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Der Wert davon, daß man zeitweilig eine strenge Wissenschaft streng 

betrieben hat, beruht nicht gerade in deren Ergebnissen: denn diese 

werden, im Verhältnis zum Meere des Wissenswerten, ein verschwindend 

kleiner Tropfen sein. Aber es ergibt einen Zuwachs an Energie, an 

Schlussvermögen, an Zähigkeit der Ausdauer; man hat gelernt einen 

Zweck zweckmäßig zu erreichen. Insofern ist es sehr schätzbar, in 

Hinsicht auf alles, was man später treibt, einmal ein wissenschaftlicher 

Mensch gewesen zu sein. 

(F. Nietzsche) 
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1. Introduction 

Heterogeneous catalysis plays an important role in many industrial processes (like 

synthesis of chemicals, fuel refinery etc.) and emission control (e.g., automotive three-way 

catalyst). The catalyst itself is in the solid phase and serves to rapidly achieve chemical 

equilibrium between the reactants in the gas or liquid phase. The catalytic reaction consists 

of a sequence of the following elementary steps [1]: 

• Adsorption on the surface 

• Surface diffusion to the active centers 

• Surface reaction 

• Surface diffusion of the products 

• Desorption of the products 

A comprehensive knowledge of the surface chemistry between the reactants and the 

catalyst, ideally on the atomic scale, is crucial for understanding and improving these 

systems. From this point of view, the preparation and scientific investigation of 

heterogeneous catalysts is basically a discipline of surface science [1,2]. The vast technical 

improvements in this field during the last decades provide tools for a detailed 

understanding of the morphology as well as the electronic and chemical structure of these 

systems under various conditions [3]. 

A typical group of heterogeneous catalysts often used in commercial applications consists 

of small metal particles of an active material (e.g. Rh, Pd, Pt) being in contact with a 

support (e.g. carbon, metal oxides) in the form of powders or porous materials like 

zeoliths [4]. Despite its name, the support is in many cases not only required to separate 

and stabilize these metal particles, but it may also enhance the catalytic activity. 

Furthermore, it is not only the chemical composition of the active material that has to be 

considered for a fundamental understanding of the catalytic reaction, also the shape or the 

size of the particles might play an important role [1]. Unfortunately, the high diversity of 

these complex systems makes it difficult to obtain answers to very specific questions. To 

overcome these problems, a different approach for studying catalyst systems has been 

developed, the application of so-called model catalysts [5]. Starting from the most 

simplified form of a catalyst, a planar metal single crystal surface of a certain orientation, 

the system is made more and more complex by adding steps, kinks and defects and later by 

using model samples consisting of metal particles of controlled sizes on planar single 
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crystal or thin film supports [6]. Using this approach the influence of the metal surface 

structure, metal particle size effects and chemical or structural properties of the support can 

be determined in a controlled way. The catalytic performance of these systems is often 

examined under vacuum conditions up to 10-3 mbar, e.g. with molecular beam techniques 

or via temperature programmed desorption/reaction (TPD/TPR) experiments. However, the 

results obtained from model catalysts may differ from those recorded on disperse powder 

catalysts, which are usually examined in the pressure regime of 1-100 bar. To avoid 

problems of this so called “pressure gap”, special reactors have to be used which allow the 

study of model catalysts under high pressures despite their low active surface [7]. 

Au based catalysts are in the focus of the current work and there are several reasons why 

especially model systems can help to obtain a better understanding of their performance. 

Because of its noble nature gold was not thought to be a catalytically active material until 

Haruta et al. revealed that very small Au particles indeed become excellent catalysts, 

especially in low-temperature applications [8]. Despite numerous studies on this topic, the 

origin of this activity is still under discussion (see chapter 1.1). Answering the question 

why the inert gold material can catalyze chemical reactions so effectively is not only 

interesting for its commercial application. A better understanding of the origin of the 

catalytic activity could lead to the discovery of novel reactions pathways. The adsorption 

and activation of the reactants seem to be related in a complex way to the size and shape of 

the Au particles [9,10], as well as to the chemical composition und structure of the 

support [10]. All these factors can be perfectly addressed by the application of model 

systems. 

The current dissertation deals with the preparation and characterization of Au/TiO2 model 

catalysts and the design and construction of novel reactor systems to examine their 

performance for CO oxidation reactions. The remaining part of the first chapter will give a 

comprehensive overview on the state of knowledge about catalysis by Au/TiO2 systems at 

the beginning of this work in early 2003, focusing on model catalysts, and will further 

present the goals of this dissertation. The following experimental section contains a short 

description of the UHV chamber used for most of the experiments as well as typical 

sample preparation methods (chapter 2) and describes the new model catalyst reactor set-

ups (chapter 3). In the following, the results obtained during this dissertation are presented, 

beginning with Au/TiO2 model catalysts prepared by vacuum vapor deposition 

(chapter 4) [11], followed by samples utilizing micellar stabilized precursors for the 
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preparation of the Au particles (chapter 5) [12-14]. Finally, results of first activity 

measurements on these model catalysts will be presented in chapter 6. The last chapter 

contains the final conclusions and gives an outlook on the further work on this system. 
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1.1. CO oxidation on Au/TiO2 

Au/TiO2 powder catalysts 

Despite some successful experiments on CO oxidation or water formation published in the 

1920s [15-17], because of its noble nature, gold was not expected to show high catalytic 

activities, but the interest in studying supported gold catalysts has substantially increased 

since Haruta et al. discovered that these systems are exceptionally active for the low 

temperature CO oxidation, when being applied as small nanoparticles on oxide 

surfaces [8]. In the literature, the term “low-temperature” is used for the range of -

65°C [18] to 150°C [19], but catalytic activity was even found at -180°C [20]. Therefore, 

the application of Au based catalysts is especially attractive for CO removal in feed 

streams for polymer membrane (PEM) fuel cells [21-23]. Furthermore, it was shown that 

an increasing list of reactions can be catalyzed, such as the reduction of NO [24], selective 

oxidation of hydrocarbons [25], epoxidation of propene [26], and selective 

hydrogenation [27]. The desire to understand this unexpected phenomenon has led to an 

increasing number of publications on this topic (over 1000 until 2003) which have already 

been summarized in several review articles [10,18,28,29] or books [30]. 

The most remarkable features of the CO oxidation on Au based catalysts are  

(1) its very pronounced size sensitivity,  

(2) the influence of the particle shape on the catalytic activity and 

(3) possible promotion effects dependant on the chemical composition of the support. 

The first point is also the main reason why Au was not expected to be catalytically active 

at all, because earlier experiments have only been performed on flat Au surfaces and 

particles > 10 nm, where no significant activity can be found [31]. However, small 

nanoparticles act as catalysts [8,32] usually with a maximum activity for sizes around 

3 nm [10,28,33]. The second point could be revealed by experiments with differently 

shaped particles, obtained by different preparation routes [9]. In particular, half-spherical 

particles are significantly more active than spherical ones, showing the importance of the 

perimeter length between the metal and the support for the reaction. The third point refers 

to the proposal that the support is not only a passive spectator during the catalytic process, 

but is somehow actively taking part in the reaction cycle or in activating the gold particles. 

Two groups of metal oxide supports are favored for Au catalyst, namely reducible metal 
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oxides (like TiO2) and the oxides of 3d metals of group VIII (e.g., Fe2O3, Co3O4 and 

NiO) [28]. In a later study, it was proposed that the influence of the support can be 

deducted to differences in particle shapes. From a comparison of particle shapes and 

reaction rates on different supports (TiO2, Al2O3, MgAl2O4), it was suggested that the 

enhanced activity of Au on TiO2 is purely due to a higher number of corner atoms on the 

Au particles there compared to the particles prepared on the non-reducible metals [34]. 

However, although this relation might be true in their experiments, it remains unclear if 

really only the amount of corner atoms is responsible for the higher activity, or if different 

aspects, like an interaction between Au and the metal oxide or differences in adsorption 

and diffusion of the educts on the support play a vital role. 

Generally, three pathways are possible for a catalytic reaction on heterogeneous 

catalysts [1]. The Eley-Rideal (ER) mechanism which is very rarely found, suggests that 

one species is adsorbed on the surface while the second is reacting directly from the gas-

phase. The fact, that fractional reaction orders are found for CO (0.05 – 0.24) and for O2 

(<0.05) excludes this mechanism [10,32]. A second alternative is the Mars-van-Krevelen 

(MvK) mechanism which assumes that the educts react with oxygen delivered by the 

support, which is refilled again by the oxygen from the gas phase. While the MvK 

mechanism was found, e.g., for the CO oxidation reaction on Au/CeO2 [35-37], IR 

investigations and pulsed reaction measurements could at least rule out this mechanism as 

a dominant reaction pathway for Au/TiO2 [38], although recent measurements in our group 

showed that at least some CO2 is formed after pulsing pure CO above a Au/TiO2 powder 

catalyst [39]. Therefore, a Langmuir-Hinshelwood (LH) mechanism, where both educts 

adsorb first on the surface, is most likely valid for this reaction. 

The study of the chemisorption of the educts may help to understand the special features of 

catalysis by gold mentioned above. All of them may be directly related with the adsorption 

behavior of CO and O2. On Au/TiO2 powder catalysts, adsorption of CO was found on 

both, the Au and the support. For the former one some authors suggested that it is even 

possible to distinguish between adsorbed CO on the metal surface and on the perimeter 

interface between the support and the particles by FTIR spectroscopy [18,28,40]. However, 

the suggestion is only based on a small broadening at the high frequency site at the main 

band of CO adsorbed on Au. Similar results could not be found during infrared studies on 

active Au/TiO2 powder catalysts in our group [41,42] and therefore this conclusion seems 

to be rather speculative. On the TiO2 surface, CO adsorption directly on Ti4+ step and 
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terrace sites is only possible on dehydrated samples, while else the formation of carbonates 

or carboxylates is found [18,40]. From TPD measurements it is known that small amounts 

of oxygen can be adsorbed on powder catalysts [32,43] and infra-red (IR) measurements 

suggested adsorption of O2
- on Ti4+ sites [44]. Furthermore, it is speculated from 

spectroscopic data that CO and an oxygen atom can adsorb on a single Au atom, and this 

entity could be an intermediate in forming carbon dioxide [18,40].  

From this adsorption data in combination with the findings that the Au-support perimeter 

length directly influences the activity, the following reaction mechanism was proposed by 

Haruta et al. [10,18]: 

1. CO is reversibly adsorbed on the surface of the Au particles and on the Au/TiO2 

interface. 

Au + CO  Au – CO 

The CO adsorbed on the support only acts as spectator. 

2. Irreversible adsorption of O2 at the perimeter interface: 

Au-TiO2 + O2 + e-  Au – O2
- – TiO2 (rate determining) 

3. Surface reaction on Au: 

Au – CO + Au – O2
- – TiO2  Au – O- + CO2(g) + Au – TiO2  

(perimeter interface: fast) 

Au – O- + Au – CO  Au + CO – Au – O-  2 Au + CO2(g) (Au surface: slow) 

The first reaction step is confirmed by adsorption experiments and may furthermore 

explain the size sensitivity of supported Au catalysts by taking into account that smaller 

particles contain more steps, kinks and edges where CO may chemisorb [45], while the last 

step may at least contribute to the suggestion that CO and atomic oxygen can be found on 

one single Au atom. The second step, however, is speculative: the activation of O2 for the 

reaction is still highly discussed in the literature. While results of different publications 

indicate that O2 is molecularly adsorbed, most likely as O2
- as assumed in the mechanism 

proposed above [44,46-49], it is not clear if it is really the active species or only acts a 

precursor. A further possibility could be, that the oxygen is dissociatively chemisorbed on 

the small gold clusters and reacts there (a very fast reaction between atomic oxygen and 

CO is taking place on flat gold surfaces, as described below in the model catalyst section) 

and hence, follows a more classical reaction pathway, like it is found e.g. for Pt catalysts. 



1. Introduction  15 

In a similar mechanism a pathway including an oxidized Au species as intermediate was 

proposed [50]. In general, the chemical nature of the active site is still highly discussed. 

While some groups claim ionized Au species to be active [51-53] others propose an 

ensemble of Au0 and Au(OH)x [54] or exclusively Au0 [32,55,56] to be the active species. 

A direct comparison of the results obtained on disperse catalyst in different groups is often 

complicated by different sample preparation routines. Different particle sizes and/or shapes 

are obtained by using different methods, like deposition precipitation, coprecipitation, 

impregnation or photodeposition [9,29], and may be altered by different treatments like 

calcination or reduction at different temperatures, which furthermore affects the amount of 

oxidized Au initially present on the catalyst. But also during deposition precipitation, 

which is the preferred preparation routine, factors like the chosen precursors (AuCl4
- or 

chlorine free ones) and the pH value strongly influence the resulting structure of the gold 

catalysts [28,29,57]. Especially chloride residues have a strong influence on particle sizes 

and may even poison the catalyst [29,58]. 

A general problem for a systematic study of the size sensitivity on the catalytic activity is 

the rather broad size distribution of the Au particles which only gives evidence for the 

influence of certain size regimes. Furthermore it is even possible that very small particles 

are not detected by, e.g., transmission electron microscopy (TEM), while a characterization 

by other techniques, like scanning tunneling microscopy (STM) or atomic force 

microscopy (AFM) is not possible. Thus, samples with a high degree of cleanliness, a 

defined support structure and more regularly sized and ordered Au particles can markedly 

improve the understanding of the influence of the different factors behind the CO oxidation 

on Au/TiO2. Therefore, the application of model catalysts is ideally suited for a more 

detailed investigation of this catalytic system.  

Au/TiO2 model catalysts 

a. TiO2 substrates 

In general, the support for a model catalyst can either be the surface of a single crystal or a 

thin oxide film grown on a metal surface, and although both kinds of substrates can be 

found in literature, most groups prefer single crystal surfaces for Au/TiO2 model catalysts. 

TiO2 can be found in the three different crystallographic modifications brookite, anatase 

and rutile [59], but only the last phase, which is the thermodynamically favored one, can be 

artificially synthesized. There, the oxygen ions form a tetragonal closed packing and the 
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Ti4+ ions fill half of the (slightly distorted) octahedral gaps (see figure 1-1). The Ti4+ ions 

surround the O2- ions as nearly equilateral triangles. The most stable surface has the (110) 

orientation where two different kinds of titanium cations can be found. One half is fivefold 

coordinated; the other half is sixfold coordinated by bridging oxygen atoms (see figure 

1-2). Other planes, like the (100) or the (001), contain fourfold cations on the surface and 

are therefore less stable and readily undergo reconstructions. 

The main goals during pretreatments of rutile single crystals are to prepare well-ordered, 

clean surfaces and to reduce the bulk of the crystal, which can be achieved by annealing to 

high temperatures in UHV. The importance of the latter point is due to the fact that the 

conductivity of those samples is significantly enhanced after reduction of the bulk and only 

those samples are accessible to surface science techniques like STM or LEED, which rely 

on conductive samples [60,61]. Typical pretreatments of rutile single crystals consist 

therefore of cycles of Ar-sputtering and annealing (between 500°C – 1000°C) in UHV or 

low base pressures of oxygen (see Appendix I for more details on different pretreatment 

procedures). Two overlayer structures are usually found: a stoichiometric (reoxidized) 

(1 x 1) and a reduced (1 x 2) overlayer, which is basically a missing row structure formed 

after annealing to temperatures above 730°C, where the bridging oxygen atoms are 

removed from the surface [61]. But also unusual surface structures, like rosettes, may be 

found on heavily reduced crystals [62]. However, various features of the rutile TiO2(110) 

surface, like step density, TiO2 island size or the number of point defects vary significantly 

depending on the exact pretreatment conditions and sample history which complicates the 

reproducible preparation of identical surfaces. In general, the TiO2(110) (1 x 1) surface 

typically consist of a rather high number of smaller terraces (size between 10 and 50 nm), 

separated by monoatomic steps, while a higher long-range order is found for the (1 x 2) 

structure due to the higher annealing temperatures [63], although surface mobility starts 

already at ~430°C [64]. 

The application of bulk-reduced rutile single crystals has also certain disadvantages 

concerning the stability of their surface structures. They can rather be classified as so-

called flexible surfaces [65] which change their structure upon annealing or during 

exposure to gases [61], e.g., by formation of small TiO2 cluster on the surface after 

exposure to oxygen even at room temperature [33,61,66]. Besides the question, how these 

structural changes may have an influence on the stability and activity of Au/TiO2 samples, 
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figure 1-1: left side: three dimensional structure of rutile: rows of edge-connected octahedrons, linked 
by corners. Right side: unit cell of a rutile TiO2 single crystal (dark balls: Ti4+, light balls: O2-). 

 
figure 1-2: rutile TiO2(110) surface (dark balls: Ti4+, light balls: O2-) 
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it has also the inconvenient side effect, that the observation of surfaces with STM on 

reduced-bulk crystals during O2 exposure at elevated temperatures is hampered or even 

made impossible because the conductivity is strongly decreased again [67]. Fully oxidized 

TiO2 single crystal samples are found very rarely in literature, despite the fact that they can 

still be good model catalyst substrates, if appropriate methods, like AFM, are used that do 

not rely on conductive samples. Annealing to high temperatures (>900°C) in air leads to a 

high long-range order on the surface of a fully oxidized rutile crystal [68,69]. Typically, 

terrace sizes of 100-200 nm divided by monoatomic steps are reproducibly found (see also 

chapter 4.1). 

A second type of samples which can be used as model substrates are TiO2 thin films grown 

on metals. This method leads to conductive samples with more stable surfaces than those 

of bulk-reduced single crystals, but an intensive study is needed to prepare well-ordered 

films. Several examples can be found in the literature, including polycrystalline films 

prepared by oxidation of polycrystalline Ti foils [70] or thin films prepared on Pt foils [71] 

or Mo(100) substrates [72]. The preparation of ordered thin films was also successfully 

examined in our group, where Ru(0001) was used as substrate [73,74]. 

b. Preparation of Au/TiO2 model catalysts 

The preparation of Au particles on planar TiO2 substrates can be achieved by several ways, 

either in-situ inside the UHV chamber or ex-situ by wet-chemical methods. In both cases, 

different methods can be applied that lead to the formation of Au particles on the surface, 

but the particle size, shape and distribution is mainly governed by the interaction between 

the Au and TiO2. A second possibility is to use already preformed particles which can be 

deposited onto the surface. 

In-situ formation by thermal evaporation is the most frequently applied method and the 

growth of Au particles on (bulk-reduced) rutile TiO2(110) surfaces was studied intensively 

before (more details on the published results are given in Appendix I). Although the high 

surface tension between Au and TiO2 (γAu/TiO2 = 0.86 – 0.96 J/m2 [75,76]) favours a 3-

dimensional (Vollmer-Weber) growth mode, the Au particles grow, at first, kinetically 

favoured as 2-dimensional islands, until a certain critical coverage Θc (depending on 

substrate temperature, surface defect density and Au evaporation rate) is reached where the 

3 dimensional growth sets in [77-79]. Typical values of Θc for substrates kept at room 

temperature are found to be around 0.1 ML. Above the critical coverage, the further 
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particle growth does not obey a random nucleation mode [80], i.e., the initially formed 

particles do not grow evenly further, while at the same time new nuclei are formed beside 

them. In contrast, a self-limited growth [81,82] is found [83] which is characterized by the 

fact that from a certain particle size on, the formation of new clusters is preferred 

compared to the further growth of the existing ones [84]. Measured size distributions show 

that the prevalent size of the resulting particles is usually found near the mean size [85,86] 

and not at larger sizes, as expected from diffusion dominated random nucleation [80]. 

Random nucleation only leads to size distributions as observed above, if it is dominated by 

coalescence due to cluster mobility [80], but in-situ STM studies could exclude this as 

dominant mechanism [83], and cluster diffusion was only observed for small Au cluster (3-

5 atoms) bound on vacancies at the initial state of the nucleation [87]. Typically high 

particle densities (2 – 4.5·1012 cm-2) can be found [85,86,88,89]. At higher coverages 

(above 4.0 ML on a sample kept at room temperature), the particles start to coalesce, 

forming worm-like structures until, finally, a closed Au film is formed [75,76]. The growth 

of Au particles during evaporation on thin-film substrates has not been investigated that 

thoroughly. Nevertheless, the obtained samples show comparable particle sizes and 

densities on TiO2(001)/Mo [72] and on polycrystalline TiO2/Ti [70] as on single crystal 

surfaces. 

A closer look at the obtained values for particle sizes and densities, but also at preferred 

nucleation sites (steps [83,85,86,88] or terraces [89]) shows, however, that the exact 

pretreatment conditions of the substrate surface influence the growth of the Au particles. In 

most cases, it is assumed that the density of point defects, which is governed by the 

substrate pretreatment [62], and which serves to stabilize the initial nucleus, is responsible 

for the differences [75,83,85,86,90,91]. The diffusion barrier of a Au atom trapped in an 

oxygen vacancy, however, is argued to be rather low and both modes, heterogeneous and 

homogeneous nucleation are assumed to be present during the growth of Au particles [77]. 

Nevertheless, thermal evaporation is a successful technique to obtain Au/TiO2 model 

catalysts. The UHV environment enables the preparation of very clean samples. 2- and 3-

dimensional particles with a high density are formed, although variations in their size and a 

random distribution on the surface cannot be avoided. The rather flat particle shape at low 

coverages is, however, in contrast to the usually half-spherical or spherical shaped Au 

particles used in powder catalysts. The in-situ preparation of uniformly sized Au particles 

can be achieved by using special cluster sources. However, the very complex equipment 
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needed for the preparation [92], and the fact that, usually, only very small cluster can be 

really size-selectively prepared (typically between 1 to 30 atoms) limits the application of 

this method. 

Ex-situ methods for the preparation of Au/TiO2 model catalysts have been investigated 

very rarely up to now. Deposition precipitation, the most common preparation pathway for 

powder catalysts, was also applied on planar TiO2 substrates [93]. The model samples 

formed after keeping a TiO2 single crystal in a Au salt solution and subsequent annealing 

to 70°C in air for 1h have large Au particles with a very inhomogeneous size distribution 

and orientation (agglomeration at steps). The expected low catalytic activity of the rather 

large particles and the fact that no size specific observations can reasonably be made on 

these samples, shows that this method is not suited for the preparation of model catalysts. 

Better sample qualities are only obtained if special substrate pretreatments are performed, 

e.g., an exposure to UV light to increase the density of OH groups [94], which was shown 

to result in smaller particles with higher densities [95]. The deposition of preformed 

particles was only tested with ligand stabilized Au6 cluster, but the organic compounds 

could not be completely destroyed, thus leading to rather dirty samples [96]. 

c. Thermal stability of Au particles 

One of the physical properties which is changed when Au is reduced in size to few nm is 

the melting temperature. Experiments [97,98] and calculations [99] revealed that particles 

in the catalytically active size regime have melting points between 200°C (1 nm) to 830°C 

(5 nm) instead of the bulk value of 1064°C. Furthermore, the sublimation energy is 

strongly decreased for small gold particles [100]. During treatments at elevated 

temperatures, changes in shape, cluster agglomeration (induced by the movement of whole 

clusters), Ostwald Ripening (growth of larger particles at the expense of smaller ones by 

2D evaporation and condensation of single atoms) or even evaporation from the surface 

may occur. For example, Ostwald Ripening was found already at moderate temperatures 

(50°C – 100°C) on a sample consisting of Au particles (mean height ~5 nm, mean diameter 

~40°nm) on Au, prepared by evaporation of a (closed) 10 nm thick Au film on a SiOx/Si 

sample [101]. Of course, this is raising the question, how good metal oxide supports can 

help to stabilize the Au particles. 

Several studies have already dealt with this topic for Au/TiO2 model catalysts which show 

not only a dependency of the particle stability with size, but also on the pretreatment of the 
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support [83,89,102-105]. For very low Au coverages, the particles start to grow even at 

room temperature [102,103], but also for higher coverages (~1 ML) changes can be 

observed at temperatures of 400°C – 500°C [72,75,78,83,86,89]. Finally, on onset of 

evaporation of Au from the surface was observed for temperatures above 600°C [89]. Most 

results show that the growth at elevated temperatures is most likely due to particle 

sintering [83,104], while some also suggest Ostwald-Ripening as driving force [89]. In the 

latter case the conclusion is based on the observation that a bimodal particle size 

distribution is found after annealing. Although this can be interpreted as a result of an 

Ostwald-Ripening process, it is also possible that the smaller particles which they found in 

their STM measurement are simply due to modifications of the substrate surface after long 

annealing at high temperatures (7h at 480°C in their case). Beside the particle size, it was 

found that the thermal stability is also related to the surface structure of the substrate and 

therefore to the exact pretreatment conditions. Flash annealing to 400°C of a 

Au/TiO2(110)-(1 x 2) sample immediately led to a pronounced agglomeration of the Au 

particles [105], while nearly no changes were detected on TiO2(110)-(1 x 1) at the same 

conditions [86]. 

The examination of Au particles during exposure to different gases like air, CO and O2 at 

room or elevated temperatures has to be considered for a better understanding of Au/TiO2 

catalysts. The behaviour in gaseous atmospheres might completely differ to the one in 

UHV. It is well know that even on Au surfaces restructurings, e.g., by diffusion processes 

on steps, occur when they are exposed to air [106]. Similar processes may lead to 

morphological changes on the Au/TiO2 catalysts and may be responsible for deactivation 

processes during catalytic reactions or storage in air. 

In general, it is found, that Au particles are stable in 13 mbar CO, while significant 

morphological changes can be found after exposure to 13 mbar O2 or CO/O2(1:2) even at 

room temperature [33,85,100] or slightly above [66,67]. A bimodal particle size 

distribution is formed during these treatments and it was suggested, that an Ostwald-

Ripening process, utilizing AuOx as mobile species, is responsible for these 

findings [85,100], as it was found before on Ag/TiO2(110) samples [85]. However, no Au 

oxide could be identified, and the small particles in the bimodal particle size distribution 

may also consist of TiO2 islands formed during oxygen exposure [61]. Even more 

pronounced changes of particle sizes could be found after exposing Au particles on a 
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polycrystalline TiO2 film to 1013 mbar O2 or air [70], but it is unclear to what extend the 

higher pressure or the different support structure are responsible for these findings. 

The stability of Au particles during exposure to oxygen was also found to be related to the 

pretreatment of the support, and similar to the findings for the thermal stability in UHV, 

the reduction of the substrate surface seems to be the decisive factor. Comparable particle 

growth processes could be found for both, the (1 x 1) [66] and the (1 x 2) [67] overlayer 

structure. However, if a (1 x 1) surface is pre-exposed to O2 the Au particles are found to 

be more stable. It was argued, that the formation of small TiO2 islands on the surface may 

stabilize the Au particles [33], but it could be as well due to a reduced amount of oxygen 

point defects, which are also present on the TiO2(1 x 1) surface prior to the oxygen 

exposure. This also fits very well to a different study revealing a higher stability of Au 

particles on Al2O3 thin films than on TiO2. It was assumed, that small defects on TiO2 may 

activate O2 for the ripening process while this was not the case for the nearly defect free 

Al2O3 surface [100]. 

d. Adsorption/Desorption experiments 

The adsorption of the educts is a necessary prerequisite for a catalytic reaction. Knowledge 

of differences in the adsorption and desorption characteristics between bare Au and TiO2 

compared to Au/TiO2 samples may be crucial to understand the special features of the 

composite systems. 

No CO adsorption was found on Au films [107] or a Au(110) single crystal surface during 

TPD experiments down to adsorption temperatures of about -150°C [108]. However, 

adsorption was possible at low temperatures on a stepped Au(332) surface [109] 

(desorption peaks in TPD measurements at -130°C and -85°C) and on thin Au films [110] 

(desorption at around -100°C). In the latter case, less perfect films (prepared by lower 

sample temperatures during Au deposition) contained more active sites for CO adsorption. 

Similar CO adsorption was found on the first and second monolayer of a gold film on 

Pd(110) (desorption at -80°C) [111]. Similar tests were performed for the adsorption of 

oxygen on low-index Au surfaces. It was found that even at pressures of 1-2 bar, no 

oxygen can be adsorbed up to 525°C [112,113], but surface reconstructions indicative for 

oxygen chemisorption could be observed [113]. This implies that the amount of adsorbed 

O2 is very low and has to lie under the detection limit of the system. Only when atomic 

oxygen is dosed, adsorption on Au can be detected [114,115]. 
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Similar measurements show that even at temperatures down to -173°C, no molecular 

oxygen is adsorbed on Au/TiO2, TiO2/Au (thin films on Pt) [71] and Au/TiO2(110) model 

catalysts [103,116]. Like on Au films, adsorption is only detected if atomic oxygen is 

dosed and the desorption temperature (and therefore energy) increases with decreasing 

particle sizes, from 250°C (20.5 kcal/mol/6 atomic layer high Au particles) over 384°C 

(25.7 kcal/mol/2layers) [116] to 460°C (1layer) [103]. From these results it was assumed 

that also the adsorption energy is higher for smaller particles, thus enabling dissociative 

adsorption of molecular oxygen, even if this could not be found in the experiments because 

adsorption of molecular oxygen was to slow to be detected with the current system [116]. 

CO adsorption is found on Au/TiO2 model catalyst [71,78] but, similar to adsorption 

experiments with propene [117] or styrene [70], no new adsorption sites at the Au-TiO2 

interface could be identified showing that CO is most probable adsorbed directly on the Au 

particles. 

e. CO oxidation on Au/TiO2 model catalysts 

To test the catalytic activity of Au/TiO2(110) model catalysts for CO oxidation at different 

Au coverages, atomic oxygen was first adsorbed onto the surface at ~10-6 mbar and 

afterwards titrated with CO [102,103]. The activation energy for the reaction was found to 

be 11.4 ± 2.8 kJ/mol for two atomic layer high particles and was decreasing for increasing 

particle sizes until it reaches the value of a Au(110) surface. It was suggested, that not the 

CO adsorption but the dissociative chemisorption of O2 has to be the rate limiting step in 

the CO oxidation. Similar tests using molecular instead of atomic oxygen revealed no 

activity, thus showing that an activation of oxygen under these conditions (low pressures) 

was not possible. 

CO oxidation under more realistic conditions was found on Au/TiO2/MoOx samples in a 

high pressure batch reactor. In a gas mixture of ~50 mbar CO/O2 (1:5), an initial TOF of 

~1.4 at room temperature was found which strongly decreases with reaction time and 

cannot be restored by annealing in O2 at 330°C [118]. Therefore it was argued, that the 

deactivation is not due to poisoning by carbonaceous species but due to particle 

agglomeration, as it was found for model catalysts exposed to oxygen before (see above). 

However, the particle agglomeration might be much stronger during post-annealing in O2 

than during the reaction and thus the reactivity measurements before and after this 

treatment can not really be compared. The effect of different Au coverages was also tested 
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and a maximal activity was found for particles with a mean diameter of 3.5 nm, which is 

identical to powder catalysts [33,85,100,118]. For identical reaction conditions, the 

maximal TOF differs in the publications of the same group between 4.0 [118] 3.0 [85] and 

1.9 [33,100]. However, it is in all cases higher than the TOF expected for powder catalysts. 

On the model samples the rather flat particles may be responsible for the higher activity. 

As possible explanation, the authors suggested, that the high activity of small Au particles 

is correlated to an onset of non-metallic properties for 2-layer thick samples as it was 

revealed by scanning tunneling spectroscopy (STS) [33]. However, the role of this 

transition on the catalytic activity is opposed in various publications [34,119-121]. By 

comparing the population of 2-layer thick islands, as revealed by TEM and EXAFS, with 

the catalytic activity, Janssen et al. could show that no correlation exists between the 

amount of 2-layer thick islands and the activity on realistic powder catalysts [34]. 

Similarly, studies on Au/FeO(111) model catalysts revealed that no correlation between 

quantum size effects and the catalytic activity can be observed [119]. They argue that 

rather the high number of undersaturated Au atoms on small particles is responsible for 

high catalytic activities, which is also supported by theoretical calculations [120]. A 

maximum total surface area or number of step sites of metallic clusters is found at a 

thickness of 2 layers, where the transition to the non-metallic state begins [121].  

f. Summary 

The need for model systems to understand the unusual high catalytic activity of supported 

catalysts is reflected in the high amount of work which is put onto this topic in various 

groups. Bulk reduced rutile single crystals are often used as supports for Au/TiO2 model 

catalysts to maintain a good electric conductivity. Although rather flat surfaces may be 

obtained (often with structures as expected for stoichiometric surfaces), small differences 

due to different pretreatment conditions, like the density of surface defects, or unwanted 

side reactions, like reduction upon annealing in UHV or reoxidation and formation of small 

TiO2 islands during exposure to O2 may cause problems. Thin titania films are sometimes 

used as an alternative support, but their structure has not been studied very intensively yet. 

Small gold particles with a random distribution and rather high particle densities can be 

easily prepared by thermal evaporation. Initially, 2-dimensional islands grow up to a 

critical coverage (~0.1 ML), later the existing particles grow 3-dimensional, while new 

small particles are formed besides them. Other techniques, like deposition-precipitation or 

the use of preformed colloids has not been performed very successful yet.  
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Due to a rather low melting point, Au particles start to agglomerate upon annealing to 

400°C in UHV. This effect was found to be much stronger on reduced (1 x 2) than on 

stoichiometric (1 x 1) surfaces. Exposure of oxygen or oxygen containing gas mixtures 

also destabilizes the Au particles. Particle growth presumably due to Ostwald-Ripening 

was even observed at room temperature and the formation of mobile AuOx species is 

assumed to be responsible for it. TPD measurements showed that adsorption of CO and 

reaction with preadsorbed atomic oxygen is possible on model samples (extended Au 

surfaces or Au/TiO2 model samples). However no adsorption or reaction was found, when 

molecular oxygen was predosed. CO oxidation measurements in a high pressure reactor 

showed, that Au/TiO2/MoOx model catalysts are indeed very active and correlation 

between the particle size and activity (with a maximum at 3.5 nm) could be found, which is 

similar to the one observed on powder catalysts.  

In summary, the results presented so far show that evaporation of Au is a valid method to 

prepare Au/TiO2 model samples consisting of catalytically active flat Au islands on (bulk-

reduced) rutile or thin film substrates. However, there are still many open questions to be 

resolved to really understand the influence of the substrate as well as the Au particle sizes, 

shapes and distances on the catalytic activity. 

It would be an interesting topic to extend the investigation of particle growth and stability 

also to fully stoichiometric substrates, which was not performed up to now, although 

typical supports for realistic catalysts are usually not reduced.  Differently pretreated 

substrates will also differ in the amount of (oxygen) surface defects which may in turn 

influence the stability and activity of Au particles. Another interesting topic is the 

preparation of differently shaped Au particles on model catalysts to further bridge the 

materials gap between them and realistic catalysts. The Au particles prepared by 

evaporation are typically very flat, while spherical or half spherical particles are usually 

prepared on powder samples. The application of post-treatments to increase the particle 

height or the use of preformed particles can lead to more realistic particle shapes and to 

different inter-particle distances. Especially regular patterns of Au particles with defined 

inter-particle distances would be excellent samples to study, e.g., the influence of capture 

zones on the reactivity. Finally, it is also an important topic to study the catalytic behaviour 

of model catalysts in detail. Only few results of the catalytic behaviour have been 

published up to now and the low activation of oxygen under low pressure conditions shows 
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that high pressure reactors are most likely necessary for further investigation of the 

activity.    
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1.2. Goals of this dissertation 

The main goals of the current dissertation are the following: 

1. Application of fully oxidized rutile TiO2(110)samples as supports for model catalyst 

In nearly all model catalyst studies up to now, bulk reduced rutile single crystals have been 

used. As shown above, differences in the exact surface structure induced by slightly 

different pretreatment routines and surface morphological changes even at low background 

pressures of oxygen may influence the experiments. It is the goal to establish fully 

oxidized TiO2(110) samples as alternative substrates to learn more about the dependency 

of particle growth, stability and activity on the surface structure and on the amount of 

surface defects. This would give new insight into the relationship between the substrate 

and the Au particles. 

Using AFM, which does not rely on conductive samples, enables the structural 

characterization of fully oxidized single crystals. In this thesis the particle growth behavior 

on those substrates and the thermal stability in UHV and at different ambient conditions is 

studied and compared to the results on bulk-reduced samples.  

2. Preparation of Au/TiO2 model catalysts by a micellar technique 

The preparation of Au particles by thermal evaporation leads typically to very flat particles 

with rather broad size distributions which are randomly distributed on the surface. For 

model catalysts, it is more desirable to work with samples with defined particle sizes and 

inter-particle distances. In particular, this would allow studying the stability or reactivity of 

Au particles on highly ordered model systems to learn more about particle size or distance 

effects. 

Up to now, no really successful alternative to thermal evaporation for sample preparation 

has been presented. The application of Au loaded micellar precursors could be an 

alternative preparation method, which was already used for the preparation of highly 

ordered arrays of Au particles with a small size distribution on supports like SiO2, diamond 

or SrTiO3 [122,123]. If clean Au/TiO2(110) samples can also be prepared by this way, it 

could be a very intriguing alternative for the reproducible preparation of well-defined 

model catalysts. In this thesis it was studied if the micellar technique can also be applied 

on TiO2 and especially if the samples are clean enough to be used as model catalysts. 

Furthermore, the well-ordered orientation and the narrow particle size distributions make 
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this sample ideally suited for experiments to test how particle sizes and separations 

influence the thermal stability of Au particles. 

3. CO oxidation measurements on Au/TiO2(110) model catalysts 

It is still an open question how the support may influence the reactivity of Au based 

catalysts. But up to now, only thin film samples have been utilized successfully to study 

the CO oxidation activity of Au/TiO2 model catalysts under real conditions, while most 

structural studies have been performed on rutile single crystal samples. To close this gap, it 

is important to study reactivity measurements on differently pre-treated rutile TiO2 single 

crystals (including the fully stoichiometric ones established here) and to compare the 

results with thin-film samples.  

Therefore it was also necessary to design a new reactor for these measurements. Because 

of the very small active surface of flat model catalysts, the examination of reaction 

products is only possible in very sensitive systems. A new design of a micro flow reactor 

and improvements of a second reactor, which is aimed to measure activities on flat 

surfaces with a spatial resolution, will be presented. 
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2. Experimental 

2.1. UHV System 

Most experiments have been performed in an ultra high vacuum (UHV) chamber (base 

pressure of 2·10-10 mbar) which has already been used before and more detailed 

descriptions can be found, e.g., in Refs. [124] and [125]. It is equipped with different tools 

for sample preparation (heating systems, Ar-sputter gun, evaporation sources) and 

structural as well as chemical characterization (AFM, XPS) (see figure 2-1). The samples 

are mounted in a sample holder (molybdenum, titanium or stainless steel) and transferred 

into a high-pressure cell, which is pumped by a separate turbo molecular pump. In this 

separate cell, the samples can be exposed to various gases up to pressures of 1000 mbar 

and at the same time heated via a boraelectric heater. The temperature is monitored by a 

thermocouple attached to the heating table. Of course, a small difference between the 

actual sample temperature and the measured one can be expected. A test measurement with 

a second thermocouple directly attached to the surface of a TiO2(110) single crystal 

revealed that the deviation is rather small (< 5%). For measurements with the micro-flow 

reactor (see chapter 3 and 6), the temperature was directly obtained from a thermocouple 

pressed onto the sample surface. A magnetically coupled transfer-rod is used to transfer the 

sample into the UHV chamber, where it is held in a commercial high precision manipulator 

(VG Omniax) that can be moved in x, y and z direction, as well as tilted by 360° to reach 

all preparation and characterization tools. The sample can also be annealed in UHV via a 

tungsten filament to temperatures between 400°C and 1000°C. 

Evaporation sources 

Two different Au sources have been used for the experiments described in this thesis. For 

the experiments dealing with the preparation and stability of Au particles on TiO2(110) 

(see chapter 4), the metal was directly evaporated from a tungsten filament without control 

of temperature, and the evaporation flux could only be set by adjusting the heating power. 

An improved home-built system was used for the preparation of Au/TiO2(110) samples for 

reaction measurements (see chapter 6). There, the Au is located inside a ceramic tube 

which is heated from the outside by a tungsten wire while the temperature of the Au is 

measured via a type C thermocouple. The evaporation flux was calibrated in a separate 
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chamber against a quartz microbalance [126]. For the evaporation of titanium, a 

commercial EFM 3 evaporator (Omicron) was used. 

Atomic force microscope 

In atomic force microscopy (AFM), which has been first presented in 1986 by Binnig et 

al. [127], a sharp tip is brought into the vicinity of a sample surface, where repulsive 

(contact mode) or attractive van-der-Waals forces (non-contact mode) interact between the 

surface and the tip. They can be measured and transferred into a topographic image while 

the tip is scanned across the surface. Compared to scanning tunneling microscopy (STM), 

AFM has the advantage, that also non-conductive samples can be used. Surface 

topographies have been analyzed with a beetle-type AFM which was constructed in 1993 

during the PhD work of J. Wiechers (for more details see ref. [128] and [129]) and later 

improved with a non-contact scanning mode (see figure 2-2). The sample is placed upside 

down onto three piezo elements. The cantilever is mounted on a fourth piezo in their 

center. An inertia drive enables the movement of the sample in x and y direction. A 

rotation of the sample holder is used to change the sample-tip distance by screwing it up or 

down on three inclined planes (see figure 2-2). The exact position of the tip is measured by 

a beam deflection method. 

In non-contact mode, the tip is excited to a vibration frequency slightly above the 

resonance frequency of the cantilever. During the scan, changes in the tip-sample distance 

can be measured either by monitoring changes in the amplitude (amplitude-modulated 

scan) or, if the amplitude is kept constant by an external circuit, by changes of the 

frequency (frequency modulated scan). Better image qualities are normally obtained by the 

second method, which is also applied in the UHV-AFM used in this work. The maximal 

scan range of the AFM is 1 µm2, all pictures have a resolution of 400 x 400 points. The 

scan speed per line is usually set between 0.5 and 2.0 Hz. An excellent introduction about 

nc-AFM can be found in Ref. [130]. 

X-ray photoelectron spectrometer 

Since its development in the 1960s [131,132], x-ray induced photoelectron spectroscopy 

(XPS) or electron spectroscopy for chemical analysis (ESCA), has become one of the most 

important methods for surface analysis. Upon x-ray radiation, photoelectrons are emitted 

from a surface. From their kinetic energy Ekin and the work function Φsp of the
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figure 2-1: UHV preparation and analysis chamber: (1): high-pressure cell, (2) main chamber, (3) 
magnetic transfer-stick, (4) X-ray source, (5) half-spherical photoelectron analyzer, (6) Laser diode 
and start of glass fiber, (7) Au evaporation source, (8) Ar sputter gun 

cantilever piezos

sample holder 

 
figure 2-2: left side: image of beetle AFM: (1) three piezos for sample movement, (2) center piezo with 
AFM tip; right side: sketch of sample with inclined planes placed on the piezos of the AFM [129]. 
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analyzer [133], it is possible to obtain the binding energies Eb according to the following 

formula: 

 Eb = hν - Ekin – Φsp        (2-1) 

Information about the elemental composition, the concentration and the 

chemical/electronic state of the elements can be obtained [133]. The high surface 

sensitivity of this method is due to the small mean free path of the photoelectrons in the 

sample (typically between 0.5-5 nm) [134]. 

In the set-up used here, emission of photoelectrons is excited by a non-monochromatic 

dual Al/Mg anode. The kinetic energy is detected with a half-spherical SPECS EA200 

analyzer, whose angle to the sample surface is 90°. Measurements are monitored with the 

program “Spectra” from SPECS and evaluated with the freeware software “XPS-

Peak 4.1” [135]. Due to the low conductivity of the fully stoichiometric TiO2 substrates 

(band-gap of 3.1 eV), a sample charging between 2 to 7 eV is typically observed. 

Therefore all TiO2 scans have been calibrated to the position of Ti4+ in rutile at 

459.2 eV [136]. 
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2.2. In-situ XPS Measurements 

XPS experiments at elevated pressures are problematic because the elastic and inelastic 

scattering of electrons by gas-phase molecules decrease the intensity of photoelectrons. 

Furthermore, high-vacuum conditions are needed for the operation of electron detectors. 

To perform in-situ XPS measurements, a set-up designed by Schlögl et al. was used, where 

these problems are solved by a combination of differential pumping and electrostatic 

focusing of the emitted photoelectrons (for details see Refs. [137,138]). In short, the 

sample is mounted inside a high-pressure cell 2 mm away from a small aperture (1 mm 

diameter), which is the entrance to a differentially pumped electrostatic lens system. 

Electrons from the sample as well as gas-phase molecules escape through this aperture into 

the first stage of an electrostatic lens system. The electrons are then subsequently focused 

onto two more apertures (diameters 2 mm) that are separated by another electrostatic lens 

unit before they enter the hemispherical analyzer. The combination of electrostatic lenses 

and differentially pumped apertures allows the collection of electrons with an efficiency 

similar to that of a conventional hemispherical analyzer, while keeping a pressure 

differential of 9 orders of magnitude between the high-pressure cell and the hemispherical 

analyzer.  

In-situ XPS measurements on Au/TiO2(110) model catalysts prepared by the micellar 

technique were performed at the undulator beamline U49/2-PGM1 at BESSY (Berlin), 

using the set-up described above in collaboration with the department of inorganic 

chemistry of the Fritz-Haber-Institut in Berlin. In-situ XPS measurements could be 

performed at pressures up to 0.3 mbar. The gas flow into the reaction cell was controlled 

by mass flow controllers and leak valves and the resulting gas composition could be 

checked via a mass spectrometer connected to the reaction cell.  
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2.3. Crystal pretreatments 

TiO2(110) rutile single crystals 

a. Fully oxidized samples 

The TiO2(110) rutile samples (one side polished) were purchased from TBL Kelpin and 

pretreated by a routine developed earlier during my diploma thesis [68]. To maintain fully 

oxidized samples, they are first cleaned in acetone (5 min in a supersonic bath), in a 

H2O2/H2SO4 mixture (1:1) and in Millipore water, and finally calcined for 1-2 hours in an 

oven in air at 900°C-950°C. Subsequently the samples were cooled down in air and 

introduced into the UHV. In order to remove residual adsorbates and volatile contaminants, 

they were finally annealed for 5 min at 250°C in 50 mbar O2 and then cooled down in 

UHV. In some rare cases some contamination (Ca, Si) were still present on the surface 

after this preparation. In these cases, the sample surface was sputtered by Ar (U=0.6 kV, 

Ic ≈ 3 µA) and calcined again as described above. More investigations on the pretreatment 

of the rutile samples and surface topographies found for initial calcining in air at lower 

temperatures have been made during my diploma thesis and the results can be found 

in [68]. 

b. Bulk-reduced samples 

Two different pretreatments to obtain bulk-reduced rutile single crystals have been applied. 

Slightly reduced single crystals were prepared according to the literature [78,100] by 

annealing the sample for 30 min at 730°C in UHV, followed by Ar sputtering for 30-

60 min (U=0.6 kV, Ic ≈ 3 µA) (to remove contaminations from the surface) and annealing 

for 10 min at 730°C in 4·10-6  mbar O2. For some of the reaction measurements, only the 

first step (annealing to 730°C in UHV) was applied. More strongly reduced samples were 

prepared by annealing the sample for 30 min to 930°C in UHV, followed by Ar sputtering 

for 30-60 min (U=0.6 kV, Ic ≈ 3 µA) and finally annealing again for 30 min to 930°C in 

UHV. Light blue samples are usually obtained after the first preparation routine, while the 

color changes to dark blue after annealing to the higher temperature (cf. figure 2-3). A 

reversible re-oxidation of once reduced samples to fully oxidized single crystals is not 

possible by simply calcining. After additional annealing to 950°C in air, the sample color 
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figure 2-3: Differently pre-treated TiO2(110) rutile single crystals. From left to right: fully oxidized 
(yellow-white), slightly reduced (light blue), strongly reduced (dark blue) and re-oxidized (red-brown). 

changes to red-brown (cf. figure 2-3), indicative of more severe structural changes. This 

color is usually found for naturally grown twinned rutile single crystals and is also the 

origin of its name (lat. rutilus = red). 

MgO(100) single crystals 

MgO single crystals have a simple NaCl structure and clean (100) surfaces are often 

prepared by splitting them directly in UHV [139-144], but various surface restructurings 

may be found on the as-cleaved surfaces[141]. Better results could be obtained by 

annealing ex-situ cleaved samples at temperatures between 700°C and 1100°C in oxygen 

or air [145-148], while annealing in UHV or gases like Ar, N2 and CO2 has nearly no 

effect [145,149,150]. Using higher temperatures leads to the formation of screw defects 

(1200°C) [147] or the formation of facettes (1250°C) [151] Furthermore, higher 

temperatures also enhance the segregation of impurities (Ca, Al, Cr) to the surface [148]. 

MgO is strongly hygroscopic, and Mg(OH)2 or carbonates are easily formed upon storing it 

in air [139,140,142,147,151,152], but they can be completely destroyed again by annealing 

in oxygen at 500°C to 700°C [151].  

The following, slightly different preparation method than for the TiO2 substrates, was 

applied for MgO(100) samples, which were also purchased by TBL Kelpin. The substrates 

were first rinsed with isopropanol, dried with N2 and subsequently calcined for 14h at 

800°C in air. The initially high amount of carbon is strongly reduced this way and the 

intensive shoulder at the O(1s) peak originating from the Mg(OH)2 and Mg(CO)3 species, 

vanished completely (see figure 2-4). After cooling in air to room temperature, the samples 

were introduced into the UHV chamber and in a final step annealed for 15 min at 500°C in 

50 mbar O2 to remove hydroxyls formed during the cooling and transport in air. 
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figure 2-4: Detail XP-spectrum of the O(1s) region before (left side) and after (right side) annealing in 
air to 800°C. 
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2.4. Preparation of Au particles by the micellar technique 

The preparation of the samples was done in cooperation with the Department of Solid State 

Physics, Ulm University, where the technique was developed before and demonstrated on 

various substrates, like diamond, Si/SiO2, Al2O3 and SrTiO3 [122,123] (see figure 2-5). A 

polystyrene (PS)–block-poly-(2-vinylpyridine) (P2VP) copolymer is dissolved in toluene, 

where it forms spherical reverse micelles, with the hydrophilic P2VP forming the core and 

the hydrophobic PS the outer shell. The notation PS(x)-b-P2VP(y) refers to the number of 

monomers x and y of the respective polymers. Next, HAuCl4 is added to the solution, 

which is accumulated in the core of the micelles. After stirring the solution for ~1 week to 

achieve equilibrium conditions, all micelles are loaded with an equal amount of metal salt. 

The resulting Au loading is given as Au atoms divided by the total number of P2VP 

monomers in the solution. Finally, the Au loaded micelles are deposited onto the substrates 

by dipping the sample vertically into the solution and removing it at a constant velocity 

(standard: 14 mm s-1). This procedure results in a close-packed, ordered monolayer of the 

micelles with an intact polymer shell on the substrate, where the inter-particle distance is 

determined by the length of the polymer shell. As a final step, the surrounding polymer is 
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figure 2-5: Scheme for the preparation of Au/TiO2 samples by the micellar technique. (1) Spherical 
micelles with the hydrophobic part in the shell are formed in a toluene solution, (2) when HAuCl4 is 
added to the solution, the Au is collected in the core of the micelles. (3) A hexagonal array of micelles is 
formed on the surface after dipping the sample into the solution. (4) In the final step, the polymer shell 
is burned of in oxygen plasma. The inset on the left side shows the chemical formula of PS-b-P2VP. 
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removed in an oxygen-plasma (standard parameters: RF-Plasma frequency: 13,56 Mhz, 

P = 50 W, p(O2) = 4·10-2 mbar, T=200°C, t=30 min; temperature and time had to be 

adjusted to room temperature and 22.5 min for TiO2 (see chapter 5)). This treatment results 

in bare Au particles on the substrate, as it was shown before by TEM measurements [123]. 

Results of an alternative burn-off process by annealing in O2 are presented in chapter 5. 
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3. Set-up of new reactor systems 

3.1. Micro flow reactor 

Outline 

Planar model catalysts usually have a very small surface area (~0.5-1 cm2) when compared 

to disperse catalysts. Degussa-P25 TiO2 powder, which is often used as a support for real 

catalysts, has a surface area of 50 m2/g (others may even have areas of up to 

350 m2/g [153]). Although similar Au particle densities are obtained on powder and on 

model systems, only ~1 µg of the powder is needed to obtain a surface area similar to that 

of model catalysts (0.1 – 1.0 cm2) (see table 3-1). Hence, it is the goal to construct a reactor 

with a very high sensitivity to be able to perform quantitative measurements of the CO 

oxidation on model catalysts. For in-situ measurements, it is furthermore necessary to 

integrate the reactor into the existing UHV chamber to enable the transfer of the sample 

without transportation in air. 

Several model catalyst reactors and their attachment to UHV systems have already been 

developed [154-165]. In general, a separated chamber with a small volume (typically 

between 50 ml and 500 ml) is used as batch reactor and conversion rates are either 

measured by changes of the total pressure [160,161,166,167] or by product analysis via 

mass spectrometry or gas chromatography [154-158,162-165]. In order to enhance the 

sensitivity, a flow circuit of the gas for a better mass exchange [157], or, like in a special 

case for CO2 detection, a cooling trap to collect the product, have been applied [159]. 

Despite the fact that side reactions may occur, most reactors are fabricated from metal, but  

  

Sample 1 mg Au/TiO2 powder catalyst Au/TiO2 model catalyst 

Surface 500 cm2 < 1 cm2 

Loading 3.2  weight% 0.1 – 1.0 ML Au 

mean particle size ~ 3.4 nm 2-5 nm 

particle density 3.2·1011 cm-2 1011-1012 cm-2 

 particles/sample ~ 1014  ~ 1011 

assumed CO conversion 
(TOF=1) 

~ 1017 - 1018 /min ~ 1014 - 1015 /min 

table 3-1: Comparison of properties of powder and model catalysts. 
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also a glass reactor attached to a UHV chamber has been described [157]. The use of batch 

reactors has the advantage that the low total conversion rates of model catalysts can be 

compensated by long reaction times (often several hours) in order to get a sufficient 

product concentration that can be quantified. A batch reactor developed in our group by 

Feldmeyer [124] enabled activity measurement on disperse Au/TiO2 catalysts, prepared by 

the micellar technique [168]. The sensitivity of the system, however, was not sufficient for 

model catalysts. Later, a new set-up was constructed by Zhao and Diemant and 

successfully applied to measure CO oxidation reactivities on Au/TiO2/Ru(0001) model 

catalysts [165,169-171]. 

Using a flow reactor has the advantage that activation or deactivation processes can be 

detected in a much shorter time period, but the reactor volume and the gas flow have to be 

reduced drastically to obtain measurable product concentrations.. A nice example is an all 

glass reactor with a volume of only ~1µl and a gas flow minimized by 

capillaries [172,173], which was applied to measure CO oxidation on small area supported 

Pt catalysts prepared by electron beam [174] or colloidal lithography [175]. Recently, 

optical lithography was applied to fabricate a reactor with an even smaller volume [176]. 

Unfortunately, both reactor types cannot be directly connected to an UHV system and thus, 

the samples have to be transported in air. However, the basic idea of minimizing the 

volume and the gas flow was adopted for the design of the micro-flow reactor presented 

here which is located in the high-pressure cell of the UHV chamber.  

Simulation of product distribution in the micro-flow reactor 

a. Model for assuming the evolution of CO2 with reaction time 

By reducing both, volume and gas-flow, it should be possible to enhance the sensitivity far 

enough to detect very small gas conversion rates on model catalysts. To determine absolute 

values of these parameters in a simple theoretical model, where diffusion processes inside 

the reactor are not taken into account, it can be assumed that a certain part of the gas 

molecules in the reactor are converted into CO2 (NCO2) at a rate r. Meanwhile, the constant 

flow F through the reactor is removing a part of the product molecules, given by NCO2/N0, 

where N0 (which can be derived by the pressure p and the volume V) is the total number of 

gas molecules in the reactor, and new educts are brought into the reactor, keeping the 

pressure (and therefore N0) constant. 
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Solving equation 3-1 by integration leads to (see Appendix II): 
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This equation allows the determination of the concentration of gas products for different 

reactor volumes, gas flows and conversion rates. The reaction should fulfill the following 

conditions: 

• The assumed reaction rate has to be at least in the region 1013 - 1014 /min (see table 

3-1)  

• The concentration of the product (NCO2/N0) has to be higher than 0.1% to enable an 

undisturbed signal detection in the QMS 

• The time until equilibrium between CO2 production and CO2 outflow is reached has 

to be minimized to support a fast response to changes in the catalytic activity 

during the measurement. 

b. Simulation of flow, volume and rate 

To estimate how the product concentration cCO2 during a catalytic reaction depends on the 

gas flow, reactor volume and conversion rate, the effect of a variation of one parameter, 

while keeping the other two constant, was simulated as a function of t with equation 3-2. 

Obviously the product concentration will reach a steady state after a sufficient long time 

period, given by: 

 
F
r

N
N

c CO
CO ==

0

2

2
  (for t → ∞)     (3-3) 

At a constant rate r, the number of product molecules in the gas increases with decreasing 

gas flow F. In figure 3-1 (upper panel), CO2 concentration profiles for values between 

0.1 Nµl/min and 1 Nµl/min (2.7·1015 – 2.7·1016 min-1) are simulated for a reactor volume 

of 1 µl at 100 mbar (  N0=2.7·1015) and a reaction rate of 1013 min-1. As expected, the 

product concentration is highest (~0.37%) for the lowest gas flow, but also the longest time 

period is needed until a steady-state is reached. This becomes even more pronounced, 

when the reactor volume is varied instead of the flow (see figure 3-1, lower panel). In all  
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figure 3-1: Simulation of the time evolution of the product concentration at different gas flows at 
constant volume (upper panel) and at different reactor volumes at constant flow (lower panel). 

cases, the same final CO2 concentration is reached, however, the time needed to reach 

steady-state increases drastically (from ~0.5 min for V = 0.1 µl to more than 10 min for 

V = 2 µl). This shows that the contact time (N0/F) should not exceed a value of 1 min in 

order to avoid long delays (> 5min) in the measurement. 

The simulations show, however, that with a gas flow of ~ 0.1 Nµl/min a reaction rate of 

1·1013 min-1
 (which means a TOF of < 10-2 for ~5·1013 expected active sites on the model 

catalyst) should be easily detectable. A product concentration of > 0.1% is higher by a 

factor of 1000 than the expected value after 30 min reaction time in the batch reactor 

constructed before (see [124] for more details). Under steady-state conditions, different 
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activities should only result in different product concentrations, while the duration until 

this is reached is only influenced by the contact time of the gas-mixture in the micro flow 

reactor. 

Design of the micro flow reactor 

Beside the technical parameters described above the reactor has to be integrated into the 

AFM UHV-chamber, its walls have to be made of a catalytically inactive material and 

reaction temperatures up to 120°C as well as sample conditioning temperatures up to 

500°C have to be accessible. 

To achieve this goal, a reactor head, fabricated from titanium, is implemented into the 

high-pressure cell of the UHV-chamber (see figure 3-2). The sample is placed on a table 

with integrated heater and can be pressed against the reactor head by moving it vertically. 

The reactor head is sealed against the sample by an O-ring (Viton™, Kalrez™ or silicone) 

(see figure 3-3). The gas flow to the QMS is reduced by using a capillary with a small 

inner diameter (~50µm), while a slightly wider capillary (~75µm) transports the gas from 

the mixing cell into the reactor. This capillary is sufficient large to allow a faster gas flow 

into the reactor than out until a constant pressure in the reactor is reached, but small 

enough to avoid a backflow of reaction products, which may disturb the 

measurement [172]. The QMS is located in the upper part of the scanning mass 

spectrometer chamber (see following section for more details), a steel tube which can be 

closed by a valve if necessary, focuses the gases from the end of the capillary to its ion 

source. The material of the o-rings is specified to be stable up to 200°C-300°C which 

limits the possible reactor temperature to this value. Unfortunately, CO2 formation from 

side reactions with all tested sealing materials can already be detected at ~120°C and the 

reactor temperature should therefore not exceed 100°C during measurements. It is also 

possible to fill the whole high pressure cell with gases for conditioning the sample to 

higher temperatures, while it is retracted from the reactor head. 

The total volume of the reactor is given by the size of the cylindrical reactor head (radius r 

and height h): 

hrV ⋅= π2          (3-4) 

Here, for a radius of 2.5 mm and a height of 0.1 mm, the reactor volume is ~2 µl. 
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The gas flow can be calculated with the following equation: 
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(rc=radius of capillary, l=length of capillary, η=viscosity of the gas, po=1013mbar, p1=pressure inside the 

microreactor, p2=pressure at the QMS) 

As an example, for a pressure of 100 mbar, a capillary with a length of 2.0 m and an inner 

diameter of 50 µm, the flow should be 0.125 µl/min, for an inner diameter of 40µm it 

should be 0.05µl/min and therefore small enough to determine conversions of about 

1013/min.  

Test measurements on diluted Au/TiO2 powder catalysts 

A big advantage of the reactor design is its ability to be used for model as well as for 

realistic catalysts. For the powder samples a special sample holder is required. A 

cylindrical hole (d = 1 mm, h = 1 mm) in the center of the sample holder can be filled with 

the powder catalyst, typically between 1 – 2 mg. The powder catalyst, containing ~3.2 w% 

Au, was prepared by deposition precipitation and pre-calcined in a flow of 10% O2 in N2 at 

400°C for 30 min before introduction into the micro-flow reactor. The support, Degussa 

P25, has a surface area of 50 m2/g and the mean particle size is 3.4 nm [177] (see table 

3-1). However, even a very small amount of the Au/TiO2 powder catalyst (< 100 µg, which 

is the detection limit of the balance) is catalytically too active and results in a total 

conversion. Therefore it was diluted with an inactive α-Al2O3 powder by a factor of 1:500 

or 1:5000. The educt gas composition used for reactivity studies was 500 mbar of ~3% CO 

and ~10% O2 in Ar. 

Two different sample pretreatments have been performed (the first similar to the typical 

pretreatment [177], the second as UHV alternative): 

• Annealing to 400°C in 500 mbar O2/Ar (1:10)  

• Annealing to 400°C in UHV  

After the pretreatment, the samples were allowed to cool down to 80°C (in the gas or in 

UHV, respectively, and the reactor head was closed and filled with 500 mbar O2/Ar (1:10). 

Subsequently, ~3% of CO was added to the gas mixture reservoir. It takes several minutes 

until the same CO concentration is present in the steel tubes leading to the inflow capillary. 

Therefore the CO concentration in the reactor is only rising slowly until the 3% are  
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figure 3-2: Installation of reactor head in the load lock: (1) reactor head (fixed position), (2) heating 
table with sample, moveable in z-direction, (3) gas mixing cell, (4) capillary inlet to reactor (d = 50-
75 µm), (5) capillary outlet to mass spectrometer (d = 40-50 µm), (6) valve to UHV chamber. 

 
figure 3-3: sketch of the reactor head (left side) and extract of the lower part of the head pressed 
against a sample (right side) 
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reached. This treatment was carried out to avoid problems with the CO2 background 

originating from the O2. The O2 concentration was nearly kept constant meaning that the 

increase of CO2 can directly been related to a reaction. 

In figure 3-4, the reaction graphs after annealing in O2/Ar (1:10) are displayed for two 

states of dilution (1:500 and 1:5000). In both measurements, the CO2 concentration 

increases after adding CO to the gas mixture. The CO2 content rises very slowly, because it 

takes 20-30 min, until the CO concentration reaches its maximum. The overall 

concentration yields ~2% and most CO is converted into CO2 after ~30 min. When using 

the stronger diluted powder catalysts, around 0.3% CO2 can be found after 30 min, i.e. 

around 10% of the CO is converted. The reaction rate R can be calculated by the following 

equation: 
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For CO oxidation on powder catalysts, rates of ~3.0·10-4 mol(CO2)/(gAu·s) (1:500) and 

~4.5·10-4 mol(CO2)/(gAu·s) (1:5000) is found. To standardize the value for different particle 

sizes, the turn-over-frequency (TOF) resembling the amount of CO2 molecules converted 

every second per surface Au atom is calculated by 
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with the dispersion D as the fraction of Au atoms on the surface of a Au particle with 

respect to the total amount of Au atoms. If spherical Au atoms are assumed, which is 

justified for the realistic catalyst used here [177,178], the dispersion can be calculated 

along the following equation: 
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 Sp and Vp: surface and volume per Au particle 

 Sat and Vat: surface and volume per Au atom 

 d :  mean diameter of the Au particles 

With D=0.29 for 3.4 nm sized Au particle, a TOF value of ~0.2 - 0.3 s-1 is found (see also 

table 3-2).  
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figure 3-4: CO oxidation on Au/TiO2 powder catalysts, diluted by (1:500) (left panel) or (1:5000) (right 
panel) in Al2O3. The samples have been pre-annealed in 500 mbar O2/Ar (1:10) at 400°C. 

Reaction measurements of similarly pretreated disperse Au/TiO2 catalysts in a plug-flow 

reactor revealed a TOF number of 0.35 s-1 at 80°C (10 mbar CO and 10 mbar O2, balanced 

to atmospheric pressure by N2) [39]. From this, a slightly higher activity (TOF ~1 s-1 by 

assuming a reactor order of 0.72 for O2 [177]) could have been expected for the powder 

catalyst at the higher partial pressure of CO (50 mbar) applied in the new micro-flow 

reactor, but the results are still rather similar. Only very small amounts of a highly diluted 

powder catalyst are used in the reactor set-up here (1 mg, diluted up to 1:5000), and 

therefore a significant discrepancy between the actual and the assumed net weight of the 

catalyst can be expected (see also below). This may also explain the difference between the 

two differently diluted powder catalysts. 

The pretreatment in UHV leads to a totally different result (see figure 3-5). In this case, the 

sample is totally deactivated in the beginning, and the CO2 production slowly starts after 

around 10 min and is increasing further with time. Annealing in 500 mbar O2/Ar does not 

recover the activity. The activity is rather slowly regained during CO oxidation. A similar 

behaviour was reported before [40]. Different reasons might be responsible for the 

deactivation after annealing in UHV. Possibly, the morphology of the small support 

particles is changed during annealing in UHV, the sample may also be reduced after this 

treatment which may influence the activity or water may have been evaporated. Although a 

growth of the Au particles possibly occurs, it should be an irreversible process and only 

influence the final reaction rate under steady-state conditions. A reduction of the sample 

can also be excluded as reason, because no reactivation can be found after calcination 

which should lead to a reoxidation. However, desorption of water during annealing in  
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figure 3-5: CO oxidation on a Au/TiO2 powder catalyst, diluted by (1:500) in Al2/O3. The sample has 
been pre-annealed in UHV at 400°C (left panel), and subsequently a reactivation was tried by 
annealing in 500 mbar O2/Ar  (1:10) at 400°C (right panel). 

UHV can explain the reactivation during exposure to the reaction gas. Because no special 

drying of the reaction gases was performed, it possibly contains small amounts of water in 

the ppm region, which is slowly adsorbed on the surface and thus promotes the 

reactivation [40]. 

Unfortunately, the reproducibility of the measurements on powder catalysts is very poor. 

Even after mixing the catalyst with the Al2O3 very intensively, significant deviations 

between such measurements were found, which can not only be explained by differences in 

the net weight of the catalyst. It seems to be difficult to reach a homogeneous distribution 

and the real amount of Au/TiO2 in 1 mg diluted powder is varying. However, the 

measurements performed on diluted powder catalysts demonstrated a high sensitivity of 

the new micro-reactor set-up. It is possible to measure CO conversion on very small 

amounts of powder catalysts with a number of active sites comparable to a model catalyst, 

even though high reproducibility is hampered by inhomogenities in the distribution of the 

catalyst in the Al2O3 powder. The sensitivity can be raised further if the gas flow is 

reduced, e.g., by using capillaries with smaller inner diameters or by reducing the total 

pressure. 

Test measurements on Au/TiO2 model catalysts 

To further enhance the sensitivity, the conditions were slightly changed for activity tests of 

the model catalysts prepared by thermal evaporation. The total pressure was reduced to 

170 mbar (6.7%CO and 3.3% O2 in Ar) and a slightly wider capillary (diameter 50 µm 

than 40 µm) was used for the connection to the QMS. Despite the wider diameter of the 
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capillary, the lower pressure resulted in a reduction of the total gas flow by 1 Nµl/min (see 

table 3-2). The reaction temperature was 60°C. The influence of the substrate was also 

tested by using two different substrates, a rutile (110) single crystal surface and a thin 

titania film, prepared onto an Ru(0001) single crystal (film preparation according to Ref. 

[169]). .XPS measurements revealed that the surface area of the latter sample is fully 

oxidized (more details can be found in chapter 6). The same amount of Au was evaporated 

onto both surfaces at room temperature (0.5 ML), which should lead to a high density 

(~5·1012 cm-2) of small particles (see chapter 4 and [169]), although deviations between the 

two samples are possible due to different defect concentrations on their surfaces. 

The activity of both samples is surprisingly very different (see figure 3-6). While the 

concentration of CO2 rises up to ~3.2% within 20 min for Au particles on the thin film 

substrate, only a very low conversion (~0.1%) is found on the Au/TiO2(110) model 

catalyst. For the former catalyst, the reaction rate at the maximal CO2 concentration after 

20 min can be calculated to be 5·10-4mol(CO2)/(gAu·s) (TOF = 0.16 s-1), which is slightly 

lower than on the disperse catalysts, while it is much lower (<1.0·10-5 mol(CO2)/(gAu·s), 

TOF < 0.01 s-1) for the latter one. Similar results for the Au/TiO2/Ru(0001) sample have 

been obtained before in a batch reactor in our group [165,169]. However, the low activity 

of the Au/TiO2(110) sample is very surprising. As will be shown in chapter 6, the support 

has a very strong influence on the catalytic activity of Au/TiO2(110) model catalysts. 
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figure 3-6: Comparison of the activity of Au particles prepared by thermal evaporation on a TiO2 film 
on Ru(0001) and on a flat TiO2(110) surface. 
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Contamination and deactivation during measurements 

Due to the fact that the surface of the model catalyst is in direct contact to the sealing of 

the micro reactor during CO oxidation measurements, a contamination of the sample is 

possible. The polymeric material of the sealing (Viton™, Kalrez™ or silicone) contains 

usually also some contaminations which may segregate to the surface of the sample.  

In figure 3-7, the evolution of the CO2 signal for 80 min during a CO oxidation 

measurement is shown for the Au/TiO2/Ru(0001) sample described above. The graph 

shows that only for a short time (5-10 min) a constant CO2 signal can be detected. 

Afterwards the signal slowly decreases again and after 80 min the signal is only at ~40% of 

its initial value. Similar results could reproducibly obtained, but such a strong deactivation 

of the catalysts due to sample or reaction related effects (Au particle agglomeration or 

contamination by side products of the reaction) is usually not found for this kind of model 

catalysts [169,171], so it is more likely that contamination from the sealings are 

responsible for it. This is also consistent with XPS measurements, which show a 

significant increase of the C(1s) and F(1s) (for fluorinated polymers) or Si(2p) (for 

silicone) signals. Although most contaminations are in the region where the sample was 

pressed against the sealing, a smaller part can also be found besides. This shows that with 

the currently applied sealing materials, only the characterization of the initial activities of  
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figure 3-7: evolution of the CO2 concentration during a CO oxidation over a Au/TiO2/Ru(0001) sample 
for 80 min. 
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Sample amount/ 
surface 

area 

Au 
particles/ 
active sites 

educt gas flow CO2 amount TOF 

PC (calcined in 
O2/Ar) 

2 µg / 

1 cm2 

3.2·1011 / 

~5·1013 

500 mbar 

(3%CO + 
10%O2 in Ar) 

1.3 µl/min* 

~5.8·1014 
molecules/s 

2 % 

~1.2·1013 
molecules/s 

0.2 

PC (calcined in 
O2/Ar) 

0.2 µg / 

0.1 cm2 

3.2·1010 / 

~5·1012 

500 mbar 

(3%CO + 
10%O2 in Ar) 

1.3 µl/min* 

~5.8·1014 
molecules/s 

0.3 % 

~1.7·1012 
molecules/s 

0.3 

PC (UHV-
annealed + 
calcined in 
O2/Ar) 

2 µg / 

1 cm2 

3.2·1011 / 

~5·1013 

500 mbar 

(3%CO + 
10%O2 in Ar) 

1.3 µl/min* 

~5.8·1014 
molecules/s 

0.5 % 

~2.9·1012 
molecules/s 

0.06 

MC (evap on 
TiO2 film) 

 

0.5 ML / 

0.2 cm2 

5·1011 / 

8.7·1013 

170 mbar 

(6.7%CO + 
3.3%O2 in Ar) 

1.0 µl/min** 

~4.5·1014 
molecules/s 

3.2 % 

~1.4·1013 
molecules/s 

0.16 

MC (evap on 
TiO2(110)) 

0.5 ML / 

0.2 cm2 

5·1011 / 

8.7·1013 

170 mbar 

(6.7%CO + 
3.3%O2 in Ar) 

1.0 µl/min** 

~4.5·1014 
molecules/s 

0.25 % 

~1.2·1011 
molecules/s 

0.005 

table 3-2: Summary of test measurements on Au/TiO2 powder (PC) and model catalysts (MC). (*) 
Ø(capillary to QMS) = 40 µm, (**) Ø(capillary to QMS) = 50µm. 

Au/TiO2 model catalysts is possible. Moreover, if the contamination starts in the moment 

when the reactor is closed, it can be expected that the measured reaction rates after 15 min 

(when a steady state between CO2 production and out-flow should be reached) are slightly 

lower than the real reaction rates which would be obtained without the contamination. 

However, the initial reactivities of differently pretreated samples are still very reliable and 

can be compared with each other, which was also done for a comparative study of 

differently pretreated Au/TiO2(110) model catalysts (see chapter 6). 

With the currently used sealing materials it would only be possible to measure the activity 

after longer reaction times, by keeping the sample first in reactive gas in the load lock, 

while the reactor is open. The reactor could then be closed later to detect the reactivity 

after a certain reaction time. However, it is of course more desirable to follow changes 

directly during the reaction. It was tried to reduce the contamination by coating of the 

sealings with Au, but this method was not successful. An alternative solution would be to 

outgas the sealing materials first to remove the fillers. Although for most materials no 

reduction in contamination could by achieved, recent tests with Teflon™ rings showed that 

the contamination during a reaction can be drastically reduced. Another solution would be 

the application of metal sealings, but only rather soft materials, possibly Au or In, can be 

used to prevent the single crystal supports from breaking apart when the reactor is closed. 



3. Set-up of new reactor systems  52 

 

Summary 

A new reactor set-up for measurements on the catalytic activity of model catalysts with a 

small surface area was presented. In this set-up, the sample is directly pressed against a 

reactor head and a constant gas flow (~0.1 – 1 Nµl/min) is adjusted by a small capillary 

which transports the gases directly to a separated QMS analysis chamber. The volume of 

the reactor is reduced to ~2 µl in order to quickly reach steady-state reaction conditions . 

First test measurements were applied on powder catalysts (net weight down to ~0.2 µg) the 

resulting activities resemble those determined in a plug-flow reactor. Comparison between 

the activity of model catalysts prepared by thermal evaporation of Au (i) onto a rough 

titania film and (ii) onto a flat TiO2(110) surface revealed different activities depending on 

the surface structure. Even on the less active sample, a CO2 production of 8·1012 

molecules/min could be clearly detected, which allows the detection of TOFs down to 0.01 

on model catalysts. However, due to contaminations from the sealing materials, only initial 

reactivities can be measured in the moment and further enhancements are needed to follow 

the CO2 production over a longer time scale. 
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3.2. Scanning mass spectrometer (SMS) 

Outline 

The set-up of the scanning mass spectrometer presented here is completely different to that 

of typical flow or batch reactors. Here, a probe connected to a mass spectrometer analyzes 

only the gas directly above an active surface area and not the whole gas composition in the 

reaction chamber. This kind of system provides the intriguing opportunity to study the 

activity of different areas on a microstructured model catalyst by scanning the lateral 

product concentration above the sample. In recent years such systems have attracted 

considerable interest as detection method for high-throughput testing of heterogeneous 

catalysts [179-181]. 

In most designs, arrays of micro-reactors were either directly connected to a mass 

spectrometer, or the entire array was moved relative to a 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 mass spectrometer 

(MS) into the micro-reactor [179,182-186]. 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 [187-189] A comparable set-up, laid out for operation in O2 free atmosphere rather 

than in air, was described recently by Eckhard et al. and Li et al. [190,191]. In the design 

by Li et al., the catalyst was deposited as circular spot on a planar support. In contrast to 

designs 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 [191] 

The above mentioned designs operate at atmospheric pressure. Recently, Johansson et al. 

extended the use of scanning mass spectrometry to vacuum conditions, which enabled 

them to use ultra high vacuum techniques (UHV) for 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 [192-194]. Catalytically active fields 

were deposited on an inert substrate, which was mounted on a UHV sample holder. The 

catalytic activity of the catalysts was evaluated in a high pressure cell, at pressures in the 

range of 0.25 bar to atmospheric pressure, by scanning a set of 2 concentric capillaries over 
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the fixed substrate. Up to 20 catalyst samples, each 1 mm in diameter, could be deposited 

and characterized on a single substrate (10 mm diameter); at operation, a resolution of 

about 0.5 mm could be achieved [193].  

While the general idea of scanning a mass spectrometer probe across a field of catalytically 

active planar fields of different, well-defined and controlled composition under equally 

well-defined reaction conditions (temperature, gas flow) is fascinating, the quantitative 

determination of reaction rates, as compared to a qualitative comparison of different 

catalysts, is difficult in the ‘open’ designs described in refs. [191-193]. As mentioned 

already by Li et al. [191], the measured product gas concentration in these open systems 

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

the actual lateral resolution of catalytic measurements rapidly deteriorates with increasing 

height of the capillary probe relative to the sample surface due to increasing lateral gas 

transport by diffusion (atmospheric pressures) or by ballistic motion (low pressures), which 

increasingly hinders to directly correlate the product partial pressure/concentration 

measured above a microstructure to its catalytic activity, due to contributions from 

neighboring catalyst fields. 

The scanning mass spectrometer (SMS) system presented here has been constructed to 

characterize microstructured model catalysts. The samples are placed on a moveable 

heating table situated beneath a small glass capillary which is connected to a differentially 

pumped quadrupole mass spectrometer (QMS). The basic set-up was planned and 

constructed by M. Kinne and T. Häring. During this dissertation, the system was improved 

further and some simple microstructured test samples (µm-sized Pt fields on SiO2) have 

been prepared and applied for first reaction measurements with a spatial resolution. 

Finally, absolute reaction rates are estimated and the apparent activation energy is 

determined. Comparison of the resulting values with data obtained in previous studies of 

the CO oxidation reaction on Pt confirms that a quantitative evaluation of the reaction rate 

is indeed possible. 

Simulation of the product distribution over a microstructured model catalyst 

During the experiment, the distance between the probe and the sample will be around 5 to 

50 µm. The transport of the gas molecules to the capillary can either be controlled by 

diffusion or by ballistic motion, depending on the pressure. The mean free path of two 
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molecules before a collision takes place can be determined for an ideal gas by the 

following equation: 

 
A

m Npr
RT

Nr
V

⋅⋅⋅⋅
=

⋅⋅⋅
=

22 22 ππ
λ      (3-9) 

As shown for air (σ = π·r2 = 0.42 nm2) in figure 3-8, the mean free path can be much 

higher, equal or much shorter than the distance between the sample and the capillary. 

Therefore, product molecules can be, dependent on the pressure, transported by pure 

diffusion or by ballistic motion to the mass spectrometer. In the following, the use of the 

system is considered under ballistic motion conditions. 

For pressures lower than 5 mbar and probe-sample distances below 10 µm, the mean free 

paths of the product molecules are sufficient high to allow direct transport from the surface 

to the probe via ballistic motion. To estimate the influence of the size of the active fields, 

their separation and the probe-surface distance, a simple model with the following 

assumptions has been evaluated: 

• The same amount NCO2 of products leave every active point on the surface 

• The angular distribution of desorbing CO2 follows a cos φ distribution with respect 

to the surface normal 
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figure 3-8: dependency of the mean free path of air molecules on the pressure; the hatched region 
marks typical distances of the capillary probe with respect to the sample surface. 
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It has to be remarked that the second point is a simplification of the real angular 

distribution on Pt which will be the test sample for the new SMS system. Although a cos φ 

distribution can be found for physisorbed CO2 on Pt(111) [195], much sharper distributions 

are usually observed for CO2 desorbing after CO oxidation. The CO2 product angular 

distribution depends strongly on the structure and morphology of the Pt surface and was 

found to be around cos7 φ to cos10 φ for single crystalline surfaces [195-197] and cos2 φ to 

cos3 φ for polished polycrystalline surfaces [195]. The difference was explained by 

Matsushima by a higher surface roughness and a probably higher amount of low index 

planes on the polycrystalline sample. Segner et al. amended this by arguing that there are 

two desorption channels possible and that a fraction of the CO2 molecules leaves the 

surface with excess energy from the reaction resulting in a sharper angular distributions 

and that a higher amount of surface defects decreases that fraction [196]. The Pt sample in 

our case is prepared by sputter coating and will have a high surface roughness so that in 

our case n in cosnφ will be rather small (see below). However, better resolutions than the 

one simulated with the assumption of a pure angular distribution of cos φ can be expected 

for the CO oxidation on Pt. 

In the model applied here, it is assumed that all CO2 molecules that leave the Pt surface 

from a point on x between the angles αx and βx horizontal to the surface will reach the 

analyzer (see figure 3-9). This means that the fraction F of CO2 molecules that arrive at the 

analyzer can be calculated by: 

 ( )

x

x

x

x

x x
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sin d
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2 2
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β

β
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π

α

ϕ ϕ
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∫
∫

∫
   (3-10) 

The angles αx and βx can be derived for each point xi on the active surface along the 

following equations, fixing the position Px (i.e. the position of the capillary with respect to 

the surface) as well as its distance d from the surface and its aperture a (see figure 3-9): 

 xx Pcot
d
−

α =          (3-11a) 

 xx (P a)cot
d

− +
β =         (3-11b) 
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figure 3-9: 2-dimensional model to determine the fraction of product F(x) which reaches the probe 
from different locations on the surface. 

Inserting equations 3-11a and 3-11b into 3-10 leads to the following expression: 
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    (3-12) 

In figure 3-10, the amount of the product fraction F(x) which arrives from different 

positions x at a probe centered above an active line with length l = 10·a is shown for 

different distances d between the probe and the surface normalized by the aperture size a. It 

can be seen, that the amount that reaches the probe from directly beneath is decreasing 

rapidly with increasing d, while more and more product reaches the probe from farer away.  

The total amount A of product which is detected by a probe at the position Px above an 

active line with length L = xS – xE (with xS as the start and xE as the end point; see figure 

3-9) is the integrated area beneath the curves shown in figure 3-10 and can be calculated 

with the following equation: 
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figure 3-10: Simulations on an extended active line (l=10·a), showing the product fraction Fx that 
reaches the probe located on the center of the line from different points x at various heights (probe 
aperture size a=1). 

Solving equation (3-12) by integration leads to (see appendix II): 

( ) ( ) ( ) ( ) ( )x x E x S x E x S
1

P
2

2 2 2 22 2 2 2A d P x d P x d P a x d P a x= + − − + − − + + − + + + − 
 
 

 

(3-14) 

If the probe is centered above the active line, the starting position of the probe will be:  

 c E S
x

x x aP
2

+ −
=         (3-15) 

The maximum value of A detected with a probe centered above an active line L (position 

Px
c) can be found for d = 0 and directly depends on a or L: 

 if a ≥ l  A(Px=Px
c, d=0) = L 

 if a < l  A(Px=Px
c, d=0) = a 

That means that as long as the aperture is smaller than the active field, the maximum 

possible product amount and therefore the size of the measured field does only depend on 

the aperture size. This is also important for a quantitative analysis, where it has to be  
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figure 3-11: Simulation of the decay of the total product fraction on 1D active lines (length l) (left 
panel) and 2D active fields (side length l) (right panel) with increasing distance d obtained with a probe 
centered above the sample. 

considered how large the analyzed area is to be able to calculate reaction rates and turn-

over frequencies. In the following examples, L is always chosen to be larger than a and the 

influence of d/a and L/a on the detected product signal compared to A(Px
c, d=0)/a will be 

discussed.  

In figure 3-11 (left panel), the decay of detected product with increasing distance of a 

probe (a=1) located above the center of active lines with different lengths L is shown. As 

long as the length of the active field is large compared to the aperture of the probe, not 

much signal is lost at larger distances, because the loss of products from directly beneath is 

mostly compensated by products which arrive from besides. In contrast, a much more 

pronounced decay of analyzed products can be found if the length of the active line is close 

to the aperture size.  

The model presented up to now only considers 1D active lines and probes. It can be easily 

improved into 2D if the active fields and the aperture are assumed to be squared. In this 

case, the amount of product Ax,y measured with a probe centered above the field can be 

calculated by: 
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The right panel in figure 3-11 shows the product decay for a squared 2D field measured by 

a squared probe with increasing distance. The effect is similar as for the 1D line, but a 

faster decay of the signal is found. To perform a quantitative analysis with the SMS 

system, it is important to measure with parameters of L and d which allow to obtain a 

signal of A(Px
c)2/a close to 100%. Both parameters can be related to a by defining d = m·a 

and L = n·a. For xS = 0 equation (3-14) can be translated into: 

 ( ) ( )
c
x 2 2 2 2 2 2 2 2

A P 1 4m (n 1) 4m (n 1) 4m (n 1) 4m (n 1)
a 4

= ⋅ − + − + − − − − + + +  

           (3-17) 

The influence of n/m on the expected signal for a squared probe on a squared active field is 

shown in figure 3-12. It can be seen that for n/m = 10 already more than 95% of the signal 

are detected, while ratios of ~ 20 are needed to reach values of over 99%.  

In the next step a line scan above a 2D squared active field with a squared probe is 

simulated to evaluate how sharp the product signals will be. To achieve this, the position 

Px of the probe is varied, while Py
c (and therefore Ay) is kept constant in the center of the 

active field (see inset in figure 3-13). The amount of product that reaches the probe at 

different locations Px of the probe can therefore be calculated by: 

 ( ) ( ) ( )c
x,y x x x y yA P A P A P= ⋅        (3-18) 
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figure 3-12: Dependency of Ax(Px

c)/a on the ratio between the side length of a squared active field 
(n = l/a) and the distance of a squared probe (m = d/a). 
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figure 3-13: Simulated line scans by variation of Px at different probe-sample distances d above 
squared 2D fields (left side: l = 2·a. right side: l = 5·a). The insets at the bottom show a sketch of the 
simulated scans. 

In figure 3-13 line scans with different distances from the surface are displayed for two 

sizes of a squared active field (L = 2·a and L = 10·a). It can be seen that especially on the 

smaller field a short distance between probe and surface is crucial to be able to prevent a 

large signal loss. Even for a distance of ¼·a, the signal intensity is decreased to ~80% 

above the field. On the larger field also larger distances between probe and surface are 

sufficient to detect >95% of the signal, but the sharpness of the signals is decreased, e.g., at 

d = a, the product signal starts to increase already at a distance 5·a away from the active 

field. At very small distances, the signals are much sharper and it is also possible to find a 

plateau with maximum signal intensity. 

As last step, a 2D scan of a (3 x 3) array of squared active fields (L = 2·a, separation 

s = 4·a) is simulated. The dependency of the measured product amount Ax,y(Px,y) on the 

position Px and Py of the squared probe is calculated along the following equation: 

 ( ) ( ) ( )x,y x,y x x y yA P A P A P= ⋅       (3-19) 

The images in figure 3-14 show the evolution of Ax,y for scans at different probe-sample 

distances d from 0 to 5·a. As expected from the line scan for an identical geometry in 

figure 3-13 (left side), the maximal amount of detected product is rapidly decreasing from 

98.9% (d = 0.1·a) to only 8.1% (d = 5·a) with increasing distance, while the size of the  
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figure 3-14: 2D scans above a 3x3 array of squared active fields (l = 2·a, separation s = 4·a) simulated 
with a squared probe at various distances. 

measured fields is growing. Already at d = 0.5·a, larger sizes are measured, at d = 2.5·the 

signals from the separated fields start to overlap each other and finally at d = 5·a overall 

only one large product field can be detected. 

The simulations presented here clearly demonstrate that measurements of separated active 

fields are in principle possible. In summary, the following valuable information could be 

obtained by the simulations presented above: 

(1) Only for very short distances between probe and sample (d < 0.1·a) most of the 

CO2 from directly beneath the probe can be detected. 

(2) The loss of signal from directly beneath the probe with increasing distance can be 

compensated by products from the surrounding area, as long as the size of the 

active field is large compared to the aperture of the probe. However the ratio 

between the side length of the active field to the probe distance has to be at least 

10:1 to obtain more than 95% of the signal and 20:1 to obtain nearly 100%. The 

actual size of the measured field is equal to the aperture of the probe. 

(3) Small probe-sample distances are needed to obtain sharp signals.  
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More complex calculations for the spatial distribution of the educt/product concentrations 

on a model catalyst containing a regular pattern of µm-sized active areas and the 

corresponding educt/product flux densities were presented by Schultz et al. [198]. Similar 

to the findings here, these results demonstrate that an investigation of a planar sample 

patterned with catalytical active areas by a scanning mass spectrometer is possible, if 

certain constraints are considered. The distance of the active fields has to be sufficient high 

enough to inhibit an overlap of the product concentration between them. Furthermore, an 

aperture size at least similar to the size of the active areas has to be used and the distance 

between sample and probe has to be minimized. 

Design of the SMS chamber 

The concept and basic design of the SMS chamber was performed by M. Kinne and 

T. Häring [199] and was used here, with few refinements described below, for various test 

measurements. Later, the setup was further enhanced by M. Roos (see [200] for more 

details). The apparatus consists of two separately pumped chambers, the reaction chamber 

(lower part) and the analysis chamber (upper part). A schematic description and image is 

given in figure 3-15. 

Central part is the reaction chamber, which contains the sample stage. It is pumped by a 

turbo molecular pump (Pfeiffer-Vacuum TMU 261, pumping speed 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 turbo molecular pump. A combined Pirani / 

cold cathode gauge (Pfeiffer-Vacuum PKR 261) enables to monitor the pressure in the 

reaction chamber. For calibration, a more precise capacitance gauge (Pfeiffer-Vacuum 

CMR 263) was used. The educt gases are introduced separately into the chamber by leak 

valves, a CO (3.7) minican is directly connected to the valve, while the O2 (4.8) is 

connected to a small reservoir cell which can be pumped by a turbo molecular pump to 

avoid CO2 impurity problems that occurred when the gas was kept too long in the gas 

lines. The sample stage consists of a home-built heater on top of a three-axes high 

precision positioning substage (Kleindieck Nanotechnik LT6820, minimal step-width in z 

direction: 100 nm, maximal scan region (x,y): 20 mm x 20 mm, z-range: 15 mm) [201]. It 

can be moved either manually by an external control unit or under computer control. The 

position of the sample to the glass tube can be observed by a microscope installed outside  
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figure 3-15: sketch and photograph of SMS chamber set-up 

the reaction chamber. The sample is directly attached to the heater which consists of a 

tantalum-wire isolated by corundum ceramics; the temperature is measured by a K-type  

thermocouple directly connected to the table. Compared to the initially installed boralectric 

heater, no significant amount of CO2 is produced by the table during reaction 

measurements. The positioning table has to be held at temperatures below 130°C to avoid 

depolarization of the piezo ceramics which is achieved by tantalum heating shields 

installed beneath the reactor. 

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

completely separated from that except for the capillary between sample stage and MS. It is 

evacuated by a turbo molecular pump (Pfeiffer-Vacuum TMU 071 P, 60 l s-1), with a base 

pressure below 5×10-9 mbar. Under reaction conditions the pressure increases up to 2·10-

6 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). A thin 

capillary connecting the MS ionization room with the reaction chamber probes the local 

gas composition close to the sample surface. The capillary is made from a 75 mm long 

quartz tube with an inner diameter of 1.6 mm, whose front end (opposite to the sample 

surface) transforms into a tip with a constricted inner channel (inner diameter100 µm, 

length of the constricted channel ~2 mm), which limits the total gas flow to the MS 

reference to about 1014 – 1015 molecules/s. For recording lateral maps of the gas 

composition above the sample, the sample holder is moved with respect to the capillary tip. 

Moving the sample stage instead of the capillary [193] or a combination of lateral sample  
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figure 3-16: sketch of the glass tube connection between reaction and analysis chamber (left) and 
photograph of the glass tube (right) 

 

 
figure 3-17: left side: x,y,z positioning table, right side: sample and heating table below the glass tube 
in the reaction chamber. 
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motion and vertical capillary motion [190,191] allows a much simpler construction of the 

probing system. The gas species probed by the tip can directly reach the MS (without 

additional flexible parts as in ref. [190,191,193] that are required in configurations where 

the tip is moved relatively to the sample. Due to the short distance between sample and MS 

the measurements can be performed relatively. In addition, smaller capillary diameters can 

be used while maintaining reasonable gas flow rates to the MS, which is beneficial for 

measurements with high lateral resolution at lower pressures 

Calibration measurements 

a. Response time during short gas pulses 

During scanning measurements above a sample with µ-structured active areas, a fast 

response of the obtained signals to changes in the gas composition above the surface has to 

be obtained. To check the influence of the capillary size, the response of the system during 

short pulses of the single components has been measured. For capillaries with inner 

diameter down to 30 µm, response times of less than 1s with sharp signal widths have been 

obtained. For comparable capillaries with inner diameters of 5-10 µm the detected signal 

after a short gas pulse is broadened by up to a factor of 30 due to the slow gas flow through 

the narrow probe. This demonstrates, that the size of the capillaries cannot be decreased 

infinitely, but inner diameters of >30 µm must be used to retain short response times. 

b. Gas flow 

For a quantitative data analysis it is crucial to know the gas flow from the reaction chamber 

to the QMS-chamber, which can be derived from the pressure increase ∆pMS in the QMS 

chamber by the following formula: 

0pV
NpvF

mol

A
MSp ⋅
⋅∆⋅=        (3-20) 

where F describes the flow of incoming molecules passing through the capillary, vp 

denotes the pumping speeding in l s-1, and NA, Vmol and p0 represent the Avogadro number, 

the molar volume under standard conditions and the standard pressure. 
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figure 3-18: Calibration of the gas flow through the capillary. Dependency of the pressure in the QMS 
chamber (left panel) and the flow through the capillary (right panel) on the pressure in the reaction 
chamber 

By determining the correlation between the measured pressure preaction in the reaction 

chamber and ∆pMS (see figure 3-18), the following correlation can be established: 

 15 1
ReactionF p (mbar) 7.79 10 s−= ⋅ ⋅       (3-21) 

Test measurements on microstructured Pt/SiO2 samples 

a. Test samples 

Pt was applied as active material for the first CO oxidation test measurements, because it is 

highly active, has a high long-term stability and no significant size sensitivity. This makes 

it possible to apply closed films as active areas. The mechanism of the CO oxidation by Pt 

has been studied thoroughly since the beginning of the last century [202] on model and 

powder catalysts at different pressure regions [203]. Au/TiO2 catalysts have not been used 

for initial testing, because they are only active if the metal is present as nanoparticles and 

the activity decays during the reaction [85]. Nevertheless, the results obtained on Pt 

samples are used to receive information on detection limits of the set-up which in turn can 

help to estimate if a CO oxidation on Au/TiO2 model catalysts can be in principal detected. 

The first test samples for scanning measurements contained closed Pt fields with variable 

distances between them. A thin Cu foil containing small holes drilled into it was pressed 

onto a SiO2 sample surface during deposition of Pt. The metal films (height ~10 nm) were  
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200 µm 50 µm 
 

figure 3-19: microscopic images of closed Pt fields on a SiO2 surface. Size of Pt fields: 100 µm, distance: 
400 µm. 

deposited onto the surface, using a commercial sputter coater (BAL-TEC SCD 005). The 

sample was kept at room temperature during the deposition. Prior to CO oxidation 

measurements, the sample was annealed to 350°C in 5 mbar O2 to remove contaminations. 

In figure 3-19 examples of Pt fields measured with an optical microscope are shown. The 

image shows round fields with a diameter of ~100 µm and different distances in between. 

A rather rough surface of the Pt fields can be expected from the preparation routine. 

b. Response time and quantification of reaction rates 

The mass spectrometric ion currents can be converted into reaction rates based on two as-

sumptions. First, it can be assumed that the total gas flow through the capillary is identical 

to the pumping speed vp at the respective partial pressure in the analysis chamber. Second, 

it can be assumed that for very close distances between sample surface and capillary tip 

only those CO2 molecules formed in the catalyst area directly underneath the orifice will 

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, this can be safely assumed. 

The second assumption can be justified when considering that for very close vertical 

spacings between capillary tip and catalyst surface, which are small relative to the lateral 

dimensions of capillary orifice and the 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. Furthermore, as it was shown in the simulations above, 

the loss of signal from directly beneath the probe can be compensated by products from the 
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surrounding area. As a result, the size of the measured field should be equal to the aperture 

size a. 

Under these conditions, the rate rCO2 of CO2 molecules formed on the imaged catalyst area 

can be determined from the CO2 concentration cCO2 measured in the analysis chamber at a 

given total pressure in the reaction chamber with formula 3-21: 

 
2 2

15 1
CO CO Reactionr c p (mbar) 7.79 10 s−= ⋅ ⋅ ⋅      (3-22) 

In figure 3-20, the evaluation of the CO2 signal measured directly above a Pt field during a 

heating ramp is shown. The reaction chamber was filled with 0.1 mbar O2:CO (10:1) and 

the distance between probe and sample was minimized (no direct distance measurement 

was possible, but from a comparison with the diameter of the probe the distance to the 

surface was around 10-20 µm). The CO conversion below 200°C is too low to be detected, 

while above this temperature the CO2 signal is rising until at 340°C the gas contains 

around 2.5% of CO2. At 0.1 mbar, the gas flow should be 7.8·1014 s-1 (cf. formula 3-21) 

thus it contains ~2.0·1013 CO2 molecules per s. If on the rough surfaces a density of active 

sites of around 2·1015 /cm-2 and therefore ~1.9·1011 per Pt field (area: 80 µm2) is assumed, 

the TOF should be around ~100 s-1. This result can be compared with an earlier study on 

the catalytic activity of a Pt(100) sample [204]. There a TOF of ~10 was found at the same 

temperature but for a gas mixture of 22 mbar CO and 11 mbar O2. By taking the reaction 

order, which is -0.9 for CO and 1.0 for O2 into account, the TOF for the gas mixture used 

here (0.01 mbar CO and 0.1 mbar O2) can be calculated for the different partial pressures 

using a simple power law ansatz to be ~93.  

For further comparison of the reaction characteristics on extended surfaces [204] and on a 

Pt wire [205] the activation energy for CO oxidation from the temperature ramp 

measurement was determined. The number of CO2 molecules obtained at different 

temperatures is presented in an Arrhenius plot in figure 3-20. Evaluation of the slope 

results in an apparent activation energy of 120 kJ mol-1. Also this value fits very well to 

results in this temperature regime published earlier for Pt(100) (133 kJ mol-1, temperature 

between 225 and 425°C, pCO = 22 mbar, pO2 = 11 mbar) [204] and a Pt-wire samples 

(125 kJ mol-1, pCO = 5 mbar, pO2 = 5 mbar in He) [205], proving further support for the 

above conclusion that the CO oxidation characteristics on the Pt microstructures closely 

resemble those on extended single- and polycrystalline Pt surfaces. 
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figure 3-20: CO2 production measured above a Pt field during heating ramp (left graph) and 
corresponding Arrhenius-plot (right graph) 
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figure 3-21: Product intensity measured at different temperatures by moving the active field manually 
beneath the capillary and away 
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In a second test, the apparent signal-to-noise ratio and the response time of the analytic was 

tested for different reaction temperatures in 0.1 mbar CO:O2 (1:10). Therefore the active 

field was quickly moved beneath the capillary and away from it. In figure 3-21, the 

resulting CO2 signals are shown for 320°C, 230°C and 190°C. The corresponding CO2 

concentrations are 2.2% (NCO2 = 1.7·1013), ~0.1% (NCO2 = 8·1011) and 0.01% 

(NCO2 = 8·1010) and if ~1.9·1011 active sites per Pt field are assumed, the TOFs are ~90 s-1, 

~4 s-1 and ~0.4 s-1, respectively. Although the signals at 190°C are rather noisy it is 

possible to clearly distinguish between the CO2 signal above the active fields and the 

background signal away from them. Furthermore, it takes only a few seconds until the CO2 

signal reaches its maximal or minimal levels thus demonstrating that the analytic responds 

very fast to changes in the gas composition at the probe. A comparison with the results 

found in [204] with an extrapolation to our partial gas pressures resembles TOFs of 75 

(320°C), 1.9 (230°C) and 0.2 (190°C) (measurements with similar temperatures and CO/O2 

ratios as in our case but total pressures of 10-100 mbar revealed that the reaction order of 

oxygen is for the whole temperature range 1.0, while it goes down from -0.9 for the high 

temperature to -0.6 at the two lower temperatures for CO [204]). Again, the TOFs 

measured with the SMS set-up are close to the results from the literature. The slightly 

higher TOFs found here may be due to a higher activity because of the rougher Pt surface.  

c. Scanning above two separated fields 

As a last test, a 2D scan of an area with tow active fields (size 100µm, distance 350µm) 

was performed. The reaction chamber was filled with 0.02 mbar CO:O2 (1:10), and the 

sample temperature was 250°C. The resulting CO2 concentration map demonstrates that it 

is possible to discriminate the activity above the two fields (see figure 3-22), but CO2 is 

also found in between the fields. Also different maximal CO2 concentrations are found 

above the separated films. The main reason for this is most likely, that the sample is 

slightly tilted with respect to the probe and this leads to variations in the probe-sample 

distance during the scan (a change of the distance could be observed with the optical 

microscope when moving the sample laterally for a distance of few mm). 

Summary and outlook 

The scanning mass spectrometer described here provides the possibility to investigate and 

quantitatively characterize the catalytic properties of individual catalytically active  
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200 µm 

 
figure 3-22: image of CO2 product scan over two Pt fields (size: ~100 µm, distance: ~350 µm); reaction 
parameter: p=0.02 mbar, c(CO):c(O2)=1:10, T=250°C 

microstructures or arrays of such microstructures on planar surfaces. At present, reaction 

studies are possible over a wide range of pressures in the sub-millibar to millibar range, 

and at temperatures between room temperature and 400°C. Advantages of the present set-

up include its compact design with a very short capillary and the high precision of the 

lateral and vertical motion by moving the sample via a high-resolution, piezo-electrically 

driven positioning substage. The test measurements shown here clearly demonstrate that 

measurements above microstructured planar catalysts can be performed. The analytic 

responds quickly to changes in the gas composition above the surface and CO2 

concentrations above active fields down to 0.01% could be detected. For the current 

capillary size of ~150µm, resulting in a total gas flow of ~ 8·1014 molecules·s-1, this means 

that down to 8·1010 CO2 molecules·s-1 can be detected. For a microstructured Au/TiO2 

catalysts with typically ~1014 active sites per cm2 and therefore ~1010 active sites per field 

a TOF of ~10 would be necessary to detect any reaction. This is clearly too high for 

Au/TiO2 model catalysts, where TOFs are usually found between 0.1 and 1 at atmospheric 

pressure (at 80°C) and will be even lower in the pressure regimes applied here. To work 

successfully on these catalysts, the gas flow to the analysis chamber must be reduced at 

least by a factor of 100, which can be achieved by smaller capillary sizes. 
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The alignment of the sample heating table is another still existing problem. For scanning 

measurements it is absolutely necessary, that the sample-probe distance can be measured 

and remains constant during scanning, which is not the case in the current set-up. 

Furthermore, the sample exchange is very difficulty, because the whole table has to be 

removed from the chamber. In the meantime, the set-up was further improved by M. Roos 

and detailed results of scanning mass spectrometry measurements using a new heater table 

with a distance sensor, a new load lock and a labVIEW controlled measurement program 

can be found in Ref. [200]. 
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4. Model catalysts prepared by thermal evaporation 

The growth of Au particles on TiO2 single crystal surfaces during evaporation has been 

studied thoroughly before, but for applying surface science techniques like STM or LEED, 

only conductive bulk-reduced substrates, mostly with reoxidized surfaces, have been used 

(see chapter 1.1.). However, these samples have two distinct disadvantages: 

(1) Morphological changes on the surface accompanied by a reduction of the 

conductivity [61,67,83] complicate the investigation of these systems upon exposure to 

oxygen containing gases. 

(2) The direct comparison with disperse Au/TiO2 catalysts might be difficulty because 

their supports are usually fully oxidized and furthermore typical CO oxidation 

measurements and (re-)activation treatments are performed at temperatures up to 

100°C to 400°C. 

Moreover, by application of fully oxidized TiO2(110) samples it is possible to study the 

influence of the chemical state of the bulk on particle growth, stability and reactivity and 

thus close a still remaining gap in materials applied for model catalysts of this kind. 

Therefore, a new pretreatment technique, leading to a clean TiO2(110) surface on a fully 

oxidized bulk, and the growth of Au particles on this surface was investigated and the 

results will be presented here. The main part of this chapter deals with the thermal stability 

of Au/TiO2 samples in UHV, oxygen, air and in a CO/O2 mixture. Furthermore, some 

additional results on the preparation of flat MgO(100) surfaces and the growth of Au 

particles on top of it will be presented. 

4.1. Clean TiO2 and MgO substrates 

TiO2(110) substrate 

First, the topography and the chemical surface composition of the freshly cleaned TiO2 

samples (see chapter 2.2.) were examined by XPS and AFM. Due to the low conductivity 

of the sample, a charging of ~2 – 5 eV occurs during XPS measurements and the peak 

positions were calibrated to the position of Ti4+ in rutile at 459.2 eV [136]. Based on the 

data - a survey XP spectrum of the sample is shown in figure 4-1 - the surface is very clean 

except for trace impurities of carbon (2%± 0.5% of a monolayer). From their binding  
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figure 4-1: Survey XP-spectrum (source Al-Kα) of a freshly prepared, fully stoichiometric TiO2(110) 
surface. The inset shows a high resolution scan of the C(1s) region. 
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figure 4-2: XP-spectrum of the Ti(2p) region of a freshly prepared, fully stoichiometric TiO2(110) 
sample (a) before and (b) after annealing to 600°C in UHV. The difference a) – b) is shown in c). 
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energy (B.E.) of 285.3 eV and 289.1 eV (see inset in figure 4-1) they are attributed 

toadsorbed hydrocarbons and carbonates respectively, which were presumably adsorbed 

during the transport through air or produced during the low temperature annealing process. 

The atomic sensitivity factor (ASF) corrected O(1s) and Ti(2p) intensities give a O : Ti 

ratio of 2.3 ± 0.1, similar to a previous report for a fully oxidized TiO2 substrate [206]. The 

higher amount of oxygen is mostly likely due to oxygen-containing species adsorbed on 

the surface, mainly H2O/OH species. Detail spectra of the Ti(2p) peak show no detectable 

contributions of partly reduced Ti3+- or Ti2+-species, supporting the interpretation of a fully 

oxidized, stoichiometric surface (see figure 4-2). (A simple simulation of a Ti(2p) 

spectrum using the Ti4+ and Ti3+(2p) peaks at 459.2 and 457.2 eV (2 eV below the Ti4+ 

peak [207], respectively, showed that 5% Ti3+ can easily be detected in the spectrum at 

present resolution.) Even after 60 min annealing at 600°C in UHV, the surface remains free 

of any detectable reduced Ti species. Large-area AFM images show that the surface of the 

calcined samples consists of extended flat terraces with a width of 100 nm – 200 nm, 

which are separated by steps of 0.33 ± 0.01 nm height (see figure 4-3). The step height 

corresponds to monolayer steps on TiO2(110) [64]. 

The well ordered step-terrace morphology found on these surfaces differs distinctly from 

that of TiO2 surfaces prepared for STM studies. The latter surfaces are commonly prepared 

by sample annealing in vacuum at elevated temperatures and/or cycles of Ar+-sputtering 

and subsequent annealing, either in vacuum or in an O2 atmosphere, but at much lower 

pressures than used here, typically around 10-6 mbar (see introduction for more details). 

For comparison, an AFM image of a TiO2(110) surface after annealing to 730°C in UHV 

for 1h, Ar-sputtering and finally annealing in 1·10-6 mbar O2 at 730°C for 10 min 

(procedure as in [100]) is shown in figure 4-4. As expected, a higher roughness and a large 

number of small TiO2 islands can be found. According to XPS only Ti4+ is present, but the 

absence of charging effects during the measurement proofs the enhanced conductivity of 

the sample. Surfaces as highly ordered as those produced in our experiments by annealing 

in air can only be obtained by vacuum annealing if temperatures over 900°C are 

used [61,64,208]. This results, however, in a higher degree of reduction of the sample and 

a (1x2) reconstruction. 

The surface structures obtained by the preparation procedure presented here are highly 

reproducible. Variation of the annealing temperature between 900°C and 1050°C and the 

annealing time between 2h and 12h results in comparable surface topographies. It was 
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found, however, that longer annealing times and/or higher temperatures may lead to 

segregation of Ca impurities to the surface, as previously reported after high temperature 

annealing in vacuum [209,210]. 

 

 

 

 

 
figure 4-3: nc-AFM images of a freshly prepared, fully oxidized TiO2(110) surface. Left image: 
800 nm × 800 nm, right image: 200 nm × 200 nm. 

 
figure 4-4: nc-AFM image of a bulk-reduced TiO2(110) sample with reoxidized surface prepared 
according to [100]. Left image: 400 nm x 400 nm, right image: 200 nm x 200 nm 
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MgO(100) substrates 

The chemical composition and morphology of the surface of a MgO(100) single crystal 

after cleaning, annealing at 800°C in air and at 500°C in O2 (see chapter 2.2) was 

examined by XPS and AFM. Due to the non-conductive properties of MgO, a charging of 

about 8 eV was found and the XP spectra were calibrated to the position of Mg2+ at 

88.1 eV. Besides the presence of some C, small amounts of Ca and K could be found on an 

otherwise clean surface, which were not present in the beginning and therefore must have 

segregated to the surface during the calcination at 800°C (see figure 4-5). AFM images 

reveal a flat surface consisting of a high number of rectangular islands with a side length of 

~ 10 – 50 nm (see figure 4-6). This surface morphology is very similar to a previously 

published one that was prepared by annealing in at least 10% O2 in N2 at 1000°C [145]. 

These results show, that rather flat MgO(100) surfaces can be obtained by a simple 

preparation routine, but in order to obtain a surface that is absolutely clean from Ca and K 

impurities, the preparation procedure has to be improved, most likely by more steps of 

annealing in air or O2 and sputtering.  
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figure 4-5: Survey XP-spectrum (source Mg-Kα) of a MgO(100) surface after annealing in air for 14h 
at 800°C and in 50 mbar O2 for 15 min at 500°C. 
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figure 4-6: nc-AFM images of the MgO(100) surface after the final annealing step in O2. Left image: 
800 nm x 800 nm, right image: 200 nm x 200 nm. 
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4.2. Growth of Au nanoparticles 

Au/TiO2(110) 

The distribution, mean particle size and particle size distribution of Au nanoparticles 

resulting upon Au deposition on the fully oxidized TiO2(110) substrates was investigated 

for Au/TiO2 model systems with nominal Au coverages of 0.2 ML, 0.5 ML and 1.0 ML, 

respectively. After Au deposition (rate ~ 2 ML/min) on the TiO2 substrates held at room 

temperature, surfaces covered with a high density of Au nanoparticles, randomly 

distributed over the surface are found (see figure 4-7 a, c, e), no favored nucleation sites 

can be discovered. Evaluation of these and other AFM images of the respective surfaces 

results in particle densities of 3.9⋅1012 cm-2 (± 0.3·1012), 5.8⋅1012 (± 0.2·1012) and 

4.1⋅1012 cm-2 (± 0.3·1012). The error values resemble the maximal abbreviation of the 

particle density measured on one area compared to the mean value obtained from at least 

three different positions. The decrease in particle density from 0.5 to 1.0 ML shows that 

the number of Au particles increases in the beginning. At higher coverage, they already 

have coalesced during the growth. The height distribution (see figure 4-7 b, d, f) was 

obtained by measuring several hundred gold particles separately at different locations of 

the sample. On the samples with very high particle distribution, this might be critical 

because tip convolution effects could make it difficult to see always the correct  

height, but our results are in good agreement with the literature (see below). For the lowest 

coverage most of the Au nanoparticles consist of two-dimensional (2D) monolayer Au 

islands (a height of 0.23 nm corresponds to the height of a Au(111) layer, the reported 

orientation of the Au islands parallel to the surface [79,93]). Higher particles containing 

two or more Au layers (multilayer islands) are observed for the 1 ML Au covered sample.  

The particle diameters were estimated indirectly since the apparent diameter of the imaged 

particles is much larger due to tip convolution effects. For the calculation, the Au 

coverages (Θ), the mean height of the nanoparticles (h), and the particle density (nC) 

measured from AFM images were used to determine the diameter of spherical segment 

shaped particles (see figure 4-8) , which is justified based on previous reports of 

hemispherical particles with larger diameter than height for particles exceeding 5 nm size, 

and significantly flatter particle shapes for smaller particles [79]. 
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figure 4-7: nc-AFM images (a,c,e) of Au/TiO2(110) samples and the corresponding particle height 
distributions (b,d,f) after evaporating a,b) 0.2 ML, c,d) 0.5 ML Au and e,f) 1.0 ML Au on fully oxidized 
rutile TiO2(110) substrates (175 nm × 175 nm, 160 nm × 160 nm, and 150 nm × 150 nm). 
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figure 4-8: Sphere and spherical segment 

The total volume of the Au evaporated onto the surface is given by: 

ρρ ⋅
⋅⋅Θ

==
A

ML

N
MNmV         (4-1) 

(m: mass of evaporated Au, ρ: density of Au, NML: number of Au atoms in 1 ML, NA: Avogadro-constant and 

M: molar mass of Au) 

The mean volume of a cluster VC can now be calculated with the particle density nC: 

C
C n

VV =          (4-2) 

The volume of spherical segment shaped particle is given by 

( )223
6
1 hrhV bC += π ,        (4-3) 

and the diameter of the particle can now be calculated with: 
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Finally, together with the equations (3-1) and (3-2), d is given by 
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The calculated mean diameters of the particles for different coverages lie between 2.4 and 

3.8 nm (see table 4-1) and are in good agreement with typical values found in the 
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literature [85,86] (see table 4-2). Along with the surface Sc of a spherical segment shaped 

cluster which is given by 

 π⋅⋅= hdSC ,         (4-6) 

the dispersion D of the particles, which is defined as the fraction of Au atoms located on 

the surface with respect to the total amount of Au atoms in the particle (see also equation 

3-8) can be calculated with the volume Vat and surface Sat of a Au atom with the following 

equation: 

 ( ) at

at

S
V

hhd
dD ⋅

⋅−⋅
⋅

=
5.1

3        (4-7) 

Calculation of the dispersions shows that D is decreasing from 1.0 over 0.64 to 0.48 with 

increasing coverages from 0.3 over 0.5 to 1.0 ML respectively (see table 4-1). 

The Au(4f) B.E. was found to be 84.4 eV for the low coverage and around 84.0 eV for the 

1 ML Au covered sample (see figure 4-9). The latter is identical to the value of 84.0 eV 

reported for bulk Au [136]. The higher B.E. value of the low coverage sample is 

commonly explained by final state particle size effects, which shifts the binding energy of 

the Au electrons to higher values for very small particles [211-213]. In the present case, 

also chemical effects, resulting from the interaction of the Au monolayer islands with the 

TiO2 substrate, may contribute [78]. 

The general growth behavior is in good agreement with that determined in previous STM 

or ion scattering (LEIS)/XPS studies on reduced TiO2(110) single crystals and thin films 

(see introduction). Only very flat particles are found for low coverages, while the mean 

particle height increases with increasing Au coverage. The particle heights are found to be 

randomly distributed around the most prevalent height, which lies near the mean height. 

This shows that the growth of larger particles is most-likely self-limited, while new ones 

are formed beside them [83,84]. This also fits very well to previous findings on bulk-

reduced TiO2(110) substrates [83,85,86]. In case of a not self-limited growth one would 

expect that the larger particles evenly grow further, while new ones are formed, thus 

leading to a prevalent height larger than the mean height [80]. A size distribution as 

observed in our case is only possible for random nucleation, if it is dominated by 

coalescence of mobile clusters, which could not be observed by in-situ STM measurements 

on bulk-reduced samples [83] and which was shown to be only possible for very small 

Aun-O-vacancy complexes (n = 3 - 5) [87]. 
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Sample Coverage

/ ML 

Particle 

density 

/ cm-2 

Mean 

height 

/ nm 

Mean 

width / nm 

Dispersion B.E. 

Au(4f) 

/ eV 

Rel. int. 

Au(4f)/ 

Ti(2p) 

After eva-
poration 0.2 

3.9·1012 

± 0.3·1012 
0.35 3.0 1 84.4 0.15 

After eva-
poration 0.5 

5.8·1012 

± 0.2·1012 
0.74 2.4 0.64 84.2 0.25 

After eva-

poration 
1.0 

4.1·1012 

± 0.3·1012 
0.93 3.8 0.48 84.0 0.47 

After 30 

min 400°C 

in UHV 
0.2 

3.8·1012 

± 0.1·1012  0.42 2.6 0.99 84.3 0.15 

After 30 
min 500°C 

in UHV 
0.2 

3.3·1012 

± 0.2·1012 0.47 2.7 0.90 84.1 0.13 

After 
2 /15.5 h in 
O2 at room 

temp. 

0.5 

5.8 / 5.7 
·1012 

± 0.2 / 0.3 
·1012 

0.75 /  

0.72 

2.4 / 

2.5 

0.63 / 

0.64 
84.2 

0.25 / 

0.26 

After 30 
min in O2 at 

400°C 
0.2 

6.5·1011 

± 0.5 ·1011 1.3 3.5 0.38 84.0 0.09 

After 30 
min in air 
at 400°C 

0.2 
1.3·1012 

± 0.2·1012 1.1 2.5 0.48 84.0 0.09 

After subse-
quent 45 

min in H2 at 
200°C 

0.2 

1.3·1012 

± 0.1·1012 1.1 2.5 0.48 84.0 0.09 

table 4-1: Change in density, mean height, mean width, and dispersion of the Au nanoparticles as well 
as of the Au(4f) peak position and relative intensity during annealing in different atmospheres. The 
mean width and the dispersion were calculated from the measured particle densities, the mean heights 
and the known coverage assuming spherical segment shaped gold particles. 
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figure 4-9: XP-spectrum of the Au(4f) region after evaporation of 0.2, 0.5 and 1.0 ML Au onto fully 
stoichiometric TiO2(110) samples. 

Typical particle densities derived in or from data in different studies are listed in table 4-2. 

Although they are quite similar, small deviations can be found, e.g. between 2.5·1012 and 

4.0·1012 cm-2 for a coverage of ~0.2 ML(see [83] and [88]), while 3.9·1012 cm-2 are found 

on the fully oxidized substrates. There are two possible explanations for these findings: 

Either differences in the evaporation rate, which is unfortunately not always mentioned in 

the publications, or variations in the growth behavior because of different surface 

pretreatments may be responsible. To check this, Au was also evaporated onto a bulk-

reduced crystal (see figure 4-4 before and figure 4-10 after evaporation). The TiO2(110) 

sample was pretreated as in [100], which should result in a (1 x 1) overlayer like on the 

fully oxidized sample, although typically around 6-7% of oxygen vacancies on the surface 

can be expected. Although the same evaporation rate (~2 ML/min) was used, the resulting 

particle density is smaller (2.9·1012 cm-2 compared to 3.9·1012 cm-2) and the mean particle 

height is larger (0.59 nm compared to 0.35 nm). This shows that the substrate pretreatment 

has indeed a significant influence on the particle growth behavior and that an increase in 

the number of surface steps on the bulk reduced sample does not lead to a higher particle 

density. This fits also very well to results published recently, where a strong interaction of 

oxygen from the surface with the Au was found to favor the growth with a high density 
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figure 4-10: nc-AFM images (a,c) of Au/TiO2(110) samples and the corresponding particle height 
distributions (b,d) after evaporating a,b) 0.2 ML Au on bulk-reduced rutile TiO2(110) substrates with 
reoxidized surfaces and (c,d) after subsequent exposure to 50 mbar O2 at room temperature for 2h 
(image sizes: 160 nm × 160 nm). 

and to stabilize the metal particles, while bridging oxygen vacancies have a destabilizing 

effect [214] (in contrast to defects prepared by Ar+ sputtering [215]). Although oxygen 

vacancies may serve as nucleation centers, the resulting Au particles are only stable if they 

contain less than 3-5 atoms. Larger clusters start to coalesce due to cluster diffusion [87] 

leading to smaller particle densities than on TiO2(110) surfaces with less defects [214]. 

Furthermore, a preferred growth on steps was only observed if the TiO2 surface was 

exposed to water [214]. The formation of OH-groups on the surface destabilizes the Au 

particles and thus favors the growth of larger particles on steps [214]. Therefore, it is most 
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Au/TiO2 
model system 

Substrate 
preparation 

Θ /ML ρ / 
particles cm-2 

Diameter 
/height 

/nm 

ref. 

Au/TiO2(110) reduced + 

reoxidized (1x1) structure 

Sputter + anneal 

(830K/UHV)  

cycles 

0.1 
0.2 

1.0 

2.0 

4.0 

2·10-12 

2.7·10-12 

4.0·10-12 

4.5·10-12 

4.1·10-12 

1-2/0.3 
3/- 

3-5/1-2.5 

4.5/- 

5.4/- 

[85], 

[86] 

Au/TiO2(110) reduced + 

reoxidized (1x1) structure 
Sputter + anneal in 

O2 (730°C/5⋅10-7 

mbar) cycles 

0.01 
0.08 

0.20 

1.5·1012 

4·1012 

4·1012 

1.5/0.25 
1.6/0.25-0.8 

2.8/0.6-1.4 

[88] 

Au/TiO2(110) reduced + 

reoxidized (1x1) structure 
sputter (0.5 kV) + 

anneal (730°C/UHV) 

Repeated 10 times 

0.02 
0.03 

0.2 

0.5 

0.7 

n/a 2.5/0.4 
2.7/0.5 

3.0/0.6 

4.0/1.1 

4.5/1.4 

[89] 

Au/TiO2(110) reduced + 

reoxidized (1x1) structure 
Sputter (0.8kV)-

anneal (830K/UHV) 

cycles 

0.09 

0.21 

0.34 

0.58 

0.85 

0.6·1012 

1.6·1012 

1.8·1012 

2.5·1012 

2.5·1012 

4.5/0.24 

5.0/0.55 

5.5/0.75 

6.0/0.85 

6.0/0.95 

[83] 

Au/TiO2(110) reduced, 

(1x2) reconstructed 

Sputter (3kV)-anneal 

(580°C) cycles 
n/a ~ 4 1012 n/a [105] 

table 4-2: Data of Au particle growth on bulk-reduced TiO2(110) single crystals obtained from STM 
measurements in various publications. Deposition of Au was always performed at room temperature. 

likely that publications reporting on a favored growth on steps [85,86] still had OH groups 

on the surface, which is even possible after Ar+ sputtering and annealing [216]. 

In summary, the results shown here demonstrate that the general growth behavior of Au on 

TiO2(110) – the initial formation of 2D islands which grow into 3D islands while new 

islands are formed besides – is similar for bulk-reduced and fully oxidized substrates. 

Mostly flat Au islands are formed at low coverages (<0.2 ML), while broader height 

distributions are found for higher coverages .According to XPS, the metal particles consist 

– as reported before for Au on reduced-bulk samples – exclusively of Au0. Small shifts of 

the Au(4f) signal (up to 0.4 eV) can be attributed to a particle size effect. However, some 

deviations can be observed concerning the particle density and size at a given coverage. In 

our case, a smaller particle density was found on the bulk-reduced sample. 
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Au/MgO(100) 

To test the general growth behavior of Au on MgO(100), 1 ML Au was evaporated onto 

the surface. The particles grow with a homogeneous distribution and a density of 

2.0·1012 cm-2 (see figure 4-11). The mean particle height was measured to be ~1.5 nm. XPS 

shows exclusively Au0 at a position of 84.0 eV. No comparable results on MgO single 

crystals can be found in the literature, because most groups prefer to use thin 

films [217,218] due to the low conductivity of the bulk substrates. But the measurements 

presented here show that Au/MgO(100) model catalysts with reasonable particle 

distributions and sizes can be obtained and used for a further examination of particle 

growth and stability measurements, as well as for a characterization of catalytic activities.. 

 

 

 

 

 

 

 

 

a b

 
figure 4-11: nc-AFM images of 1 ML Au evaporated onto MgO(100) (left: 170 nm x 170 nm, right: 
80 nm x 80 nm) 
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4.3. Stability of Au/TiO2(110) model catalysts 

Modifications in the surface morphology and the thermal stability of Au/TiO2 model cata-

lysts were examined using 0.2 ML Au containing samples – small Au clusters are known 

to have a higher mobility and catalytic activity than the larger ones formed at higher 

coverages [85,86,118] – upon annealing at 400°C and 500°C under UHV conditions, and 

after reactive annealing at 400°C in 50 mbar O2 and in air (1000 mbar) for 30 min. 

Furthermore, the stability of 0.1 and 0.5 ML Au covered samples was tested after long-

term exposure (up to 72h) to O2 (50 mbar) and to air (1 bar) at room temperature and 

compared with the stability of Au particles on bulk-reduced substrates after the same 

procedures. 

Annealing in UHV 

As can be seen in figure 4-12 and table 4-1, the Au particles are very stable under UHV 

conditions. Only minor changes could be observed in the particle density and in the mean 

particle height and diameter upon annealing at 400°C. Correspondingly, the Au(4f) peak 

intensity did not change, and the Au(4f) B.E. (84.3 eV) was almost constant (shift: -0.1 

eV). Annealing a second sample to 500°C, however, caused more significant changes 

compared to the sample measured after evaporation. The density of the Au particles 

(3.3⋅1012 cm-2) decreased clearly, and also their height increased slightly (0.47 nm). These 

morphology changes are accompanied by a shift of the Au(4f) binding energy from 84.4 

eV to 84.1 eV.  

When comparing our results with data published previously, clear effects of the oxidation 

state of the surface and surface near regions on the thermal stability of the Au 

nanoparticles under UHV conditions can be found. On a highly reduced, (1x2) 

reconstructed substrate, obtained by cycles of sputtering and annealing in UHV to 580°C, 

significant particle growth and a decay in the particle density, by a factor of 20 from 

~4·1012 to 2·1011, were observed by STM after flash annealing to 500°C [105]. This change 

is much more pronounced than the decay by 15% observed in our experiments upon 

annealing at 500°C (30 min). On bulk reduced TiO2(110) samples with reoxidized (1x1) 

surfaces particle growth was found to be slow [78,89] or negligible [86,88] at 400°C, with 

small differences depending on the exact surface preparation. Significant sintering could be 

observed by STM only for higher annealing temperatures (625°C, 1h) or for long term 

annealing at 475°C (7h) [89]. On the other hand, a temperature dependent LEIS study 
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revealed first indications for sintering under UHV conditions already at 230°C [104]. The 

difference in stability between oxygen-rich and reduced surfaces was also studied 

experimentally and by DFT calculations [214]. There it was found, that cluster coalescence 

starts already at 68°C on the reduced substrate, while no changes can be found on the 

oxidized surface at the same temperature. The additional O atoms on the surface were 

suggested to stabilize the particles by a Au-O-Ti bond, which is not formed on the reduced 

samples. 

 

 

0.
23

0.
46

0.
69

0.
92

1.
15

1.
38

1.
61

1.
84

2.
07

0%

10%

20%

30%

40%

50%

60%

fra
ct

io
n 

of
 A

u 
pa

rti
cl

es

height /nm

a b

c 

 
figure 4-12: nc-AFM images (a,b) of 0.2 ML Au on TiO2 after annealing to a) 400°C and b) 500°C in 
UHV (175 nm × 175 nm); c) shows the particle height distributions after evaporation (blue), annealing 
in UHV to 400°C (green) and 500°C (red). 
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Exposure to oxygen 

Exposing the Au/TiO2 model systems to 50 mbar O2 at room temperature and annealing in 

this atmosphere to 400°C leads to partly different results compared to the corresponding 

UHV treatment. After room temperature exposure to O2, even for a very long time (72 h), 

no changes in the intensity or the B.E. of the Au(4f) peak of a 0.1 ML Au covered sample 

(see figure 4-13 and table 4-3) can be seen. Hence, within the sensitivity of the XPS 

measurement, O2 exposure at room temperature is not sufficient to induce particle growth. 

Comparable results were obtained for a 0.5 ML Au covered sample. After 2 h exposure to 

50 mbar O2, the particle density was practically constant at 5.8⋅1012 particles⋅cm-2 (figure 

4-14a, b, compare also figure 4-7b before O2 exposure). Analogously, the Au(4f)/Ti(2p) 

intensity ratio remained constant at 0.25, with a Au(4f) binding energy of 84.2 eV. Also 

after additional 13.5 h exposure to 50 mbar O2, no significant changes, neither in the 

particle density (5.7⋅1012 particles⋅cm-2) nor in the Au(4f)/Ti(2p) intensity ratio (0.26) or in 

the Au(4f) binding energy could be detected. 

These results can be compared with previous results: Sykes et al. found significant particle 

sintering of Au particles on polycrystalline TiO2 films, with initial similar particle sizes as 

reported on TiO2(110) surfaces, upon prolonged O2 exposure (18 h, 1 bar), increasing the 

mean particle size from 2.5 to 4 nm [70]. The Au particles were found to migrate and 

agglomerate to grain boundaries. Lai and Goodman reported that the density of the Au 

clusters was greatly reduced and their size increased upon exposure to 13 mbar O2 (120 

min) [85]. The Au particle growth was found to be size dependent, with particles > 4 nm 

not being affected by room temperature O2 exposure [85]. In a subsequent paper from the 

same group [67], however, the authors saw no change in the AES Au signal upon O2 

exposure and therefore favored an interpretation according to which the changes in the 

STM image upon room temperature exposure to O2 are due to an O2 induced modification 

of the TiO2(110) substrate [67]. Such modifications were indeed observed before on pure 

TiO2(110) [33,61]. Our results, which show essentially no modifications of the Au particle 

size/density under exposure to 50 mbar O2, agree with the latter interpretation. It may well 

be that at the much higher partial pressures used in ref. [70] (1 bar O2) the situation is 

different, but also the difference of the substrate (a thin polycrystalline film was used) may 

play an important role. 

For comparison with previous STM studies similar AFM/XPS experiments were  
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figure 4-13: Comparison of the Au(4f) peaks of a Au/TiO2 sample containing 0.1 ML Au, (a) after 
evaporation, (b) exposure to oxygen and (c) additional exposure to air. 

performed (2 h, 13.5 h room temperature exposure to 50 mbar O2) also on samples 

prepared on UHV annealed ‘reduced’ TiO2(110) substrates. These showed a smaller 

absolute value of the particle density (ca. 2.9⋅1012 cm-2), but otherwise a rather similar 

morphology to those in figure 4-7 (see chapter 4.2). The decrease in island density upon O2 

exposure is slightly higher than on the fully oxidized substrates, from 2.9⋅1012 cm-2 to 

2.5⋅1012 cm-2, indicating that the stability of the particles is lowered on a reduced bulk 

sample, although the effect is not very strong (see figure 4-10). A similar, but larger effect 

was found for Ag/TiO2(110), where the chemical state of the substrate surface was 

reported to play a significant role in stabilizing Ag particles [85]. Ripening in O2 was much 

more pronounced on a reduced TiO2(110) substrate than on a substrate which had been 

exposed to O2 before Ag deposition [85], which was explained by the authors by a less 

efficient O2 adsorption (and dissociation) on the reoxidized surface than on the reduced 

substrate. Activation of molecularly adsorbed O2 on surface defects, specifically on O 

vacancies, had been reported in experimental and theoretical studies (see [61] and 

references therein), and these vacancies had also been reported to stabilize small Au 

clusters of a few atoms size [87].  
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figure 4-14: nc-AFM images (a-d) of 0.5 ML Au on TiO2(110) and particle height distributions (e,f) 
after 2 h (a,c,e) and after additional 13.5 h (b,d,f) room temperature exposure to 50 mbar O2 (a,b) 
overview images, 160 × 160 nm; c,d) higher resolution images, 70 nm × 70 nm). 
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Sample Au(4f) B.E. 

[eV] 

Relative Intensity 

Au(4f)/Ti(2p) 

After evaporation 84.4 0.07 

After 72h in 50 mbar O2 84.4 0.07 

After subsequent 48h in 

1 bar air 

84.3 / 85.7 0.05 

table 4-3: Change in binding energy and relative intensity of the Au(4f) peak upon room temperature 
exposure of a 0.1 ML Au covered Au/TiO2 sample to O2 (72 h, 50 mbar) and to air (1 bar, 48 h). 

The activity for sintering is very different for reactive annealing at 400°C in O2  (30 min). 

Using a 0.2 ML Au covered sample, significant changes can be observed, both in the 

particle density and in the particle sizes (see figure 4-15a, c). The particles are still rather 

randomly distributed on the surface, but the density decreases to 6.5⋅1011 cm-2. The mean 

particle height/diameter is now 1.3/3.5 nm, the particle size distribution is shown in figure 

4-15e. The Au(4f) peak intensity decreases and its position is shifted to the bulk gold value 

of 84.0 eV (see figure 4-16). These results emphasize the pronounced effect of oxygen on 

the Au particle growth. Hence, the thermal stability of small Au particles is significantly 

reduced in the presence of O2.  

Exposure to air 

Again, a different behavior is found when exposing a Au/TiO2 model system to air at at-

mospheric pressure. The same 0.1 ML Au/TiO2(110) sample that was stable for 72 h expo-

sure to O2 exhibits significant changes in the XPS data after exposure to air for 48 h at 

room temperature. While the position of the main Au(4f) peak remains nearly constant, 

with a shift from 84.4 to 84.3 eV (see figure 4-13 and table 4-3), a second Au(4f) peak at 

85.7 eV appears in the spectrum, which can be attributed to Au(OH)3 [219] (Au2O3 should 

have a signal at 85.9 eV [219]). The ratio of the peak intensities between Au0 and Au(OH)3 

is approximately 2:1, indicating that a significant amount of the Au atoms is hydroxylized 

after exposure to air. Furthermore, the Au(4f)/Ti(2p) peak intensity ratio decreases by 

almost 30%. This indicates that a smaller fraction of the oxide surface is now covered by 

Au. Since evaporation from the surface can be excluded at room temperature, the growth 

of the gold particles is the only explanation for these results. 

To check, how an exposure to air may influence the particles during transportation in air 

(e.g. from the UHV chamber to the scanning mass spectrometer, see chapter 3.2) a sample 
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containing ~0.2 ML Au was examined after different exposure times (between 2 and 61 h) 

in air. In contrast to the experiment presented above, where the sample was stored under 

ambient laboratory light, this time the sample was stored exclusively in darkness. This was 

done to investigate, if the absence of light might inhibit or reduce the formation of the 

oxidized species. As can be seen in the Au(4f) spectra and the Au/Aux+ ratios given in 

figure 4-17, Au oxidation does not start immediately. After 2 h in air, no detectable amount 

of Aux+ is found. The amount of oxidized Au rises after 6 h (~6%) and further after 21 h 

(~11%), while the next 40 h in air result only in a slight increase (~12%), which is still 

lower than the amount found after exposure to air without keeping the sample in darkness 

(figure 4-13). Furthermore, the Au(4f)/Ti(2p) ratio decreases only slightly from ~0.104 to 

0.095. The two conclusions that might be drawn from these results are that a short 

transportation in air does not lead to significant increase in Aux+ and that indeed exposure 

to light increases the amount of oxidized Au. If the resulting Au species is a hydroxide, as 

assumed above, the substrate might be important in activating water pick-up from air. The 

photo catalytic activity of titania is a well-known [220], it might explain the higher degree 

of oxidized Au and the destabilization of the Au particles (according to the decreasing 

Au(4f)/Ti(2p) ratio) found after exposure to air without keeping the sample in darkness. It 

was also tried to monitor the Au/TiO2 surface after exposure to air by AFM, but adsorbates 

made a good imaging impossible. 

Compared to the effect of keeping the Au particles in air at room temperature, different 

results are obtained when the Au/TiO2 model system (here 0.2 ML Au) is annealed for 

30 min in 400°C in air (see figure 4-15b, d and table 4-3). Now, a particle density of 

1.3⋅10-12 cm-2 (particle size distribution in figure 4-15) is obtained, which is significantly 

less than after UHV annealing, though by a factor of 2 more than after 50 mbar O2 

annealing of a similar sample at 400°C. Because of the different experimental procedures 

for annealing in O2 and in air, in the high pressure cell and in an open oven, respectively, 

the results in the two reactive atmospheres can be considered as rather similar. In both 

cases no Au(OH)3 or AuOx species can be found by XPS on these samples. 

A significant particle growth upon prolonged exposure at room temperature to air was 

reported also for Au nanoparticles on polycrystalline TiO2 films [70]. Furthermore, these 

authors reported migration of even 20 nm particles to grain boundaries, indicating a 

significant effective mobility of larger particles under ambient conditions, and concluded  
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figure 4-15: nc-AFM images (a-d) of 0.2 ML Au on TiO2(110) and particle height distributions (e, f) 
after 30 min annealing at 400°C in 50 mbar O2 (a,c,e) or  1 bar air (b,d,f). (a,b) overview images, 
400 nm × 400 nm; c,d) higher resolution images, 175 nm  × 175 nm). 
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figure 4-16: XP-spectrum of the Au(4f) region of 0.2 ML Au on fully stoichiometric TiO2(110) samples 
before (a) and after (b) 30 min annealing at 400°C in 50 mbar O2 (left side) and 1 bar air (right side). 

82 84 86 88 90 92

300

400

500

600

700

800

900

1000

evap 1h 2h 6h 21h 61h

0

20

40

60

80

100Au0

Aux+

in
te

ns
ity

 /c
ps

binding energy /eV

1h

2h

6h

21h

62h

exposure time

 a
m

ou
nt

 /%

Au0

Aux+

 
figure 4-17: Detail Au(4f) XP spectra (left side) and Au0/Aux+ amount (right side) found after exposure 
to air in darkness for 1h, 2h, 6h, 21h and 61h (lowest XP spectrum is directly after evaporation). 
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that interaction with water plays a role in the latter process. Our results, where the 

differences between exposure to pure O2 at room temperature and to air are much more 

pronounced, support the conclusion that other components present in air, most likely water, 

affect the particle stability and growth. The presence of water can lead to the formation of 

hydroxides on the TiO2 surface [61,221] which in turn may influence the particle stability 

and lead to the formation of the Au-OH species observed after storing the sample in air. 

Secondly, the interaction of water or fragments resulting upon water adsorption may also 

directly facilitate gold particle growth via the formation of adsorbate stabilized gold 

adatoms, as it was observed on a stepped Au(111) surface exposed to air [106]. This 

assumption is supported by the Au(4f) peak at 85.7eV, which indicates that part of the gold 

surface atoms have reacted with adsorbed OH groups after the exposure to air and this may 

also contribute to the room temperature cluster growth, which was not observed in pure 

oxygen. 

At higher temperatures, e.g., at 400°C, adsorbed water and hydroxyl groups desorb or are 

at least partly decomposed. The similarity to the annealing experiment in pure oxygen 

suggests that under these conditions particle growth is – like in the latter experiment – 

dominated by the interaction with oxygen. In none of the different reactive annealing 

treatments it is possible to find any indication of the development of a bimodal particle size 

distribution, as it had been observed upon O2 exposure of Ag/TiO2(110) [67].  

Finally, the stability of the sample annealed at 400°C in air was tested in a subsequent 

reductive treatment, by annealing in pure H2 (100 mbar, 45 min) at 200°C, which 

corresponds to the reductive treatments sometimes used for conditioning of disperse 

Au/TiO2 catalysts [178]. As shown in the AFM images in figure 4-18 and in table 4-3 the 

density and mean size of the Au nanoparticles are hardly affected by this treatment. The 

same result is obtained also from XP spectra, which show no change in the relative Au(4f) 

intensity or in the Au(4f) binding energy. Considering the much higher temperature in the 

preceding oxidation step and the reduced stability of the Au nanoparticles in an O2 

atmosphere, this result fully agrees with expectations.  

Using planar Au/TiO2(110) model systems with fully stoichiometric TiO2(110) substrates 

which are chemically identical to those in disperse Au/TiO2 catalysts and with Au particle 

sizes which closely resemble those in realistic catalysts (2-3 nm), it was found that reactive 

annealing in O2 or in air under conditions typical for the pretreatment of realistic Au/TiO2  
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figure 4-18: nc-AFM images (a,b) of 0.2 ML Au on TiO2(110) and particle height distribution (c) after 
30 min annealing at 400°C in 1 bar air and subsequent 45 min annealing in 100 mbar H2 (a) overview 
image, 400 nm × 400 nm; b) higher resolution image, 175 nm  × 175 nm). 



4. Model catalysts prepared by thermal evaporation 101 

 

catalysts leads to a significant decrease in particle density and increase in particle size. In 

contrast, exposure to O2 at room temperature or 400°C annealing under UHV conditions 

have little effect on the Au nanoparticles. Furthermore, at-least larger particles (h ~ 1.3 nm) 

prepared by annealing in air (400°C) are also stable after subsequent annealing in H2. These 

results fully agree with observations on disperse supported catalyst, where calcining at 

400°C was found to induce a significant particle growth, to about 2.5-3 nm particle size, 

which had prompted a search for milder conditioning procedures (see [178] and references 

therein). They also agree with the observation that a subsequent reductive annealing 

(200°C) of the catalyst in a H2 atmosphere, after calcination, has little effect on the particle 

size [178]. 

Exposure to CO/O2 

Finally, the effect of keeping a sample under reaction conditions on the particle stability 

was evaluated by exposing a Au/TiO2(110) model catalyst (Θ = 0.3 ML) for 1 h to 50 mbar 

CO/O2 (1:4) at 200°C. The temperature chosen for this test measurement is even higher 

than usually applied for realistic catalysts in our group (80°C) [222]. The AFM images in 

figure 4-19 show that only minor changes can be observed. As can be seen in the particle 

height distributions, larger particles are formed leading to an increase of the mean particle 

height from 0.66 nm to 0.79 nm. This result differs substantially from STM results 

presented on bulk-reduced crystals earlier [33,66,85]. Exposure of 13 mbar CO/O2 (1:2) at 

room temperature was already sufficient to induce a growth of Au particles and a bimodal 

particle size distribution was found as result of this treatment. Although at least a part of 

the small particles found after this treatment may originate from the formation of new TiO2 

islands on top of the substrate [61,67], the different results show that the Au particle 

stability is higher on fully oxidized substrates, as it was also found before in oxygen at 

room temperature (see above). The rather high stability of the Au particles in our 

experiments seems to be also different to observations in our laboratory where the higher 

activities of disperse Au/TiO2 catalysts for CO oxidation obtained after lower pretreatment 

temperatures, e.g., by going from 400°C to 200°C calcination temperature, are at least 

partly compensated by a faster deactivation of the latter catalysts (see also [178]). In the 

reaction atmosphere growth of the smaller Au nanoparticles might be possible even at a 

reaction temperature of 80°C, despite of the preceding reactive annealing in an O2  
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figure 4-19: nc-AFM images (a,c) and particle height distributions (b,d) for 0.3 ML Au after 
preparation (a,b) and subsequent exposure to 50 mbar CO/O2 (1:4) at 200°C for 60 min. 

atmosphere at the still much higher temperature of 200°C. However, other reasons for the 

faster deactivation of catalyst, like a more efficient growth of carbonates on the samples 

calcined at 200°C, can not be excluded. 

4.4. Summary 

The thermal stability of Au nanoparticles on fully oxidized, stoichiometric TiO2(110) rutile 

single crystal surfaces in UHV or in reactive atmospheres (50 mbar O2, CO/O2 or 1 bar air) 

was investigated by combined AFM and XPS measurements. After evaporation of 0.2 – 

1.0 ML Au, flat gold particles (height 0.2 – 0.6 nm, diameter 2.5 - 4 nm) are formed on the 

surface, which are randomly distributed with a particle density of about 4⋅1012 cm-2. The 
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trends concerning particle densities and heights after various high-temperature treatments 

are summarized in figure 4-20. UHV annealing at 400°C has little effect on the Au particle 

density/size for particles of these sizes, annealing at 500°C leads to a measurable decay of 

the island density (-20%) and a corresponding increase of the particle size. Similar 

experiments in 50 mbar O2 show that Au nanoparticles are rather stable at room 

temperature, while significant growth was observed upon annealing at 400°C. Subsequent 

annealing in H2 (200°C) has no effect on the morphology of the Au/TiO2(110) interface. In 

1 bar air, the gold particles are less stable and growth starts already at room temperature. 

The results show that oxygen has a pronounced effect on the growth of Au nanoparticles 

only at elevated temperatures, while at room temperature the influence of oxygen on the 

stability and growth of Au nanoparticles on TiO2(110) is small, both for partly reduced and 

fully oxidized TiO2(110) substrates, although the particles seem to be more stable on the 

latter substrate. The same trend can be observed after exposure to CO/O2. Even at elevated 

temperatures (200°C) only minor changes occur, in contrast to results published earlier for 

bulk-reduced samples. 
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figure 4-20: evaluation of particle density and particle height after various annealing treatments on 
Au/TiO2(110) model catalysts (Θ = 0.2 ML). 
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5. Morphology and stability of Au nanoparticles on TiO2(110) prepared 

from micelle-stabilized precursors 

Introduction 

In the present chapter, results are presented that were obtained on samples prepared by 

using preformed Au micelles as precursors. Earlier examinations could already show that 

this technique leads to Au particles with narrow size distributions and regular distances on 

various substrates, e.g., on SiO2, SrTiO3 or diamond [123]. Crucial steps for the 

preparation technique are the removal of the organic stabilizer shell as well as the 

formation of reduced Au particles from the Au salt in the micellar core. Furthermore, as 

TiO2 was not used as substrate before, the experimental parameters possibly have to be 

adjusted for an optimized sample preparation on this substrate. The first part describes the 

appearance of the samples after the preparation steps and shows optimizations and 

alternatives in the process which were applied to enhance the quality of the resulting 

samples. The main part deals with the formation, structure/morphology and 

thermochemical stability of planar Au/TiO2(110) model catalysts, which have been 

prepared by deposition of Au salt loaded block-copolymer micelles [123] on atomically 

flat, fully oxidized TiO2(110) substrates.  

5.1. Optimization of the preparation technique 

Au loaded micelles on TiO2 after the dipping process 

The morphology of a surface after the dipping process (see chapter 2.2) was measured with 

XPS and an ex-situ AFM in air to evaluate whether the micelles form an ordered 

hexagonal adlayer on the TiO2(110) substrate (polymer: PS(312)-b-P2VP(74), Au-loading: 

0.5). The photoelectron spectrum shows an intensive C(1s) peak and a low N(1s) peak 

originating from carbon and nitrogen in the P2VP groups (see figure 5-1). The Au salt 

(AuCl4
-) in the micelle cores can be identified by the respective Au and Cl peaks. A more 

detailed look on the Au(4f) peak reveals two different species at 86 eV and 88 eV (see 

inset in figure 5-1). The unexpected high binding energy (literature values are 84.0 eV for 

Au0 and 85.9 eV for Au3+) is most likely due to a different charging between the substrate 

and the polymer adlayer. Strong features of TiO2 in the spectrum show that no multilayer 

adsorption of the micelles occurred. The surface is completely covered with the polymer  
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figure 5-1: Survey XP spectrum of Au loaded micelles on TiO2(110). The inset shows a magnification of 
the Au(4f) region. 

 

 

 
figure 5-2: nc-AFM images of Au loaded micelles on a TiO2(110) substrate (left image: 
800 nm x 800 nm, right image: 250 nm x 250 nm) 
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spheres (size: 30-35 nm) as can be seen in the AFM image in figure 5-2. The few lighter 

protrusions in the left image are rather due to some larger micelles from the solution, than 

to effects related to the TiO2 substrate. The zoomed-in segment in the right image shows 

that a nice hexagonal near-order of the spheres can be found. These measurements prove, 

that an ordered monolayer of Au loaded micelles is formed on rutile TiO2(110). 

Optimization of etching time and temperature 

To evaluate whether the oxygen plasma treatment can be applied with the same parameters 

that typically have been applied for various substrates before [123] (200°C, 30 min), 

identical Au micelles (polymer: PS(312)-b-P2VP(74), Au-loading: 0.5) were deposited on 

SiO2/Si, Al2O3 and TiO2(110) substrates (see figure 5-3). As expected from earlier 

experiments [123], similar particle densities (~1.2·1011 cm-2) and a nearly hexagonal 

orientation of the particles are found after the subsequent oxygen plasma treatment on the 

silica and the alumina sample. In both images, the particles appear to have similar sizes all 

over the measured area. The result, however, is completely different for the titania 

substrate. Here, fewer but therefore much larger Au particles are found and residues of 

missing particles in the array can be found in between. The fact that the surface was 

covered with Au particles after the dipping process (see above) and that micelles from the 

same solution were used on the other substrates demonstrates that the morphology of the 

resulting Au particles is changed during the oxygen plasma process on TiO2. As result, a 

distribution of very small Au particles and larger ones can be found. To investigate this 

effect further, the etching time was reduced from initially 30 min to 22.5 min. XPS 

measurements reveal similar low C(1s) intensities, showing that the polymer is already  

 

a cb

 
figure 5-3: Au particles prepared by the micellar technique (a) on SiO2/Si (SEM image), (b) Al2O3 (ex-
situ AFM image) and (c) TiO2(110) (UHV-AFM image). Polymer: PS(312)-b-P2VP(74); Au-loading: 
0.5; etching process: 30 min at 200°C (image sizes: 350 nm x 350 nm). Note: particles in AFM image 
may appear much broader due to tip convolution effects. 
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completely removed after the shorter time. The corresponding AFM image now reveals a 

much better quality of nearly hexagonally ordered particles (see figure 5-4). Still a few 

particles seem to be missing (white circles in the image). For the determination of the 

height distribution, at least three different areas on the surface with about 350 to 700 

particles were evaluated. The resulting particle height distributions are depicted for the 

Au/TiO2 sample in figure 5-4. As can be seen, the particle height distribution is still rather 

broad. The increase of the sample quality with decreasing etching time indicates that 

additional processes, leading to the growth of larger particles at the cost of the smaller 

ones, disturb the morphology of the Au particles after the polymer shells have been 

burned-off. Taking into account that the order of the particles is not changed significantly, 

an Ostwald-Ripening process is most likely the reason for the morphological changes, as it 

was found before on the Au/TiO2 substrates prepared by thermal evaporation in the 

presence of oxygen [11] (see chapter 4 for more details). This implies that the elevated 

substrate temperature (200°C) may inflict these problems. Thus, in a second step, the 

etching process was further improved and samples in the following sections have been 

etched for 20 min at room temperature to obtain narrow particle size distributions on clean 

surfaces (for more details on obtained samples see chapter 5.3). 
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figure 5-4: nc-AFM images (a,b) and particle height distributions (c,d) of Au particles prepared by the 
micellar technique on TiO2(110) showing the influence of the etching time at 200°C (a,c: 30 min, right 
b,d: 22.5 min). Polymer: PS(312)-b-P2VP(74); Au-loading: 0.5). The white circles show positions of 
possibly missing Au particles (image size: 350 nm x 350 nm). 
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Annealing in oxygen as an alternative to the etching process? 

Additional experiments were made to test, whether the polymer shell can also be burned-

off by annealing in oxygen. In case that the preparation of clean samples with highly 

ordered Au particles can be obtained by this way, the transport of the samples in air from 

the etching chamber to the UHV analysis chamber could be avoided. Furthermore, the 

parameters found in the experiments can also be applied for the preparation of disperse 

Au/TiO2 samples to further bridge the materials gap between the single crystal and the 

powder supports. First reaction experiments made on such powder catalysts showed 

already promising results, but the Au particle sizes and order could not be evaluated very 

precisely by Transmission Electron Microscope (TEM) measurements [168]. 

To evaluate which temperature is needed to burn-off the polymer shells, a TiO2(110) 

sample, covered with Au loaded micelles (size and loading as above) has been annealed in 

10 mbar O2 at increasing temperatures from 250°C – 400°C for 10 min each (annealing at 

350°C was repeated once for 10 min). The concentrations of Au and C were determined 

via XPS measurements after each step and are displayed in figure 5-5. In a similar attempt, 

it was tried to destroy the polymer by annealing to 400°C under UHV conditions, but this 

was found to result in a very incomplete removal of the carbon species. For temperatures 

above 300°C, annealing in oxygen results in a much better removal of the polymer, 

although the relative intensity of C(1s)/Ti(2p) is more than twice as high as the values 

typically found after oxygen plasma etching and transportation in air. Unfortunately, the 

evaluation of the Au(4f)/Ti(2p) intensity shows a strong decrease for temperatures above 

300°C indicative for the formation of larger particles. The small increase at 300°C is most 

likely due to a better detection of the photoelectrons from Au after a partial removal of the 

polymer. The final Au(4f)/Ti(2p) intensity after annealing at 400°C is much smaller 

(0.068) than the one typically found after etching (0.114). The morphology of the 

Au/TiO2(110) samples after the final heating step has also been imaged by AFM. As can 

be seen in figure 5-6, not only the size distribution (as it was found after plasma etching at 

200°C, see above) but also the initial hexagonal pattern of the micelles is not maintained at 

all. The two images show the extreme cases for best (left image) and worst (right image) 

situations that were found (note that small doubled particles in the right image are due to a 

convolution error of a defective AFM tip). In the worst cases, some areas contain only a 

few gold particles, while very large particles are found nearby. But also on other areas the  
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figure 5-5: relative XPS intensities of Au(4f) and C(1s) after different subsequent annealing steps for 
10 min in 10 mbar O2 

a b

 
figure 5-6: nc-AFM images of different locations on a Au/TiO2(100) sample after burning-off the 
polymers in 10 mbar O2 at 400°C for 10 min (size: 800 nm x 800 nm). 
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hexagonal orientation on the surface is not maintained and a bimodal size distribution is 

found. Most likely, two different effects are responsible for these findings. First, at 

elevated temperatures the polymer shells may start to melt or even migrate on the surface 

and thus the hexagonal order is lost. As soon as the polymer shell is mostly destroyed, 

Ostwald Ripening sets in and the resulting particle sizes are further changed. The results 

show clearly that an etching process is necessary for a controlled removal of the PS-b-

P2VP copolymer and annealing in oxygen is no proper alternative. 
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5.2. Long range order and particle shapes examined by SEM and TEM 

Additional measurements have been performed by electron microscopy to obtain more 

information of Au particles prepared by the micelle deposition technique with the adjusted 

etching parameters for TiO2(110) substrates. The very homogeneous long range order of 

the nanoparticles is illustrated in the large-scale SEM image in figure 5-7 

(3.1 µm × 2.1 µm). It shows a surface covered with Au nanoparticles, which are identical 

to the particles depicted in the AFM image in figure 5-12b (particle height 2.9 nm, Au 

loading see table 5-1). Over the entire imaged area a completely homogeneous pattern of 

particles is found, with essentially no defects, contaminations or other irregularities (see 

chapters below for details on XPS and AFM experiments). Similar images have also been 

obtained on several different locations on the sample showing that similar particles can be 

found on the whole substrate. 

To obtain more information on the shape of the Au particles, cross sections of single 

supported gold particles were analyzed by HRTEM. The resulting images (see figure 5-8a) 

show rather spherical shaped gold particles with a contact angle of 130°± 10°. Comparable 

values were found for the equilibrium shape of gold particles on TiO2 [78]. While most of 

the Au particles seem to be amorphous, some crystalline ones were found as well. 

 
figure 5-7: SEM image (3.1 µm × 2.1 µm) of the Au/TiO2(110) surface after oxygen plasma treatment 
(Au loading 0.3, PS(312)-b-P2vP(74), particle height 2.9 nm, see figure 5-12b). 
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figure 5-8: HRTEM images of Au particles prepared by the micellar technique 
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5.3. Surface composition after preparation and UHV annealing 

The Au/TiO2(110) samples prepared via the micellar technique had to be transported in air 

from the etching chamber in the institute of Solid State Physics to our UHV analysis 

chamber. To remove eventually picked-up adsorbates the samples were annealed to 400°C 

for 5 min in UHV. The chemical composition of the resulting model catalyst was 

characterized by XPS. A representative XP spectrum of a Au/TiO2(110) sample after this 

first annealing step is shown in  figure 5-9. Within the sensitivity of these measurements,  

the sample is free from polymer residues as well as from other contaminants such as 

chlorine, which could result from the Au salt (compare with figure 5-1). Furthermore, only 

titanium in the Ti4+ oxidation state can be detected on the substrate surface (see inset in 

figure 5-9), which is a clear indication for a well-oxidized sample. Thus, the chemical state 

of the TiO2 substrate used here is comparable to that of the support of powder catalysts. 

This shows that annealing to 400°C in UHV does not change the state of the substrate. This 

was also expected from the measurements described in chapter 4.1, which already showed 

that even after annealing to 600°C no Ti3+ is found. 
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figure 5-9: Wide range XP spectrum of a typical TiO2(110) sample covered with Au loaded micelles 
after deposition, oxygen plasma treatment and UHV annealing (400°C, 5 min). Inset: Detail spectrum 
of the Ti(2p) region after the same treatment. 
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The initial annealing procedure in UHV also serves to fully reduce the Au nanoparticles on 

the surface. Directly after the oxygen plasma treatment, the Au surface is highly oxidized, 

which is indicated by a broad and less structured peak for the Au(4f) doublet with 

contributions from both Au0 and Aun+ species (figure 5-10, curve a), while exclusively Au0 

can be found after annealing in UHV ((figure 5-10, curve b). The absence of chlorine 

shows that remaining Au salt is not the origin of this result, but more likely an oxidation of 

the Au during the plasma treatment, as it was found also on bare Au surfaces[223] and 

after additional plasma treatments of Au particles on silicon prepared by the micellar 

technique [224]. Only Au particles with the “magic” number 55 were found to be oxidation 

resistant. After annealing in UHV, the Au oxides are decomposed, resulting in the 

exclusive observation of metallic Au0, with a sharp Au(4f7/2) peak at 84.0 eV (figure 5-10, 

curve b). This binding energy agrees well with previous reports on bulk Au and larger Au 

nanoparticles [78]. Further details on the composition of the Au oxides formed by the 

oxygen plasma treatment and the decomposition of the gold oxides during UHV annealing 

can be found in a publication by Kästle et al. in ref. [123].  
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figure 5-10: Detail XP spectra of the Au(4f) region of a Au/TiO2(110) sample (a) directly after 
preparation, (b) after annealing in UHV for 5 min, and (c) after annealing in 20 mbar O2 at 400°C for 
30 min. 



5. Au particles prepared from micelle-stabilized precursors 116 

 

 

0.0 1.0 2.0 3.0 4.0 5.0
0%

10%

20%

30%

40%

50%

fra
ct

io
n 

of
 A

u 
pa

rti
cl

es

height /nm

 before
 after

400°C/UHV

a b c

 
figure 5-11: nc- AFM images of Au/TiO2(110) samples prepared by the micellar technique after (a) 
after plasma etching and (b) after annealing in UHV at 400°C for 5 min (particle size ~3 nm, 
separation: ~25-30 nm). In (c) the Au particle respective height distributions are shown before (solid) 
and after (hatched) annealing in UHV. 

Additionally, the surfaces of Au/TiO2(110) samples were imaged by AFM before and after 

annealing in UHV (figure 5-11). The Au particles were prepared from PS(312)-b-

P2VP(74) (Au loading: 0.25). No significant changes can be detected after the annealing 

procedure and also similar particle height distributions are found. This result demonstrates 

that short annealing to 400°C in UHV is a successful method to remove adsorbates picked 

up during the transport in air and to reduce the initially oxidized Au without changing the 

Au particle morphology. 
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5.4. Variation of particle sizes and distances 

Variation of Au loading and polymer length 

The size of the resulting Au particles and their inter-particle distance are controlled by two 

different parameters: the Au loading and the length of the polymer. Proper adjustments 

should allow preparing either particles with different sizes and same distances, or similar 

sized particles with different spacing in between. First, the deposition of micelles with 

varying Au loading, but identical polymer spacer was investigated. With the chosen 

polymer, this results in an average spacing between Au particles of ~25 nm. Detailed 

information on the micelles, their gold loadings and the resulting particle sizes are 

summarized in table 5-1. Representative large-scale (figure 5-12, left, 800 nm × 800 nm) 

and medium-scale (figure 5-12, middle, 400 nm × 400 nm) nc-AFM images illustrate the 

geometric order obtained for the three different Au loadings. In all cases, the particle 

density is around (1.05±0.05)·1011 cm-2. The images clearly demonstrate a highly 

organized structure with a nearly hexagonal symmetry. The mean particle heights were 

determined to be 1.5 nm (a), 2.9 nm (b) and 4.0 nm (c). The variation of the particle 

heights is mainly attributed to statistical variations in the metal salt loading of the 

individual Au micelles. The dispersion becomes broader with increasing mean particle 

sizes. While for the particles with the smallest mean size, around 80% can be found 

between the narrow range of 1.0 and 1.5 nm, the absolute variation is higher for the larger 

particles. However, when scaling the half width of the height distribution to the mean 

height, this value is nearly independent of the absolute height regime.  

 

Fig. Polymer Au-loading 
Mean particle 

height /nm 

Particle density 

/cm-2 

5-12a PS(312)-b-P2vP(74) 0.1 1.5 1.02⋅1011 

5-12b PS(312)-b-P2vP(74) 0.3 2.9 1.08⋅1011 

5-12c/ 5-13a PS(312)-b-P2vP(74) 0.5 4.0 1.04⋅1011 

5-13b/ 5-15 PS(528)-b-P2VP(177) 0.25 4.5 2.10⋅1011 

5-13c PS(1779)-b-P2vP(857) 0.025 4.5 1.35⋅1010 

table 5-1: Overview on the block-copolymers, gold loadings and resulting mean particle heights used 
for the different Au/TiO2(110) samples. 
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figure 5-12: nc-AFM images (left and middle column) and corresponding height distributions (right 
column) of micelle-based Au particles of different sizes on TiO2(110) (preparation see text and table 
5-1). The mean heights correspond to (a) 1.5 nm, (b) 2.9 nm and (c) 4.0 nm. The inter-particle distance 
was 25 nm. Image sizes: 800 nm × 800 nm in the left column and 400 nm × 400 nm in the center 
column. 

The results of controlled variation of the inter-particle distances by varying the length of 

the polymer are illustrated in the nc-AFM images in figure 5-13. There, the inter-particle 

distance rises from ~25 nm (figure 5-13a) via ~60 nm (figure 5-13b) to ~100 nm (figure 

5-13c). Accordingly, the particle density changes from 1.05⋅1011 cm-2 via 2.1⋅1010 cm-2 to 

1.35⋅1010 cm-2 (for details on the polymers, see table 5-1). Due to the higher amount of 

P2VP monomers in the longer polymer chains, the corresponding Au loading (which is 

given as Au-Atoms/P2VP monomers) had to be reduced from 0.5 to 0.25 and 0.025 in 

order to prepare particles of similar size. Although different polymers and gold loadings 
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figure 5-13: nc-AFM images (left and middle column) and corresponding height distributions (right 
column) of micelle-based Au particles on TiO2(110) with different inter-particle distances, using 
micelles with different block copolymers (preparation  see text and table 1). The mean height 
corresponds to 4.0 – 4.5 nm, the mean inter-particle distances are (a) 25 nm, (b) 60 nm, and (c) 100 nm. 
Image sizes: 800 nm × 800 nm in the left column and 400 nm × 400 nm in the center column. 

have been used, the mean particle height in figure 5-13b and c is around 4.5 nm and 

therefore comparable to the sample with the small inter-particle distance (figure 5-13a). 

To illustrate the advantage of this method compared to the thermal evaporation of gold 

concerning the control on the size and inter-particle distance, figure 5-14 shows the 

structural order and height distribution of Au particles (coverage: 0.3 ML) prepared by 

thermal evaporation on an identical substrate. The sample was post-annealed in air to 

500°C in order to obtain particles which have heights and densities comparable to the 

samples prepared by the micellar technique (see also chapter 4). The resulting surface  
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figure 5-14: nc-AFM image (800 nm x 800 nm) and corresponding particle height distribution of a 
Au/TiO2(110) surface prepared by Au evaporation (coverage: 0.3 ML) and subsequent annealing to 
500°C in air for 30 min. 

which is displayed in figure 5-14, exhibits Au particles with a mean height of 2.5 nm and a 

density of 3.1·1011 cm-2. However, the inter-particle distances are much less homogeneous; 

some particles seem to agglomerate, while others have larger distances between each other. 

In addition, the height distribution of these particles is much broader than those obtained 

by micellar deposition. Only about 50% of the particles are in the range of 2.5±0.5 nm, 

while typically 70% of the particles prepared by the micellar technique can be found in the 

regime of 3.0±0.5 nm at a mean height of 2.9 nm. Moreover, particles with heights down 

to 0.5 nm can only be found on the sample prepared by evaporation.  

Variation of particle distances by adjusting the dipping speed 

In a simple model the adsorbed micelles are assumed to be in direct contact and hence the 

separation of the resulting Au particles is exclusively controlled by the length of the 

applied polymers. A number of experimental results, however, indicate that also 

experimental parameters such as emersion velocity or temperature play a role (see also 

ref. [225]). Therefore, the influence of the emersion speed on the deposition characteristics, 

in particular on the order and inter-particle spacing in the mono-micellar films (thickness 

corresponding to one micelle), upon deposition of Au-salt loaded micelles on single 

crystalline TiO2(110) substrates, is investigated. 

The SEM images in figure 5-15 display the resulting Au nanoparticle arrays on the titania 

surface for dip-coating velocities between 10 mm/min (a) and 40 mm/min (d), with the 

white dots representing the Au nanoparticles (applied micelles: PS[528]-b-P2VP[177], 

loading: 0.25). Although significant charging during SEM imaging decreased the quality of 

the SEM images due to the low conductivity of the fully oxidized, dielectric bulk TiO2  
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figure 5-15: SEM images taken from ordered Au nanoparticles on TiO2(110). The dip-coating velocity 
during deposition at 20°C of the micelles has been varied: (a) 10 mm/min, (b) 20 mm/min, (c) 
30 mm/min, (d) 40 mm/min. All images have identical scale (300 nm x 300 nm). 

substrate,, the images in figure 5-15 reveal a systematic trend of a decreasing inter-particle 

spacing with rising emersion velocity. For more quantitative results, the pair correlation 

function for individual images was calculated. It reflects the probability to find another 

particle at a certain distance from an arbitrarily chosen particle. Pair correlation functions 

were averaged over several images taken on the same sample at macroscopic distances 

(mm). The corresponding results are depicted in figure 5-16 which compares the pair 

correlation functions obtained for different emersion velocities. While all curves show 

more or less pronounced oscillations at short distances, reflecting the local short-range 

order, at larger distances these oscillations decay, and approach unity. Taking the position 

of the first maximum as a measure for the nearest neighbor distance, these curves 

reproduce the trend of a decreasing inter-particle distance, with the average distance 

between neighboring particles decreasing by nearly a factor of two from about 61 nm inter- 

particle distance at 10 mm/min to 37 nm at the highest emersion velocity. This is 

equivalent to an increase in particle density of nearly a factor of 4. 
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figure 5-16: Pair correlation function taken from SEM images for dip-coating velocities between 
10 mm/min and 50 mm/min (deposition temperature 20°C). The amplitude has been normalized to 
unity at higher distances. 
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figure 5-17: Inter-particle distance (full symbols) displayed as a function of the third root of the dip-
coating velocity. The dashed curve represents a straight line fitted to the data. 
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The degree of order in the particle adlayer is illustrated by the number of oscillations 

visible and by the decay of the amplitudes with increasing distance, compared to the first 

maximum describing the nearest neighbor shell. Non-vanishing oscillations at higher 

distances are indicative for the presence of an extended order in the corresponding array. 

These are clearly present for emersion velocities between 15 mm/min and 30 mm min-1, 

while for very low (10 mm/min) and very large emersion velocities (40-50 mm/min) the 

rapid decay of the oscillations amplitudes reflects a rather poor order of the resulting 

nanoparticle arrays.  

The nearest neighbor distances extracted from figure 5-16 are plotted as function of the 

emersion velocity U in figure 5-17. These experimental data can be well described by a 

U1/3 behavior (dashed line), thereby supporting a model for dip-coating processes proposed 

earlier, where the thickness of the resulting film after emersion was related to the physical 

properties of the liquid such as viscosity or surface tension [226]. Within that model, the 

maximum thickness ∞h  of a wetting film on a substrate after removal from a liquid (in our 

case: the micellar solution with toluene as solvent) can be correlated to the capillary 

number Ca, the surface tension σ and the density ρ by the following equation: 

3/2946.0 Ca
g

h ⋅⋅=∞ ρ
σ        (5-1) 

where g denotes the standard acceleration of gravity. This relation is only valid, if the 

capillary number σµ /UCa = , with µ representing the dynamic viscosity, is small com-

pared to unity [227]. This condition is clearly fulfilled for our system, since the capillary 

number can be estimated to about 3.7×10-6 (toluene: ρ = 0.857 g cm-3 at 20°C, σ = 0.027 N 

m-1 at 25°C, µ = 0.6 mPa s at 20°C). Consequently, the maximum thickness ∞h  of the 

liquid film should be related to the emersion velocity U by the following power law: 

h∞ ∝U2 / 3         (5-2) 

Assuming a constant concentration of micelles in the solution, ∞h  should also be 

proportional to the number of deposited micelles per unit area after evaporation of the 

solvent. Thus, for a mono-micellar film on the substrate after drying, the areal density of 

micelles should also be proportional to U2/3, leading to an inter-particle distance 

proportional to U1/3 as observed in the experiment. The formation of well-ordered (two- 

 



5. Au particles prepared from micelle-stabilized precursors 124 

 

 
figure 5-18: Non-contact AFM image of Au nanoparticles prepared by the micellar technique on 
TiO2(110) applying a dip-coating velocity of 4 mm/min ( image sizes: 800 nm x 800 nm). 

dimensional) arrays of nanoparticles from particle solutions has been described as delicate 

balance between attractive capillary forces between neighboring nanoparticles (within the 

liquid film) and repulsive forces due to electrostatic or steric interactions, taking into 

account also the evaporation of the solvent from the emerged part of the surface [228]. For 

a more detailed discussion see refs. [228-230].  

This effect of the polymer size is demonstrated by changing the diblock-copolymer from 

PS[528]-b-P2VP[177] to PS[312]-b-P2VP[74]. Whereas, in the first case, no medium-

range order was obtained for emersion velocities below 8 mm/min, this is different for the 

smaller polymer. Here, adlayers with a high degree of hexagonal order can be obtained at 

4 mm min-1, as can be seen in the non-contact mode AFM image in figure 5-18 obtained 

under UHV conditions. Hence, with decreasing molecular weight of the diblock-

copolymers, the optimum emersion velocity for obtaining well-ordered mono-micellar 

films (and, thus, well-ordered nanoparticle arrays) decreases, which agrees well with 

earlier findings for non-commercial, optimized copolymers [231]. Beside the dipping 

speed, also further factors, in particular the temperature of the micellar solution and the 

nature of the substrate were found to influence the resulting inter-particle distances [13]. 

Application of the same micellar solution under the same experimental conditions resulted 

in a spacing of ~50 nm and ~40 nm for Au particles on titania and silica respectively. This 

shows that interactions between the toluene film and the substrate and, possibly, between 



5. Au particles prepared from micelle-stabilized precursors 125 

 

the micelles and substrate, which are not included in the model presented before, seem to 

play a decisive role. 

These results show that the degree of order and the inter-particle distance in micellar 

adlayers obtained upon dip-coating deposition of Au-salt loaded micelles on oxide surfaces 

depends sensitively on the emersion velocity. The distance between neighboring micelles 

can be varied within a certain range in a controlled way by changing the emersions speed 

U, with the resulting micelle density being proportional to U2/3. This allows the controlled 

modification of the inter-particle spacing in nanostructured surfaces consisting of 

otherwise identical nanoparticles deposited on oxide substrates, by deposition of metal 

loaded micelles and subsequent plasma-induced removal of the polymer.  

5.5. Stability in air at room temperature 

The experiments with Au/TiO2 model catalysts prepared by thermal evaporation showed 

that a significant effect on the oxidation state of small Au particles can be observed after 

storage in air at room temperature (see chapter 4). This effect was found for all evaluated 

coverages up to 1 ML (flat particles with mean particle heights up to 0.9 nm). In order to 

investigate if similar effects can be found for spherical particles with larger sizes, micelles 

prepared with PS(312)-b-P2VP(74) and a Au loading of 0.3 were used to prepare a sample 

with Au particles of a size of 2.9 nm and a distance of 25-30 nm on a TiO2(110) substrate 

(morphology as in figure 5-12b). After annealing in UHV for a complete reduction of the 

Au particles (see above), the sample was exposed to air at room temperature for 26 h. The 

chemical composition of the sample was evaluated by XPS before and after storing in air 

(see figure 5-19). In contrast to the samples prepared by thermal evaporation, where a 

significant amount of Au was oxidized, showing a shoulder in the Au(4f) signal at 85.7 eV 

indicative for Au(OH)3 (see chapter 4), no change can be observed in detail Au(4f) spectra 

here, thus showing that no oxidation of Au particles occurs. The relative Au(4f)/Ti(2p) 

intensity does not change significantly (from 0.043 to 0.040), while the relative 

C(1s)/Ti(2p) intensity is slightly increased from 0.042 to 0.061, most likely due to 

adsorbates picked up in air. The Au particles examined here differ in various aspects from 

the Au particles prepared by thermal evaporation. First, they are much larger. In the latter 

case, even at 1 ML coverage the mean height is ~0.9 nm (see chapter 4), but also particles 

down to only one atomic layer thickness can be found. In contrast, the sample prepared by  
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figure 5-19: Detail spectra of Au(4f) region of a sample prepared by the micellar technique after 
annealing to 400°C in UHV for 5 min (lower spectrum) and after subsequently exposure to air for 26h 
(upper spectrum). 

the micellar technique produces nearly exclusively heights between 2 and 5 nm (see figure 

5-12). Furthermore, the shape is completely different resulting in a much shorter perimeter 

length between Au and TiO2 and if the oxidation of Au to Au(OH)3 occurs at the interface, 

the effect can be expected to be much lower here. However, the results clearly demonstrate 

that Au particles prepared by the micellar technique are more stable and that no significant 

changes occur during transportation in air. 
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5.6. Thermochemical stability in O2 and CO/O2 

In-situ XPS measurements during O2 and CO exposure at elevated temperatures 

Samples containing ~3 nm sized Au particles with distances of ~25-30 nm (PS(312)-b-

P2VP(74); Au loading: 0.25) were prepared via the micellar technique for a further 

investigation in an in-situ XPS [14]. In order to elucidate the effect of the conditioning 

procedure, the influence of reactive annealing in O2 on the morphology and surface 

composition was investigated with a freshly prepared model catalyst (not pretreated by in-

situ reconditioning) at temperatures up to 400°C. Au(4f) and Ti(2p) spectra were recorded 

first in vacuum at room temperature (a) and subsequently in a 0.3 mbar O2 atmosphere 

during annealing at 100°C (b), 200°C (c), 300°C (d), 400°C (e), directly after reaching the 

temperature, and finally after evacuation at 400°C (f), the respective Au(4f) photoelectron 

spectra are displayed the left part of figure 5-20. In contrast to most metal surfaces where 

the binding energy can easily be determined with respect to a clearly visible Fermi edge 

EF, the situation is different for badly conducting materials such as TiO2(110). The nearly 

vanishing photoelectron intensity at the Fermi edge (especially for photon energy above 

100eV being the lower limit of the U49/2 beamline at BESSY) and charging problems due 

to the combined action of low electrical conductivity of the sample and the high photon 

flux at insertion device beamlines of third generation storage rings such as BESSY II 

complicate the identification of the Fermi edge. These material-induced disadvantages 

make an exact determination of binding energies problematical, and thus, the photoelectron 

spectra are first displayed as a function of the kinetic energy as measured in the experiment 

(see figure 5-20). As a consequence, a direct correlation of the Au(4f7/2) peaks to the 

Ti(2p3/2) photoemission peaks is not always very promising as demonstrated in the 

following figures. 

For the series of measurements related to the conditioning of the sample, the right part of  

figure 5-20 shows the kinetic energy of the photoelectron intensity maxima of Au(4f7/2) 

and Ti(2p3/2) for different photon energies (Au(4f): 609eV and 234eV; Ti(2p): 609eV). In 

order to obtain nearly identical kinetic energies for both elements (Ti and Au) and thus a 

comparable information depth, photon energies of 234 eV and 609eV have been chosen for 

the measurements at the Au(4f) peaks and the Ti(2p) peaks. For both photon energies, the 

experimental results clearly show a nearly constant (within the error limit) kinetic energy 

of the Au(4f7/2) peak, whereas the kinetic energy of the Ti(2p3/2) related peaks varies 
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significantly (about 1 eV) depending on the different treatments. These findings can be 

interpreted in two different ways: First, the energetic position the Ti(2p3/2) peak of the 

TiO2(110) substrates is taken as a reference for determining the binding energy with 

respect to values from the literature (EB=459.2 eV as a fixed value for the Ti(2p) 

peak[136]), a procedure which is well known for metal substrates which show only very 

small binding energy shifts in the presence of O2. As a consequence, however, the position 

of the Au(4f) peaks will shift in its binding energy to higher values which could be 

understood in terms of oxidized Au-species. The second approach is based on the nearly 

constant kinetic energy of the Au(4f7/2) photoemission peak (cf. respective data points in 

right part of fig. 1) which is then used as a reference for the binding energy as indicated in 

figure 5-20. This implies that the binding energies of the Ti(2p) photoemission peaks vary 

with the different conditions during the conditioning procedure. 
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figure 5-20: Left panel: Sequence of Au(4f) spectra recorded with hν=234 eV recorded in (a) vacuum 
at room temperature, 0.3 mbar O2 at (b) 100°C, (c) 200°C, (d) 300°C, (e) 400°C and (f) again in 
vacuum at 400°C. The spectra are displayed as function of the measured kinetic energy of the detected 
photoelectrons (lower axis) and normalized to the area of the related Ti(2p) peak, the scale on the top 
of the image refers to the binding energy and has been set to 84.0eV for the Au(4f7/2) peak. Right part: 
Kinetic energy of the detected photoelectrons for the Au(4f7/2) and the Ti(2p3/2) derived peak of a 
Au/TiO2 model catalyst for different photon energies and treatments as denoted in the left part. Note: 
the solid line is only guides to the eye and the scale in the right top part of the image refers to the 
Au(4f7/2) binding energy which has been set to 84.0eV. 
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A detailed analysis of both photoelectron spectra obtained from the Ti (2p) and Au(4f) 

peaks reveal that all Au(4f) spectra (fig. 1, left panel) exhibit the same characteristics, with 

an almost symmetric peak shape and a constant peak width (FWHM 0.8 eV), indicating 

that in all cases the spectrum is dominated by a single Au species. In the case of a real 

chemical shift one would expect to observe variations in the respective peak shapes (e.g., a 

shoulder or additional features) which could neither be detected for the Au (4f) nor for the  

Ti(2p) peak. Since the presence of completely oxidized Au species is not a useful 

assumption for the Au nanoparticles on TiO2(110) under all treatment used here and a 

significant oxidation can be ruled out due to identical shapes in the spectra, the nearly 

constant kinetic energy of the Au(4f7/2) peaks will be used as a reference for the binding 

energy and is related to a binding energy of 84.0 eV of metallic Au [136]. The presence of 

totally oxidized Au nanoparticles observed for all chemical treatment is extremely  
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figure 5-21: Left panel: Sequence of Au(4f) spectra recorded with hν=234 eV at 80°C on a Au/TiO2 
model catalyst in (a) 0.3 mbar CO, (b) vacuum, (c) 0.3 mbar O2, (d) vacuum, (e) 0.3 mbar O2/CO and 
(f) vacuum. The spectra are displayed as function of the measured kinetic energy of the detected 
photoelectrons (lower axis) and normalized to the area of the related Ti(2p) peak; the scale on the top 
of the image refers to the binding energy and has been set to 84.0eV for the Au(4f7/2) peak. Right panel: 
Kinetic energy of the Au(4f7/2) peak (for hν=234 eV and 609 eV) and the Ti(2p3/2) peak during the 
different treatment. Note: The solid lines are only guides to the eye and the scale in the right top part 
of the image refers to the Au(4f7/2) binding energy which has been set to 84.0eV. 
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unlikely, even an O2 plasma oxidation treatment [12,224,232] only leads to a partial 

oxidation of the particle (only at the surface) as observed by additional peaks or a shoulder 

at higher binding energies (see also figure 5-10). 

In general, the presence of nanostructured metallic overlayers on oxides surfaces may 

either lead to a partial oxidation of the metal or to a favoured encapsulation depending on 

the physical properties of the respective materials [233]. When the Fermi energy of the 

metal is significantly higher than the oxide surface (here TiO2), the interface contact causes 

a transfer of negative charge from the particle to the substrate and thus a downward 

bending of the respective bands. As a consequence, the contact promotes an oxidation 

process of the metal via diffusion of O2-. In the opposite case, the upward bending may 

give rise to an encapsulation of the metal by favouring the diffusion of metal ions to the 

surface. For Au, however, the work function is comparable to that of TiO2 and, together 

with a small heat of oxide formation of Au, none of these processes are likely to occur.  

The Au(4f) peak intensities are constant at 100 and 200°C, and increase slightly when the 

temperature is raised to 300°C, which is attributed to the removal of carbon-containing 

adsorbates from the sample (the C (1s) peak has be recorded separately). In contrast, the 

small decrease of the Au peak intensity at 400°C (see fig. 1f, left panel) may be related to 

particle sintering and possibly also morphological changes of the Au particles. This 

interpretation is supported by results which will be presented later in this chapter, which 

showed a bimodal Au particle size distribution, i.e., growth of larger particles at the 

expense of smaller ones, upon exposure to O2 (20 mbar O2) at 400°C [12]. Since the Au 

particles have sizes about 3 nm with a small particle size distribution, one would not expect 

differences in the binding energy upon sintering, significant variation in the binding energy 

only occur for very small particles with sizes in the region of 1 nm [78]. 

Variations in the kinetic energy of the Ti(2p) peak during the experiments (here mainly at 

different temperatures in the presence of 0.3 mbar O2) are most likely related to varying 

charging effects due to different electrical conductivities of the semiconducting titania 

substrate when varying the temperature. Moreover, the presence of gases also influences 

neutralization effects [137], charging is usually less pronounced when gases are applied. 

However, this is not valid for all classes of materials (e.g., zeoliths [137]) and also on the 

powder catalysts which were examined similarly (see [14]) charging effects especially in 

the presence of O2 were present. In summary, these measurements rule out any detectable 
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surface oxidation of the 3 nm Au particles during exposure to 0.3 mbar O2 at temperatures 

between 100 and 400°C.  

In a second sequence of measurements the situation during the CO oxidation reaction is 

stepwise approached, exposing the model catalyst first to the individual components CO 

(0.3 mbar) and O2 (0.3 mbar), and finally to a 1:1 O2/CO gas mixture (0.3 mbar total pres-

sure). The temperature was kept constant during these measurements at 80°C, which repre-

sents a typical reaction temperature [10,41,234]. Between these measurements, the reaction 

cell was pumped off, and additional XPS measurements were performed under vacuum 

conditions to check for permanent changes of the model catalysts at the different stages of 

this sequence. 

Similarly to the conditioning series on O2, the kinetic energies of the Au(4f7/2) and the 

Ti(2p3/2) peaks have been recorded for the different treatments, the results are displayed in 

the right part of figure 5-21. The left part shows the respective photoemission spectra of 

the Au(4f) peaks again presented as a function of the kinetic energy. Again, the sample has 

first been pre-annealing at 400°C in 0.3 mbar O2 in order to obtain similar starting 

conditions. Also in this series of measurements, the peak shape and FWHM of the Au(4f) 

photoemission peak remain constant. Hence, also during these measurements significant 

surface oxidation can be ruled out, similar to our observations during annealing in O2 at 

higher temperatures up to 400°C.  

In contrast to the Au(4f7/2) peaks, the Ti(2p3/2) derived peak shows distinct variations in its 

kinetic energy, generally slightly lower kinetic energies are obtained in vacuum as in the 

presence of gases. This behaviour can be explained by the higher neutralization rate of 

electric charge left in the TiO2 substrate during the photoemission process at elevated 

pressures. It should be mentioned that the nature of the gas – the shift occurs in both 

oxidizing and reducing atmosphere – does not seem to have a major influence on the 

kinetic energy of electrons emitted from the support. As a consequence, it can be assumed 

that this effect is only related to changes in the electric charging conditions induced by the 

presence of the gas atmosphere rather than reflecting a chemical shift.  

From these results, a measurable surface oxidation of the Au nanoparticles or a reaction 

gas specific change in their electronic properties can be excluded under all conditions 

tested experimentally. The latter observation agrees well the IR results in ref.[235], where 

a change in CO adsorption state, due to a reduction of the oxide substrate during exposure 
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to CO, was only observed for CO partial pressures of around 20 mbar and above at room 

temperature and even higher at elevated temperatures (100°C). These changes were 

attributed to a partial surface reduction of the oxide substrate, which at lower partial 

pressures is assumed to be too slow to be detectable on the time-scale of these experiments. 

Stability in CO/O2 at typical reaction temperatures 

In order to detect changes in the morphology of the Au particles on the TiO2 sample upon 

exposure to a reactive CO/O2 mixture during typical reaction temperatures, the particle size 

distribution after different annealing times in 1:4 gas CO/O2 mixtures (50 mbar total 

pressure, 80°C annealing temperature) was analyzed. These parameters correspond to 

typical reaction conditions for Au/TiO2 powder catalysts, with the exception that a higher 

O2 partial pressure was chosen (4:1 instead of 1:1) [178]. For the investigations shown 

here, the same sample was examined after several time intervals (30 min, 1 h, 13 h and 

60 h) in this reaction mixture. This treatment did not lead to any significant changes in the 

surface and particle morphology. Finally, the sample was annealed for 13 h in this reaction 

mixture at 200°C. In AFM images reproduced in figure 5-22, the surface of the sample 

before and after the complete stability test is compared. Although the temperature during 

the last treatment was significantly higher than the temperature typically applied during 

CO-oxidation on powder catalysts (80°C), no significant changes on the particle 

morphology could be identified. Clearly, these Au particles are stable under reaction 

conditions even for a long time period. This result is in good agreement with our previous 

findings on Au/TiO2 samples prepared by thermal evaporation onto fully oxidized 

substrates, where only negligible changes after 80°C annealing in a CO/O2 mixture could 

be observed (see chapter 4). 

 

0.0 1.0 2.0 3.0 4.0 5.0
0%

10%

20%

30%

40%

50%

fra
ct

io
n 

of
 A

u 
pa

rti
cl

es

height /nm

 before
 after

200°C/
CO+O2

a b 
c

 
figure 5-22: nc-AFM images (a,b) and corresponding particle height distribution (c) of 3 nm Au parti-
cles (mean inter-particle distance: 25 nm) on TiO2(110): (a) before (solid bar in c)) and (b) after 
(hatched bar in c)) annealing for 13 h in 50 mbar CO/O2 (1:4) at 200°C. 
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Comparable studies have been carried out by Goodman and coworkers on Au/TiO2(110) 

samples prepared by thermal evaporation onto reduced bulk TiO2 substrates. These authors 

reported significant particle growth already after exposing the sample to ~10 mbar of a 1:1 

CO/O2 mixture at room temperature, which they mainly attributed to the presence of 

O2 [33,85]. Similar observations were made at 180°C exposure [236]. These structural 

changes were proposed as origin for the observed decay of the catalytic activity (up to one 

order of magnitude during 2 h reaction time [85]). On the other hand, this finding is not 

consistent with results on Au/TiO2 powder catalysts, where Au particle growth under CO 

reaction conditions (80°C) was found to be small [236] or even absent [178]. The 

discrepancy between these results may be due to the different state of the substrate (fully 

oxidized or partly reduced). In previous work, it was indeed found, that the substrate 

pretreatment influences the Au particle stability on TiO2(110) surfaces during O2 treatment 

at room temperature [11] (see chapter 4). The results presented here demonstrate that the 

samples prepared by the micelle technique show high particle stability, comparable to that 

of powder catalysts. Differences compared to evaporation produced Au/TiO2(110) samples 

may be related to the more spherical shape of the micelle-based Au nanoparticles, 

compared to the flatter shape of small particles created by evaporation. These 

characteristics make the micelle based surfaces well suited for application as model 

catalysts, although very sensitive reactors are needed to observe a reaction despite the low 

active surface area. 

Morphological changes after O2 exposure at elevated temperatures 

The stability of Au particles in O2 at elevated temperatures is a further important point to 

be considered for Au/TiO2 model studies, since the preparation of realistic dispersed 

Au/TiO2 catalysts often involves a calcination step, typically at 400°C. In previous 

experiments on model systems prepared by thermal evaporation, a strong change of the 

particle size after annealing in O2 at 400°C for 30 min was found [11] (see also chapter 4).  

In the present study the stability of micelle based particles upon annealing in O2 under 

similar conditions (30 min, 20 mbar O2, 400°C) was examined. Based on XPS 

measurements, the Au particles are still purely metallic, i.e., the chemical state is not 

changed by this treatment (see figure 5-10c). AFM measurements after the O2 treatment at 

400°C show, however, that the size and size distribution of the Au particles (see figure 

5-23) have significantly changed compared to those before annealing (cf. figure 5-12). The  
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figure 5-23: Set of nc-AFM images and particle height distributions of Au/TiO2(110) samples with 
different size Au particles (a) 1.5 nm, b) 2.9 nm, and c) 4.0 nm, inter-particle distance 25 nm) after 
annealing for 30 min at 400°C in 20 mbar O2 (before annealing see figure 5-12). Image sizes: 800 nm × 
800 nm in the left column and 400 nm × 400 nm in the center column. 

heights of the particles are different for all samples, with significant amounts of very small 

particles (sizes < 1 nm), while on the other hand, larger particles than before annealing are 

found as well. Thus, the height distributions resemble a bimodal statistical model. This 

result is clearly different from our findings after UHV annealing at 400°C or annealing in 

CO/O2 at 200°C. In contrast to the changes in particle sizes, the ordered arrangement of the 

particles is still conserved. The latter conclusion was confirmed by large-scale images 

recorded before and after O2 annealing (see figure 5-24), and the corresponding 

autocorrelations (figure 5-24, insets). Both insets clearly display the conservation of the 

hexagonal organization of the particles. In total, these results are a clear indication for an 
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a b

 
figure 5-24: Large-scale AFM images (800 nm x 800 nm) and autocorrelation function (inset) of a 
Au/TiO2(110) sample (a) before annealing in O2 (cf. figure 5-12) and (b) after annealing in O2 (cf. figure 
5-23). 

Ostwald ripening mechanism, operating via detachment and condensation of mobile Au or 

AuOx species. For a cluster coalescence mechanism, the arrangement of the Au 

nanoparticles should be much more disordered after O2 annealing. 

Similar morphological changes resulting in a bimodal particle size distributions were found 

before for Au/TiO2, when the sample was annealed to 200°C in the oxygen plasma step 

during the removal of the polymeric ligands (see figure 5-4), while the Au particles were 

stable on other MeOx substrates, like Al2O3. In order to investigate, if the Au particle 

stability during annealing in oxygen is influenced by the substrate, a Au/Al2O3 sample was 

prepared using the same micelles as for the Au/TiO2 in figure 5-12b and subsequently 

annealed in 20 mbar oxygen to 400°C for 30 min. As can be seen in figure 5-25, the Au 

particles are found to be absolutely stable on alumina, like it was found before during the 

plasma etching. This result demonstrates that the support plays an important role for the 

stabilization of the Au particles. 

Investigations on model catalysts with larger inter-particle separations lead to different 

results for the same treatment, as illustrated in the AFM images and related height 

distributions shown in figure 5-26, the corresponding data before annealing are displayed 

in figure 5-13. Comparison of the height distributions, especially of the maxima of the 

distribution, shows that the changes induced by the reactive annealing treatment are more 

pronounced for particles with smaller distances (figure 5-26a) than for those with larger 

distances (figure 5-26b, c). For smaller inter-particle separations, the mobile Au or AuOx 

species detached from the particles are sufficiently mobile to reach the neighboring Au 

islands and to condense at them. This represents a classic Ostwald ripening mechanism and 

leads to the formation of a bimodal particle size distribution. For the larger separations, the  
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figure 5-25: nc-AFM images (a,b) and corresponding particle height distribution (c) of 3 nm Au parti-
cles (mean inter-particle distance: 25 nm) on sapphire Al2O3: (a) before (solid bar in c)) and (b) after 
(hatched bar in c)) annealing for 30 min in 20 mbar O2 at 400°C. 

changes in particle heights are small. Instead, additionally, much smaller particles in 

between the large particles can reproducibly be found(see figure 5-26b and c), which have 

not been present before annealing. These particles are most likely newly formed Au 

particles and no result of morphological changes of the substrate, because similar small 

particles are not found on Au/TiO2(110) model catalysts with smaller inter-particle 

distances or on fully oxidized TiO2 substrates after annealing to 400°C in O2. Typically, 

they are between 0.3 and 1.0 nm high with a maximum at 0.5-0.6 nm. Their particle 

densities are ~5.0·1010 cm-2 (surface imaged in fig. 10b) and ~2.6·1010 cm-2 (surface imaged 

in figure 5-26c) compared to 2.1·1010 cm-2 and 1.35·1010 cm-2 for the larger particles. (The 

small particles were counted extra and not included in the particle height distributions). 

These observations can be explained by the same process as described above (surface 

transport via mobile Au or AuOx species) during annealing in the O2 atmosphere, but in 

this case the distances are too large for them to always reach the neighboring Au particles, 

and part of them instead nucleate new Au particles, most likely on substrate defects. The 

volume V of the newly formed particles with heights around 0.5 nm is very small 

(V≅0.2 nm3, assuming spherical particles) compared to the large particles with heights of 

~4.5 nm (V ≅ 48 nm3), so that the height of the original particles is not significantly 

changed during this process. This also implies that an identification of the newly formed 

small particles by XPS via a shift in the Au(4f) binding energy (small particle effect [78]) 

is not possible, due to the small amount of the small particles (less than 1%). 

Comparable results, the absence of Au surface oxides and significant morphological 

changes, have been reported also in previous studies on bulk Au surfaces [70], micelle 

based Au/diamond model systems [224], and Au particles prepared by thermal evaporation  
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figure 5-26: nc-AFM images and particle height distributions of a Au/TiO2(110) samples with different 
inter-particle distances of a) 25 nm, b) 65 nm, and c) 100 nm after annealing for 30 min at 400°C in 
20 mbar O2 (before annealing: mean particle height 4 nm, see figure 5-13). Image sizes: 800 nm × 
800 nm in the left column and 400 nm × 400 nm in the center column. 

on fully oxidized TiO2 substrates [11] upon O2 annealing. For the latter particles, it was 

found that starting with flat particles (h = 0.35 nm) and high particle densities  

(~4·1012 cm-2), annealing in O2 (400°C, 50 mbar) results in significant particle growth 

(~1.3 nm height after reactive annealing compared to 0.35 nm before) and a decay in 

particle density by a factor of 6. It is important to note that both factors, the O2 atmosphere 

and elevated temperatures, are needed to induce these morphological changes. Neither 

400°C UHV annealing nor room temperature exposure to O2 alone result in any significant 

changes. In contrast, Sykes et al. found rapid sintering of small Au particles already for 

room temperature exposure to air [70], where the authors speculated that the sintering 
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process was supported by the presence of water vapor. On (surface reduced) TiO2 surfaces 

prepared by sputter/annealing cycles exposure to O2 induces Au particle growth at 

180°C [66,67] and even at room temperature [85], which shows that the presence of 

oxygen vacancies on the surface seem to destabilize the Au particles in O2 (see also 

discussion in chapter 4). 

Based on our present results and data reported previously the following conclusions can be 

drawn: 

(i) The instability of Au particles on fully oxidized TiO2(110) substrates in O2 at 

elevated temperatures (400°C) is not restricted to very small particles. Clear 

morphological changes even for particle heights up to 4.5 nm can be found. 

(ii) At smaller inter-particle separations (25 nm), which are, however already larger 

than typical values in highly disperse, realistic Au/TiO2 catalysts, O2 treatment 

leads to particle growth via an Ostwald ripening mechanism, via mobile Au or 

AuOx species, rather than via aggregation of mobile Au particles (particle 

coalescence). This is evidenced by the bimodal particle height distribution and the 

preservation of the hexagonal arrangement of the particles. 

(iii) For even larger inter-particle separations, the mobility of these species is not 

sufficient to reach the nearest Au particle, which results in nucleation and growth of 

additional small Au particles in between the initial Au particles.  

These findings are important for a further use of these samples as model catalysts. While 

calcining at 400°C is a typical step in Au/TiO2 powder catalyst preparation [178], similar 

treatment of Au model catalysts should be avoided, even for model catalysts with relatively 

large separations between Au nanoparticles, if the narrow size distributions of these 

systems shall be maintained. Furthermore, considering the density of Au particles on the 

TiO2 support in realistic catalysts, an O2 induced formation of new Au particles as 

observed in the low density samples in figure 5-26a and b, is unlikely, which practically 

rules out catalyst reactivation by calcination treatments. 
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5.7. Summary 

Nanostructured Au/TiO2(110) surfaces with well-ordered ordered arrays of Au 

nanoparticles can be produced by deposition of Au-loaded block-copolymer micelles, 

subsequent oxidative removal of the polymer in an oxygen plasma and finally brief UHV 

annealing at 400°C. This treatment results in a nearly hexagonal pattern of fully metallic 

Au nanoparticles with well-defined inter-particle distances and a narrow size distribution; 

the polymer is completely removed. An approach to replace the plasma etching by 

annealing in oxygen failed. Although the carbon can be burned-off, the particle size 

distribution and order are not maintained. 

By varying the Au loading and the block-copolymers in the micelle shell, particle sizes 

between 1 and 5 nm were obtained, the inter-particle separations varied between 25 and 

100 nm. Furthermore, limited changes in the particle separation can be obtained by 

changing the emersion velocity during dipping of the samples in the micellar solution. 

Keeping the sample at room temperature during the oxygen plasma treatment is crucial to 

obtain uniform height distributions on TiO2(110), while temperatures up to 200°C have no 

influence on other substrates, like SiO2 or Al2O3. The particles are stable in UHV up to 

400°C, comparable Au nanoparticles on TiO2(110) created by evaporation. Significant 

changes in the morphology and in the height distribution of the Au nanoparticles are found 

upon annealing the particles in O2 (400°C, 20 mbar), which depend strongly on the inter-

particle distance. At smaller particle distances a bimodal particle size distribution can be 

found. Together with the preservation of the hexagonal particle pattern, which excludes 

cluster mobility and therefore cluster aggregation, this points to an Ostwald ripening 

process, where material transport occurs via mobile Au or AuOx species, although no 

oxidized Au could be detected in in-situ XPS measurements during annealing in oxygen. 

For larger particle distances, however, a nucleation of new small particles between the 

initial Au particles can be found, which is explained by a too low mobility of the mobile 

species under these conditions to reach neighboring Au nanoparticles, and subsequent 

nucleation and growth of new particles, possibly on defect sites.  

The possibility to independently control and vary the particle size and the inter-particle 

distance as well as their stability in CO/O2 reaction atmospheres at realistic pressures and 

temperatures makes these surfaces ideally suited for model studies on particle size and 

transport effects in catalytic reactions catalyzed by Au nanoparticles, such as CO 
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oxidation, provided that the sensitivity of the reactor system is high enough to detect the 

very low absolute reaction rates.  
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6. The influence of the support on the catalytic activity of Au/TiO2(110) 

model catalysts 

Various measurements on disperse Au based catalysts indicate that the support is more 

than only a passive spectator of the reaction [10,28,237,238]. It was shown that besides the 

elemental composition, where highest catalytic activities are found for reducible 

oxides [10,28,237], also the crystallographic structure and size of the support crystallites 

influence the performance of the catalyst [238]. However, the comparison of results 

obtained on disperse samples is often not straightforward, because different particle sizes 

and shapes are usually obtained during the preparation routine for various supports. 

The application of Au/TiO2 model catalysts may help to obtain a better knowledge on the 

interaction of the substrate with the Au particles. However, up to now only few results 

concerning the reactivity of those systems have been published [33,103,118,171,239-242]. 

TPD/TPR measurements on Au particles supported by rutile TiO2(110) crystals revealed 

that CO reacts readily with preadsorbed atomic oxygen even at low temperatures of 65K, 

but no reaction after dosing molecular oxygen could be observed [103,239-241]. Possibly 

the absence of an activation of molecular oxygen at low pressure conditions is responsible 

for it. The activity of disperse Au/TiO2 catalysts was also found to be minimal under 

similar conditions [243]. Reactivity measurements at higher pressures have only been 

performed on thin film samples up to now. On these samples, high activities comparable to 

realistic catalysts, have been found [33,118,171,242]. 

The first measurements with the new micro-flow reactor revealed significant differences 

between the activity of Au particles on a flat, stoichiometric TiO2(110) single crystal and a 

TiO2 film on Ru(0001) (see chapter 3.1) indicating that the structure and degree of 

reduction of either the bulk or the surface have a strong influence on the reaction. This 

difference was studied in more detail. In the following, results using various Au/TiO2 

samples with different supports (thin film as well as bulk-reduced and fully oxidized single 

crystals) and variations of the surface structure (different island densities or defects 

inflicted by sputtering) are presented. 
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6.1. Preparation of different Au/TiO2(110) model catalysts 

Bulk-oxidized TiO2(110) single crystal surfaces 

Three kinds of fully oxidized-bulk samples were used to obtain oxidized surfaces with 

different long-range orders as well as a reduced surface on bulk-oxidized rutile TiO2(110) 

(see table 6-1). The first one is a sample which was calcined in air to 950°C (denoted as o-

TiO2
950). As already described earlier (see chapter 4.1), it consists of very regular terraces 

(size between 50 – 200 nm), which are divided by monoatomic steps [11] (see figure 6-1a). 

Alternatively, a fresh single crystal was cleaned and calcined in air at 700°C (o-TiO2
700) to 

obtain a surface with a lower long-range order, as it was found for lower calcinations 

temperatures before [244]. XPS measurements show that both of these samples are, besides 

low C residues, clean from impurities (see figure 6-2) and exclusively Ti4+ is found (see 

figure 6-4). In order to prepare samples with reduced surfaces on bulk-oxidized rutile 

crystals, they have been first prepared in the same way as o-TiO2
950 and subsequently 

sputtered with Ar+ (0.6 kV) (o-TiO2
S). After this treatment minor concentrations of Ar are 

found on an otherwise clean surface (see figure 6-2), and a shoulder at 457.9 eV reveals 

that ~20% of the titanium atoms are now in the oxidation state +3 (see figure 6-4). From 

AFM measurements published earlier, it is known that sputtering of a TiO2 surface leads to 

a relatively large roughness at short length scales and a similar morphology is expected 

here [63,208].  

Small Au particles were prepared by evaporation of ~ 0.5 ML Au on the titania surfaces. 

XPS measurements show that both Au/o-TiO2
950 and Au/o-TiO2

700 contain exclusively Au0 

(see figure 6-4). On both samples a small shift of the Au(4f) signal compared to the bulk-

value is observed (84.2 instead of 84.0) and can be explained by a small particle effect, as 

expected from earlier measurements [69,78] (see chapter 4). Surprisingly, a small shoulder 

in the Au(4f) signal (~3% of the main signal) on o-TiO2
S can be found. It can be fitted to a 

position of 85.9 eV, indicative for Au2O3, but the signal intensity is near the detection limit 

of the system and might also be due to an incorrect background reduction.  

Bulk-reduced single crystal surfaces 

The different pretreatments applied to obtain bulk-reduced samples can be divided into to 

two groups. The first one includes samples, which were only reduced by annealing in 

UHV, the second compares samples which were sputtered with Ar+ and subsequently  
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sample substrate pretreatment ΘAu  
/ML 

cmax(CO2) R 

/ 
mol(CO )2

g sAu ⋅
 

Au/TiO2/ 
Ru(0001) 

Evaporation of Ti on Ru(0001) 
ann. (680°C in 2·10-6 mbar O2) 

0.5 3.3% 5.1·10-4 

o-TiO2
950 calc. (950°C in air) 0.5 <0.05% <1·10-5 

o-TiO2
700 calc. (700°C in air) 0.4 <0.05% <1·10-5 

o-TiO2
S calc. (950°C in air) + sputtered 0.4 <0.05% <1·10-5 

r-TiO2
730 ann. (730°C in UHV) 0.6 0.7% 9·10-5 

r-TiO2
930 ann. (930°C in UHV) 0.5 1.5% 2.3·10-4 

rs-TiO2
730 ann. (730°C in UHV for 30 min), sputtered, ann. 

(730°C in UHV for 30 min) 
0.5 4.4%* 6.8·10-4* 

rs-TiO2
930 ann. (930°C in UHV for 30 min), sputtered, ann. 

(930°C in UHV for 30 min) 
0.5 3.1% 4.8·10-4 

rs-TiO2
O730 ann. (730°C in UHV for 30 min), sputtered, ann. 

(730°C in 4·10-6 mbar O2 for 10 min) 
0.6 3.5% 4.5·10-4 

s-TiO2
O730 sputtered, ann. (730°C in 4·10-6 mbar O2 for 10 min) 0.7 1.6% 1.8·10-4 

ro-TiO2
 ann. (730°C in UHV for 30 min), sputtered, ann. 

(300°C in 10 mbar O2 for 10 min) 
0.5 0.2% 3·10-5 

table 6-1: maximal CO2 concentrations and reaction rates obtained within the first 15 min on Au/TiO2 
model catalysts with differently pre-treated substrates. Reaction conditions: 6.7% CO and 3.3 %O2 in 
170 mbar Ar, Temperature: 60°C (exception: *:65°C) 

annealed to different temperatures in UHV or in a low background pressure of oxygen. A 

summary of the different preparation routines is given in table 6-1. The first treatment, 

which was performed on samples prepared like o-TiO950, leads to bulk-reduced samples by 

maintaining at the same time the high long range order of the fully oxidized sample. Two 

different annealing temperatures, 730°C and 930°C, were applied (samples denoted as r-

TiO2
730 and r-TiO2

930). A comparison of the respective AFM images before (figure 6-1a) 

and after annealing to 730°C in UHV (figure 6-1b) shows that the surface morphology is 

only slightly changed. Some terraces are now divided by gaps leading to a slightly higher 

step density but the basic structure from before is still visible (see figure 6-1a). However, a 

higher number of missing oxygen atoms can be expected, especially for the r-TiO2
930 

substrate. Both samples are rather clean, but traces of impurities (Ca or Mo) can be found, 

which seem to have migrated from the bulk to the surface during the annealing procedure 

(see figure 6-2). No significant amount of Ti3+ can be detected for both annealing 

temperatures, showing that the concentration of reduced titania is well below 5% (see 

figure 6-5).  
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The second group contains samples which were first annealed in UHV, sputtered by Ar+ 

and subsequently annealed to 730°C or 930°C in UHV as well as to 730°C in 4·10-6 mbar 

O2 (rs-TiO2
730, rs-TiO2

930, rs-TiO2
O730), similar to typical pretreatment procedures 

performed for the preparation of Au/TiO2 model catalysts in the literature (see chapter 1). 

While annealing to ~ 700°C usually leads to a high density of small terraces on the surface 

with a (1 x 1) overlayer structure and some bridging-oxygen defects, larger terraces and 

more oxygen defects or even a (1 x 2) overlayer structure can be expected after annealing 

above 850°C [61]. The AFM image in figure 6-1c shows the TiO2 surface after annealing 

to 730°C in UHV, Ar+ sputtering and annealing to 730°C in 4·10-6 mbar O2. As expected, 

the long range order, which was destroyed during the sputter process is not restored. 

Instead, a large number of small islands are found, mainly separated by mono-atomic steps. 

The surfaces prepared by this way are clean from impurities (see figure 6-2) and 

exclusively Ti4+ can be detected by XPS (see figure 6-5). After evaporation of Au, a 

similar chemical composition can be detected for all samples by XPS (see figure 6-5). In 

all cases, the amount of Ti3+ on the surface is too small to be detected and the Au(4f) peaks 

can completely be fitted as Au0.  

Ordered thin films on Ru(0001) 

The formation of highly ordered titania thin films on Ru(0001) and the growth of Au 

particles on top of it were studied intensively in our group [73,74,169]. The preparation 

routine applied here (see chapter 2.2) typically leads to the formation of a closed film with 

a high number of small islands, mostly divided by mono-atomic steps, and with a surface 

structure like it is found for rutile TiO2(110) [169] (see figure 6-1d). The high island 

density looks similar to the findings for the sputtered bulk-reduced single crystal. The XP 

spectrum of the sample reveals that the Ru(0001) substrate is completely covered by a 

TiO2 film (no Ru or Ti3+ signals can be detected; see figure 6-2 and figure 6-4)). However, 

oxygen defects could be found in STM measurements [169] and low concentrations of 

oxygen defects can easily be overseen in the XPS measurements. Because of their well-

known catalytic activity [171], Au particles on thin titania films are used here as standard 

for comparison with single-crystal-based samples. For the Au/TiO2/Ru(0001) model 

catalyst, the XP spectra, given in figure 6-3, reveals that the Au particles are, as expected, 

fully reduced. Earlier STM experiments performed in our group showed that a mean 

particle height of ~0.6 nm can be expected for the present coverage [169]. 
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figure 6-1: surface morphologies of differently prepared rutile TiO2 surfaces: (a) stoichiometric single 
crystal surface after annealing to 950°C in air (800 nm x 800 nm), (b) prepared as in (a) and further 
annealed to 730°C in UHV (800 nm x 800 nm), (c) prepared as in (a) and further annealed to 730°C in 
UHV, Ar+ sputtered and subsequently annealed to 730°C in 10-6 mbar O2, (400 nm x 400 nm), (d) TiO2 
thin film on Ru(0001) (120 nm x 120 nm). (a) – (c) are nc-AFM images, (d) is a STM image taken from 
[169]. 
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figure 6-2: wide range XP spectra of various TiO2 model substrates 
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figure 6-3: XP spectra of Ru(0001) and TiO2/Ru(0001) 
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figure 6-4: Au(4f) (left side) and Ti(2p) (right side) detail XP spectra of Au/TiO2 model catalysts 
prepared on bulk oxidized substrates. 
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figure 6-5: Au(4f) (left side) and Ti(2p) (right side) detail XP spectra of Au/TiO2 model catalysts 
prepared on bulk-reduced substrates. 
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figure 6-6: Au(4f) and Ti(2p) detail XP spectra of Au/TiO2 model catalysts prepared on bulk-reduced 
substrates prepared with additional sputter/anneal treatments. 
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6.2. Initial CO oxidation activities 

To perform CO oxidation measurements in the micro reactor (see chapter 3.1), the sample 

was placed on the already pre-heated table (60°C) and pressed against the reactor head. 

The valve between the gas-mixing cell and the head was already opened before, so that the 

reactor is immediately filled with the reaction gases after closing it (3.3% O2 and 6.7% CO 

in Ar; p=170 mbar, F=1 Nµl/min). Here, only the initial activities during the first 15-

20 min are examined, because contaminations from the sealing materials possibly 

contribute to a deactivation after longer reaction times (see chapter 3.1) 

CO oxidation on Au/TiO2/Ru(0001) model catalysts 

The CO2 concentration during the first 15 min of the reaction is displayed in figure 6-7 to 

figure 6-9 as standard for comparison with the single crystal based catalysts. In general, 

after the reactor is closed, it is filled with the educt gases and a possible reaction is detected 

by the rise of the CO2 signal. This signal increases rather slowly because of the small gas 

flow (~1 Nµl/min) compared to the reactor volume (~5µl) and it takes several minutes until 

a steady state is reached. During the reaction, the CO2 concentration rises to about 3.3% 

which can be calculated as a reaction rate R of ~5.1·10-4 mol(CO2)·g(Au)-1·s-1. Together 

with a assumed dispersion of ~0.64, which was found for spherical segment shaped 

particles at 0.5 ML on fully oxidized substrates (see chapter 4), a TOF number of ~0.16 is 

found, which is in good agreement with the results from Zhao [169]. 

CO oxidation on bulk-oxidized Au/TiO2(110) model catalysts 

The activity of the three bulk-oxidized samples, compared to Au/TiO2/Ru(0001) is 

displayed in figure 6-7. Surprisingly, the CO2 concentration rises for all three samples 

respectively only to values below 0.05%, which is at the detection limit of the system, and 

is therefore much smaller than on the thin-film sample. These results demonstrate that 

bulk-oxidized rutile TiO2(110) substrates decrease the catalytic activity of Au particles. 

Even the creation of a substrate with increased roughness, either by adding more steps or 

by inducing defects, is not sufficient to enhance the activity of bulk oxidized Au/TiO2(110) 

model catalysts to an expected value. The obtained reaction rates R (definition see chapter 

2.2) are all below 1·10-5 mol(CO2)·gAu
-1·s-1 and therefore much smaller than expected from 

disperse catalysts or the Au/TiO2/Ru(0001) model catalyst (5.1·10-4 mol(CO2)·g(Au)-1·s-1 

(see table 6-1)).  
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figure 6-7: Formation of CO2 during CO oxidation catalyzed by Au on bulk-oxidized substrates, 
compared to Au/TiO2/Ru(0001) (3.3% O2 and 6.7% CO in 170 mbar Ar, T=60°C). 

CO oxidation on bulk-reduced Au/TiO2(110) model catalysts 

First, the activity of the unsputtered, bulk-reduced samples was investigated. Both series of 

samples prepared by this procedure, Au/r-TiO2
730 and Au/TiO2

930, have a much higher CO 

oxidation activity than the bulk oxidized samples. In the gas stream, CO2 concentrations of 

0.7% (r-TiO2
730) and 1.5% (r-TiO2

930) are detected, corresponding to reaction rates of 9·10-

5 and 1.3·10-4 mol(CO2)·gAu
-1·s-1 (see figure 6-8 and  table 6-1), which is still lower than 

observed for the thin film sample. Interestingly, the initial activity is higher for r-TiO2
930 

but decreases readily after only five minutes which is indicative for a faster deactivation of 

the catalyst on the more reduced substrate. The activity on the less reduced r-TiO2
730 rises 

slower but reaches a steady state after about 10 min which shows that the catalyst is, at 

least in the short time scale measured here, more stable. 

The model catalysts that were sputtered and annealed to the respective temperatures in 

UHV before the evaporation of Au, show a remarkable increase in activity. CO2 

concentrations of 4.4% (R=6.8·10-4 mol(CO2)·gAu
-1·s-1) and 3.1% (4.8·10-4 mol(CO2)·gAu

-

1·s-1 ) are found in the gas stream above rs-TiO2
730 (T=65°C) and rs-TiO2

930  (T=60°C) 

respectively, which resembles the value from the Au/TiO2/Ru(0001) sample (see figure 

6-9). The higher rate in the first case can be explained with the higher temperature used in  
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figure 6-8: Formation of CO2 during CO oxidation on Au on unsputtered bulk-reduced substrates 
compared to Au/TiO2/Ru(0001) (3.3% O2 and 6.7% CO in 170 mbar Ar, T=60°C) 

the experiment. However, the activity on Au/rs-TiO2
930 increases stronger in the beginning, 

but decreasing after ~ 7 min, while this is not observed on Au/rs-TiO2
730. It was also tested, 

if further sputter and anneal cycles help to increase the activity even more. But even after 

two more cycles, the activity is not rising any further and no samples which are 

significantly more active than the Au/TO2/Ru(0001) sample can be obtained. 

To determine the influence of the rougher surface compared to the reduction of the bulk, 

two samples were sputtered and annealed to 730°C in 4·10-6 mbar, one which was reduced 

before by annealing to 730°C in UHV and one that was fully oxidized before. Despite the 

low oxygen background pressure, also the second sample is slightly reduced after this 

treatment and a light blue crystal is obtained whose conductivity is high enough to avoid 

charging during XPS measurements. Nevertheless, different activities are found. While the 

CO conversion for Au/rs-TiO2
O730 is similar to the rs-TiO2

730/930 based substrates 

(cmax(CO2) = 3.5%, R = 4.5·10-4 mol(CO2)·gAu
-1·s-1), it is definitively lower for the model 

catalyst on the less reduced single crystal (cmax(CO2) = 1.6%, R = 1.8·10-4 mol(CO2)·gAu
-

1·s-1). In both cases, no rapid deactivation as for the rs-TiO2
930 sample can be found. 
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figure 6-9: Formation of CO2 during CO oxidation on Au on sputtered and annealed bulk-reduced 
samples (3.3% O2 and 6.7% CO in 170 mbar Ar, T=60°C; for r-TiO2

730: T=65°C) 

In the last experiment, the importance of the reduction of the surface region was tested by 

using a previously reduced substrate which was sputtered and additionally annealed to 

300°C in 10 mbar O2 (ro-TiO2
300). Here the higher oxygen pressure should allow a stronger 

reoxidation of the surface and, indeed, a significantly lower activity is found. The CO 

concentration is now only around 0.2%, which is only slightly higher than what was found 

on the fully oxidized model catalysts before (see table 6-1). Similar results were even 

obtained, when the support was shortly brought into contact with air before the evaporation 

of Au. 
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6.3. Discussion 

The experiments presented here examined the influence of the bulk/surface oxidation state 

and surface structure of rutile single crystal substrate on the activity of Au/TiO2 model 

catalysts. All substrate treatments were performed prior to the evaporation of Au. 

Therefore, the particle sizes should only differ slightly on all applied substrates (a 

difference between 4·1012 to 3·1012 cm2 was observed for fully oxidized and bulk-reduced 

substrates; see chapter 4). A similar growth mechanism was found on reduced-bulk 

TiO2 [77,83,85,86,89] as well as fully oxidized rutile TiO2(110) surfaces [11], thin films on 

Ru(0001) [169,171] and Mo(100) [72] or polycrystalline TiO2/Ti [70] samples, although  

different particle densities may occur for the same coverage, thus leading to some 

variations in the actual particle sizes. In all cases, an initial formation of 2D islands which 

partly grow in 3D at higher coverages was found and therefore at least similar particles 

shapes and sizes can be expected. The following observations can be made by the obtained 

CO2 concentrations and reaction rates of Au particles on the various substrates (see figure 

6-10):  
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figure 6-10: Overview on different reaction rates obtained for different samples during a CO oxidation 
((3.3% O2 and 6.7% CO in 170 mbar Ar, T=60°C, only for rs-TiO2

730: T=65°C)). 
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(1) The state of reduction of the sample has a decisive influence on the catalytic activity. 

Very low CO2 production was found for Au particles on all fully oxidized substrates, 

independent of the surface roughness (R < 1·10-5 mol(CO2)g-1s-1). Only samples which 

were reduced by annealing in UHV showed a substantial activity. This effect is also 

reversible. When formerly reduced substrates are reoxidized again, much less active 

Au/TiO2 model catalysts are obtained.  

(2) Although reduction by annealing increases the activity, it is not sufficient to obtain 

reaction rates as expected from comparable measurements on a Au/TiO2/Ru(0001) 

model catalyst. Only if the preparation process includes at least one cycle of sputtering 

and annealing after the reduction, similar activities are found. However, the results 

show also that sputtering and annealing in UHV applied on a fully oxidized sample, 

which leads only to a slightly reduced crystal, is not sufficient to obtain maximal 

activities. 

(3) Initial higher activities are found for Au particles on substrates annealed at 930°C than 

on substrates annealed at 730°C. However, the former show also a fast deactivation. 

Typically, it is assumed that the most important catalytic step for the reaction is the 

adsorption and activation of O2. CO was found to adsorb on low coordinated Au sites, as 

they are observed on stepped Au surfaces [109,110] as well as on small Au 

particles [71,245-247], and there, it can readily react with pre-adsorbed atomic 

oxygen [102,103,239-241,248]. But the mechanism for the supply and activation of O2 is 

still under discussion [44,46-50] and may also be the reason for the different observations 

on bulk-reduced and fully oxidized samples. The importance of the possibility to activate 

O2 for the reaction was also nicely shown in recent studies about the CO oxidation 

capabilities of unsupported, nanoporous Au foams in the group of M. Bäumer [249,250]. 

The Au foams have been prepared by leaching of AuAg alloys and the catalytic activity of 

those samples correlated with the content of remaining Ag. The authors argued that the Ag 

residues are important for the activation of oxygen allowing a reaction with CO adsorbed 

on Au. 

The fact that similar low catalytic activities are obtained not only for the very flat o-TiO2
950 

sample, but also for both of the oxidized-bulk samples with increased surface roughness, 

shows that differences in the substrate island density or the number of defect sites are not 

important for the activation of the catalyst. Instead, high CO conversions are only found on 
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bulk-reduced substrates and although the activity was found to be higher on rougher 

surfaces after sputter/anneal cycles, a reduction of crystal is crucial to obtain a reasonable 

activity at all. Small differences in Au particle sizes and shapes could, of course, explain 

small deviations in the reaction rates but not the nearly complete absence of any CO 

conversion on all fully oxidized rutile single crystal based catalysts. Especially the 

observation that defects inflicted by Ar+ sputtering have no influence on the activity is 

surprising. Au particles tend to grow on the defects during evaporation [77,87,91,215,251] 

and the formation of Au-vacancy complexes is discussed as possible reason for the unusual 

high catalytic performance of those small particles. DFT calculations show that small Au 

particles, stabilized by one or more defects have a negative charge and are more likely to 

activate O2 [87,213,252-256], although measurements with size-selected Au8 clusters could 

only proof this for defective MgO(100) films [257], but not for TiO2 [258]. Moreover, a 

recent publication suggested that the high activity of small Au clusters may originate from 

the formation of a strong-metal-support-interaction (SMSI) of Au clusters bound on 

defects which enables the Au directly to adsorb and activate O2 for the reaction [259]. In 

their experiments, a closed 2-layer thick Au film on a highly reduced TiOx monolayer film 

on Mo(100) was capable of oxidizing CO much better than on any disperse catalyst and an 

interplay between the reduced substrate surface and the gold was made responsible for 

allowing a reaction exclusively involving the Au surface [259-262]. However, the defects 

prepared by Ar+ sputtering of a bulk-oxidized TiO2(110) substrate are in our case not 

sufficient to allow a significant catalytic activity of Au particles grown on top of it. That 

means that either the different nature of those defects compared to the oxygen vacancies in 

the publications mentioned above is responsible for the different observations, or that a 

conductive support (like the Mo(110) in Ref. [259]) is needed to activate the Au particles.  

The role of the thickness of thin films on conductive supports concerning the activity of 

Au/MeOx model catalysts is also discussed in recent publications. The work function of a 

metal substrate (Ag(100), Mo(001) [263] or Pt(111) [264]) is decreased by a thin oxide 

layer (MgO [263] or FeO [264]), which was found to allow a charge transfer from 

adsorbed single Au atoms to the surface resulting in positively charged Au. Such processes 

can also be important for an activation of Au catalysts (ionized Au is also discussed as 

possible active species for CO oxidation [51-53]). If the film thickness exceeds few 

monolayers, this charge transfer is no longer possible and the Au atoms were found to 

remain neutral [263,265]. The CO oxidation results presented here show that only on 



6. Catalytic activity of Au/TiO2(110) model catalysts 156 

 

conductive (bulk-reduced) samples a reaction is detectable and that smaller reaction rates 

can be found if the substrate is only slightly reduced. Although it is rather unclear to what 

extend a possible charge transfer may alter the properties of the rather large Au particles 

(n > 50) compared to the Au atoms used in the work mentioned above [263,264], it cannot 

be neglected as possible reason for the high activity measured on thin films or bulk-

reduced rutile substrates. 

The importance of surface defects is also discussed for an alternative reaction pathway, on 

which O2 is first adsorbed on the substrate from where it migrates to the Au particles and 

oxidizes CO at the Au-TiO2 perimeter or on the Au particles [266-268]. Experiments and 

DFT calculations showed that surface defects (especially in the bridging oxygen rows) are 

necessary for an adsorption and diffusion of O2 on the substrate. In our case, however, this 

pathway is probably blocked because only few defects are expected on the non-sputtered 

fully oxidized samples, but also for the sputtered one, it is well possible that surface 

defects are healed very quickly in an oxygen containing atmosphere. As a result, the 

catalyst is rapidly deactivated. However, this situation can be expected to be completely 

different, if reduced-bulk substrates are used. Although O2 adsorption accompanied by re-

oxidation will certainly occur, other side-reactions between the bulk and the surface may 

help to maintain oxygen defects at the surface. Previous STM measurements reported 

about different reconstructions that are formed if bulk-reduced samples are exposed to 

oxygen, such as the formation of small titania islands on top of the surface due to the 

segregation of Ti interstitials to the surface [61,67]. It might also be possible that oxygen 

adsorbed on the surface re-oxidizes the bulk and leaves again a defect on the surface. Both 

processes help to maintain a higher number of defects where new oxygen is more likely to 

adsorb, which may diffuse to the Au particles. However, the second process described 

above would also lead to a rather rapid deactivation of the catalyst due to the fact that the 

defects in the near surface region would heal out with time. This would also fit to our 

observations that annealing a substrate to 300°C in O2 or keeping it at room temperature in 

air prior the evaporation of Au results in much less active samples. 

A different explanation for the enhanced activity of reduced-bulk samples can be given, 

when the increased conductivity of these samples is taken into account. In a recent 

publication, Wahlström et al. investigated the diffusion of O2 on rutile TiO2(110) surfaces 

and found them to move with an increasing hopping rate, with a higher state of reduction 

of the substrate [269]. They proposed that, through a transfer of electrons from the 
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conduction band, charged O2
* molecules are formed, which move induced by discharging 

by a single jump. A higher conductivity of the substrate accelerates the migration of the 

adsorbates and thus may enhance the catalytic activity of Au/TiO2 catalysts. Furthermore, 

they state that the charging of O2 forming a highly activated O2
* may be also important for 

the oxidation reaction itself. These observations fit very well to our experimental results 

and may explain the increasing catalytic activity of our Au/TiO2(110) model catalysts with 

an increasing conductivity induced by reduction of the crystal bulk. Similar effects 

concerning the charged O2
* may also explain differences in the stability of Au particles on 

rutile model catalysts, which are assumed to grow by an Ostwald Ripening mechanism via 

the formation of mobile AuOx species during exposure to O2 [85] (see also experiments on 

particle stability in chapter 4 and 5)[12]. In contrast to bulk-reduced samples, where 

particle growth already started in 13 mbar O2 at room temperature [33,85,86], Au particles 

where found to be more stable on fully oxidized substrates [11].  

The further increase of the catalytic activity of the model catalysts after at least one sputter 

anneal cycle may have various reasons. Our XPS measurements showed that Ca and Mo 

impurities are present on the non-sputtered surface after annealing in UHV and it is 

possible that they influence the activity. Furthermore, the morphology of the substrate 

surface is changed substantially after the sputter/anneal cycle. A high number of small 

TiO2 islands are present on the surface and the increased number of steps may influence 

the adsorption of O2. However, the rather low activity found on a sputtered/annealed 

sample, that was not extensively reduced before, shows that this treatment alone only helps 

to increase the activity. For both types of reduced-bulk samples, the sputtered and the non-

sputtered, an initial higher activity accompanied by a faster deactivation is found for 

samples where the substrate was annealed to 930°C in the last step prior the evaporation of 

Au. At least the deactivation can be explained with a faster particle sintering on the 

reduced surface. Particles stabilized by surface defects, which will be present with much 

higher densities on those surfaces, have been shown to grow even at temperatures of 68°C 

in UHV [214]. It is most likely that similar processes, enhanced by the gases in the reactor, 

lead to a faster particle growth and therefore to a decay of the catalytic activity.  

Of course, it is also important to consider if the effects observed here on model systems are 

also valid on realistic catalysts, where the supports are usually extremely different in size 

(small crystallites of typically ~20-100 nm diameter) and often different in the 

crystallographic structure (amorphous, anatase, brookite) compared to the extended rutile 
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single crystals used here. Unfortunately, a comparison is often not straightforward, because 

oxidative or reductive treatments are usually applied as final steps during the preparation 

of Au/TiO2 catalysts, thus they affect not only the support, but also the Au particle shape 

and size. The activity for CO oxidation after various pretreatments (oxidative (10%O2/N2 

at 400°C), reductive (10%H2/N2 at 200°C) or a combination of first reductive and then 

oxidative measured in our group earlier by Schumacher et al. revealed similar high TOF 

numbers for all catalysts (support: P25 or anatase) [177,178,222]. An investigation of the 

influence of the crystallographic structure of different polymorphs of the powder supports 

revealed similar activities for rutile and anatase based catalysts prepared by deposition 

precipitation after a reductive pretreatment (12%H2/Ar at 150°C). However, after oxidation 

(8%O2/He at 300°C) the rutile based sample deactivates much more (the rate at -40°C is 

reduced by a factor of 1000) [238]. However, this difference may also originate from 

different particle sizes/shapes on the two polymorphs after the preparation. A different 

study applied similar sized Au particles prepared from colloids on different TiO2 

polymorphs, and they detected a comparable deactivation for rutile and anatase after 

calcination above 350°C. Interestingly, particle sintering was only observed after 

treatments above 450°C, thus the origin of the deactivation at lower temperatures remains 

unclear but is independent from morphological changes of the Au particles [270]. Oxygen 

defects on the support particles may have an influence on the reaction in this case. At least 

on amorphous TiO2 supports, Liu et al. could show that the oxygen uptake strongly 

decreases if the number of surface defects is reduced by calcination [44]. A correlation 

between the catalytic activity and the reducibility of Au/TiO2 and Au/CeO2 powder 

catalysts could also be observed in recent experiments in our group [39,271]. There, the 

oxygen storage capacity (OSC) was measured using Temporal Analysis of Products (TAP) 

by examining the formation of CO2 after short pulses of CO. For both oxidative pre-treated 

samples, a reaction in the absence of oxygen was observable and it was found that ~0.6% 

of the TiO2 surface can be reduced at 80°C through the formation of CO2. In contrast to 

ceria supported samples, where up to 20% of the surface could be reduced under the same 

conditions [272] and an initial activation period with increasing reduction was found [271], 

no increase in activity could be observed after reduction. However, a correlation between 

the OSC and the activity of the samples could be established. On Au/TiO2 powder 

catalysts, post-calcined at different temperatures (400°C-700°C), a decrease of the catalytic 

activity with decreasing OSC shows that at least the capability to form surface defects may 

influence the catalytic activity [39]. 
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The comparison shows that the effect of oxidative treatments on the CO oxidation activity 

is much less pronounced for disperse catalysts than for the model catalysts used in the 

present study. However, oxygen adsorption seems to be reduced with less defects for both, 

disperse [44] and single crystal based catalysts [247,266,268]. The inactivity of Au on fully 

oxidized titania single crystals can be understood by the assumption that oxygen defects 

are possibly created easier on the small powder support particles, which contain a high 

number of unsaturated edge-sites, or on the reduced-bulk crystals, due to a higher mobility 

of Ti interstitials/oxygen, compared to the situation on the highly ordered crystal structure 

near the surface in the fully oxidized samples.  

6.4. Summary 

In the experiments presented here, the influence of different pretreatments of rutile 

TiO2(110) single crystal supports on the catalytic activity of Au/TiO2 model catalysts was 

studied for the first time. The different pretreatments were applied before evaporation of 

the Au, which allows the observation of substrate effects on the reactivity of the catalysts. 

While differences in the roughness of the support surfaces were found to play no 

significant role, the reactivity was remarkably influenced by the degree of reduction of the 

substrate. Very low activity was found for Au/TiO2 model catalysts on fully oxidized 

substrates, whereas it increased with increasing state of reduction of the TiO2 bulk and 

finally this trend can be reversed by annealing the reduced crystal in oxygen again. The 

fact that also Au particles on defect-rich, pre-sputtered surfaces of fully oxidized samples 

show no significant activity allows the assumption that the activation of Au particles 

grown on vacancies is not decisive in this case, although it cannot be ruled out, that the 

different nature of the vacancies prepared by sputtering compared to oxygen vacancies is 

the reason for these findings. More likely, the enhanced capability for oxygen to adsorb 

and to migrate on conductive, (bulk-) defect rich rutile samples or maybe even an charge 

transfer from the Au to the conductive bulk seems to be important for the enhanced 

activity. Although previous studies found an influence of calcination on disperse Au/TiO2 

catalysts, it is much less pronounced there and often superposed by a growth of Au or 

support particles, thus underlining the advantage of the use of model catalyst in this case. 

These results demonstrate that the CO oxidation on Au particles depends very significantly 

not only on the chemical composition but also on the state of reduction of the support and 

may help to further understand the complicated process behind this catalytic reaction. 
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7. Summary and outlook 

The thesis presented here had the goal to gain a better understanding concerning the 

stability and catalytic activity of supportet Au nanoparticles by utilizing well-defined 

Au/TiO2(110) model catalysts. Therefore new preparation methods for Au/TiO2(110) 

samples had to be found, the thermochemical stability of differently sized and shaped Au 

particles was examined and the catalytic activity of those model catalysts was studied. For 

the latter item, it was also an important task to develop new reactors to overcome the 

general problem that, due to the small active surface of those samples, only very small 

product concentrations are present in the reaction gas. 

The newly developed oxidative pretreatment of rutile single crystals presented here leads 

to well-defined model substrates, which were used to study growth, thermal stability and 

catalytic activity of Au particles for the first time on fully oxidized samples. This is in 

contrast to nearly all studies published up to now, where conductive, bulk-reduced samples 

were widely used. Differences in the preparation routine, such as the number of 

annealing/Ar+-sputtering cycles or applied temperatures, may lead to different surface 

structures or defect densities on those samples. 

The study of the formation of Au particles during thermal evaporation revealed that the 

general growth behaviour is similar for bulk-reduced and fully oxidized samples. Initially, 

2-dimensional islands are formed which grow further in size and height, while new 

particles grow in between. At a later stage the further growth of the larger particles is self-

limited compared to the formation of new ones [83], thus leading to particle distributions 

which are randomly distributed around the most prevalent size near the mean size. A 

similar growth behaviour is also found on thin films [70,72,169]. However, minor 

differences are found concerning the particle density and size for a given coverage. This 

shows that a larger number of particles is formed on fully oxidized samples than on bulk-

reduced substrates. Typically, oxygen rich surfaces tend to stabilize the Au nucleus and 

higher particle densities are obtained on those surfaces compared to reduced surfaces. In 

the latter case, the Au particles are only initially stabilized by oxygen vacancies, but start 

to diffuse if the Au particles contain more than 3-5 atoms, thus leading to lower particle 

densities [87]. If OH groups are present on the surface, Au particles are mainly formed at 

step edges [214]. For all cases, the resulting particles are – in contrast to typical particle 

shapes on disperse catalysts - rather flat. The second preparation method presented here, 
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the deposition of micellar stabilized Au-precursors, leads to rather spherical particles. 

Moreover, the high self-organization of the micelles on the substrates leads to Au particle 

arrays with defined distances, and the similar Au loadings in the cores enables the 

preparation of well-defined particle sizes. This shows that this approach might be very 

useful for the study of particle size and spacing effects. Here, different particle sizes from 

1.5 nm to 4.5 nm have been prepared and it was shown that the inter-particle distance can 

be varied either by changing the size of the polymers or by adjusting the dipping speed. 

However, the increased capability of TiO2 substrates to induce an Ostwald-Ripening of Au 

particles made it necessary to adopt milder conditions for the removal of the polymer shells 

in oxygen plasma. In combination, the different preparation routines for Au particles on 

TiO2(110) substrates open the opportunity to study their stability and catalytic activity for 

different sizes, shapes and distance at ordered or randomly distributions, while the 

application of fully oxidized rutile samples increases the variability of substrates for model 

catalysts. 

The thermal stability of Au/TiO2 model catalysts was examined in vacuum or in different 

gas atmospheres using differently prepared model catalysts to obtain a better understanding 

of effects of particle sizes and distances on particle growth processes. On fully oxidized 

substrates, only minor changes can be observed up to 400°C in UHV, for small, flat 

particles prepared by evaporation, as well as for larger particles prepared by the micellar 

technique. However, annealing in oxygen at the same temperature leads to a significant 

growth of the Au particles. The preservation of the hexagonal order on the micellar based 

samples shows that not a movement of whole Au particles is responsible for it, but that 

mobile Au species are formed under oxidative conditions which lead to an Ostwald-

Ripening of the particles. Moreover, if the distance is sufficiently high between 

neighboring Au particles, the formation of new small Au cluster in between is favoured. 

The oxidation state of the bulk also affects the stability in oxygen. A comparison between 

Au particles prepared by evaporation on reduced and fully oxidized substrates at room 

temperature revealed a higher stability of the Au particles on the latter one, where no 

significant change could be observed, while the particle density was reduced by ~15% on 

the bulk-reduced substrate, similar to results published earlier [85]. 

The influence of the oxidation state of the bulk on the catalytic activity was also in the 

focus of the reactivity measurements presented in this thesis. A new micro flow reactor 

was developed and the combination of minimized gas flow and reactor volume allowed the 
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investigation of the activity of Au/TiO2 model catalysts, but it is also possible to use 

disperse powder samples in this setup, although contaminations from sealing materials still 

hamper its ability to perform long-time measurements. Au particles were evaporated onto 

differently pre-treated single crystals, i.e., that differences in the activity can be mostly 

discussed in terms of TiO2 effects alone. The measurements demonstrated that the support 

has a crucial influence on the activity of the Au particles. On fully bulk-oxidized 

substrates, the model catalysts were found to have very low activities, even if the topmost 

layer was reduced by sputtering. Only by reduction of the bulk, reasonable CO oxidation 

could be obtained. Moreover, the whole process could be reversed and the activity was 

strongly decreased after reoxidation of the crystal bulk. Here it is most likely that the 

adsorption and activation of oxygen for the reaction is directly correlated to support 

features, which underlines that the small size of the Au particles is not the only reason for 

their unexpected high catalytic activity. But it is also possible that the presence of oxygen 

vacancies and/or a conductive bulk (which allows a charge transfer to the Au particles) is 

important for their activation.  

In summary, the results of the current thesis presented different ways to prepare well-

defined Au/TiO2 model catalysts and examined their stability under various conditions as 

well as the importance of the oxidation state of the support for the catalytic activity. 

Together with a further application of the newly developed micro flow reactor and the 

basic knowledge on the importance of the state of reduction of the bulk for the catalytic 

activity, it is possible to continue this work in various directions. Comparable 

measurements between single crystal and thin film based model catalyst may, e.g., help to 

understand how the substrate influences the catalytic activity. Furthermore, using the 

micellar technique, defined model catalysts can be prepared to study particle size or 

distance effects on the catalytic activity in more detail and, moreover, Au-alloy particles 

can be prepared, which may show an increased activity or stability during CO oxidation.  
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A. Deutsche Zusammenfassung (german summary) 

Die hier vorgestellte Doktorarbeit hatte zum Ziel, durch die Verwendung von 

wohldefinierten Au/TiO2(110) Modellkatalysatoren neue Erkenntnisse über die Stabilität 

und Reaktivität von geträgerten Au Nanopartikeln zu gewinnen. Dazu wurden neue 

Präparationsmethoden für Au/TiO2(110) Proben entwickelt, die thermochemische Stabilität 

von Au Partikeln unterschiedlicher Größe und Form untersucht und die katalytische 

Aktivität von Modellkatalysatoren studiert. Für die katalytischen Messungen mussten 

außerdem neue Reaktoren entwickelt werden, um auch sehr geringe Produkt-

konzentrationen, wie sie bei solchen Proben zu erwarten sind, messbar zu machen. 

Die hier vorgestellte, neu entwickelte oxidative Vorbehandlung von Rutil Einkristallen 

führt zu wohldefinierten volloxidierten Modellsubstraten, auf denen das Wachstum, die 

thermische Stabilität und die katalytische Aktivität von Au Nanopartikeln untersucht 

worden ist. Im Gegensatz zu den hier verwendeten Substraten wurden in fast allen bis jetzt 

publizierten Studien reduzierte Rutil Einkristalle als Substrate verwendet. Diese haben 

zwar den Vortei, dass sie elektrisch leitend sind und daher für elektronenbasierte 

Untersuchungsmethoden (z.B. STM) verwendet werden können, jedoch können 

Unterschiede in der Vorbehandlung der Substrate zu unterschiedlichen Strukturen oder 

Defektdichten auf der Oberfläche führen. 

Die im Rahmen dieser Arbeit durchgeführen Untersuchungen zum Wachstum von Au 

Partikeln durch thermisches Aufdampfen auf volloxidierten Substraten zeigten, dass ein 

ähnliches Wachstumsverhalten wie auf reduzierten Substraten gefunden werden kann. 

Anfangs bilden sich 2-dimensionale Inseln, die weiter in Höhe und Breite wachsen, 

während neue Partikel in den Zwischenräumen gebildet werden. Jedoch wurden kleine 

Unterschiede bei den Partikeldichten und –Höhen auf unterschiedlich vorbehandelten 

Substraten (volloxidiert, reduziert) für gleiche Au Bedeckungen gefunden. Die Ergebnisse 

zeigten, dass eine größere Zahl von Partikeln auf volloxidierten Substraten gebildet wird. 

Dies stimmt auch mit vorherhigen Studien überein, bei denen gezeigt wurde, dass die O-

Fehlstellen auf reduzierten Substraten zwar als Keimzentrenen dienen, jedoch nur Partikel 

bis zu einer Größe von 3-5 Atomen stabilisieren. Ab dieser Größe führt Diffusion zu einem 

weiteren Zusammenwachsen und erklärt damit die kleineren Partikeldichten [87].  

Durch Aufdampfen präparierte Au Inseln sind unabhängig von der Substatvorbehandlung 

eher flach, was ein Gegensatz zu den typischerweise (halb-)kugelförmigen Partikeln auf 
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dispersen Katalysatoren ist. Bei der zweiten hier vorgestellten Präparationsmethode 

können kugelförmige Au Partikel hergestellt werden. Dazu werden mit Au beladene 

Block-Co-Polymermizellen auf die Substratobefläche aufgebracht, die sich dort mit einer 

hexagonalen Packung anordnen. Abschließend können die Polymerhüllen in einem 

Sauerstoffplasma abgebrannt werden. Sowohl die Größe, als auch die Abstände zwischen 

den so präparierten Au Partikeln lassen mit dieser Methode steuern, wodurch eine gezielte 

Untersuchung von Partikelgrößen und –abstandseffekten möglich wird. In dieser Arbeit 

wurden Partikel mit Größen von 1.5 – 4.5 nm hergestellt und es wurde untersucht, wie die 

Partikelabstände, entweder durch die Wahl unterschiedlich großer Polymerketten oder 

durch die Veränderung der Ziehgeschwindigkeit beim Aufbringen der Mizellen, variiert 

werden können. Zusammengenommen ermöglichen die beiden hier vorgestellten 

Methoden zur Präparation von Au Partikeln auf Rutil TiO2 Substraten die Untersuchung 

von Größen- Form – und Abstandseffekten auf die Stabilität und die katalytische Aktivität 

dieser Proben.  

Die thermische Stabilität von Au/TiO2 Modellkatalysatoren wurde in Vakuum und in 

unterschiedlichen Gasen (CO, O2, CO + O2) untersucht. Unabhängig von der gewählten 

Präparationsmethode zeigen Au Partikel auf volloxidierten Substraten eine hohe Stabilität 

beim Heizen im Vakuum bis 400°C. Im Gegensatz dazu, findet man beim Heizen in 

Sauerstoff deutliche Wachstumsprozesse, bei denen sich die Partikelgrößen zwar stark 

verändern, die hexagonale Ordnung der Au Partikel bei mizellbasierten Proben bleibt 

jedoch erhalten. Dies zeigt, dass nicht eine Bewegung der Au Partikel, sondern ein 

Ostwald-Reifungsprozess zu den morphologischen Veränderungen führt. Bei großen 

Partikelabstände (>30 nm) findet man darüber hinaus, dass sich neue, kleine Au Partikel 

zwischen den vorher vorhandenen bilden.  

Desweiteren wurde verglichen, wie sich Unterschiede im Oxidationzustand des Kristalls 

auf die Stabilität (von durch thermisches Aufdampfen hergestellter Au Partikel) in 

Sauerstoff bei Raumtemperatur auswirken. Auf volloxidierten Substraten konnten keine 

Auswirkungen dieser Behandlung festgestellt werden, während auf reduzierten Substraten 

ein Rückgang der Partikeldichte um ~15% festgestellt werden konnte. 

Der Einfluss des Oxidationszustandes des Substrats auf die katalytische Aktivität der CO 

Oxidation stand auch im Mittelpunkt der Reaktionsmessungen. Ein neuer 

Mikroflussreaktor wurde entwickelt, der, aufgrund seines kleinen Volumens und der 

Verwendungen von sehr kleinen Gasflüssen, die Messung der katalytischen Aktivität von 
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Au/TiO2 Modellkatalysatoren ermöglicht. Die Proben wurden durch thermisches 

Aufdampfen von Au auf unterschiedlich vorbehandelte Rutil Einristalle (volloxidiert, 

gesputtert, reduziert, reoxidiert) hergestellt, um den Einfluss des Substrats auf die 

katalytische Aktivität zu untersuchen. Die Messungen zeigten, dass das Substrat tatsächlich 

einen entscheidenden Einfluss hat. Die Verwendung von volloxidierten Substraten führte 

zu Modellkatalysatoren mit sehr geringer Aktivität, selbst wenn die oberste Lage durch 

Sputtern mit Ar+ Ionen reduziert wurde. Deutlich höhere Aktivitäten wurden auf allen 

Au/TiO2 Modellkatalysatoren mit zuvor reduzierten Substraten gefunden. Darüberhinaus 

führte auch die Reoxidation von reduzierten Substraten vor dem Aufdampfen der Au 

Partikel wieder zu einer deutlich geringeren CO2 Bildungsrate während der Reaktion. 

Höchstwahrscheinlich steht die Adsorption und Aktivierung von Sauerstoff in 

Zusammenhang mit den Trägereigenschaften und beeinflusst so die katalytische Aktivität. 

Es ist jedoch auch möglich dass das Wachstum von Au auf Fehlstellen und/oder über 

einem leitfähigen Träger einen Ladungstransfer zum Au ermöglicht und damit die 

Aktivität beeinflusst wird. 

Zusammengefasst präsentieren die Ergebnisse der vorliegenden Doktorarbeit verschiedene 

Möglichkeiten zur Präparation von Au/TiO2(110) Modellkatalysatoren, mit denen die 

thermische Stabilität von unterschiedlich hergestellten Au Partikeln in verschiedenen 

Umgebungen, sowie der Einfluss des Trägers auf die katalytische Aktivität untersucht 

worden ist. Durch eine Weiterverwendung des neu entwickelten Mikroflussreaktors und 

dem Wissen über die Bedeutung des Oxidationszustandes des kristallinen Substrats auf die 

katalytische Aktivität, lässt sich diese Arbeit in verschiedener Weise fortsetzen. 

Vergleichende Messungen der katalytischen Aktivität von Au Partikeln auf dünnen TiO2 

Filmen und kristallinen Trägern können z.B. weiter dazu beitragen, den Einfluss des 

Substrats auf die Aktivität zu verstehen. Außerdem können die definierten 

Modellkatalysatoren, die über die Verwendung von Au beladenen Mizellen hergestellt 

werden, in Zukunft dazu verwendet werden, den Einfluss von Partikelgrößen und 

Abständen auf die katalytische Aktivität genauer zu untersuchen. Darüberhinaus besteht 

die Möglichkeit mit der mizellaren Technik auch Legierungspartikel herzustellen und 

damit bimetallische Systeme auf ihre katalytischen Eigenschaften zu untersuchen, die eine 

erhöhte Aktivität oder Stabilität vorweisen könnten. 
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B. Short summary of literature on Au/TiO2 model catalysts 

a) Pretreatments of rutile TiO2 single crystals 

ref. Treatment surface methods 

[78] 1. annealing (730°C, 1h, UHV) 
2. sputter (Ar, 0.5keV, 30min) 
3. annealing (700°C, 10-6 Torr O2, cooling in O2)  

TiO2(110) 
(1 x 1) 

LEED, XPS 

[90] 1. annealing (730°C, „long time“, UHV) 
2. sputter (Ar, 1 keV), annealing (730°C, 10min, 1·10-6 

Torr O2, cooling in O2) 
3. annealing (~230°C, UHV)  OH-, H+ removal 

TiO2(110) 
(1 x 1)  

(few defects) 

LEED, XPS, 
ESD1 

[85,8
6] 

cycles of sputtering (Ar) and annealing (830°CK) TiO2(110) 
 (1 x 1) 
slightly 

reduced, defects 

STM, LEED, 
AES 

[75] 1. annealing (730°C, 1h, UHV) 
2. mechanical polishing 
3. sputter (Ar, 0.5 keV, 30min), annealing (700°C, 10-6 

Torr O2, 10 min cooling in O2 
4. sputter (Ar, 0.5 keV, 10-5A/cm2, 15min)  reduced 

surface 

TiO2(110) 
(1 x 1) 

HRSEM  

[77] 1. annealing (630°C, x h, UHV) 
2. sputter (Ar, 1.0keV), annealing (630°CK, 2·10-6 mbar 

O2) 

TiO2(110) 
(1 x 1) 

LEED, XPS 

[67] 1. cycles of sputtering (Ar, 0.5-2.0kV,0.5-5µA/cm2, RT) 
and annealing (730°C) 
2. anneal to 1030°C 

1. (1 x 1) 
2. (1 x 2) 

STM (AES) 

[100
] 

1. annealing (730°C, x h, UHV) 
2a. sputter (Ar, 1.0 keV), annealing (730°C, 10min, 4⋅10-6 

Torr O2) 
2b. annealing (1030°CK) 

TiO2(110)- 
2a. (1 x 1) 
2b. (1 x 2) 

LEED 

[91] no information TiO2(110) 
(1 x 1) and 

(1 x 2) 

LEED 

[66] sputter-anneal cycles (no further informations) TiO2(110) 
(1 x 1) 

STM (?) 

[88] sputter (Ar, 700eV, 10µA), annealing (730°C, 5·10-7 mbar 
O2) 

TiO2(110) 
(1 x 1) 

STM 

[89] sputter (Ar, 10µA, 500eV, 20min), annealing (730°C). 
Repeated 10 times 

TiO2(110) 
(1 x 1) 

LEED 

[93] crushed crystal, not further treated TiO2 SEM 
[83] 1. annealing (730°C, UHV, several h) 

2. sputter(Ar, 20min, 2µA, 800eV), annealing (830°C, 
UHV), repeated several times 

TiO2(110) 
(1 x 1) 

STM 

[69] 1. cleaning in Aceton, H2SO4/H2O2, water 
2. annealing (630°C, 1-2h, air) 

TiO2(110) 
fully oxidized 

AFM, XPS 

[95] 1. Annealing in air to 800°C for 1h 
2. Flash annealing to 530°C in vacuum 

TiO2(110) 
fully oxidized 

AFM 

                                                 
1 ) electron stimulated desorption  
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b) Growth of Au on TiO2 single crystal and thin film samples 

ref. substrate Θ 
/ML 

ρ / 
part. cm-2 

d/h  
/nm Remarks 

[72] TiO2(001)
/ 
Mo(100) 

1.8 
3.0 

>1012 2.5/1.0 
6.2/1.6 

- flat particle, high density 
- less particles on Mo(100) regions 

[78] TiO2(110) up to 
20 

60% cov. 
by Au 

n/a. - Θc and particle density decease with 
increasing temperature 

- XPS: shift of Au(4f) position (+0.4 eV) 
- LEED: weak signal with (111) orientation 

[90] TiO2(110) up to 
20 

n/a. n/a - growth starts on defects 

[85,86] TiO2(110) 0.1 
0.2 
1.0 
2.0 
4.0 

2·10-12 

2.7·10-12 

4.0·10-12 
4.5·10-12 

4.1·10-12 

1-2/0.3 
3/- 

3-5/1-2.5 
4.5/- 
5.4/- 

- Growth on steps and defects 
- Θc < 0.1ML 
- maximal 70% of the surface are covered 

with Au (at 2.0 ML) 

[75] TiO2(110) up to 
50 

up to  
2·10-12 

5/-  
at ~4 ML 

- Vollmer-Weber growth 
- up to 4 ML: drop-like particles 
- above 4 ML: worm-like structures 
- particle density decreases with increasing 

temperature 
[273] TiO2 

anatase 
microsphe
res 

1.0 
 –  

8.0 

2·1012 

 –  
4.5·1012  

corr. of 
1:0.4, 

d>2nm 

- polyhedral structure with (111) and (100) 
faces 

- deformation of lattice parameters 

[67] TiO2(110) 
(1x1) 
(1x2) 

0.3 n/a. 2-5 / 0.7 - rather homogeneous nucleation 
- STM tip induced changes of Au particles 

[100] TiO2(110) 
(1x1) 
(1x2) 

0.2 – 
5.0 

n/a n/a - smaller dispersion on (1x1) than on (1x2) 
surface  influence of defect density and 
distance between Ti rows 

[91] TiO2(110) 
(1x1) 
(1x2) 

0.2 – 
5.0 

n/a. n/a EELS: 
- loss feature of surface defects is vanished 

after evaporation  
 growth on defects 

- Au spectra similar to metallic Au 
[88] TiO2(110) 

– (1x1) 
0.01 
0.08 
0.20  

1.5·1012 

4·1012 

4·1012 

1.5/0.25 
1.6/0.25-0.8 
2.8/0.6-1.4 

- Growth on steps and defects 
- Very fast saturation of particle density 

[89] TiO2(110) 
– (1x1) 

0.02 
0.03 
0.2 
0.5 
0.7 

n/a 2.5/0.4 
2.7/0.5 
3.0/0.6 
4.0/1.1 
4.5/1.4 

- no growth on steps, homogeneous distr. 
- Correlation between height and 

diameter: 
h(Å)=0.48*(d(Å)-16.7) 

[83] TiO2(110) 
– (1x1) 

0.09 
0.21 
0.34 
0.58 
0.85 

0.6·1012 

1.6·1012 

1.8·1012 

2.5·1012 

2.5·1012 

4.5/0.24 
5.0/0.55 
5.5/0.75 
6.0/0.85 
6.0/0.95 

- Proposal of self-limited growth mode 

[70] TiO2/Ti 
(polycr.) 

0.5 
 

n/a 2.5/- - homogeneous particle distribution 

[105] TiO2(110) 
(1x2) 

n/a ~4·1012 - - homogeneous particle distribution 



Appendix C: 187 

 

C. Derivation of mathematical expressions 

a. Integration of equation 3-1 
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b. Integration of equation 3-12 
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∫ ∫    (3-13) 

Both terms can be integrated seperately along the following routine: 

1. Substitution with s: 
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2. Back substitution: 
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For the complete equation follows: 
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