]. Due to the linear independency of the spatial 

components of the velocity vector (vx, vy, vz) the collision events can be treated independently 

for the three spatial directions x, y, z (superposition principle). In the following, the acronyms 

init and end indicate the situation of the molecules before and after the collision event, 

respectively. 
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Conservation of energy: 

 

2 2 2 2 2 2 2 2

2 2 2 2
, , , ,

2 2 2 2
CO CO init O O init CO CO end O O endm v m v m v m v⋅ ⋅ ⋅ ⋅

+ = +  

( )( ) ( )( )2 2

2 2 2 2 2 2 2 2, , , , , , , ,2 2
CO O

CO init CO end CO init CO end O end O init O end O init

m m
v v v v v v v v⇒ − + = − + (9-5) 

 

Conservation of momentum: 

 

( ) ( ) ( ) ( )
2 2 2 2 2 2 2 2, , , ,CO CO init O O init CO CO end O O endm v m v m v m v⋅ + ⋅ = ⋅ + ⋅  

 ( ) ( )
2 2 2 2 2 2, , , ,CO CO init CO end O O end O initm v v m v v⇒ − = −      (9-6) 

 

Solving the linear system of equations 9-5 and 9-6 leads to the following formula 9-7 

determining the velocity of a CO2 molecule after collision with an O2 molecule, 

independently for the three spatial directions (x, y or z). 

( )
2 2 2 2 2

2

2 2

, , , , , , , ,

, , , ,

2CO O CO init x y z O O init x y z

CO end x y z
CO O

m m v m v
v

m m

− ⋅ + ⋅
⇒ =

+
    (9-7) 

After calculating the velocity components the absolute value of the vector can be determined 

to calculate the equivalent temperature of the CO2 molecule after collision: 

2 3RT
v

M
=            
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9.5 Appendix E 
 

The three partial velocity components (vx,vy,vz) of the O2 molecules within the gas phase can 

be determined independently by the one-dimensional Boltzmann distribution: 

2 2

2 2

2
, ,

, ,( ) exp
2 2

O O x y z
x y z

O O

M M v
f v

RT RTπ
 ⋅

= ⋅ −  
 

      (9-8) 

Equation 9-8 corresponds to the normal distribution (probability density function, also 

denominated as Gaussian function) of vx,y,z with µ = 0: 
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 − 
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M
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The probability function F(vx,y,z) is obtained by integration of f(vx,y,z): 

, , 2

, ,

1 1
( ) exp

22

x y zv

x y z

t
F v dt

σσ π −∞

  
⇒ = ⋅ −     

∫       (9-9) 

With the following substitution, 

, ,x y zv
z

σ
=  

equation 9-9 is transformed into the standard normal distribution, which can be expressed via 

the error function erf(z): 

21 1 1
( ) exp 1

2 22 2

z z
F z t dt erf

σ π −∞

   
⇒ = ⋅ − = +    

    
∫     (9-10) 

In the Monte Carlo simulations, the reverse probability function F -1(vx,y,z) is determined by 

equation 9-10, utilizing the reverse error function erfc(z) = erf(z)-1 and the subsequent inverse 

transformation , ,x y zv z σ= ⋅  to obtain the velocity component related to the  respective random 

number (0..1). 
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9.6 Appendix F 

 

Fig. 9.3 shows the distribution of volume elements in the (r, z)-plane (as defined within the 

MonteCarlo simulations, cf. chapter 3.2.2) for varying element size and a capillary-sample 

spacing of 1000 µm (the color shade in this case indicates the local temperature in the gas 

phase). Volume elements which appear black indicate, that no information from CFD 

calculations is available for these areas (there are no existent nodes from CFD calculations 

within those areas, indicating that the density of nodes defined by the mesh in the CFD 

calculations is lower than the density of volume elements). 

The color of the single elements corresponds to the mean value of the temperature within the 

area occupied by the respective elements in the (r, z)-plane (the distribution of nodes carrying 

the temperature information is determined by the mesh used in the CFD calculations). If the 

element size is too small, blank (black) elements are found in regions where the density of 

nodes is very low (Fig. 9.3A-E). For smaller capillary heights (e. g. 10 µm), the size of the 

mesh used in the CFD calculations is adapted to the capillary sample geometry (smaller mesh 

size within the region between the capillary tip and sample surface) and smaller element sizes 

can be used. This is demonstrated in Fig. 9.4, where the distribution of the volume elements is 

shown for different capillary heights at a constant element size of 2 µm × 2 µm. For capillary 

heights larger than 20 µm, some elements in the channel between capillary tip and sample 

surface already remain undefined (black elements). Thus, for larger capillary heights the 

element size should be sufficient large to ensure (i) reasonable calculation time of the MC 

simulations and (ii) continuous distribution of the volume elements within the (r, z)-plane. 
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Fig. 9.3: Distribution of volume elements in the (r, z)-plane (r: radial abscissa, z: axial abscissa) for a 
capillary height of 1000 µm (inner/outer diameter = 70/300 µm) at a pressure of 0.37 mbar (gas 
species: O2) containing the information on the local temperature T for varying element sizes 
(see labeling). The color shade is related to temperatures between 300 K (blue) and 600 K (red). 
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Fig. 9.4: Distribution of the radial velocity in the (r, z)-plane (r: radial abscissa, z: axial abscissa) 
represented by volume elements with element size of 2 µm × 2 µm) for varying capillary height 
(inner/outer diameter = 70/300 µm) at a pressure of 3.7 mbar (gas species: O2). Volume 
elements which appear black indicate, that no information from CFD calculations is available 
within these areas. The colour shade is related to the radial velocity from 0.0 m·s-1 (red) to -0.41 
m·s-1 (A), -0.58 m·s-1 (B), -1.06 m·s-1 (C), -1.28 m·s-1 (D), -0.71 m·s-1 (E) and -0.11 m·s-1 (F) 
(blue), with the velocity vector pointing to the left. Note that in A) and B) the CFD parameters 
for elements above h = 50 µm are neglected in the MC simulations in order to reduce the 
calculation time. 
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9.7 Appendix G 
 

The partial overlap of a circular area with radius r (e. g. representing the area of the tip 

orifice) with a half plane (Pt field, which is large compared to the dimensions of the tip) 

results in a circular segment (area AO in Fig. 9.5) depending on the distance x: 

 

 
 
 

Fig. 9.5: Area resulting from the overlap of a circle (grey area) and a half-plane (hatched region). 

 

The area of AO is determined by the difference of the circular sector and the triangle defined 

by α and r (Fig. 9.5): 

2 cos sin
2 2 2OA r r r
α α απ
π

   = − ⋅ ⋅ ⋅   
   

      (9-11) 

With the trigonometric identity 9-12 equation 9-11 can be reduced to formula 9-13: 

sin(2 ) 2sin( ) cos( )a a a⋅ = ⋅    (cf. equation 2.90 in [183])   (9-12) 

2

( sin )
2O

r
A α α⇒ = −         (9-13) 

The angle α depends on the lateral displacement x of the circle: 

 cos 2arccos
2

x x

r r

α α   = ⇒ =   
   

       (9-14) 

Applying equation 9-14 to equation 9-13 results in: 
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2

2arccos sin 2arccos
2O

r x x
A

r r

     
⇒ = −     

     
     (9-15) 

Applying the trigonometric identity of 9-12 to formula 9-15 results in equation 9-16:  

2 arccos sin arccos cos arccosO

x x x
A r

r r r

         
⇒ = − ⋅         

         
   (9-16) 

With the trigonometric identity 9-17 applied to equation 9-16, formula 9-18 can be derived 

describing the partial overlap of the circular area and the half-plane. The codomain for x 

includes all possible lateral positions between –r (complete overlap) and +r  (no overlap). 

  2sin(arccos( )) 1a a= −    (cf. equation 2.140 in [183])   (9-17) 

2 2 2( ) arccosO

x
A x r x r x

r
 

⇒ = − − 
 

, (-r ≤ x ≤ r)    (9-18)

    

In chapter 4.3.1 AO represents the overlap of the circular area of the capillary tip (circle with 

diameter of the orifice or the capillary wall) and the underlying Pt field. To compare the 

geometric overlap and the slope of the measured signal intensities, equation 9-18 has to be 

normalized: 

2 2
, 2 2

( ) 1 1
( ) arccosO

O N

A x x
A x r x

r r rπ π π
 = = − − 
 

, (-r ≤ x ≤ r)   (9-19) 

Fig. 9.6 shows the slope of AO,N(x) for varying r, representing the overlap of a circular shaped 

capillary  and a Pt field dependent on the lateral position (extension of the half plane: lateral 

displacement < 250 µm).  
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Fig. 9.6: Overlap of a circular capillary and the underlying Pt field as function of the lateral 
displacement and the radius of the capillary tip. 
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9.8 Appendix H 
 

The CFD calculations presented in this section give supplementary information regarding the 

radial and axial velocity components within the region between sample surface and capillary 

tip discussed in chapter 5.2. Fig. 9.7 shows CFD calculations of the radial (left panels) and 

axial velocity components (right panels) for varying capillary heights using a capillary with 

inner/outer diameter of 110/315 µm.  

 

 
 

Fig. 9.7: CFD calculations of the radial and axial velocity components (left and right panels, 
respectively) for varying capillary height (capillary inner/outer diameter = 110/315 µm, 
preact = 3.7 mbar, Treact = 600 K).  The color shade represents the regions of high (red) and low 
(blue) velocities.  
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capillary heights. The largest magnitude of the maximum velocity, however, results for a 

capillary height around 20 µm, indicating that the conditions around this capillary height are a 

good compromise between very small and very large capillary heights, both slowing down the 

molecular flow due to the increasing effect of the no-slip boundary conditions and the 

decreasing pressure drop, respectively. In case of the axial velocity component, the magnitude 

of the maximum velocity continuously increases with larger capillary heights, shifting from a 

lateral position close to the capillary wall towards the center of the capillary (cf. chapter 5.2). 

 
 

Fig. 9.8: Velocity profiles extracted from the contour plots shown in Fig. 9.7 along the white dotted lines, 
exemplarily shown in the plot for the capillary height of 40 µm. 
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9.9 Appendix I 
 
 

 
 

Fig. 9.9: Contour plots showing the fraction of CO2 molecules per element (out of 1000) impinging on the 
capillary orifice located atop the center of a quadratic Pt field (capillary inner/outer diameter: 
70/300 µm; field size (blue squares): 800 µm x 800 µm; element size: 20 µm x 20 µm). The color 
shade indicates the number of molecules contributing to the CO2 signal (blue: 0 ���� 0 %, 
red: 1000 ���� 100 %). The white values indicate the total number of CO2 molecules impinging on 
the capillary orifice. 
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9.10 Appendix J 
 

In the following, details on the nitrogen sorption measurement on porous titania samples are 

presented. The result is part of the Supporting Information published in reference [139] and 

was measured by D. Böcking from the Institute of Inorganic Chemistry I, Ulm University. 

The surface area and the pore diameter of the titania (cast TiO2 material, different batches) 

was determined by N2 sorption measurements (Autosorb MP1 and Quadrasorb, 

Quantachrome). The specific surface area was calculated using the Brunauer–Emmett–Teller 

(BET) relation in the p/p0 range of 0.05 to 0.3 [184]. The pore size distribution was evaluated 

from the desorption branch of the isotherms, by the procedure developed by Barrett, Joyner 

and Halenda (BJH) [185]. 

 

 
Fig. 9.10: Nitrogen sorption measurement of porous titania. The inset shows the pore size distribution 

evaluated via the BJH method from the desorption branch of the isotherm. 
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9.11 Appendix K 
 

To study the deactivation behaviour of the mesoporous Au/TiO2 layers, in a first step, 

DRIFTS measurements of the cast mesoporous Au/TiO2 material were performed within the 

master thesis of K. O. Gyimah [168]. Prior to the CO oxidation reaction, the samples were 

calcined in 10% O2 in N2 (20 Nml/min) for 30 minutes and cooled down to room temperature 

in N2. Subsequent CO oxidation reaction was performed in a gas mixture of 1% CO, 1% O2 

and 98% N2 at room temperature (cf. Fig. 9.11) and 140°C (cf. Fig. 9.12). 

 

 

Fig. 9.11: DRIFT spectra recorded during CO oxidation reaction at room temperature on cast 
mesoporous Au/TiO2 material [168].  
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Fig. 9.12: DRIFT spectra recorded during CO oxidation reaction at 140°C on cast mesoporous Au/TiO2 
material [168]. 

 

Due to the high transparency of the Au/TiO2/Si samples, DRIFTS measurements revealed to 

be not suitable to investigate such kind of samples. For that reason a new IR cell was 

constructed, allowing for measurements in IR transmission mode (cf. Fig. 9.13). For details 

see reference [168]. 
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Fig. 9.13: IR set-up for measurement on mesoporous Au/TiO 2 films in IR transmission mode. 
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9.12 Appendix L 
 

A new micro flow reactor was set up to measure absolute reaction rates of mesoporous 

Au/TiO2 thin film model catalysts. For that purpose, an existing reactor design, developed by 

B. Kasemo and co-workers [186], was copied and scaled up to fit film samples with an area of 

up to 2.5 µm × 2.5 µm. Fig. 9.14 shows a schematic drawing of the reactor. The principle idea 

is to limit the inflow into the reactor by a concentric fitting of a quartz tube and rod (length: 

150 mm). Thus, the reaction room is delimited by the end of the quartz rod on the one side 

and a flow reducer (also made from quartz glass, connecting the reaction room with the 

analysis chamber) on the other side. This way, the only material (besides the catalyst sample) 

the heated reaction gas comes in touch with is quartz glass. An O-ring at the end of the glass 

tube allows for increasing the pressure drop between the mixing unit (connected at this end) 

and the reaction room in order to prevent the back flow of product gases. For details see 

reference [168]. 

 

 
 
Fig. 9.14: Micro flow reactor set-up for measurement of absolute reaction rates on model catalysts with 

low active surface area. 
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9.13 Appendix M 
 

AFM images were taken of the free-standing edge of a partly removed Au/TiO2 film in order 

to determine the film thickness. Representatively, Fig. 9.15 shows the evaluation of single line 

profile across the step edge between the bare Si substrate and the region of the intact Au/TiO2 

film.  

 

 

 

Fig. 9.15: AFM image of the free-standing edge of a partly removed Au/TiO2 film in order to determine 
the film thickness. 
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