
 
 

Technische Universität München 
Lehrstuhl für Physikalische Chemie 

 
 

Cluster catalysis under UHV and ambient conditions 
 
 

Sebastian M. Kunz 
 

 

 

 

 

Vollständiger Abdruck der von der Fakultät für Chemie der Technischen Universität 

München zur Erlangung des akademischen Grades eines 

 

Doktors der Naturwissenschaften 
 
genehmigten Dissertation. 

 

Vorsitzender: Univ.-Prof. H. Gasteiger, Ph.D. 

 

Prüfer der Dissertation: 

1. Univ.-Prof. Dr. U. K. Heiz 

2. Univ.-Prof. Dr. J. A. Lercher  

3. Univ.-Prof. Dr. K. Köhler 

 

 
Die Dissertation wurde am 28.4.2010 bei der Technischen Universität München eingereicht 

und durch die Fakultät für Chemie am 14.6.2010 angenommen.



I 

 

 

 

 

 

 

 

 
 
 
 
 

For Irmgard Kunz (1923-2009) 



 II

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

There's a dark cloud rising from the desert floor 
I packed my bags and I'm heading straight into the storm 
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1 

1 Introduction 

 

The effect of catalysis has been defined by Ostwald as follows: “A catalyst is a substance 

that accelerates a chemical reaction, without being changed by the reaction and without 

changing the final location of the thermodynamic equilibrium of that reaction.”[1] 

 

 
Figure 1.1 Energy diagram with respect to the reaction progress. The black curve describes the reaction path 
without, the red curve the path with a catalyst. The activation barrier is lowered for the catalyzed reaction. 
Note: thermodynamics remains unaltered.  
 
As seen in Figure 1.1 the usage of catalysis lowers the activation barrier and reduces the 

demand of energy, which needs to be applied in order to perform a chemical reaction.[2, 3] 

Since energy losses can occur during a chemical conversion, catalysis is of great interest 

for large industrial as well as laboratorial applications, because lower energy demands 

needed for a reaction to happen, reduces energy losses, too.  

The three major catalysis subareas are: Homogeneous, heterogeneous and bio-catalysis. 

Homogeneous and bio-catalysts exhibit extremely high reactivity and selectivity.[4] In 

comparison, the reactivity of heterogeneous catalysts are usually lower and less specific. 

However, they maintain stable under extreme conditions and are easy separable, since the 

catalyst can be filtered off from the reaction mixture afterwards. Nevertheless, a detailed 

understanding of catalysis in order to achieve systematic investigations and developments 

is still a key issue for both, the scientific and industrial community.  

For heterogeneous catalysis single crystal studies under ultra high vacuum (UHV) 

conditions have formed the fundament of catalysis research.[5] The use of UHV enabled the 
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application of techniques, such as electron diffractometry as well as electron spectroscopy, 

since the mean free path is increased by around 14 orders of magnitude in comparison to 

ambient conditions.[6] 

Low energy electron diffraction (LEED) was successfully applied to single crystals in the 

1960’s and one gained much important information regarding the adsorption properties of 

reactants like e.g. CO, hydrogen or oxygen on metal surfaces.[7-9]  

By means of Auger electron spectroscopy (AES) and X-ray photoelectron spectroscopy 

(XPS) information about core-electrons and their shifts in binding energy with respect to 

the chemical environment of the probed atoms can be obtained.[10, 11] Even more interesting 

are surface sensitive methods such as ultraviolet photoelectron spectroscopy (UPS), 

metastable impact electron spectroscopy (MIES) or photoelectron spectroscopy of 

adsorbed Xe (PAX spectroscopy).[12-14] The use of these methods gives access to 

information about the valence structure of a given surface.[15] 

The successful application of the above mentioned experimental methods has given 

detailed insights into catalytic mechanisms of simple reactions on single crystals like CO 

oxidation or ammonia synthesis.[16] Patents have been developed for industrial catalysts 

based on single studies and the importance of this pioneering work has been honored by 

the Nobel Prize in 2007 for G. Ertl.[17-19] 

It is well-known that an industrial applicable catalyst consists of dispersed metal particles 

on a chemically inert support like carbons or metal oxides. A detailed comparison with 

single crystals shows that many effects must be considered for industrial catalysts which 

are not relevant for single crystals. Hence, these model systems are not sufficient for a 

complete understanding of effects such as: the stability of the metal particles on the support, 

particle shape, electronic effects, dispersion, reactant spill-over or reverse spill-over 

effects.[20-24] Furthermore, it has been shown that the size of the metal particles has an 

influence on the catalytic properties.[25] Especially interesting in that respect is the behavior 

of gold, which shows catalytic activity exclusively for small particles.[26, 27] 

To overcome the shortcomings of single crystal studies, different methods have been 

developed and applied for the preparation of metal particles on metal oxide or carbon 

supports. One of the most important and promising approach for UHV studies is physical 

vapor deposition (PVD).[28-30] A given metal is evaporated onto the support material which 

is subsequently annealed. By controlling the annealing temperature of the sample the 
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particle growth is influenced. The nucleation of the atoms, leading to particle formation, 

depends furthermore on the support, the metal, the defect concentration on the surface and 

the vacuum conditions.[31] The particles synthesized by means of PVD have been 

characterized extensively in the past using Transmission Electron Microscopy (TEM) and 

Scanning Tunneling Microscopy (STM).[30, 32, 33]  

Furthermore, reactivity studies have been performed for CO oxidation, decomposition of 

methanol, oxidation of methanol and NO-CO reactions.[34-36] Results like a less 

pronounced CO poisoning effect for smaller particles in comparison to larger particles and 

single crystals have already shown the importance of those systems for advanced catalysis 

research.[37]  

Nevertheless, there are some limitations of the PVD methodology. A main disadvantage is 

that the coverage can not be controlled independently from the choice of the particle size. 

Furthermore, the size distribution is difficult to control and the exact nucleation conditions 

are rarely reproducible.[31]  

In order to overcome these problems the deposition of gas-phase clusters under soft-

landing conditions has been developed as a another technical method to prepare metal 

particles on a given support.[38] A main advantage of this method is that the size and size 

distribution of the cluster beam can be precisely controlled by using a quadrupole mass-

spectrometer (QMS) before deposition onto the support. Additionally, since the particles 

are formed in the gas-phase and subsequently deposited, the coverage can be 

independently controlled with respect to the size.[39]  Deposited mass-selected clusters have 

already shown great potential as model catalysts, e. g. the influence of the size of gold 

clusters on their electronic structure and their catalytic properties.[26] Another interesting 

result is the successful application of the non-reactive reverse spill-over model for CO 

oxidation on small palladium clusters under quasi steady-state conditions.[40] 

A further advantage of cluster deposition is that the electronic structure of gas-phase 

clusters can be determined experimentally and verified theoretically.[41, 42] Consequently, 

theoreticians use this “bottom up” approach to develop new theoretical models in order to 

explain phenomena in catalysis like charging effects of the clusters or structural dynamic 

fluctuations.[43-45] 

However, there is still a lack of information about the electronic structure of small metal 

clusters on support materials. Recently, an XPS study of mass-selected palladium clusters 
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on TiO2 has been published, which shows a correlation between a shift of the 3d electrons 

binding energies with respect to size in a range of 0.3 eV and the reactivity of those small 

size-selected clusters for CO oxidation.[46] It is worth mentioning that the catalytic 

reactivity has been determined by means of TPR, which is not a suitable method to 

determine catalytic reactivity, because no stationary conditions (constant temperature, 

constant reactant flux) are achieved in a TPR experiment.  

Although XPS can be applied to probe clusters the use of photons in the X-ray range leads 

to a limited surface sensitivity.[47] Another disadvantage is that XPS probes core electrons; 

catalysis and reactivity are, however, determined by the valence electron structure.   

Another open question is the relevance of clusters for catalysis research under catalytically 

relevant conditions. For this approach cluster samples have to be transferred out of UHV to 

ambient conditions, which has been recently done recently by Kappes et. al.. Mass-selected 

gold clusters (n = 10 – 20) were deposited onto carbon TEM grids and the longtime 

stability of these very small clusters has been investigated by means of transmission 

electron microscopy. Coalescence was proven to occur after several days.[48]  

A different possibility to achieve size-selection with a broader size distribution is the 

application of a quadrupole deflector as a size-selecting unit. Using this approach a size 

distribution in the range of 2-3 nm was reported, recently.[49] However, catalytic studies of 

transferred clusters samples and their stability under reactive conditions have yet to be 

performed.  

In conclusion, it can be stated that deposited clusters exhibit high potential for catalysis 

research. However, there are still many problems in cluster catalysis research, like catalytic 

reactivity determination, electronic structure, or stability and characterization under 

ambient conditions. The aim of the presented work is to make a contribution to overcome 

some of these problems that still limit the full investigation and application of clusters in 

catalysis research.    
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2 Literature survey and theoretical background  

 
The scope of the presented PhD thesis was to investigate the following three different 

topics: 

1. CO oxidation properties of small size-selected palladium clusters. Experimental 

and theoretical studies.  

2. Implementation and characterization of a MIES/UPS source in an existing UHV 

setup (nanocatalysis setup) as a surface sensitive electron spectroscopy. 

3. Transfer of deposited clusters to ambient conditions, stability studies and 

electrochemical catalytic testing.    

In the following a brief introduction about the theoretical background to each of these 

topics is given.  

2.1 CO oxidation 

2.1.1 General remarks  
 
The conversion of CO to CO2 is probably the most investigated reaction in heterogeneous 

catalysis. It plays a significant role in industrial as well as scientific research and is a key 

reaction in the cleaning process of exhaust from hydrocarbon combustion.[50,51] In scientific 

research it attracted many groups to explore the catalytic conversion catalyzed by transition 

metals in order to enhance the understanding of heterogeneous catalysis. Due to its 

simplicity (equation 2.1) with respect to its selectivity it allowed detailed studies on 

mechanistic details of the reaction.     

 

 
2 2

1
2

CO O CO+  (2.1) 

 

For a long time it was discussed whether this reaction, catalyzed by group VIII metals (e.g 

Pd or Pt) follows an Eley-Rideal or a Langmuir-Hinshelwood mechanism. The two 

mechanisms differ in the way the reactants are adsorbed during the reaction. 
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In an Eley-Rideal mechanism (equation 2.2) one of the two reactants (A) adsorbs on a 

specific site (*), whereas the second one (B) is still in the gas-phase. The reaction occurs if 

a gas-phase reactant B hits an adsorbate complex (A*). A product (C) is formed which is 

still adsorbed (C*). The final step of the reaction involves desorption of the product 

molecule back into the gas-phase. 

 

 * *gas gasA B C C+ →  (2.2) 

 

In the Langmuir-Hinshelwood (equation 2.3) mechanism both reactants must be adsorbed 

in order to react with each other. The product C is formed and subsequently desorbs into 

the gas-phase.  

 

 * * * gasA B C C+ →  (2.3) 

 

2.1.2 Oxygen dissociation during CO oxidation 
 
The dissociation of oxygen was clearly shown to be a relevant step in determining the 

reactivity of a given catalyst for most metals, except for gold.[52] First, based mainly on 

steady-state rate measurements, it was suggested that the reaction occurs via an Eley-

Rideal mechanism. However, it is well-know that mechanistic details cannot be gained 

from rate laws derived from steady-state rates. Reactions must instead be performed in 

transient regimes. This has been shown by Eigen, who developed the relaxation method for 

kinetic studies.[53]  

Using this approach in molecular-beam experiments it was first demonstrated in 1978 that 

CO oxidation catalyzed by Pd follows a Langmuir-Hinshelwood mechanism.[54] The 

Langmuir-Hinshelwood mechanism was later proven for other group VIII metals like 

platinum, too.[55] The investigation of CO oxidation on group VIII metals also led to 

findings of other distinctive aspects not known to occur in heterogeneous catalysis before, 

like the appearance of kinetic oscillations.[56] Although this phenomenon had been shown 

for industrial catalysts, for the first time, single crystal studies were necessary to explain 

the origin of this property.[57, 58]  
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Depending on the metal, different driving forces were found to be responsible for the 

oscillations.  

On platinum (100) and (110) it was shown, that a reconstruction of the surface induces the 

appearance of a bistability. As an example, for a Pt(110) single crystal the surface structure 

changes from a 1 x 2 structure with an oxygen sticking coefficient of  SO2 ≈ 0.3 - 0.4 to a 

1 x 1 structure with an oxygen sticking coefficient of SO2 ≈ 0.4 - 0.6 upon CO adsorption. 

 

 
Figure 2.1 Different surface states of a Pt(110) single crystal during CO oxidation. Depending on the CO 
coverage of the surface the oxygen sticking varies from 0.5-0.6 on a CO precovered surface to 0.3-0.4 in a 
clean surface.[56] 
 

Starting with a CO covered 1 x 1 phase, the adsorption rate of oxygen, hence the catalytic 

activity, will be high.[59] Consequently, more adsorbed CO will be consumed in the 

reaction than being adsorbed, leading to a decrease in CO coverage. When a certain value 

is reached, the surface will reconstruct into the 1 x 2 phase. As previously mentioned, the 

oxygen sticking coefficient is low on this surface yielding in an increasing CO coverage, 

which then induces a reconstruction back to the 1 x 1 phase, when a distinctive coverage is 

reached (see Figure 2.1). For constant reaction fluxes the system will, hence, oscillate 

between those two states.[60]   

For palladium single crystals it was shown that the oscillations are not related to any 

reconstruction effects, because the adsorption of oxygen on palladium is not structure 

sensitive. The appearance is explained by the filling and depletion of a subsurface oxygen 

reservoir which is associated with a deactivation and activation of the model catalyst.  
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Starting with an active oxygen-covered surface, oxygen begins to penetrate into the 

subsurface region, leading to a deactivation of the surface. The oxygen sticking coefficient 

decreases, leading to an increase in the CO coverage. The excess surface concentration of 

CO depletes the oxygen reservoir and a reduced palladium surface is formed upon reaction. 

The formed clean phase shows a higher oxygen sticking coefficient and thus, exhibits a 

high oxidation affinity.[61]  

 

2.1.3 CO poisoning 
 
Another mechanistic detail to be mentioned is the CO poisoning effect. It is well-known 

that CO adsorbs molecularly on group VIII metals, with the carbon atom pointing to the 

metal surface and exhibiting a strong interaction.[62] The adsorption can be described on a 

molecular level using the Blyholder model. This model describes the bond between CO 

and a metal based on the interaction of the highest occupied molecular orbital (HOMO) 

and the lowest unoccupied molecular orbital (LUMO) of CO with the electronic band of 

the metal.[63] The 5σ orbital, which is the HOMO, forms a bond by a metal forward 

donation (electron density is transferred from CO to the metal), whereas the 2π*, which is 

the LUMO, forms a back-bond (electron density is transferred from the metal to CO).  

 

 
Figure 2.2 MO(Molecular Orbital)-scheme for CO adsorption on a d-metal. On the left side the electronic 
structure of a d-metal is illustrated on the right side the MO-scheme of CO in the gas-phase. The interaction 
between CO and the surface leads to a stabilization of the d-metal band and the 5σ as well as the antibonding 
2π* CO orbitals. Filling of the antibonding 2π* orbital leads to a destabilization of the CO bond. [63] 
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In the Blyholder model the strength of the bond is mainly determined by the π-back 

donation. This charge transfer strengthens the metal-C bond, however, the C-O bond is 

weakened, because the anti-bonding orbital becomes more populated as can be seen in 

Figure 2.2.  

On (111) surfaces three different adsorption configurations can be distinguished: on-top 

(one-fold), bridge-bonded (two-fold) and three-fold.[64] Similar to coordination chemistry, 

the back-donation strengthens with increasing coordination number.[65] Hence, the 

following bonding strength order is expected: On-top (one-fold) < bridge-bonded (two-

fold) < three-fold.[66] 

Although lateral interactions between the adsorbed CO molecules have to be taken into 

account, the above described rule holds for many metals and is a very useful tool to explain 

Infra-Red-spectra (IR) of CO adsorbed on metals. Since the C-M strength is inverse to the 

C-O bond, it can be concluded, that a low C-O stretching frequency relates to a strong C-

metal bond.[67]   

The adsorption strength of CO on a given metal is one of the two key points determining 

the reactivity of a metal catalyst; the aforementioned dissociation of oxygen being the 

second. It has been shown that a surface covered with CO blocks the surface for oxygen 

adsorption. If no oxygen is able to reach the surface, it cannot become activated via 

dissociative adsorption, even if the temperature would allow for activation. For palladium 

the oxygen dissociation occurs around 200 K and CO adsorbs strongly up to temperatures 

of 450 K. Hence, the reactivity is limited in this temperature regime by CO on the catalyst 

surface.[68] The same observations hold for platinum, as well.[69]  

However, one has to ask if the properties of a metal-particle differ from those of a single 

crystal. A detailed study on the CO oxidation of nanoparticles prepared via physical vapor 

deposition (PVD) has shown that for large facetted particles similar catalytic properties are 

observed to those of single crystals. This can be attributed to their surface morphology, 

which is dominated by a 111 facets as seen is from an STM image (Figure 2.3) of those 

particles.[70]  
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Figure 2.3 STM image of large facetted nanoparticles exhibiting a size of 2700 atoms / particle.[70]  
 

Surprisingly, it could be shown at the same time that for smaller particles, prepared via 

physical vapor deposition, without clearly assignable facetted areas, the CO poisoning 

effect is shifted to lower temperatures.[71]  

 

2.1.4 Support effects 
 

An important difference between small metal clusters and larger nanoparticles in 

comparison to singles crystal is the support. Depending on the support material the 

properties of catalysts can change. The chemical properties of the support material have 

been shown to influence the stability of small metal particles.[72] Furthermore, the 

electronic structure of the support material has an influence on the electronic properties of 

the particles and their morphology.[73] 

Another support effect not originating from chemical or electronic support influences is the 

spill-over of reactants.[74] It has been shown for hydrogenation reactions on supported 

platinum particles, that hydrogen is activated via dissociative adsorption. The formed 

atomic hydrogen diffuses from the particle to the support and reacts with the second 

reactant on the support surface. This phenomenon is called spill-over, because it describes 

the diffusion of activated reactants onto the support. The opposite case, that reactants 

adsorb on the support and diffuse to the particles deposited onto the support surface, has 

also been shown.  
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Here an introduction to the occurring mechanism on metal oxides, as they are usually 

applied as catalyst support materials, is given. The heat of adsorption of oxygen on metal 

oxides is known to be very small ( < 0.1 eV), whereas CO exhibits a higher heat of 

adsorption ( < 0.4 eV e. g. on MgO, Al2O3), leading to a much longer life time of CO on 

metal oxides in contrast to oxygen.[75-77] The different scenarios that can occur for CO 

molecules striking from the gas-phase onto a metal oxide based catalysts are illustrated in 

Figure 2.4.  

 

Reverse 
spill-over

DiffusionReflection

Direct
Chemisorption

Reverse 
spill-over

DiffusionReflection

Direct
Chemisorption

 
Figure 2.4 Different possible interaction paths for a reactant that strikes from the gas-phase onto a metal 
oxide surface of a catalyst.   
 

Molecules striking onto a surface can either adsorb or be reflected. The chance of 

adsorption is described by the sticking probability that can be measured by means of 

molecular beam experiments.  

The situation is, however, more complex for a catalyst consisting of supported metal 

clusters, because the reactants can either adsorb on the clusters or on the support as seen in 

Figure 2.4. If the reactants adsorb directly on a cluster the term “direct chemisorption” is 

used, because the reactants usually exhibit a high heat of adsorption on a transition metal 

cluster. If the reactants adsorb on the support they can diffuse over the support surface. 

Depending on their life-time they can either desorb or diffuse to a cluster leading to 

“indirect chemisorption”. The mechanism of indirect chemisorption is called “reverse spill-
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over” or more explicit “non-reactive reverse spill-over”. This takes into account that the 

reactant is not modified, in contrast to the aforementioned spill-over of hydrogen 

proceeding via dissociative adsorption .[43] 

Two different models have been investigated in the past in order to describe the effect of 

reverse spill-over. Since MgO was the support of choice in the presented work and 

palladium metal clusters the catalytic reactive species, the following relations of the two 

different models will be formulated for Pd clusters, supported on MgO.  

In the first model it was assumed that every CO molecule that adsorbs on the support close 

to a cluster will be chemisorbed, if the distance to a cluster is less than the mean diffusion 

lengths, a molecule can travel across the surface.[78] In order to determine the mean 

traveling distance 
S

X , the diffusion coefficient D  and the lifetime τ  of the molecule on 

the surface are defined as: 

 

 
2

exp
4

diff
EaD
RT

ν
⎛ ⎞⎛ ⎞

= −⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠
 (2.4) 

 

 1 exp des
E
RT

τ ν − ⎛ ⎞
= −⎜ ⎟

⎝ ⎠
 (2.5) 

 

The frequency factor ν  is assumed for simplification to be equal for both, adsorption and 

diffusion; a  is the diffusion hopping distance that takes the distance between two 

adsorption sides into account 1 . 
diff

E is the activation energy for diffusion and 
des

E the 

activation barrier for desorption, which equals the adsorption energy for the case of 

physisorption, since physisorption does not exhibit an activation barrier for the process of 

adsorption. Combining equation 2.4 and 2.5 one can derive the mean traveling distance 

S
X : 

 

 ( )exp / 2
diffs ads A BX D a E E N k Tτ ⎡ ⎤= = ⋅ −⎣ ⎦ (2.6) 

 
                                                 
1 a is set to 0.4 nm in the case of MgO. 
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A capture zone is defined as follows: Every molecule that adsorbs on the support close to a 

cluster with a distance less than 
S

X to a neighboring cluster will diffuse to the cluster and 

chemisorb (see Figure 2.5). 

 
Figure 2.5 Illustration of a capture zone around a cluster. In this model the radius of the capture zone is 
defined exclusively by the diffusion length of the reactant on the surface. 
 

Finally, the reactant flux can be formulated as the sum of a direct flux that takes direct 

chemisorption into account and a diffusion flux that takes the CO flux into account, which 

adsorbs in the capture zone.  

 

 ( )22 2
CO dir diff Pd MgO SF F F R J J R X Rα π α π ⎡ ⎤= + = + + −⎣ ⎦  (2.7) 

 

Pdα  and MgOα  are the sticking probabilities of CO on palladium (≈ 1) and MgO (≈ 0.5);   

J  is the total reactant flux per surface area and R  the cluster diameter. The model allows 

the determination of the total CO flux reaching a cluster.  

The second model, which has been developed by Henry et al. uses a different approach by 

applying the diffusion equation.[79] Three assumptions are made for this model: 

 

1. The clusters are uniformly distributed over the surface. 

2. A circular area of a radius of L  is defined around each metal cluster, determining a 

diffusion cell equal in size for each cluster (see Figure 2.6). 

3. Using the diffusion equation, the diffusion of the CO molecules on the support 

surface is taken into account.  
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Figure 2.6 Uniformly distributed clusters on the surface. The black lines illustrate the diffusion cells that are 
defined in the model developed by Henry et al.  
 

The surface concentration of CO molecules with respect to the time is as follows: 

  

 
2

2

( , ) ( , ) 1 ( , ) ( , )
MgO

N r t N r t N r t N r tJ D
t r r r

α
τ

⎡ ⎤∂ ∂ ∂
= + − −⎢ ⎥∂ ∂ ∂⎣ ⎦

 (2.8) 

 

The first term MgO Jα includes the total amount of CO that adsorbs on the MgO surface. 

The second term is the diffusion equation in polar coordinates, which describes the 

diffusion of the reactants to the clusters. The last term takes the limited lifetime of CO on 

the surface into account.  

In order to solve this mathematical problem, which is a second order differential equation, 

three assumptions have to be made:  

 

1. Clusters are perfect sinks for CO → N(R) = 0 

2. Steady state conditions → dN/dt = 0 

3. No net flux across the boundary of each diffusion cell → dN(L)/dr = 0 

 

The first point holds only if the reaction probability of CO is 1. This is fulfilled for CO 

combustion performed at temperatures above the CO poisoning limit, because then every 

oxygen molecule that hits a cluster is activated and therefore under these conditions they 

are oxygen saturated. 
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Stationary conditions have to be achieved to ensure that constant diffusion profiles are 

formed. Thus, the model holds only for experiments performed under steady state 

conditions.  

The last point is a consequence of the assumption that the clusters are uniformly distributed. 

All clusters are treated equally and so they exhibit the same reactivity. This leads to the 

fact that no net flux between the diffusion cells can occur. 

Finally the diffusion flux to the clusters can be described using Fick’s first law: 

 

 
( , )2 2 ( / , / )diff S S S

N r tF RD RX aJP R X L X
r

π π∂
= − =

∂
 (2.9) 

 

P  is a term that includes the Bessel functions and n nI K , which are necessary to solve the 

differential equation: 

 

 1 1 1 1

0 1 1 0

( ) ( ) ( ) ( )( , )
( ) ( ) ( ) ( )

I y K x I x K yP x y
I x K y I y K x

−
=

+ (2.10) 

 

The flux can than be described as in the first case using a direct and a diffusion flux:[80]  

 

 tot direct diffusion globalF F F Jα= + = (2.11) 

 

Furthermore, a new coefficient called global sticking coefficient globalα  is defined in 

equation 2.11. The total flux reaching the surface is corrected by this coefficient yielding in 

the total amount of CO that reaches the cluster. 

A major difference between the two models is that the second model assumes a net flux to 

the cluster, whereas in the first model it is assumed that every CO molecule diffuses 

directly to a cluster. Consequently, a concentration gradient is built up during the reaction 

in the second model, because the clusters are assumed to be perfect CO sinks. This forces 

the CO molecules to diffuse to the clusters. However, this does not mean that every 

molecule adsorbing in the capture zone will diffuse to the cluster, as it is assumed in the 

first model. Every molecule is diffusing individually, only the net flux points towards the 
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direction of the clusters. This is a real improvement, compared to the first model, where 

one has to assume that the cluster exhibits an attractive potential that forces every CO 

molecule to diffuse to the cluster. One should be aware that this kind of attractive force has 

a very limited range and thus it should be negligible for a diffusion length in the range of a 

few nanometers. 

It has been shown that the second model developed by Henry shows better accordance with 

experimental CO oxidation rates, measured for palladium nanoparticles, than the first 

model. Additionally, the model holds also for smaller systems, as it has been successfully 

applied by Heiz et al. for small size-selected palladium clusters. 

Finally, it should be discussed if and under which conditions the two models fail. For the 

first model this is the case when the capture zones of the individual clusters start to overlap, 

because then a certain molecule can diffuse to different clusters.  

The second model behaves differently, because the explicit concentration profile is 

calculated, allowing the individual molecule to diffuse to different clusters and so the 

model does not fail for increasing coverages in comparison to the first. It is also 

noteworthy that the assumption of a reaction probability of 1 does not hold for every case.  
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2.2 Ultraviolet photoelectron spectroscopy (UPS)/   
 Metastable impact electron spectroscopy (MIES) 

2.2.1 Ultraviolet photoelectron spectroscopy (UPS) 

 

In the field of photoelectron spectroscopy (PES) techniques, UPS is defined as a 

spectroscopic method in which photons in the energy range of 10 to 100 eV (UV radiation) 

are used to eject electrons from a given surface. In Figure 2.7 the mean free path of an 

electron in a solid state body with respect to the energy of the electron is shown.[47] 

 

 
Figure 2.7 Escape depth of photo-excited electrons with respect to the kinetic energy. A minimum occurs in 
the range of UV radiation.[6]  
 

It can be seen that the curve exhibits a minimum in the range of ultraviolet photo electrons 

(≈ 50 eV). Hence, UPS is a surface sensitive method in contrast to XPS (use of X-ray 

radiation: Al Kα, hν = 1486,6 eV und Mg Kα, hν = 1253,6 eV), because the probed 

electrons have an escape depth of 2-3 layers.  

In the presented work a MIES/UPS source (He discharge lamp) is applied, which emits 

photons with an energy of 21.22 eV (He I).[81] At these low UV exciting energies, photo 

emission is exclusively limited to valence electrons. Thus, it allows probing the electronic 

structure and bonding of the surface as well as changes in electronic levels due to the 

presence of adsorbates.[6, 82] 
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From UPS spectra the density of states (DOS), more precisely a convolution of the 

densities of unoccupied and occupied states which are therefore referred to as the Joined 

Density of States (JDOS) can be extracted.[83] Further details about the different 

experimental possibilities are given in the next section. It should also be stressed that UPS 

allows the determination of the macroscopic work function, which is a characteristic 

material constant. 

 

2.2.1.1 Basic principle of photoelectron spectroscopy (PES) 

 

Photo electron spectroscopic methods are based on the photoelectric effect, which 

describes the emission of electrons, due to the absorption of electromagnetic waves, by a 

given material. The kinetic energy Ekin of the emitted electrons is defined as, 

 

 kinE hν φ= −  (2.12) 

 

with hν as the excitation and φ as the work function of the bulk material.  

The emission of photo electrons can be described using a three step model:[84, 85] 

  

1. An electron absorbs a photon of a given energy and consequently the electron is 

excited. 

2. The excited electron diffuses to the surface.1 

3. Emission of the excited electron from the surface into the vacuum to a point at 

which the surface ceases to influence the electron. 

 

A detailed mathematical formulation will be given in section 2.2.1.5. UPS experiments can 

be performed in three different ways leading to three different results: Energy Distribution 

Curve (EDC), Constant Final State (CFS) and Constant Initial State (CIS). 

                                                 
1 If the diffusion occurs without any inelastic collision the electron is assigned as a primary electron. If the 
electron suffers an energy loss due to inelastic scattering processes, the electron is assigned as a secondary 
electron. Since primary electrons carry the correct energy information in contrast to the secondary, the aim in 
PES is to maximize the yield of primary electrons, while the amount of secondary electrons should be 
minimized 
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The EDC is recorded in experiments in which the excitation energy is kept constant (fixed 

wavelength) and the final state (energy of the analyzer) is varied. The disadvantage of this 

method is that the detected intensity and thus the outcome of the experiment depends on 

both, the initial and the final state of the excited electrons. Due to this reason the recorded 

spectra are called the JDOS (see Figure 2.8 a).[47]  

 

 
Figure 2.8 Different approaches for UPS experiments. The left part (a) illustrates detection of a spectrum at a 
constant excitation energy while the analyzer energy is scanned. Different initial and finial states are probed. 
Spectrum b) in the middle shows a spectrum detected for a constant final state. The analyzer energy is kept 
constant and the excitation energy is varied. The right part (c) illustrates how a spectrum for a fixed initial 
state can be recorded by varying the excitation energy and the analyzer energy.[47]  
 

In the second approach, (see Figure 2.8 b) the kinetic energy of the photo electron is kept 

constant and the excitation energy is changed. Thus, the final state is fixed (CFS) and only 

the initial state is probed.  

In the third case, the excitation energy and the energy at which the analyzer detects the 

photo electrons is varied, in a way that the energy difference between those two is kept 

constant as seen in the right part of Figure 2.8 c. In this experiment the initial state is fixed 

and so the method is called CIS. It should be mentioned that case two and three can only 

be achieved using synchrotron-radiation, as the excitation energy has to be tuned.[47]    

The setup of the nanocatalyis laboratory is limited to the first case in which the excitation 

energy is constant and the analyzer energy is varied. The experiments preformed in this 

work are thus limited to the determination of the JDOS.   
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2.2.1.2 Work function and Jellium model 

 

The work function is defined as the energy needed to remove an electron from the Fermi 

edge to the vacuum level (to a point of infinite distance from the material). This quantity is 

also related to the electrochemical potential of the electrons in the solid.[86] It is the 

contribution of the surface, to the energy which has to be applied to a material in order to 

eject an electron. The value depends on the material and the crystal structure of the 

material. 

The “Jellium model” is a useful tool to explain the origin of the work function. It consists 

of an ordered array of positively charge metal ions. The electrons behave like a quasi “free 

electron gas”. At the border to the surface the positively charge metal ions are not strong 

enough to keep electrons inside the material. Hence, the electrons can tunnel into the 

vacuum leading to a certain electron density outside the surface (see Figure 2.9).[87, 88] 

       

 
Figure 2.9 Illustration of the Jellium model. A free electron gas can diffuse into the vacuum leading to an 
increase in negative charge in direction of the vacuum, whereas the positively charged cores are fixed. This 
generates a surface dipole moment.[6]  
 

A potential difference is built up, leading to a surface dipole moment. As will be discussed 

in detail in the following chapter, the electrons must have enough energy to overcome the 

barrier of the surface dipole moment.  

Although the “Jellium model” is a quite simple model and holds only for alkali metals, it 

illustrates very well the importance of the surface dipole moment which is the surface 

contribution to the work function of a given material. 
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2.2.1.3 Work function determination 

 

In order to determine the work function, one has to examine the lowest energy needed to 

remove an electron from a given material. This energy can either be applied thermally or 

via electronic excitation.[89] 

In thermoelectric measurements the temperature dependence of electrons emitted from a 

surface is elucidated. Kelvin probe spectroscopy uses the difference in an electric potential 

between two solid state surfaces with different work functions (vibrating capacitor 

method).[90] In this thesis the work function was determined by means of photo electron 

spectroscopy (PES), via examining the spectrum width and subtracting the excitation 

energy from this value.[91] 

The work function values gained by different methods are hardly comparable. The electron 

emission via optical methods occurs extremely fast and thus the final state is normally not 

completely relaxed (Franck-Condon principle).[92] The kinetic energy of the electron is 

influenced with respect to the degree of relaxation (the faster the relaxation occurs the 

higher the kinetic energy of the electron becomes). In contrast, Kelvin probe or 

thermoelectric measurements are performed under equilibrium conditions. Also, in photo-

ionization experiments the lowest possible work function value is measured in any case, 

whereas in Kelvin Probe measurements an average value is always obtained. Therefore, 

one expects that by using Kelvin Probe, a higher work function value will be determined 

compared to values gained from PES experiments.  

Most important is that the absolute value of the work function should not be stressed. As 

mentioned before, it depends on the experimental method. Furthermore, it is extremely 

sensitive and changes from day to day even for the same sample and the same method due 

to small impurities hardly seen in the spectrum shape.  

Due to these inconsistencies, only relative changes of the work functions with respect to 

the value examined for a clean MgO surface on the same day and under similar 

measurements conditions will be discussed.   
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2.2.1.4 Conservation of energy and sample work function 

 

In photo electron spectroscopy (PES) free electrons of a certain energy are generated. Their 

kinetic energy depends on the excitation energy, the work function of the sample and the 

binding energy of the excited electron.[91] Hence, the kinetic energy ,kin SE of the electrons, 

leaving the surface, is determined by conservation of energy in the following way: 

 

 ,kin S B SE h Eν φ= − −  (2.13) 

 

In order to measure the kinetic energy distribution of the electrons, they are guided and 

detected in a hemispherical analyzer. The analyzer A exhibits a work function Aφ , which 

has to be taken into account if the binding energies BE  of the detected electrons are to be 

determined.  

For this purpose the sample and the analyzer are connected electrically, leading to a 

potential difference of S Aφ φ φΔ = − , whereas the Fermi edges of the two materials 

(analyzer and sample) are equilibrated (EF,S = EF,A).   

 

 
Figure 2.10 Energy diagram for a sample electrically connected with an analyzer.  
 

The kinetic energy of an electron which is ejected form the sample into the vacuum is 

given by equation (2.14). 
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 , ,( )kin S S F S BE h E Eν φ= − − −  (2.14) 

 

From Figure 2.10 the following relation can be concluded between the analyzer and the 

sample, which forms the base for the determination of the binding energy and the work 

function: 

 

 , ,kin S S kin A AE Eφ φ+ = +  (2.15) 

 

This allows the extraction of the kinetic energy of the electrons detected by the analyzer: 

 

 , ,kin A kin S S AE E φ φ= + −  (2.16) 

 

Using equation (2.15), (2.16) and the fact that the Fermi edges are equilibrated, leads to 

relation (2.17): 

 

 , ,( )kin A A F A BE h E Eν φ= − − −  (2.17) 

 

The electrons exhibiting the maximum kinetic energy are the electrons emitted from the 

Fermi edge. The binding energy of these electrons is zero ( )0F BE E= = , if the binding 

energies are derived with respect to the Fermi edge, as it is usually defined: 

 

 , ( )max
kin A F B AE E E hν φ= = −  (2.18) 

 

The electrons with the lowest kinetic energy are those, with zero kinetic energy: 

 

 , ,( 0)min
kin A kin S S AE E φ φ φ= = − = Δ (2.19) 

 

An important requirement for the correct application of UPS can be extracted from 

equation (2.19). If the work function of the analyzer is higher than the work function of the  
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sample the potential difference between the analyzer and sample leads to a cut-off of the 

spectrum. Hence, an additional potential (acceleration potential) must be applied to the 

sample with respect to analyzer, so that the electrons can overcome the barrier. The width 

of the spectrum can be determined by taking the difference of the maximum and minimum 

kinetic energy (equation 2.18 and 2.19): 

 

 , ,
max min
kin A kin A SE E E hν φΔ = − = −  (2.20) 

 

From the spectrum width one can elucidate the sample work function. It should be kept in 

mind that the discussed relations only hold for conducting materials, which exhibit 

electrons at the Fermi edge. For an insulator the Fermi edge and/or the work function of 

the analyzer must be determined by measuring a metal as a reference, because the Fermi 

edge of an insulator lies in the band gap.1  

The correct binding energy with respect to the Fermi edge can be examined as follows: 

 

 ,B kin AE h Eν= −  (2.21) 

 

In order to determine the work function of a given material the maximum binding energy 

has to be found: 

 

 max
S Bh Eφ ν= −  (2.22) 

 

A typical spectrum of a d-metal is presented in Figure 2.11.  

 

                                                 
1 Therefore no occupied states near the Fermi edge FE are present. 
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Figure 2.11 UPS spectrum of typical d-metal.[6]  
 

The d-band is usually very narrow in contrast to s- and p- bands, due to the low overlap of 

the d-orbitals.[93] This leads to a distinctive Fermi edge for d-metals. It should also be noted 

that the yield of secondary electrons increases rapidly with increasing photon intensity. 

Hence, one has to find the optimum working conditions for a high information density of 

the valence band. The amount of secondary electrons should be as low as possible, since 

they attenuate the valence structure seen in the spectrum. 

 

 

2.2.1.5 Complete formulation of the three-step model  

 

In this chapter a complete formulation of the three-step model will be given. Each process 

will be treated independently and an equation will be formulated, taking each step into 

account. An electron in a solid state is defined by these two quantities: The energy E and 

the momentum k , on which the following formulations are focused. A sketch that 

illustrates the different step of the three-step model is presented in Figure 2.12. 
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Figure 2.12 Ejection of an electron described in the three-step model. The electron is excited via absorption 
of a photon (1). In the second step (2) the electron diffuses to the surface and escapes subsequently through 
the surface into the vacuum (3).[94]  
 

First step: 

The first step describes the photo excitation of an electron. A band structure is shown in 

Figure 2.13 in order to clarify the different considerations.  

An electron absorbs a photon of a given energy hν , leading to an excitation of the electron 

from its initial state iE  to a final state fE that is determined by the photon energy and 

taking conservation of energy into account. 

 

 ( ) ( )f f i iE k E k ω− =  (2.23) 

 

The final momentum of the excited electron can be described as follows:   

 

 final inital photonk k k G= + +  (2.24) 

 

The final wave vector finalk  of the electron is the sum of the initial wave vector initalk , the 

wave vector of the photon photonk and a reciprocal lattice vector G . The reciprocal lattice 

vector G  takes into account, that the final state of the electron, after the excitation 
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occurred, can be part of another Brillouin zone (part of the extended zone scheme). The 

reciprocal lattice vector allows folding back of the state into the 1. Brillouin-zone as shown 

in Figure 2.13.[95]  

 

  
Figure 2.13 Transition via absorption illustrated in a dispersion relation. Transitions occur via absorption of 
reciprocal lattice vector G and thus the electron is excited into a neighboring Brillouin zone. The extended 
band structure can be folded back into the 1. Brillouin zone. Thus, the transition can be described as a direct 
transition, since the momentum k does not change upon excitation via UV photons.[94] 
 

The photon momentum in UPS experiments is very small compared to the momentum of 

the electron and thus can be neglected.[91] Taking these two assumptions into account, it 

can be concluded that the momentum of the electron in the initial state equals the 

momentum in the final state: 

 

 final initalk k≈  (2.25) 

 

This assumption is of great importance, because it predicts, that only direct transitions 

( final initalk k= ) occur, whereas indirect transitions are forbidden ( final initalk k≠ ). In contrast, 

the excitation energy used in XPS studies is around 1.5 keV. Therefore, the momentum of 

the photon can not be neglected and non-vertical transitions occur. A straight forward 

interpretation becomes impracticable and thus XPS, although electrons in the valence 

range can be probed, should not be used to determine the valence band structure.[94]  
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The internal energy distribution of photoexcited electrons int ( , )fN E ω , where fE is the 

final kinetic energy and ω  the photon energy, is given in the reduced zone scheme by: 

 

 ( ) ( ) ( ) ( )( ) ( )
2

int ,
,

, ,f f i f i f f i i f i
f i

N k k k E k E k k k Gω μ δ ω δ∝ × − − − −∑  (2.26)

 

( )f fE k  and ( )i iE k  denote the energies of the final and initial bands; ( ), ,f i f ik kμ  is the 

transition matrix in the linear perturbation approximation with A  as the vector potential of 

the exciting electromagnetic field and p  is the momentum operator of the electron: 

 

 ( ), ,f i f ik k f A p A p iμ = ⋅ + ⋅ (2.27) 

 

The first delta function in equation (2.26) imposes energy conservation during the 

excitation (first step of the model) and the second delta function ensures that the work 

function of the sample is taken into account in determining the kinetic energy of the 

electron outside the sample.  

 

Second step:  

The second step of the three-step model describes the diffusion of the electron to the 

surface. The yield of photoexcited electrons that reach the surface exhibiting an energy of 

( )f fE k  is reduced by electron–electron interactions that lead to inelastic scattering of the 

photoexcited electrons (secondary electrons). Assuming that the scattering frequency 1
τ

, 

with τ as the lifetime, is isotropic and depends on the kinetic energy E of the electron only, 

the inelastic mean free path ( ),E kλ  is given by: 

 

 ( ), g
EE k v
k

τλ τ ∂⎛ ⎞⎛ ⎞= = ⎜ ⎟⎜ ⎟∂⎝ ⎠⎝ ⎠
 (2.28) 
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gv  is the group velocity in the final state. The transport can be described by a coefficient 

( ),d E k that depends on the mean free path ( ),E kλ  and the optical absorption coefficient 

α : 

 

 ( ),
1

d E k αλ
αλ+

 (2.29) 

 

This can be included in equation (2.26) leading to a relation that describes the amount of 

electrons diffusing to the surface.[94]  

 
( ) ( ) ( )

( ) ( )( ) ( )

2

int ,
,

, , ,f f i f i
f i

f f i i f i

N k k k d E k

E k E k k k G

ω μ

δ ω δ

∝

× − − − −

∑
 (2.30) 

 

Third step: 

A photoexcited electron that has been diffused to the surface must transmit into the 

vacuum, which is described in the third step of the model. In order to pass through the 

surface the electron has to overcome the surface dipole moment that is described by the 

work function:  

 

 ( )kin f fE E k φ− =  (2.31) 

 

The formulation of the momentum for the three step model is rather complicated compared 

to the energy. The Figure 2.14 illustrates the ejection of an electron out of the solid into the 

vacuum using a vector model. 
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Figure 2.14 Vector model describing the escape of the excited electron through the surface. The momentum 
parallel remains conserved, since the translation symmetry holds parallel to the surface. However, the 
momentum perpendicular to surface changes, because the translation symmetry is broken in this direction.[94]  
 

The momentum is split into a parallel and a perpendicular component. The translation 

symmetry must be taken into consideration in order to understand how the momentum of 

the electron is effected during the penetration through the surface. The translation 

symmetry parallel to the surface is conserved, whereas the symmetry perpendicular to the 

surface is broken. This means that the momentum parallel to the surface remains unaltered 

and thus still carries the same value as in the initial solid state (equation 2.32):  

 

 f i

p
k k G= = +  (2.32) 

 

In contrast, the component perpendicular to the surface is changed and its value becomes 

undetermined. In a free electron model with the bottom of the valence band lying at the 

minimum of the potential curve and the free electron model also holding for the ejected 

electron, the final momentum perpendicular to the surface is limited by the following 

equation:  

 

 
2

2
02 f Vk E E

m
⊥⎛ ⎞
≥ −⎜ ⎟

⎝ ⎠
 (2.33) 
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Hence, 2
fk⊥  is the momentum of the excited electron normal to the surface, 0E  is the 

bottom of the valence band and VE  the energy of the vacuum level. This leads to the 

conclusion that the escape angle differs from that inside the bulk as illustrated in Figure 

2.14. The kinetic energy of the free electron is: 

 

 ( )2

2kin f f V

p
E k E k E

m
⊥⎡ ⎤

= + = −⎢ ⎥
⎣ ⎦

(2.34) 

 

This equation contains the final momentum parallel to the surface fk , however, it does not 

include fk ⊥  the component normal to the surface. In any UPS experiment performed with a 

fixed excitation energy (EDC, see chapter 2.2.1.1), the momentum perpendicular fk ⊥  

remains undetermined and therefore the full vector fk  can not be examined. 

In a real solid the wave function ( )f kψ  of a given state ( )fE k  is not a single plane wave, 

but a Bloch wave containing plane wave contributions with a number of reciprocal lattice 

vectors G : 

 

 ( ) ( ) ( ), i k G r
f f

G
k u k G eψ + ⋅= ⋅∑ (2.35) 

 

Plane wave components of a single Bloch wave of a given kinetic energy E  with the same 

value of ik G+  leave the crystal in the same direction and hence are coherent. The total 

transmission for such a ik G+  beam at a particular final state fE  is then expressed as the 

sum of the transmission factors for each plane wave: 

 

 ( ) ( ) ( )
( )

2
2 2

0
, , ,f i f f f

k G
T E k t E k u k G

+ >

= ∑ (2.36) 
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The summation over ( ) 0k G+ >  takes into account that only states with components 

propagating towards the surface can transmit into the vacuum.  

Summarizing all these relations, a final expression for the angle-resolved photoelectron 

energy spectrum that takes the three step model into account can be formulated:  
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∑

 (2.37) 

 

The first delta function describes the conservation of energy for the excitation process, the 

second takes the work function into account, the third describes the direct transition 

(conservation of momentum) and the fourth the conservation of the momentum parallel to 

the surface during the escape of the electron from the surface.[94]  

 

 

2.2.1.6 Angle-Resolved UPS (ARUPS) 

 

If the sample can be rotated, angle-resolved measurements become feasible. Experimental 

results for angle-resolved UPS spectra are of great interest, because they allow one to 

determine a two dimensional band structure and are consequently of great interest for 

theoreticians.   

In the nanocatalysis laboratory the crystal holder can be rotated, however, since the 

crystals are not fixed in the rotation axis of the manipulator, the position can not be kept 

constant for different angles (x- and y-coordinates change for different angles) as seen in 

Figure 3.2. Thus, angle-resolved experiments can not be performed with the present setup. 

A new sample holder would be need to be designed to achieve rotation at constant x and y-

axis values.  
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The major aim is to detect clusters on a given support material. If we take the 

considerations into account that have been done in the last chapter, we remember that the 

interpretation of UPS spectra is based on the three step model. In this model it is assumed 

that the translation symmetry is broken perpendicular to the surface and that it remains 

conserved parallel to the surface as illustrated in Figure 2.15. This would than allow the 

determination of the two dimensional band structure.[96]  

 

 
Figure 2.15 Symmetry analysis of a clean MgO surface. The translation symmetry is broken perpendicular to 
the surface and remains unaltered parallel to the surface.  
 

Assuming that small metal clusters are deposited onto a flat perfect MgO film it becomes 

obvious that the translation symmetry remains conserved for the MgO film but it is not 

conserved for the cluster layer (see Figure 2.16). Consequently, the momentum parallel 

k and perpendicular to surface k ⊥ become undeterminable and an interpretation of the 

results can not be achieved. 

 

 
Figure 2.16 Symmetry analysis for deposited clusters. The translation symmetry is broken in both directions. 
Thus, the momentum vector is undetermined for this case.  
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In conclusion, angle-resolved will not be performed in the future, because no additional 

information can be gained from angle-resolved experiments. In order to determine the full 

band structure theoretical calculations would need to be performed additionally.  

 

 

2.2.2 Metastable Impact electron spectroscopy (MIES) 

 

In MIES experiments a metastable rare gas atom is used instead of photons as energy 

projectiles to probe a surface. This method has the advantage that in contrast to a UV 

photon the rare gas atoms can not penetrate into the surface, because they are too large and 

the kinetic energy is too low to induce sputtering processes (≈ 0.1 eV).[97] Thus, MIES 

probes the uppermost layer exclusively.[98] However, ionization can occur via different 

processes, which leads to the fact that MIES spectra are challenging to interpret.  

 

2.2.2.1 Singlet vs. Triplet state 

 

A MIES source for metastable He* atoms produces the singlet (21S0) as well as the triplet 

(23S1) state. Both exhibit different excitation energies, the singlet state has an energy which 

is 0.8 eV higher than the one for the triplet state. 

The distance from the source to the sample is roughly 0.5 m and the velocity of the 

metastable atoms is 2000 m / s. Using these values, it can be calculated that it takes the 

metastable atoms about 2.5·10−4 s to reach the surface. The chopper frequency used in the 

presented work is 900 Hz. Thus, every ≈ 10−3 s photons and He* strike onto the surface 

and eject electrons. This excludes further excitation of the He beam, by a following photon 

beam shot.[83]  

The rates for a 21S0 to decay to the ground state (fluorescence, F) and deexcite to a 21S3 via 

intersystem crossing (ISC) are kF = 106 – 109 s−1 and kISC = 106 – 1011 s−1. Therefore it can 

be assumed that no metastable atoms in the 21S0 state reach the surface, because either they 

deecxite via fluorescence or they deexcite to the triplet state via intersystem crossing (ISC). 



 35

2.2.2.2 Overview of the different photo ionization mechanisms of MIES  

 

Figure 2.17 summarizes all different mechanisms which have to be taken into account for 

the interpretation of MIES spectra. As mentioned before, the source creates singlet as well 

as triplet metastable atoms. However, due to the deexcitation rates of fluorescence and 

intersystem crossing, only triplet states reach the surface and lead to photo ionization 

processes.   

 

 
Figure 2.17 Different interaction paths for the dexcitation of a metastable atom on a surface, with their 
corresponding rates.[83]  
 

Depending on the electronic properties of the sample two processes can occur in the first 

interaction step, either Auger Deexcitation (AD) or a Resonance Transfer (RT). AD leads 

directly to the ground state. This process can occur for all surfaces no matter which 

electronic properties the sample exhibits. A look at the rate constants shows that Auger 

Deexcitation (AD) is about two orders of magnitudes, slower than the Resonance Transfer 

(RT). The RT mechanism depends on the energy level of the Fermi edge (or the VBM for 

insulating materials) with respect to the level of the 2s-electron of the metastable. 

The RT process leads either to a negatively charged metastable or to a positive ion. In the 

case of the cation the deexcitation into the ground state proceeds via Auger Neutralization 

(AN), whereas for the negatively charged ion again one of two possible Auger Decay 

Processes (AD or Autodetachment (AU) leads to the ground state.  

For better illustration in the following chapters the different deexcitation mechanisms are 

explained in further detail. 
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2.2.2.3 Auger Deexcitation (AD) 

 

The AD process of the metastable does not depend on the work function of the solid. 

Hence, it occurs for every material: Metals, semi-conductors and insulators.[99] 

 

 
Figure 2.18 Illustration of the AD process with the corresponding energies. A surface electron tunnels into 
the 1s state of the helium atom and the 2s electron is ejected.[83]  
 

In an AD process (Figure 2.18) an electron of the surface with a certain binding energy BE  

tunnels into the free 1s-state of the metastable He*. In an intramolecular Auger decay the 

2s-electron is emitted into the vacuum with an energy of 1B sE E− . Thus, it can be said that 

the emitted Auger electron carries the information of the surface electron, which has 

tunneled into the 1s state. 

From the sketch it can be easily seen that the following equation holds: 

 

 ( ) ( )1 1 ,* B s F s S kin SE E E E E Eφ+ − = − + +  (2.38) 

 

The resulting kinetic energy of the sample and kinetic energy detected by the analyzer are 

defined as follows: 

 

 ( ), *kin S S F BE E E Eφ⇒ = − − −  (2.39) 

 

 ( ), *kin A A F BE E E Eφ⇒ = − − − (2.40) 
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If the excitation energy E* is replaced by the term E = hν in formula 2.40 one obtains the 

same equation for Ekin,S as for UPS (see equation 2.14). 

From spectra which originate only from AD processes, the width of the spectrum can be 

determined similar to in UPS experiments and the work function can be evaluated. 2.39 is 

rewritten to: 

 

 , * ( )kin S S F BE E E Eφ+ = − −  (2.41) 

 

Inserting this into 2.40 one obtains the same formula for ,
min
kin AE  as for UPS (equation 2.19): 

 

 ( ), , 0min
kin A kin S S AE E φ φ φ= = − = Δ (2.42) 

 

Using the assumption of B FE E=  , the maximum kinetic energy is: 

 

 ( ), *max
kin A B F AE E E E φ= = −  (2.43) 

 

Finally, combining equation 2.42 and 2.43 leads to the spectrum width ADEΔ . However, 

this relation holds only if the spectrum is determined by AD processes:  

 

 * *AD A S A SE E Eφ φ φ φΔ = − − + = − (2.44) 

 

 

2.2.2.4 Resonant Transfer (RT) 

 

The second decay process that can occur for the metastable atom on a surface is Resonant 

Transfer (RT). With decreasing distance between the metastable atom and the surface the 

overlap between the wave functions of surface and metastable increases. According to 

Fermi’s golden rule the tunneling probability for electrons into resonant states increases. 
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Depending on the work function of the sample two different mechanisms can be observed. 

Either the 2s-electron can tunnel into an unoccupied state of the surface or an electron from 

an occupied surface state tunnels into the half-filled 2s-level of the metastable atom. For 

simplification it can be said that either a positively charged or a negatively charged He 

atom is created by RT. The RT process occurs with a rate of ≈ 1016s−1 and is fast in 

comparison to the AD (≈ 1014s−1).[100] Different deexcitation mechanism are then observed 

depending on whether a positively or a negatively charged He state appears. They will be 

discussed in the following sections. 

 

2.2.2.5 Resonant Transfer (RT) followed by Auger Neutralization (AN) 

 

If the resonant transfer occurs from the 2s state of the He* into an unoccupied state of the 

solid, a positively charge He+ ion is generated that is deexcited via an electron transfer 

from the solid into the 1s state of the He*. This process, called Auger Neutralization (AN), 

is limited to materials where the valence band (VB) maximum lies below the 2s-level of 

the He*. Otherwise the RT process occurs from the material electronic states into the 2s 

level of the He*. Furthermore, unoccupied states must be available close to the energy 

level of the 2s state. These requirements are only fulfilled for conductors or 

semiconductors exhibiting a work function value greater than 3.8 eV. The process is 

summarized in Figure 2.19. 

 

 
Figure 2.19 Illustration of RT process followed by an AN. The 2s electron tunnels into an unoccupied 
surface state. A surface electron tunnels into the 1s state neutralizing the helium atom and a second surface 
electron is emitted into the vacuum.[83]  
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The ionization potential (IP) can be derived as followed: 

 

 1s F sIP E Eφ= + −  (2.45) 

 

The process is driven by the electron that tunnels into the 1s state, because the energy 

gained in this process leads to ejection of an electron from the material. Thus, the energy 

consumed for the ionization process equals the energy that is set free due to the tunnelling 

process of the surface electron into the 1s state. The energy balance for this mechanism is:  

 

 ( ) ( ), 1kin S S F sE E E x E x Eφ+ + − − = + − (2.46) 

 

If this equation is combined with 2.44, a relation for the kinetic energy of the sample can 

be formulated: 

 

 ( ), 2kin S S FE IP E Eφ= − + −  (2.47) 

 

A similar relation can be gained for the kinetic energy of the analyzer by substituting ,kin SE  

with the following equation that has already been introduced in the previous chapter about 

UPS (2.15): 

 

 , ,kin S kin A S AE E φ φ= − +  (2.48) .

 

Thus, the correct kinetic energy detected by the analyzer is: 

 

 ( ), 2kin A S A FE IP E Eφ φ= − − + − (2.49) 

 

The electron emitted from the Fermi edge exhibits the maximum kinetic energy ,
max
kin AE : 

 

 ( ),
max
kin A F S AE E E IP φ φ= = − −  (2.50) 
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The minimum kinetic energy ,
min
kin AE  is the same as previously shown for UPS and AD: 

 

 ( ), , 0min
kin A kin S S AE E φ φ= = −  (2.51) 

 

Combining these equations, a relation for the width of the spectrum ANEΔ can be 

formulated: 

 

 , , 2max min
AN kin A kin A SE E E IP φΔ = − = − ⋅ (2.52) 

 

2.2.2.6 Resonant Transfer (RT) followed by Autodetachment (AU) or Auger 

Deexcitation (AD) 

 

For materials exhibiting low work function values ( < 2.2 eV) an electron from an occupied 

state (below the Fermi level) can tunnel resonantly into the 2s-level of the metastable atom 

(RT). However, this process is restricted to metals and semi-conductors, because for 

insulators the energy of the upper level of the VB lies below the 2s-state of the metastable 

He*. 

  

 
Figure 2.20 Illustration of a RT followed by either an AU (left) or an AD (right). In both cases a surface 
electron tunnels via RT into the 2s state of the helium atom. In the AU process the transferred electron is 
ejected while the other 2s electron falls into the 1s state. In the case of an AD process the transferred electron 
and the 2s electron are emitted, while a bulk electron tunnels into the 1s state of the helium atom.[83]  
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A negatively charged He*- is created that can either relax via an Autodetachment (AU) or 

Auger Deexcitation (AD) as seen in Figure 2.20. 

In the case of RT followed by AU, the He* relaxes in an intramolecular Auger decay into 

the unoccupied 1s-state. The released energy is transferred to the second 2s-electron, which 

is subsequently emitted. In a MIES spectrum this process can be identified by a sharp peak 

close to the Fermi edge, because this mechanism can only occur if the 2s state lies below 

the Fermi edge, which is rarely observed.  

In contrast to the aforementioned AU, an intermolecular Auger process takes place for the 

RT followed by an Auger Deexcitation (AD) in which the 1s hole gets filled by a surface 

electron and both 2s electrons are ejected.  
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3 Experimental  

3.1 Cluster source 

 

The experimental setup used in the presented work, is schematically shown in Figure 3.1. 

The first part is the cluster source. Using a Nd:YAG diode pumped laser (InnoLas DPSS 

Spitlight; 532 nm; 100 Hz; 70 mJ) high energy laser pulses are focused through a viewport 

onto a rotating target of the desired metal.[39] 

 

 
Figure 3.1 The experimental setup can be divided into three compartments. The middle part is that clusters 
source. Clusters are generated and guided to the bender. At the bender the cluster beam can be guided either 
to the left side, which is the UHV chamber or to the right side which allows transferring of cluster samples.  
 

Induced by the laser pulse a metal plasma is formed, which is thermalized by a helium 

pulse. Through supersonic expansion of the metal-helium vapor a cluster beam of different 

masses and differently charged states with a narrow kinetic energy distribution is formed. 

The cluster beam is guided through a skimmer, an octopol and Einzel lenses through the 

differentially pumped apparatus. The next step is the bender which consists of a 

quadrupole turned by 90° upwards. At this part of the setup the positively charged clusters 
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are either guided to the left to perform experiments under UVH conditions or the right to 

prepare samples that can be transferred to ambient conditions. Negatively charged ions are 

bended in the opposite direction and neutral clusters fly straight onto the viewport through 

which the laser beam enters the apparatus. Depending on the settings of the bender a 

certain mass to charge ratio is guided through the next ion optic because the trajectory of 

the beam has to fit to the voltages applied to the quadrupole. Thus, a certain mass 

distribution is allowed to pass. The width of the distribution is given by the size of the 

bender exit plate. Subsequently, on both sides of the setup, the cluster beam enters a 

quadrupole mass spectrometer (Extrel). The spectrometer can operate either in a mass-

unselected “RF only” mode, or in a mass-selecting mode. In the “RF only” mode the size-

selection is exclusively determined by the bender settings, whereas in the “mass-selecting” 

mode the resolution can be increased up to single mass selection.  

The following steps, which include the deposition of the clusters and different experiments 

of this work, are described in the following section. 

 

 

3.2 Vacuum chamber 

 

On the left side of the apparatus the cluster beams enters a 4000 amu mass-limited mass-

spectrometer (Figure 3.1). Subsequently, the mass-selected clusters are deposited onto a 

thin MgO film grown on a Mo(100) single crystal. In the vacuum system many different 

experiments can be performed in order to characterize either the support or the deposited 

clusters.  

In the following chapter all important data about the samples used in this work are 

summarized. Afterwards the experimental details of the different electron spectroscopic 

methods, used in the presented work, are described, followed by the different reactivity 

characterization techniques and the IRAS setup. 
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3.2.1 Sample 

3.2.1.1 Crystal holder 
 

All vacuum experiments presented in this work have been performed on MgO support 

grown on a Mo(100) crystal. The nanocatalysis setup is equipped with a threefold crystal 

holder, which has been described in  detail previously.[101] The holder is welded to a 

manipulator that allows moving of the samples vertically in z-direction and horizontally in 

x- and y- directions. Furthermore, the manipulator can be rotated (360°). This enables the 

position of the sample holder can be controlled in all directions.  

The Mo(100) single crystal is fixed with two tantalum wires which are spot-welded onto 

two tungsten rods of the sample holder. Applying a current to the tantalum wires the 

crystal can be heated resistively. The temperature is measured by using a type C 

thermocouple. It should be mentioned that for a molybdenum single crystal this type of 

thermocouple has to be used, because the Mo crystal must be heated to 1700 K for 

cleaning purposes and no other thermocouple type allows measurements in that 

temperature range. A picture of the crystal holder in the main chamber can be seen in 

Figure 3.2. 

 

 
Figure 3.2 In the middle of the chamber is the sample holder with three crystals mounted to it.   
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3.2.1.2 Crystal cleaning 
 

In order to clean the crystal a home-built electron gun is used (see Figure 3.3). It consists 

of a coiled tantalum wire, which is spot-welded onto two rods. These rods are screwed 

onto a ceramic holder that is connected to an in-out moveable manipulator. Two copper 

wires which are insulated by ceramics connect the rods with two copper feed-throughs. A 

current is applied to the tantalum filament in order to use the e-gun. 

 

 
Figure 3.3 The left picture shows the e-gun as it is attached to the vacuum chamber. On the right side the e-
gun is represented without the shielding. It consists of a tantalum wire spot welded onto two rods.     
 

To clean the crystal the electron gun is moved close to the backside of the Mo(100) single 

crystal, the crystal is grounded and a current is applied to the filament. The emitted 

electrons are focused onto the crystal; the shielding is floating and charges up during 

operation. Hence, the shielding acts as a focusing element. In order to reach high 

temperatures the applied current is additionally biased with 3 kV.   

The cleanliness of the crystal is measured by means of auger electron spectroscopy (AES). 

A typical spectrum is presented Figure 6.1.  

 

3.2.1.3 Preparation of MgO film 
 

Magnesium is evaporated by use of a home-built evaporator. A Mg ribbon is used to form 

a small magnesium block, which is fixed in a tantalum wire coil. This coil is spot-welded 

onto two metal rods to which a current can be applied. The current which has to be applied 

to the tantalum wire depends on the resistance. 
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 It has been shown in the past that applying a power of 4 W usually leads to a constant, 

acceptable evaporation rate. At the same time a constant oxygen background is set 

(p = 5 · 10-7 mbar), the sample is heated to T = 350 K and moved in front of the magnesium 

evaporator. The quality is measured by means of Auger electron spectroscopy (AES) (see 

Figure 6.1). 

 

 

3.2.2 MIES/UPS 
 

Since a MIES/UPS source is based on a discharge lamp, the different working conditions 

of a discharge are described. Furthermore, all improvements of the source and the data 

acquisition method are specified in detail.  

 

3.2.2.1 General aspects of a DC discharge source 
 

Figure 3.4 (left) shows the normal configuration of a DC glow discharge lamp, a long glass 

cylinder with the positive anode at one end and a negative cathode at the other end. 

Conditions to maintain the discharge are pressure ranges between 10 mTorr and 10 Torr as 

well as a potential of a few hundred volts. The figure also shows the quite complicated 

behaviour of a discharge with its light and dark areas that depend on the pressure and 

voltage with respect to both size and intensity. 
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Figure 3.4 The different domains of a DC glow discharge are shown on the left side of the Figure 3.4. The 
voltage-current characteristic is presented on the right side. The normal glow discharge is the range for the 
correct working conditions of a MIES/UPS source.[102] 
 

On the right side of Figure 3.4 the voltage-current characteristic of a discharge is shown. In 

the low current range no stable discharge can be achieved. For increasing currents the 

voltage increases monotonically until a transition is reached (with hysteresis) and the 

normal glow discharge is established. This plateau is the range, in which stable discharge 

conditions can be achieved (around IB). The current can be varied over a broad range 

without any voltage changes. The normal glow discharge range is followed by a voltage 

increase (Ic) and a subsequent rapid voltage decrease. In this region the discharge is no 

longer a cold discharge, but rather in an operation mode similar to an arc discharge.[103] 

The requirements for the MIES/UPS discharge source (cold cathode) are stable working 

conditions, which are only the case in the region of the normal glow discharge. Depending 

on the geometry of the source, one has to find the right parameters for a normal glow 

discharge, which enables stable photon and metastable atom emission for spectroscopic 

measurements.  

 

3.2.3 First MIES/UPS source version 

 

The MIES/UPS source built by Kempter et al. at the TU Clausthal-Zellerfeld is based on a 

source, which has been first reported at the end of the 1970s. In order to separate the 

electrons emitted by photons and those emitted by metastable He* atoms a chopper was 

used to apply a time of flight separation (TOF) of both excitated species before they reach 

the surface. 
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The first cold cathode source for metastable atoms has been designed by Leasure et al. and 

Farey et al..[104, 105] An illustration is given in the following figure.  

 

 
Figure 3.5 First MIES source: cold cathode; (1) pyrex tube, (2) tanatalum-cathode, (3) boronitride-nozzle, 
(4) skimmer, (5) repeller grid, (6) quench-lamp, (7) skimmer. 
 

The discharge occurs between a tantalum hollow cathode (2) and a stainless steel skimmer 

(4) across a pressure gradient (created by differential pumping). Electrons and He+ ions 

(due to discharge) are removed with a repeller grid (5). 

 

3.2.4 MIES/UPS source developed by Kempter et al. 

 

The source developed at the TU Clausthal-Zellerfeld (see Figure 3.6) is based on the above 

described source. The major improvement of this source in comparison to the first, is the 

use of a second discharge, which doubles the yield of the photons and increases the amount 

of metastable atoms by a factor of around 30.[106] 
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Figure 3.6 MIES/UPS source with two discharges developed by Kempter et al. 
 

The first part of the source (Figure 3.6) is the discharge chamber, in which the He is 

injected (p = 50 mbar) through the cathode; the actual discharge is maintained by a DC 

voltage (−200 V) applied between cathode and anode.[107] The anode separates the buffer 

chamber from the source chamber. In the source chamber, the second discharge is ignited, 

by applying another DC voltage (+250 V) between the anode and the skimmer. 

Furthermore, the pressure of the source chamber is kept low (p =8·10−4 mbar). This leads 

to a reduced collision probability between the metastable atom and hence, deexcitations 

due to collisions are minimized.  

In the last part of the source, which is the buffer chamber (p = 2·10−5 mbar), the deflector 

removes undesired charged particles (electrons and He+), from the particle flow. Finally, 

the beam continues through a chopper in order to perform a  TOF separation.[106] 

 
Figure 3.7 Principle of TOF separation. The chopper frequency must be optimized to achieve a proper 
separation of MIES and UPS signals as shown in the sketch. 
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The metastable atoms and photons which leave the source enter the UHV-chamber and hit 

the surface with an angle of approximately 50°. The kinetic energy of the emitted electrons 

is then detected by a hemi-spherical analyzer (the same analyzer is used for Auger electron 

spectroscopy) and the signals are recorded by a computer. The electrons, originating from 

ultraviolet photons or metastable He* atoms, can be separated by a home-built analyzing 

system, for a given chopper frequency.  

In order to adjust the chopper to the right frequency, one has to calculate the time of flight 

of the metastable atoms. Furthermore, the distance between the chopper and the sample has 

to be known. Assuming a distance of 0.5 m and a metastable velocity of 2000 m/s a 

frequency of 1000 s−1 can be calculated. However, one chopper cycle includes an opening 

gate and a closing gate. Thus, the frequency has to be doubled to 2000 s−1.   

 

 

3.2.4.1 MIES/UPS source of the nanocatalysis laboratory  
 

The source which has been used in this work is based on the source constructed at the TU 

Clausthal-Zellerfeld. However, some parts have been redesigned, because the source could 

not be operated under stable conditions. A drawing of the current source, used currently in 

the nanocatalysis laboratory, is shown in Figure 3.8.  

 

 
Figure 3.8 Improved source of the nanocatalysis laboratory. 1) drilled current feed through CF-16, 2) bellow 
CF-16, 3) reduction flange CF-100 to CF-16, 4) spacer, 5) cathode nozzle (first discharge), 6) anode skimmer 
plate, 7) skimmer (cathode).[83] 
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The major problem of the old setup was to supply the source with He. As seen in Figure 

3.8, the helium has to flow through the cathode (5). At the same time the cathode (5) is part 

of the first discharge and thus a voltage is applied between skimmer plate (6) and the 

cathode (5). Since the skimmer plate (6) is grounded, the cathode (5) must be insulated 

form the ground to enable applying of a voltage. In the old setup the cathode (5) was 

connected to the gas inlet with a plastic tube. However, in the nanocatalysis laboratory the 

plastic tube melted during the operation mode and hence the setup had to be improved.  

The problem was overcome by use of a commercial copper feed-through, which is drilled 

in the center of the copper rod as marked red in Figure 3.8. However, using this approach a 

different problem arises, because the ceramic part of the feed-through is extremely fragile. 

During the operation mode heat expansion of the feed-through has to be taken into account 

and thus, an expandable element has to be added to compensate any expansion. The drilled 

feed-though (1) is fixed on a bellow (2). The cathode nozzle (5) and the feed-through (1) 

are screwed together via a copper tube. To avoid electrical contact between the copper tube 

and the bellow and thus shorting the circuit, a round ceramic is fixed onto the copper tube.  

The nozzle is a stainless steel tube with a thread on the outside of the tube. It is screwed 

into the stainless steel counterpart of the ceramic (4). The distance between the cathode 

and the skimmer plate must be adjusted by varying the position of the cathode with respect 

to the ceramic counterpart. Using a nut, the position of the tube in the ceramic counterpart 

is fixed.  

For a complete installation the cathode has to be connected with the copper feed-through 

by a copper tube, as already mentioned above.It has to be confirmed that the length of the 

complete cathode feed-through system is adjusted correctly. The bellow should be under 

small bending stress ensuring that the cathode nozzle is sitting tightly in the ceramic (4). 

Otherwise the nozzle is able to move freely in the ceramic and the distance between the 

cathode and the skimmer plate is changed in comparison to its initially set value.   

 

3.2.4.2 Data acquisition 
 

A flow-chart (Figure 3.9) summarizes how data acquisition of the different electron 

spectroscopy methods is achieved. 
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Figure 3.9 Scheme of the data acquisition of the different electron spectroscopic methods applied in the 
nanocatalysis laboratory.[83]   
 

For MIES/UPS the source (discharge lamp) produces metastable atoms and photons which 

are guided through a chopper. The controller of the chopper motor creates a 

synchronization signal, which is sent to the data recording computer. After the interaction 

of the photons and metastable helium atoms with the surface of the sample has occurred, 

some ejected electrons enter the hemispherical analyzer (HSA). Only electrons of a given 

energy (the so-called pass energy, PE) are allowed to arrive at the detector slits. At the 

detector the signal is then passed through a preamplifier, an amplifier and a comparator. 

Finally, the signal is recorded by the data acquisition computer.  

When the measuring ramp of the hemispherical analyzer is started a “PenDown” signal is 

sent to the computer. This allows synchronizing the analyzer with the chopper, since both 

are recorded by the data acquisition computer. The data recording is achieved by means of 

an in-home design LabView program. 

 



 53

3.2.4.3 MIES/UPS post-detection data treatment 
 

As discussed in chapter 3.4.3, the general idea of UPS and MIES signal detection was to 

separate the signals via the use of TOF separation (see Figure 3.7). However, the 

conditions for the use of the TOF separation could not be achieved in the nanocatalysis 

laboratory setup.  

Specifically, the distance between chopper and sample (crystal) was too short to perform a 

TOF separation as previously presented in Figure 3.7. The ratio of pumping is different as 

well; the nanocatalysis setup exhibits a lower pumping speed resulting from a bigger 

chamber volume. In light of this, the same pressure conditions are not achievable.  

To overcome the problem that the typical time of flight separation posed, a new 

measurement approach has been developed. The idea of the new method is that the shape 

of the UPS signal is determined by the chopper frequency. Thus, if the two signals are 

mixed together in a controlled way the UPS signal can be subtracted from the sum-signal. 

The premises for the successful application of this method are as follows: 

 

1. The UPS signal has to reach its saturation level before the MIES signal starts. 

When the rising edge is known the UPS signal can be calculated.  

2. It must be ensured that each of the mixed UPS/MIES signals is followed by the 

gate where no counts are detected. Otherwise the UPS signal can not be extracted 

properly, as it is always perturbated by a MIES background.  

 

For the nanocatalysis setup a chopper frequency of 900 Hz is the right value for a 

successful realization of the above described data analysis.  

The software interface shows a window in which a couple of frames are added. In order to 

extract the two spectra the beginning of the signal has to be set manually (see window 2).  
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Figure 3.10 Screenshot of the data treatment program interface. The different steps that have to be 
accomplished to obtain a meaningful spectrum are explained in the corresponding text frames. 
 

In window 3 the end of the UPS signal has to be defined. It can be identified as the end of 

the trailing edge. Two guide lines, described in the software, help to set the two points 

correctly. Based on this procedure the correct spectra can be extracted from the raw data 

without the use of a real TOF separation. The method offers an additional advantage by 

using the whole signal for the data analysis. The application of the real time of flight 

technique, in comparison, is limited to small windows, which have to be set to avoid the 

signals influencing (cross-talking) each other.  

In conclusion, it can be said that the TOF separation failed in the nanocatalysis laboratory 

due to the above mentioned reasons. However, by developing a new measuring technique 

the problem could be overcome.The electron yield for UPS as well as MIES could 

additionally be increased, since the new method allows the extraction of each signal from 

the sum signal without any losses.  
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3.2.5 AES 
 
In order to emit Auger-electrons from the sample, an electron gun is used. The electrons 

are guided to the surface of the sample via ion optics. The electrons, which have been 

emitted from the surface, are detected after passing through the same hemispherical 

analyzer as discussed previously. The signal then passes through a preamplifier and an 

amplifier before reaching the LockIn amplifier. Using a function generator, a 3 V AC 

voltage is applied to the sample. Furthermore, the generated signal is sent as the reference 

for the electrons to the LockIn amplifier. When the phase of the LockIn amplifier is 

adjusted with respect to the electrons emitted from the surface, the amplified signal is 

recorded by the same data acquisition computer used for MIES/UPS. A “PenDown” signal 

is generated and sent to the computer when a measurement is started, setting the start of the 

data recording by the computer simultaneously. The data acquisition is achieved by an in-

house-designed LabView program. 

It should be mentioned that an Auger-spectrum is always presented as the first derivative 

of the electron intensities, since the desired Auger peaks appear on top of an intensive 

secondary electron shoulder.  

 

3.2.6 Hemispherical analyzer 
 

The intensity of the emitted electrons with respect to energy of the electrons is recorded by 

the same hemispherical analyzer (HSA) (VSW Scientific Instruments Ltd., HA150) for all 

three electron-spectroscopy methods. However, there are two different operation modes: 

The fixed analyzer transmission (FAT) is used for MIES/UPS whereas the fixed retarding 

ratio (FRR) is used for AES. 

For spectra recorded in the FAT modus, the arriving electrons are slowed down or 

accelerated by a variable counter field at the entrance of the analyzer. The so called pass 

energy E0 is kept constant, thus the energy resolution ΔE is constant, too. The pass energy 

for MIES/UPS in this work was set to E0 = 10 eV and the scan rate was 0.1 eV / s . 
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In the FRR mode the analysis is performed by varying the pass energy. This is realized by 

a constant entrance field generated by the lens system, which keeps the retardation 

factor ,

0

kin AE
R

E
=  constant. 

 

 

3.2.7 TPD/TPR (temperature programmed desorption / temperature programmed 
reaction) 

 

TPD/TPR experiments are performed using a commercial quadrupole mass spectrometer 

(Balzers QMG 421). The crystal is placed close to the front of the mass spectrometer, 

minimizing the distance that the desorbing molecules have to travel to reach the detector of 

the QMS. A voltage of -150 V is applied to a skimmer, which is mounted in front of the 

spectrometer to avoid electron-stimulated desorption. To ensure that the reactants are 

pumped off as fast as possible, the mass spectrometer is additionally pumped by a 60 L / s 

Pfeiffer turbo pump (TMU 071P). 

The crystal is heated resistively by the output of a power supply (HP-6032A), which is 

checked by a temperature controller (RHK Technology, TM 310). The temperature 

controller is triggered by a home-built LabView program. The thermocouple signal of the 

temperature controller is sent to the QMS, where it is monitored by the mass spectrometer 

software (Balzers, Quadstar 421 Version 2.0). During the presented work the temperature 

controller broke down and a new system has been installed, which was not applied in the 

experiments presented in this work.  

The voltage signal measured by the thermocouple is converted into the real temperature by 

a DAT 4135/AC DATEXEL converter. The signal is sent to a Eurotherm PID controller 

(2404/2408) and displayed. The controller is connected to the same power supply which 

has been used before (HP-6032A) in order to heat the crystal. The mass spectrometer 

records the temperature signal during the measurement for TPD/TPR experiments.  
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3.2.8 Molecular beam doser 
 

Molecules for TPD/TPR and MIES/UPS experiments can be dosed onto the sample using a 

doser, which is positioned underneath the skimmer of the mass spectrometer. The doser 

consists of a metal tube which is connected to the gas-line (see at the right side of Figure 

3.2). It can be separated from the gas-line by closing a valve and pumping by a turbopump 

after opening a second valve. The doser is in principle a small gas reservoir that can be 

filled with a certain gas at a given pressure and be pumped by a turbopump in order to 

evacuate it. The doser has a small hole at the front end, so that depending on the pressure 

that is set in the gas-line a certain flux can be achieved. The pressure in the gas-line is 

measured by a baratron with an accuracy of 1mTorr± .  

The doser has been calibrated previously so that the flux can be calculated for a given 

molecule mass, back pressure and time, using the following equation:[101] 

 

 13 12.5 10 GdN p t
m

= ⋅ ⋅ Δ  (3.1) 

 

In the presented work the dosage is given in the unit of monolayer ML, whereas one ML is 

related to the amount surface atoms of a MgO surface, which is 2.25·1015 atoms / cm-2. 

 

 

3.2.9 Pulsed molecular beam reactive scattering (p-MBRS) experiments 
 

In order to determine the reactivity of mass-selected clusters, two pulsed molecular nozzles 

are attached to the main chamber. In a reactivity study the reactants are pulsed onto the 

surface of the model catalysts under isothermal conditions and the product molecules are 

recorded by the same mass spectrometer (Balzers QMG 421) as used for TPD/TPR 

experiments.The software supplied with the QMS cannot be used in these experiments, 

because of its slow response time. The signal is taken from the preamp and monitored 

directly by a stand-alone storage oscilloscope.[108]  
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Figure 3.11 Sketch of a pulsed valve. The plunger is sitting on a pin hole. If a voltage is applied, the piezo 
disc bends, the pin hole is not sealed by plunger and a certain amount of gas from the reservoir is dosed onto 
the surface.   
 

The construction of a pulsed valve (PV) is shown in Figure 3.11. The two PVs are 

connected to the same gas-line that is used for the reactant dosage in TPD/TPR 

experiments and oxygen dosage during the MgO film preparation. The main part is a piezo 

element glued onto a round-shaped, thin titanium plate. A plunger with a small, hard viton 

gasket is screwed onto the piezo disc so that the viton gasket seals a pin hole that connects 

the PV via the screw-in nozzle with the main chamber.[109] A cable is soldered onto the 

piezo element and connected to a feed-through. A potential can be applied to the PV with 

respect to the ground (main chamber), which leads to a bending of the piezo element. The 

viton gasket is moved back from the pin hole and the reactants flow through this hole into 

the main chamber. A home-built piezo-pulser is used in order to apply short pulses 

(20−800 μs) up to frequencies of 120 Hz. The most difficult aspect of the pulsed valve 

setup adjusting the screw appropriately. The plunger must sit on the pin hole, so that it 

seals the PV and no leaking occurs; however, if it is fixed too tight, the movement of the 

piezo element is too short to allow an opening of the viton gasket.[101]  

In terms of this PhD project the pulsed valve setup has been improved in order to enable 

the use of high frequency pulses. As mentioned previously the pulsed valves were 

connected to the old gas-line setup in order to supply them with the reactant gas. In order 

to achieve stable conditions a high back pressure had to be set, because then the amount of 

gas taken from the reservoir is small and the change of the back pressure can be neglected. 
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This led to pulses of large amounts of reactants with respect to the pressure conditions of a 

UHV setup. An increase in pressure of up to 10−6 mbar per pulse was observed. 

If a constant low back pressure is to be realized a different approach must be applied. 

Therefore, a small chamber behind the pulsed valve was built, which is continuously 

pumped by a turbo pump. This allows the generation of a low pressure in the chamber. 

However, the gas flux in the chamber must still be controlled so that the pressure in this 

chamber becomes tunable, because the turbo pump has a constant pump rate. The problem 

was solved by applying a gas flux regulator.  

 

 
Figure 3.12 Sketch of the continuously pumped gas reservoir system that has been developed within the 
scope of this work. Depending on the settings of the flux regulator, a low back-pressure can be achieved for 
the pulsed-valve, since the chamber is pumped by turbo pump.   
 

For the final solution a stainless steel T-piece was chosen as the chamber body, with a 

Varian turbo pump (TV 81-M) attached to it. The two remaining flanges are connected to 

one of the pulsed valves at one side and to a MKS (1179B11CR1BV) 10 sccm flux 

regulator on the other side. The pump is running continuously and a pressure of low 10-

7 mbar is reached in the chamber (without bake-out). Under operating conditions a gas 

bottle behind the flux regulator is opened and the pressure in the T-piece is adjusted by 

tuning the flux of the gas. This setup allows one to manipulate a flux through the system 

that is high enough, to enable a constant flux for each pulse through the pin hole into the 

main chamber, when the PV is pulsing.  
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3.2.10 Infrared-Reflective Absorption Spectroscopy (IRAS)  
 

 
Figure 3.13 IRAS setup used in the nanocatalysis laboratory. The beam is guided from the nitrogen purged 
spectrometer into a small chamber, which is pumped to 10−2 mbar and that contains two mirrors. The second 
mirror is a focussing so that the beam is focussed onto the sample. The reflected beam is guided into the 
detector. 
 

IRAS is a very useful technique in surface science to gain information about the surface 

structure by measuring the vibrational frequency of probe molecules that are adsorbed on 

the surface.  

The nanocatalysis laboratory includes a Thermo Nicolett FTIR spectrometer, which is used 

in an external mode. The optical path of the IR beam is illustrated in Figure 3.13. The 

spectrometer is nitrogen purged; the ejected beam is guided into pumped chamber 

(10−2 mbar) that contains a planar mirror onto a focusing mirror. The beam is subsequently 

reflected from the focusing mirror into the UVH chamber (10−10 mbar) onto the crystal. 

The distance between focus mirror and sample is adjusted to fit to the focusing length of 

the mirror. The beam is reflected from the crystal into the external detector, where it is 

recorded by the spectrometer software. 

 

3.3 Transfer system 

 

On the right side of the apparatus the cluster beam enters a mass-spectrometer with a mass 

limit of 9000 amu, after leaving the bender. Subsequently, after passing a stack of Einzel 

lenses the clusters are deposited onto the surface of a given sample. The sample is mounted 
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onto a rotatable, motor-driven sample holder, which is electrically insulated from the 

vacuum setup. Thus, a voltage can be applied to the sample in order to accelerate the 

clusters to the surface. Furthermore, the neutralization current of the cluster beam can be 

measured and the cluster coverage estimated.[110] 

After deposition has been completed, the cluster sample is driven into a vacuum lock. The 

vacuum lock is separated from the preparation chamber via a pneumatic gate. The vacuum 

lock itself is pumped by a turbo pump that can be separated from the lock, via a vacuum 

gate valve. Thus, the lock can be separated from all pumps and subsequently vented 

allowing the removal of the prepared samples. Using this experimental setup, cluster 

depositions can be performed continuously and extremely efficient without breaking the 

vacuum.  

 

3.4 Three electrode setup 

 

An electrochemical cell consists normally of two electrodes. One acts as the cathode1 and 

the other as the anode2.[111] If the two electrodes are connected electrically a current flows 

leading to a chemical reaction and a galvanic cell is generated that can be used to gain 

energy. If a potential is applied, the reaction is reversed and electric energy is converted 

into chemical energy; at both electrodes reactions occur when a current flows. Usually one 

focuses on a specific cell-reaction and thus, a standard electrode has to be used in order to 

allow comparison of the single cell reactions.[112] 

The value of interest is the potential at a given current for a specific cell and its reaction. 

However, if a current flows the measured potential includes contributions from the 

overpotential of both electrodes and the solution. In order to overcome this problem and to 

measure just a half-cell reaction, a three electrode setup is applied, consisting of the 

working electrode (the sample), an auxiliary electrode (for the second cell reaction to 

establish a current flow) and a reference electrode (to determine the potential at zero 

current). At typical setup and its circuit diagram are shown in Figure 3.14.  

                                                 
1 The cathode is the electrode at which reduction occurs. 
2 The anode is the electrode at which oxidation takes place. 
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Figure 3.14 A typical three-electrode setup (left) with is corresponding electric circuit diagram (right).[113] 
 

The device used to measure the potential difference between the working electrode and the 

reference electrode has a high input impedance, so that a negligible current is drawn 

through the reference electrode. Consequently, its potential will remain constant and equal 

to its open-circuit value. 

One important source of error during the measurement is the fact that a voltage drop will 

appear in the electrolyte arising from Ohm’s law as seen in Figure 3.15. 

 

 
Figure 3.15 Voltage drop appearing between two electrodes in an electrolyte.[113] 
 

From this sketch it can be seen that the reference electrode should be placed as close as 

possible to the working electrode to avoid the detection of additional potential differences 

arising from the electrolyte.  

To achieve this requirement, the working electrode and the reference electrode are 

connected by a Haber-Luggin capillary that is placed close to the working electrode 

surface.[113]  
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4 The effect of CO poisoning on the reactivity of small size-

selected Pdn (n = 8, 13, 30) clusters. 

4.1 Experiments and results 

 

As mentioned in chapter 2.1.3 the effect of CO poisoning on small mass-selected 

palladium cluster has been investigated by means of TPR, p-MBRS experiments and IRAS. 

In the following the results of the experiments as well as the experimental procedures will 

be described. 

 

4.1.1 TPR 

 

The technical details of TPD/TPR experiments have been discussed previously in chapter 

3.2.7. In the context of this work TPR experiments for Pd clusters have been performed in 

two different ways. 

 

Procedure 1: 

1. O2 dosage at 100 K. 

2. CO dosage at 100 K. 

3. Temperature ramp from 100 K to 700 K. 

 

Procedure 2: 

1. CO dosage at 100 K. 

2. O2 dosage at 100 K. 

3. Temperature ramp from 100 K to 700 K. 

 

In Figure 4.1 the detected CO2 signal intensities of Pd30 (representative for different cluster 

sites) are plotted with respect to the temperature. The results for procedure 1 are shown as 

a green curve, whereas procedure 2 is plotted in blue. 
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Figure 4.1 TPD spectra of the two different procedures described in the text. The green curve represents a 
TPD for oxygen precovered clusters. No CO poisoning can be observed for this procedure.  The blue curve 
represents a TPD for CO precovered clusters. CO poisoning occurs.[114]  
  

For procedure 1 it can be seen that a CO2 signal appears around 200 K, it reaches a 

maximum at 300 K and vanishes completely from 400 K on.  

However, if the reactants are dosed in the order described as procedure 2, nearly no signal 

is observed over the complete temperature range.   

 

4.1.2 p-MBRS (at isothermal conditions) 

 

The reactivity under isothermal conditions has been investigated using p-MBRS 

experiments, as described in chapter 3.2.9. Both reactants (CO and O2) were pulsed 

alternately with a frequency of 1/3 Hz and a phase shift of π. The total amount of reactants 

pulsed onto the surface was identical and more than 5·1015 molecules/pulse was used to 

ensure that the surface of the catalyst was fully saturated by each reactant pulse. 

Consequently, an oxygen pulse strikes onto a CO precovered clusters and an oxygen pulse 

strikes onto a CO precovered clusters. In both cases is CO2 formed and the signals 

originating from either CO precovered clusters or oxygen precovered clusters is recorded 

by an oscilloscope. A typical example for two pulses is given in Figure 4.2 that shows a 

CO2 signal originating from a CO pulse onto oxygen precovered clusters and a second 

signal which arises from an oxygen pulse that strikes onto CO precovered clusters. 
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Figure 4.2 Representative CO2 pulses obtained for oxygen precovered clusters (right) and CO precovered 
clusters (left). 
 

10 pulses were recorded and baseline-corrected. The integral of the averaged pulse was 

calculated as the magnitude of the CO2 intensity and the uncertainty of the integral was 

determined as the error for the data treatment procedure. It should be mentioned, that the 

first three to four pulses were neglected, because they differ extremely in intensity and thus 

no constant experimental conditions were reached. Two possible reasons are: either the 

steady state conditions are not fulfilled in the beginning of the experiments or the piezo 

disc has to warm up, so that the gas flux becomes equal for each pulse.  

All experiments were carried out at constant temperatures so that the reactivities were 

determined for isothermal conditions. The results are presented in Figure 4.3. 
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Figure 4.3  Pulsed molecular beam experiments of various cluster sizes (Pd9, Pd13, Pd30) at different 
temperatures; CO pulse on oxygen precovered clusters (left). Oxygen pulse on CO-precovered clusters 
(right).[114] 
 

On the left side the reactivities elucidated for oxygen precovered clusters are presented. 

For the different cluster sizes no signal is observed at temperatures around 300 K. The CO2 

yield starts to appear around 360 K and increases sharply from this temperature on. 

Measurements above 500 K were not performed, because cluster agglomeration can not be 

excluded at these temperatures.  

The right side of Figure 4.3 shows the CO2 yield for an oxygen pulse striking onto CO 

precovered clusters. Even at low temperatures (300 K) CO2 is detected and the amount 

remains nearly constant up to a temperature around 420 K. Above these temperatures the 

signal vanishes and no CO2 is detected anymore. 

A comparison of the two graphs with each other shows that the CO2 yield at low 

temperatures is higher for CO precovered clusters in comparison to the oxygen precovered. 

However, the situation changes above 360 K and for higher temperatures the oxygen 

precovered clusters show much higher CO2 yields, while the CO precovered clusters are 

not reactive.  
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4.1.3 IRAS  

 

In addition to the above described TPR and p-MBRS experiments, IRAS measurements 

have been performed to verify the temperature dependency of the CO adsorption properties 

on small palladium clusters. Representative results for Pd13 are shown in Figure 4.4. 

 
Figure 4.4 Spectra of CO adsorbed on Pd13 clusters annealed to different temperatures. All spectra were 
recorded at 100 K. 
 

The experiments have been carried out as followed: CO was dosed at low temperatures 

(100 K) and a spectrum was recorded. Then the temperature was increased to 156 K for 

10 s. Afterwards, the sample was cooled down to ≈ 100 K and the spectrum that is 

assigned to 156 K was recorded. The same procedure has been applied for the other 

temperature dependent spectra. At low temperatures only one band is observed (≈ 2060 

cm−1) that can be related to linearly bonded CO. The signal intensity starts to decrease 

from 161 K on and disappears completely at 235 K. At 168 K a signal seems to appear 

around 1970 cm−1, which can be related to bridge bonded CO.[115] However, since the 

signal to noise ratio is quite low, this band should not be stressed. 

In conclusion, most CO is linearly bonded and desorbs at relatively low temperatures, 

because the adsorption strength is weak.   
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4.2 Discussion 

 

TPR experiments have shown that the order of reactant dosage influences the outcome of 

the experiment. When oxygen is dosed first and CO second (procedure 1), a CO2 signal in 

the range between 200 and 400 K was detected, whereas if CO is dosed first and oxygen 

second (procedure 2) no signal is observed.  

The adsorption strength of the two reactants on MgO is quite low (0.1 eV for oxygen and 

0.4 eV for CO). At dosing temperatures of approximately 100 K no oxygen sticks on MgO 

and TPD studies of CO on MgO have shown that CO desorbs below 100 K.[116, 117] Thus, it 

can be assumed that the reactants adsorb exclusively on the clusters and not on the support. 

This means that reverse spill-over effects are neglected in the following discussion.  

It should be taken into consideration that CO is known to adsorb via chemisorption on 

palladium with high heats of adsorption (150 kJ/mol ), as well as oxygen, which adsorbs 

molecularly at low temperatures and dissociatively at higher temperatures.  

If oxygen is dosed first, it will adsorb in a molecular state on the clusters, because the 

dosage temperature is low. When CO is subsequently dosed, it can adsorb for two reasons, 

either the molecularly adsorbed oxygen does not form a dense layer1 or some weakly 

adsorbed oxygen gets substituted by CO.[68] It is certain that both reactants are present on 

the clusters after the dosage procedure, because the TPR experiment shows that CO2 is 

formed.   

In contrast the second dosage procedure shows no CO2 formation. When CO is dosed on 

the bare palladium clusters it adsorbs molecularly. From single crystal studies it can be 

concluded that CO adsorbs with the carbon atom bonded to the metal surface and the 

oxygen atom pointing in the opposite direction.[118] Thus, it forms a closed, dense layer on 

the clusters. In contrast to CO, oxygen needs more space to adsorb and a closed CO layer 

does not offer any free adsorption sites for oxygen. Thus, at low temperatures a CO 

poisoning effect is observed in TPR experiments.  

 

 

                                                 
1 because it adsorbs with the bonding axis parallel to the surface, hence it needs a lot of space and can not 
form a close-packed layer 
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In comparison to TPR, p-MBRS experiments give more insight into mechanistic details at 

elevated temperatures. The reactivity measured for oxygen precovered clusters allows 

examination of the oxygen activation on small metal clusters, because the CO pulse strikes 

oxygen saturated clusters. Thus, the CO2 yield depends exclusively on the oxygen 

activation properties of the clusters. At low temperatures (300 K) no CO2 is detected. From 

this it can be concluded that no oxygen activation occurs in this temperature regime. 

However, around 400 K the detected CO2 amount increases drastically. Similar 

experiments have been performed for palladium single crystals. In a molecular beam study 

a constant oxygen background generated an oxygen precovered single crystal surface.[54] 

At a certain time t a molecular CO beam is switched on and the CO2 yield is measured as a 

function of the time t. The initial CO2 rate can be used to compare the observed cluster 

properties with single crystal properties. The results for both model systems are presented 

in Figure 4.5 for comparison.  

 
Figure 4.5 Comparison of time dependent CO2 signals of an oxygen precovered Pd(111) single crystal and 
size-selected Pd clusters.[54, 114] 
 

For both systems no CO2 yield is measured at low temperatures. However, at temperatures 

around 450 K high CO conversion rates are measured for each catalyst. Another plot that 

allows for a good comparison of both systems is the maximum CO2 rate at different 

temperatures as shown in Figure 4.6. 
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Figure 4.6 Comparison of maximum CO2 rate determined for a Pd(111) single crystal from figure 4.5 with 
the integrated CO2 of size-selected clusters.[54, 114] 
 

Comparison of the two figures shows that the reactivity trend obtained for oxygen 

precovered Pd clusters is similar to the one observed for a Pd single crystal. 

It has been shown for single crystals that oxygen is activated via dissociative adsorption, 

which depends on the temperature, because dissociation is an activated process with a 

distinctive activation barrier. From Figure 4.6 the same behavior is observed for cluster 

and single crystals, showing that oxygen activation occurs on clusters via dissociative 

adsorption at temperatures around 400 K, too.  

In the next step CO precovered clusters are compared with a CO precovered single crystal. 

The chosen experiment to compare the two model systems has been performed in a similar 

way as the aforementioned experiment, but the order of the reactants is changed. A 

constant CO background is set and a molecular oxygen beam is switched on at a certain 

time t. Again, the initial CO2 rate is used to compare the cluster experiments with single 

crystals. Figure 4.7 illustrates the results of the measurements.  
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Figure 4.7 Time dependent CO2 signal detected for a CO precovered Pd(111) single crystal and size-selected 
Pd clusters.[54, 114] 
 

CO2 is detected for small metal clusters at low temperatures up to 415 K. Above these 

temperatures no CO2 is detected and it is assumed that no CO sticks on the clusters above 

415 K. In contrast the single crystal studies show that at 415 K the CO2 rate is strongly 

attenuated if the surface is precovered with CO and it takes a long time until the steady 

state is reached. At 450 K a transient regime is reached, however, the CO lifetime on the 

surface is still long and it takes even higher temperatures to avoid CO poisoning. Thus, it 

can be concluded that CO exhibits a weaker adsorption strength on clusters than on single 

crystals. The weak CO-cluster interaction has been additionally proven by IR spectroscopy. 

This fact results in a shift of CO poisoning to occur at lower temperatures on small metal 

clusters in comparison to single crystals.  

The reactivity of a given catalyst for CO oxidation is determined by the following two key 

factors: Oxygen activation and CO poisoning 

For a single crystal it can be concluded that oxygen activation occurs around 400 K and 

CO exhibits a long lifetime on the surface up to more than 450 K. Thus, although a single 

crystal would be reactive at temperatures around 400 K, because it activates oxygen, this 

regime is overlapped by CO poisoning, inhibiting the catalyst reactivity. These conclusions 

are summarized in the following sketch (Figure 4.8). 
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Figure 4.8 Temperature regimes can be defined for CO poisoning and oxygen activation. The regimes 
overlap for the case of a single crystal.  
 

At temperatures above the CO poisoning limit CO oxidation occurs via the Langmuir-

Hinshelwood mechanism. Oxygen adsorbs and dissociates, CO adsorbs as well, CO2 is 

formed on the surface and subsequently desorbs.     

For clusters the same oxygen activation properties are obtained, but CO poisoning is 

shifted to lower temperatures. The question then arises what happens at temperatures, 

where no oxygen activation or CO poisoning occurs?   

In Figure 4.7, one sees that a reactivity is obtained at these temperatures (T ≤ 360 K), 

however, only for CO precovered clusters. This leads to the conclusion that CO is involved 

in the activation of oxygen at low temperatures and that the mechanism differs from the 

normal Langmuir-Hinshelwood mechanism. This picture is additionally confirmed by a 

TPR study. One of the TPR spectra is shown in Figure 4.9; three CO2 peaks can be 

identified.[119]  

 

 
Figure 4.9 TPR spectrum of Pd13. Three peaks can be identified.[119]   
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The gamma peak is assigned to the normal Langmuir-Hinshelwood mechanism which 

involves dissociation of oxygen; whereas the beta peak is originating from the same 

reaction mechanism observed in the p-MBRS measurements at low temperatures on CO 

precovered clusters.  

Since CO must be present on the cluster surface to enable oxygen activation the 

mechanism is specified as a cooperative Langmuir-Hinshelwood mechanism. Two border 

cases are suggested: 

1. CO interacts with molecular adsorbed oxygen and supports the dissociation of the 

oxygen bond. This is denoted as the direct promotion. 

2. CO affects the cluster morphology or its electronic structure in a way that an 

adsorption site is generated on which oxygen activation occurs via dissociation.  

The conclusions drawn for small metal clusters are summarized in Figure 4.10: 

 

 
Figure 4.10 For small size-selected Pd clusters the temperature regimes for CO poisoning and oxygen 
activation do not overlap. Furthermore, an additional reaction window between the two different regimes 
opens up. (1) illustrates a “direct promotion” mechanism and (2) an “indirect promotion” mechanism.  
 

At low temperatures the clusters are covered with CO, blocking the surface for oxygen 

adsorption. Consequently, the clusters are poisoned and no CO oxidation occurs. At higher 

temperatures, CO desorbs and free adsorption sites become available for oxygen 

adsorption. Nevertheless, CO must be present on the cluster surface to activate oxygen 

either via direct promotion (1) or indirect promotion (2), leading to a cooperative 

Langmuir-Hinshelwood mechanism. At temperatures above 400 K atomic, reactive oxygen 

is formed via dissociative adsorption on the clusters and thus, a typical Landmuir-

Hinshelwood mechanism is observed.   
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4.3 Conclusion 
 

It has been shown that small palladium clusters are active for CO oxidation over a broad 

temperature range. At high temperatures the reaction mechanism is assumed to be of 

Langmuir-Hinshelwood type, like that seen for palladium single crystals. Comparing the 

reactivity over a broad temperature range with the reactivity of single crystals shows that 

CO poisoning occurs on clusters as well, however, since the adsorption strength of CO is 

weaker on clusters CO poisoning takes place only at low temperatures. Due to this shift in 

temperature a reaction window is opened up, as seen in the middle of Figure 4.10, which 

seems to follow a different mechanism. This has been specified as a cooperative Langmuir-

Hinshelwood mechanism. 
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5 Microkinetic simulations of mole fraction dependent reactivity 

properties of size-selected Pd13 clusters 

 

The reactivity of Pd13 clusters has been studied with respect to the mole fraction of the 

reactants and the reaction temperatures.  

Since these experiments have been described in detail before, they are only summarized 

briefly in the following chapter. In the second part, the performance of the kinetic 

simulations and their results are presented.  

 

5.1 Results 

5.1.1 Mole fraction dependent studies on size-selected Pd13 clusters 

 

The cluster formation, their deposition and the crystal preparation have been performed, as 

described in chapter 3. A model catalyst of 0.47 % of a ML of Pd13 was prepared and the 

reactivity was investigated by means of a dual p-MBRS setup. Both reactants (CO and O2) 

were pulsed simultaneously onto the model catalyst and the CO2 yield was detected by a 

quadrupole mass spectrometer (Balzers QMS 421) and recorded by an oscilloscope 

(LeCroy Waverunner 6030). 

As aforementioned the non-reactive reverse spill-over model only holds for steady state 

conditions. However, a constant reactant flux could not be achieved at the time when the 

experiments were performed. Thus, the peak maximum was taken as a pseudo-steady state 

rate, because the local pressure on the surface is high at this point and the maximum 

persists for more than 30 ms. The rate value was obtained by estimating the average of the 

measured data in the peak maximum range and standard deviation was taken as the error of 

the pseudo-steady state rate. A typical CO2 signal is presented in Figure 5.1.[120] 
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Figure 5.1 A typical CO2 pulse recorded in mole fraction dependent measurements. The inset represents a 
close-up of the peak maximum.  
 

Two values were determined in order to characterize the model catalyst’s reactivity, 

namely the turn-over frequency (TOF) and the reaction probability (RP).  

The turn-over frequency is the CO2 production rate normalized to a characteristic value of 

the catalyst, e.g. the number of clusters, the real surface area of the catalyst, the catalyst 

mass or the reactive surface area.  

In our studies the TOF was normalized to the total amount of deposited clusters n and the 

surface area A of the crystal ( 20.8 cmA= ⋅ ). 

 

 -1 -2 -1
2(CO s cm n )

2CO
1TOF = F

nA
⋅ ⋅ ⋅ (5.1)  

 

The RP is the ratio of the product flux (
2COF ) and the reactant flux. In the presented work 

the CO flux ( COF ) was chosen as the reactant flux. 

 

 2CO

CO

F
RP =

F
 (5.2) 

 

In contrast to the TOF, the RP is a value that is dimensionless. Both values depend on the 

temperature and the mole fraction, however, in comparison to the reaction probability RP, 

the turnover frequency TOF depends on the coverage. Consequently, the TOF can be 

interpreted as a microscopic quantity, since it characterizes the reactivity of a single cluster 
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under given experimental conditions. In contrast, RP is a quantity that evaluates the 

reactivity of the whole catalysts without taking the cluster coverage into account and can 

thus be related to a macroscopic quantity. The results are presented in Figure 5.2., for both 

values for a model catalyst of 0.47 % ML of Pd13 supported on MgO/Mo(100).  

 

 
Figure 5.2 TOF (left) and RP (right) obtained for Pd13 clusters in mole fraction dependent measurements.[121] 
 

From the graph illustrating the TOFs (left side of Figure 5.2), it can be observed that the 

TOFs increase with increasing temperatures, while the maximum is shifted to higher mole 

fraction values. For the highest temperature a maximum TOF value is obtained at a mole 

fraction of 0.6 that is close to the stoichiometry of the CO oxidation reaction.  

In order to obtain RPs, the correct reactant flux values must be known. It has been 

mentioned before that the flux that strikes onto the surface does not equal the flux that 

reaches the clusters. Since the reverse spill-over model of Henry had been successfully 

applied to small metal clusters, the model was used in the mole fraction experiments in 

order to correct the flux that actually reaches the clusters. Thus, the reaction probability 

shown in Figure 5.2 is already corrected using the non-reactive reverse spill-over model.  

For the RPs it can be seen that they do not increase continuously. The maximum value 

obtained for 478 K is less than the one determined for 440 K. However, the maximum of 

the RPs are also shifted to higher mole fraction values for increasing temperatures, as seen 

for the TOFs.  
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5.1.2 Micro kinetic simulations 

 

Kinetic simulations of supported palladium clusters were performed using a Langmuir–

Hinshelwood based formalism and solving the rate equations. Based on the work of 

Hoffmann et al. the calculations were performed in a first step for a model that describes 

single crystals or large facetted nanoparticles with a high surface density, since it has been 

shown in the past that those large particles exhibit single crystal like behavior for CO 

oxidation.[122] 

The rate equations that were solved in the first step are, 

 

 CO CO des CO L CO Or k kη θ θ θ= − −  (5.1) 

 

 2
2O O L CO Or kη θ θ= −  (5.2) 

 

 2CO L CO Or k θ θ=  (5.3) 

 

with k as the rate constants, θ  the coverages, r as the time dependent coverage θ  of the 

molecule  and η  the flux values corrected for the reaction temperature and the coverage. 

The corrected flux values η  are obtained as follows: 

 

 2 2 2, , ,CO O CO O CO OF Sη = ⋅  (5.4) 

 

2,CO OF  are the absolute reactant flux values and 
2,CO OS  the sticking coefficients corrected 

with respect to the coverage and the reaction temperature, ( ,CO OΩ ) is the saturation 

coverage of each reactant.): 

 

 , 1 CO O
CO CO i

CO O

S S θ θλ
⎛ ⎞

= − −⎜ ⎟Ω Ω⎝ ⎠
(5.5) 
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 ( )
2 2

4
, 0.78 7.4 10 1 CO O

O O i
CO O

S S T θ θ− ⎛ ⎞
= − ⋅ ⋅ − −⎜ ⎟Ω Ω⎝ ⎠

 (5.6)  

 

For all rates an Arrhenius type temperature dependence was assumed: 

 

 exp act
i

Ek k
kT

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (5.7) 

 

For the desorption rate of CO a coverage dependence of the activation energy was 

introduced, 

 

 , exp 1 CO
des des i

CO

E E
w
θ⎛ ⎞

= −⎜ ⎟Ω⎝ ⎠
 (5.8) 

 

with w as a weighting factor. An increase of this value results in an increase of the CO 

poisoning effect on the reaction rates. However, a value of 10 has been shown in the past 

to be suitable for small nanoparticles, since the effect of CO poisoning has been shown to 

be less pronounced for small particles.[122]    

The oxygen desorption was neglected in the calculations, because oxygen adsorbs 

dissociatively on palladium and exhibits a high heat of adsorption. Desorption takes only 

place if molecular oxygen is reformed, which occurs usually at temperatures above 800 K. 

The coupled differential equations were solved numerically using an embedded Runge-

Kutta Prince-Dormand algorithm. Adaptive step control was used to define the latter 

maintaining a local error of less than 1 x 10-6. The numerical routines were provided by the 

GNU scientific library (GSL).[123] The values that have been used for the calculations are 

presented in table 5.1. Furthermore, the references of the different publications used are 

given. 
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Table 5.1 Values used for the mole fraction dependent reaction rate simulations. 
Parameter Value Details 

-1/ stotalF  151 10⋅  Experimental value[120] 
-1

, / sL ik  7.91 10⋅  [122] 
-1

, / sCO ik  141 10⋅  [122] 
-1

, / kJ molL iE ⋅  56  Described in the text 
-1

, / kJ moldes iE ⋅  127  Described in the text 

COΩ  0.5  [62] 

OΩ  0.25  [62] 

,CO iS  0.96  [124] 

,O iS  0.78  [124] 

λ  0.3  [122] 
-1 -1/(cluster cm s )N ⋅ ⋅  152.2 10⋅  [120] 

-1/(kJ mol )MgO MgO
ads desE E− ⋅  0.25  [125] 

MgO
COΩ  0.5  [121] 

o
/ Aclusterr  3.235  Pd13 

-1/ cmSN  131.06 10⋅  0.47 % ML Pd13 

α  0.5  [125] 

 

As mentioned before, the first simulations were performed to reproduce the mole fraction 

and temperature dependency of the CO oxidation reaction rates for a single crystals and/or 

large facetted nanoparticles of high surface density. The results for the turnover frequency 

and the reaction probability are shown in Figure 5.3.   
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Figure 5.3 Mole fraction dependent TOFs (left) and RPs (right) obtained for a single crystal based model at 
different temperatures. Different colors are used for the four temperatures.[121] 
 

The TOFs are rising with increasing temperatures, while the maximum is shifted to higher 

mole fraction values. For the highest temperature the maximum occurs at a mole fraction 

of 0.5.  

In contrast to the TOFs, the RPs do not increase continuously. The maximum value 

obtained for 478 K is less than the one determined for 440 K. As seen before for the 

simulated TOFs, the RP maxima are also shifted to higher mole fraction values for 

increasing temperatures. The model catalyst investigated consists of 0.47 % ML of size-

selected Pd13 clusters deposited on MgO. Thus, the catalyst is highly dispersed and support 

effects originating from the reverse spill-over of the reactants has to be taken into account. 

Since the non-reactive reverse spill-over model proposed by Henry et al. had been 

successfully applied to small palladium clusters, it was decided to include this model into 

the micro kinetic simulations. The set of differential equations chosen for the single crystal 

or large nanoparticle calculations were extended as followed: 

 CO G CO des CO L CO Or k kα η θ θ θ= − − (5.9) 

 

 2
2O O L CO Or kη θ θ= −  (5.10) 

 

 2CO L CO Or k θ θ=  (5.11) 

 

Additionally, a global sticking coefficient Gα  that corrects the CO flux reaching the 

clusters is integrated in such a way that the flux based on the non-reactive reverse spill-
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over is taken into account. Furthermore, the model of Henry was improved in order to take 

lateral interactions between the CO molecules on the support into account. In order to do 

so, the diffusion length is corrected, which has been defined before: 

 

 ( )exp / 2
diffs adsX D a E E RTτ ⎡ ⎤= = ⋅ −⎣ ⎦ (5.12) 

 

To include the coverage dependency, the adsorption energy adsE  and the diffusion energy 

diffE  are modified: 

 

 1
MgO

CO
ads diff MgO

CO

E E E θ⎛ ⎞
− = Δ −⎜ ⎟Ω⎝ ⎠

 (5.13) 

 

This allows the determination of the global sticking coefficient Gα  so that the differential 

equation can be corrected for CO spill-over (a detailed formulation of the following 

equation is given in chapter 2.1.4): 

 

 22 ( / , / )G S S S SN RX P R X L X Rα π α⎡ ⎤= +⎣ ⎦ (5.14) 

 

Furthermore, the activation energy ,L iE  of the reaction was lowered by 4 kJ/mole  and the 

activation energy for CO desorption ,des iE  by 9 kJ/mole . These changes take into account 

that most effects observed for single crystals are shifted to lower temperatures for small 

metal clusters, as seen for the CO adsorption strength in the previous chapter. The choice 

was arbitrary, but chosen in a way to achieve a good accordance of the simulations with 

the experimental temperature dependencies. It should be mentioned that O2 spill-over has 

been neglected due to the low binding energy of oxygen on MgO in comparison to CO (see 

chapter 2).  

The results of the simulation are presented in Figure 5.4. 
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Figure 5.4 Mole fraction dependent TOFs (left) and RPs (right) obtained for a supported cluster based model 
at different temperatures. Different colors are used for the four temperatures.[121] 
 

It can be seen that increasing temperatures lead to increasing TOFs in the second model, 

while the maximum is shifted to higher mole fraction values. For the highest temperature 

the maximum occurs at a mole fraction of 0.6.  

The RP maxima are shifted to higher mole fraction values for increasing temperatures. 

However, the RPs do not increase continuously as seen for the TOFs. The maximum value 

obtained for 478 K is less than the one elucidated for 440 K.  

5.2 Discussion 

 

The discussion is spilt into three sections. First, the experimental results and the single 

crystal model are discussed and compared. Then the two models are compared with each 

other and finally the second model simulation is discussed with respect to the experimental 

results.  

 
Figure 5.5 Comparison of the experimental TOFs (left) and the single crystal model (right). The graphs are 
normalized to the maximum experimental value at 478 K. 
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Comparing the experimental results with the single crystal simulation shows that the 

calculations seem to reflect the general trends observed for small metal clusters quite well. 

For increasing temperatures the maximum of the TOF shifts to higher values with respect 

to the mole fraction. Furthermore, the absolute values of the TOF maxima increase with 

increasing temperatures for both experiments and simulations. But the position of the TOF 

maximum cannot be reflected correctly in the model. A detailed look at Figure 5.5 shows 

that the maxima of the model are shifted to lower mole fraction values compared to the 

experiments. 

The two plotted graphs are normalized to the experiment at the highest temperature 

(478 K) to enable a better comparison of the different temperature dependencies with 

respect to each other. This illustrates that the maxima of the single crystal calculations are 

shifted to lower TOF values for a given temperature in contrast to the experiments. 

Furthermore, the reactivity measured for supported cluster is under-estimated in the single 

crystal calculations at low temperatures (358 K).  

 

 
Figure 5.6 Comparison of the experimental RPs (left) and the single crystal model (right). The two graphs 
are normalized to the maximum values at 440 K.[121] 
 

The RBs are normalized to the maximum value obtained in the experiment at 440 K. It can 

be seen that the general trends are again reproduced quite well. The maximum RP is 

shifted to higher mole fraction values for increasing temperatures and the order of the 

different measurements is reflected correctly.  

As seen before for the TOF simulations, the RPs are under-determined at low temperatures 

(358 K), as well. However, for the other temperatures (417 K, 440 K, 478 K) the simulated 
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RPs are too high at small mole fraction values and the maxima of the different isothermal 

RP curves are shifted to lower mole fraction values in the model calculation. In the 

following the two different model calculations will be discussed and compared.  

 

 
Figure 5.7 Comparison of the TOFs simulated for a single crystal model (left) and a supported cluster model 
(right). The graphs are normalized to the maximum of the experimental data at 478 K.[121] 
 

The general TOF trends of the two simulations are in good agreement (see Figure 5.7). The 

TOF maximum is shifted to higher mole fraction values for increasing temperatures. 

Furthermore, the order of the curves does not vary upon including the non-reactive reverse 

spill-over model.  

A detailed look at the different isothermal curves shows that the TOF maximum of the 

model including the reverse spill-over is shifted slightly to higher mole fraction values. For 

a better comparison, both graphs are normalized to the maxima of the two curves at 478 K 

(black). If one compares the black curves for each model with their corresponding 

simulations at 440, 417 and 358 K, one sees that the values for the model including the 

reverse spill-over exhibit higher TOFs with respect to the TOFs at 478 K for each model 

separately.  
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Figure 5.8 Comparison of the RPs simulated for a single crystal model (left) and a supported cluster model. 
The two graphs are normalized to the maximum value at 440 K.[121] 
 

Figure 5.8 shows that the same trends are followed for the reaction probabilities RPs in 

both models. They rise with increasing temperatures up to 440 K and decrease at 478 K. 

The maxima are shifted to higher mole fraction values for increasing temperatures in both 

simulations. However, this shift is more pronounced for the simulation including the 

reverse spill-over model. Another difference, which can be identified, is that the RPs in the 

model without reverse spill-over is extremely limited at low mole fraction values. In the 

simulation with reverse spill-over included, however, the RPs are spread over a broader 

mole fraction range.  

Finally, the results of the second simulation will be compared with the experimental results 

gained for Pd13 clusters on MgO.  

 

 
Figure 5.9 Comparison of the experimental TOFs (left) and simulated for a supported cluster model (right). 
The graphs are normalized to the maximum values at 478 K, respetively.[121] 
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It can be seen in Figure 5.9 that the model is in good accordance with the experimental 

results and the general trends are reflected very well. The TOF maximum of each 

isothermal curve seems to fit to those of the experiment, which was not the case for the 

simulations without reverse spill-over. Another interesting point to be mentioned is that the 

measurements performed at 358 K have been underestimated in the first simulation, 

whereas they are reproduced correctly in the simulation with reverse spill-over. 

Thus, it can be stated that the integration of the non-reactive reverse spill-over model, has 

led to an improvement of the simulation. The experimental TOFs and their tendencies are 

reproduced better than for the single crystal or large facetted, high density nanocrystal 

model. 

 

 
Figure 5.10 Comparison of the experimental RPs (left) and simulated for a supported cluster model (right). 
The graphs are normalized to the maximum values at 440 K.[121] 
 

The shift of the RP maxima to higher mole fraction values leads to a better agreement as 

the model without reverse spill-over (see Figure 5.10). A great improvement is seen for the 

RP isothermal curve at 358 K. Before including the reverse spill-over, the RP at this 

temperature was under-estimated. A comparison of the experimental results with those 

obtained from the simulations shows that the curve shape can be well-reproduced by 

integrating the model of non-reactive reverse spill-over.  

However, the experimental results at higher temperatures cannot be reflected as well as the 

results at 358 K in the range of small mole fractions. Nevertheless, the position of the RP 

maxima are shifted to higher mole fraction values leading to an improvement for the 

simulated RPs of the model for small metal cluster RPs.  
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5.3 Conclusion 

 

Mole fraction and temperature dependent micro kinetic simulations have been performed 

for a single crystal or large facetted nanoparticle (of high density) like model. A 

comparison with experimental results obtained for Pd13 shows that the general trends could 

be reflected quite well. However, the positions of the TOF and RP maxima could not be 

simulated correctly and the low temperature regime was under-estimated.  

In a second step the activation barrier and the CO desorption barrier were lowered and the 

non-reactive reverse spill-over model developed by Henry et al. was implemented. For the 

turnover frequencies the integration of the model led to great improvements. The position 

of the maxima can be simulated correctly. Furthermore, the low temperature regime, which 

had been under-estimated in the first model, is well-reflected in the model including 

reverse spill-over.  

Although the simulations and the experimental TOFs are nearly perfect, the same level of 

accordance can not be achieved for the RBs. Nevertheless, the implementation shows some 

improvements, especially for the lowest temperature (358 K), where the mole fraction 

dependency is well-described in this regime in contrast to the first model. Furthermore, a 

shift of the RP maximum to higher mole fraction values for increasing temperatures is 

achieved, agrees better to the experimental results than the first model.   
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6 Adsorption studies of organic molecules on MgO films 

 

Within the scope of this work a MIES/UPS source has been installed and modified. The 

aim of this project is to apply these two surface sensitive spectroscopic methods to probe 

the electronic structure of small metal clusters deposited onto MgO films and to relate the 

findings to the chemical and catalytic properties of clusters. The modifications of the 

source allow performing of MIES/UPS measurements at the existing setup. Before cluster 

experiments will be performed, organic molecules adsorbed on MgO films have been 

studied in order to determine their properties and potential of the two methods for future 

applications.  

 

6.1 Results 

6.1.1 MgO characterization 

6.1.1.1 Auger electron spectroscopy (AES) 

 

The clean Mo(100) single crystal as well as the MgO film grown onto the single crystal are 

usually characterized by means of AES in order to probe the presence of impurities. Figure 

6.1 shows a typical AES spectra of the Mo(100) crystal used in the presented work, after 

e−gun cleaning (blue line) and of a MgO film grown on the Mo(100) single crystal (green 

line). 

The single crystal of Mo(100) shows the characteristic peak structure at 185 eV appearing 

from the Mo (MNN) Auger process and a minor feature at 500 eV, indicating the presence 

of small oxygen impurities. A complete crystal cleaning to remove oxygen impurities was 

not achieved, since the crystal is used to grow oxides films on the surface, acting as a 

support for the clusters. The values for both, the MNN transition of molybdenum as well as 

the oxygen feature are in good agreement with literature values.[126, 127]  

In the spectrum of the MgO film grown on Mo(100) two main features can be observed, 

originating from oxygen (503 eV, KLL) and magnesium (1178 eV, KLL).  
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However, no contributions arising from impurities or contaminations are present. The 

values obtained as well as the peak intensities with respect to each other agree well with 

the aforementioned literature. 

 

 
Figure 6.1 Typical Auger spectra recorded for a clean Mo(100) single crystal (bottom) and a MgO film 
grown on a Mo(100) single crystal (top). The experiments were performed using an excitation energy of 3kV. 
 

 

6.1.1.2 MIES/UPS 

 

Typical MIES and UPS spectra of MgO/Mo(100) taken at 100 K are presented at the left of 

Figure 6.2. The right part shows spectra of the same surface probed by means of 

MIES/UPS from the Kempter group at the TU Clausthal-Zellerfeld as a function of D2O 

exposure.[128] The uppermost spectrum at 0 L presents the clean MgO/Mo(100) surface, 

which can be compared to the spectra recorded in the nanocatalysis laboratory.  
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Figure 6.2 UPS and MIES spectra recorded in the nanocatalyis laboratory (left) and at the TU Clausthal-
Zellerfeld (right).[83, 128] 
 

At low binding energies the valence structures of the materials are visible. Electrons at 

high binding energies should not be discussed, as they originate from inelastic scattering 

processes (secondary electrons). Thus, the kinetic energy of these electrons is lowered by 

an indeterminable quantity. It has been shown in the past that the intensity of secondary 

electrons increases with increasing photon and metastable intensities. Therefore, optimum 

working conditions must be tuned for the source in such a way that the electron yield in the 

valence regime is high, while the secondary electron yield should be low.   

 

The shape of the UPS spectra consists predominantly of the O(2p) peak structure, with two 

well pronounced peaks with maxima at 6.3 and 9.1 eV. The two peak structure originates 

from the two types of p-orbitals, present in MgO.[129] One oriented parallel and the other 

one oriented perpendicular to the surface plane. Both are ionized by the ultraviolet 

radiation and thus, become detectable using UPS. 

 

The MIES spectra acquired for the MgO film are mainly the image of the MgO(100) 

(surface DOS) originating from the AD process (see chapter 2.2.2.3). Due to the insulating 

character of the clean MgO surface, no intensity between the Fermi edge and the VBM at 

3.8 eV appears. 
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As no occupied states exist in resonance with the He 2s electron, the spectra are pure AD 

spectra and thus allow comparison between MIES and UPS once the difference in the 

excitation energy has been corrected (1.4 eV). It should be mentioned that different 

selection rules hold for either photoionization or AD and hence, the spectra do not contain 

the same information. AD is particularly sensitive to those orbitals that are oriented to the 

vacuum side, whereas UV photons probe the average over 2 to 3 adlayers (JDOS). All 

spectra presented in this work have been measured with MgO as a substrate; therefore no 

contributions from AC processes must be taken into consideration. 

The structure of the MIES spectrum reflects the SDOS of the substrate due to the 

ionization of MgO valence band (VB) states. These states have mainly O(2p) character. In 

contrast to the above described two peak structure in the case of UPS only a single peak 

with a maximum at 6 eV is presented in the MIES spectrum. This is due to the fact that 

MIES ionizes one type of the aforementioned two types of p orbitals, preferably the one 

oriented perpendicular to the surface. Furthermore, the spectra show no indication for 

occupied point defect states (F-centers) in the lower part of the band gap. 

Both spectra are in very good agreement with the literature with respect to the observed 

peaks and their binding energies. Furthermore, the obtained structures also agree well with 

calculations performed on those systems.[130, 131] 

 

 

6.1.2 Adsorption properties of benzene on MgO 

 

Since it was shown that the spectra gained for the system MgO/Mo(100) can be reproduced 

and that they agree well with spectra known from the literature, the adsorption of benzene 

on MgO/Mo(100) was studied as a next step, in order to test their reproducibility and to 

compare with literature spectra.  

The MIES/UPS spectra of clean MgO/Mo(100) and the same surface covered with 3 L of 

benzene (saturated surface) are presented in Figure 6.3 and Figure 6.4. The features of the 

substrate spectra have been discussed in the previous section and are in good agreement. 

However, the second O(2p) peak in the UPS is only weakly pronounced, because the 

photon and metastable intensities were too high in these experiments. Thus, the spectra are 
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dominated by secondary electrons, which are superimposed over the valence structure. 

This is an example that illustrates the importance of optimizing the MIES/UPS source 

towards optimum conditions for gaining meaningful spectra. 

 

 

6.1.2.1 UPS spectra of benzene adsorbed on MgO/Mo(100) 

 
Figure 6.3 UPS spectra of benzene adsorbed on MgO recorded in the nanocatalysis laboratory (left) and at 
the TU Clausthal-Zellerfeld (right).[83, 132] 
 

The UPS spectrum presented in Figure 6.3 exhibits four distinct peaks that are marked with 

blue vertical lines, at 5.5 eV (B1), 8 eV (B2), 10.5 eV (B3), and 13.5 eV (B4). The peaks 

are in agreement with those observed in literature spectrum (see right side of Figure 6.3). 

The lower intensity of electrons in the valence regime for the measurement performed in 

the nanocatalysis laboratory is due high UPS intensity of source, as mentioned previously.  
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6.1.2.2 MIES spectra of benzene adsorbed on MgO/Mo(100) 
 

 
Figure 6.4 MIES spectra of benzene adsorbed on MgO recorded in the nanocatalysis laboratory (left) and at 
the TU Clausthal-Zellerfeld (right).[83, 132] 
 

In the MIES spectra four distinct peaks, are seen; the features appear at the following 

binding energies: 5.5 eV (B1), 8 eV (B2), 10.2 eV (B3), and 13.5 eV (B4). A comparison 

of the spectra with those obtained from the literature shows that the peak positions are 

correct. The lower intensity of electrons in the valence regime for the measurement 

performed in the nanocatalysis laboratory is again due to a very high metastable intensity 

of source during the experiments.   

In conclusion, it can be stated that the system MgO/Mo(100) has been characterized 

successfully by means of MIES/UPS and that the results agree with those obtained from 

the literature. Furthermore, a study, previously performed in Clausthal-Zellerfeld, of 

benzene adsorbed on MgO/Mo(100) was reproduced, proving the successful 

implementation of the MIES/UPS source in the nanocatalysis setup.[132]  
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6.1.3 Adsorption properties of cyclohexene on MgO 

 

The adsorption properties of cyclohexene as an example for hydrocarbons were probed on 

MgO. In order to analyze the adsorption properties and the electronic structure of 

cyclohexene on MgO two series of MIES/UPS spectra were recorded. One series with low 

coverages in 0.01 ML steps (from 0.0 to 0.15 ML) and a second series with higher 

coverages in 0.1 ML steps (from 0.0 to 1.0 ML). Additionally, TPD experiments of 

different surface coverages of cyclohexene were performed in order to elucidate the 

adsorption strength of cyclohexene on MgO/Mo(100). 

 

6.1.3.1 TPD studies 

 

TPD spectra of different cyclohexene (m/e = 82) coverages adsorbed on MgO/Mo(100) 

were recorded with a temperature rate of 1 K / s in between 100 K and 400 K. It should be 

mentioned that the coverage value is related to CO adsorbed on MgO.[101] Since CO 

adsorbs linearly, it can be concluded that the coverage value underestimates the real 

cyclohexene coverage. The spectra are presented in Figure 6.5. 

 

 
Figure 6.5 TPD spectra of different cyclohexene coverages on MgO.  
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For the lowest coverages (0.03 ML and 0.08 ML) only one peak is observed at 125 K. At 

0.1 ML a shoulder appears at a temperature of 120 K that increases in intensity for higher 

coverages so that a large band is observed for 0.4 ML, 0.6 ML and 0.7 ML. Furthermore, 

for 0.7 and 0.6 ML the intensity of the second peak (at 128 K) decreases. 

 

 

6.1.3.2 UPS spectra of various cyclohexene coverages on MgO/Mo(100)  
 
Figure 6.6 and Figure 6.7 show the obtained UPS spectra for cyclohexene as a function of 

coverage. 

 

 
Figure 6.6 UPS spectra of different cyclohexene coverages on MgO (low coverage series). Waterfall plot 
(left), image plot (right).[83] 
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Figure 6.7 UPS spectra of different cyclohexene coverages on MgO (high coverage series). Waterfall plot 
(left), image plot (right).[83] 
 
 
From the image plots (right side in Figure 6.6) of the low surface concentration series it 

can be seen that the spectrum width broadens for increasing cyclohexene coverages. In the 

image plot of the high coverages this observation is confirmed in the change found for the 

first dosing step of the clean substrate to a cyclohexene coverage of 0.1 ML. However, 

more important in this context is the change of the work function that will be shown in the 

next chapter.  

The characteristic features of the surface, the O(2p) two peak structure (6 eV, 8 eV) 

decrease with increasing coverage. In the low coverage plot one can see that the O(2p) 

feature at 8 eV vanishes completely at a coverage of 0.8 ML; the band at 6 eV decreases as 

well and disappears at 0.4 ML. Two new peaks appear in the spectra at 7 eV and 10 eV 

(also visible in the image plot for high coverages) beginning at 0.5 ML and 0.12 ML, 

respectively. 

The plot with low coverages shows continuous changes in the structure of the spectra. 

However, only attenuation of the MgO characteristics can be observed. 
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6.1.3.3 MIES spectra of various cyclohexene coverages on MgO/Mo(100)  
 
The MIES spectra corresponding to the previously presented UPS spectra are shown in 

Figure 6.8 and Figure 6.9.  

 
Figure 6.8 MIES spectra of different cyclohexene coverages on MgO (low coverage series). Waterfall plot 
(left), image plot (right).[83] 
 

 
Figure 6.9 MIES spectra of different cyclohexene coverages on MgO (high coverage series). Waterfall plot 
(left), image plot (right). 
 
 
The O(2p) peak of the MgO film at around 6 eV vanishes with increasing coverage and is 

no longer pronounced at coverages greater than 0.12 ML, which is well illustrated in the 

image plot for low coverages. Two principle features at 10 eV and 13 eV appear at 0.04 

ML and 0.09 ML, respectively. Furthermore, two minor characteristics are apparent for 
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coverages higher then 0.14 ML; a minor peak at 8 eV and a less intense one at 5.5 eV. 

Above 6 ML no changes in the spectra are seen. 

 

 

6.1.3.4 Work function changes extracted from MIES/UPS spectra 
 
As aforementioned work function changes were determined for the two series of different 

surface concentrations (see Figure 6.10). MIES spectra are dominated by Auger 

Dexcitation (AD) processes allowing the extraction of the work function in the same way 

as for UPS spectra and the comparison of the values extracted form UPS and MIES spectra. 

 

 
Figure 6.10 Change in the WF for increasing cyclohexene surface concentration.[83] 
 

As absolute work function values can deviate to a large extend, even for the same 

experimental setup, only the changes of the work function will be discussed in this work.  

As it can be seen from Figure 6.10 the work function decreases monotonously for every 

measurement with increasing cyclohexene coverage.   
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6.1.4 Adsorption properties of Trichloroethylene (TCE) on MgO 

 

One future project of the Heiz group that is currently under construction will focus on the 

photochemical conversion of TCE. As a first step of the project the adsorption properties 

of TCE on MgO was investigated by means of MIES/UPS and TPD. Again, two series of 

MIES/UPS spectra were recorded: One at low coverages (from 0.00 - 0.15 ML in 0.01 

steps) and a second at high coverages (from 0.0 - 1.0 ML in 0.1 ML steps). Additionally, 

TPD spectra of adsorbed TCE were taken, but only for the high coverages, because for 

small amounts of TCE the mass spectrometer signal is beyond the detection limit. 

 

6.1.4.1 TPD spectra of various TCE coverages on MgO/Mo(100) 

 

TPD spectra of TCE were recorded with a heating rate of 1 K/s at the mass of TCE (m/e = 

132) for different TPD coverages in a temperature range between 100 K and 400 K. The 

results are presented in the following Figure.  

 

 
Figure 6.11 TPD spectra of different TCE coverages on MgO.[83] 
 

In contrast to cyclohexene, three different temperatures at which TCE desorbs from the 

MgO surface can be assigned. For the lowest coverage of 0.1 ML only one peak at 126 K 
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is observed. An increase in surface concentration leads to a two peak structure for 0.2 ML 

with a maximum at low temperatures (124 K) and a second at 132 K. Further increase of 

the coverage up to 0.7 ML does not change the shape of the obtained spectra, however, the 

maximum of the first peak shifts to higher temperatures (from 121 K (0.2 ML) to 124 K 

(0.7 ML)), whereas the maximum of the second peak shifts to lower temperatures (from 

132 K (0.2 ML) to 130 K (0.7 ML)). The intensity of both peaks increase with rising 

coverage. However, the increase in the first peak is more pronounced, compared to the one 

of the second peak. In the spectrum of the highest coverage (1 ML) the second peak is 

hardly observable and occurs only as a small shoulder of the first desorption peak.  

In order to determine the accuracy of molecule dosing, the TPD spectra presented in Figure 

6.11 were integrated and the resulting values plotted against the coverage calculated from 

the backpressure and the dosage time (see Figure 6.12). 

 

 
Figure 6.12 Integrated ion signal plotted for different dosages.  
 

If a constant sticking probability is assumed, a linear curve has to be expected. As seen in 

Figure 6.12 only two measurements do not fit to the linear regression. Due to this reason 

the results for 0.3 ML are ignored in this work. Although the integral of 1.0 ML does not 

fit to linear regression, the TPD was not ignored, because it can still be used as a result for 

a TPD of a higher surface concentration than the ones between 0.1 ML and 0.7 ML.  
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In conclusion, the results confirm that the usage a molecular beam doser compared to the 

commonly applied Langmuir dosage procedure, is an improvement.  

 

6.1.4.2 UPS spectra of various TCE coverages on MgO/Mo(100) 
 

The obtained UPS spectra are presented in Figure 6.13 for high and in Figure 6.14 for low 

coverages. 

 
Figure 6.13 UPS spectra of different TCE coverages on MgO (low coverage series). Waterfall plot (left), 
image plot (right). 
 

 
Figure 6.14 UPS spectra of different TCE coverages on MgO (high coverage series). Waterfall plot (left), 
image plot (right). 
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The O(2p) peak originating from the MgO surface at 6 eV decreases with increasing TCE 

surface concentration. At coverages above 0.1 ML the peak vanishes completely.  

For higher coverages (from 0.3 ML on), two peaks can be observed close to position where 

the O(2p) peak was: one with a low intensity at 4.5 eV and a second exhibiting a higher 

intensity at 7 eV. The peak at 4.5 eV shifts towards lower binding energies down to 4 eV 

for further increasing coverages. Two more features can be seen at higher coverages: One 

at 11 eV that starts to appear at coverages above 0.1 ML and a second around 15 to 16 eV 

which is hardly seen, because it overlaps with the secondary electrons.  

From the series at higher TCE loadings it can be concluded that no further change is 

observed for coverages above 0.3 ML. 

 

 

6.1.4.3 MIES spectra of various TCE coverages on MgO/Mo(100) 
 
The MIES spectra of the corresponding UPS spectra are presented in the following plots 

(Figure 6.15 and Figure 6.16).  

 
Figure 6.15 MIES spectra of different TCE coverages on MgO (low coverage series). Waterfall plot (left), 
image plot (right). 
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Figure 6.16 MIES spectra of different TCE coverages on MgO (high coverage series). Waterfall plot (left), 
image plot (right). 
 

The MgO O(2p) peak that occurs at 6 eV disappears at a TCE coverage of 0.04 ML. In the 

same binding energy region (at 4.5 eV) a small increase in electron density is observed for 

0.1 ML. 

A feature at a binding energy of 8 eV appears already for the lowest coverage (0.01 ML). 

This band seems to split into two peaks (7.5 eV and 9 eV) at surface concentrations above 

0.1 ML in the low coverage series. Surprisingly, the double peak structure is seen in the 

high coverage spectra only for surface concentrations above 0.6 ML. 

Additionally two more structure changes can be seen in the spectra. From low coverages 

(0.03 ML, very distinct at 0.1 ML in high coverage plot) a clear visible peak at 10.5 eV 

appears. 

In the high coverage spectra this peak shifts slightly with increasing loading (from 0.4 ML 

on) to higher binding energies of around 11 eV. 

 

 

6.1.4.4 Work function changes extracted from MIES/UPS spectra 
 

As for the cyclohexene experiments, the change of the work function with respect to TCE 

coverage has been determined, too. The results are shown in Figure 6.17.  
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Figure 6.17 WF change for increasing TCE surface concentrations. The black line is a guide to the eye.[83]  
 

Interestingly, the value decreases in the beginning and reaches a minimum around 0.04 ML. 

Further increasing of the surface concentration leads to an increase of the work function 

until a saturation level is reached for surface concentrations higher than 0.4 ML. 
 

 

6.2 Discussion of adsorption studies of organic molecules on MgO/Mo(100) 

 

The adsorption of benzene on MgO/Mo(100) has bee successfully reproduced proving that 

meaningful MIES/UPS studies can be performed in the nanocatalysis laboratory. The 

following chapter will focus on the discussion of cyclohexene and TCE adsorption on 

MgO/Mo(100).  

 

6.2.1 Cyclohexene adsorption on MgO/Mo(100)    

 

From the TPD data the following conclusions can be drawn in order to explain the 

adsorption mechanism of cyclohexene on MgO/Mo(100).  

For low coverages up to 0.1 ML one single adsorption state exists, corresponding to only 

one type of adsorption, which can be seen in the TPD. Further increase leads to two 
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desorption peaks at different temperatures (118 K and 126 K) and thus to two distinctive 

adsorption states. 

The state which desorbs at higher temperatures (126 K) is related to a physisorbed state of 

cyclohexene on the MgO surface, because the desorption temperature is low in comparison 

to a chemisorbed states that exhibits π–back donation from the metal to the LUMO.[133] 

At a certain coverage the lateral interaction between the adsorbed molecules in the 

physisorbed layer increases, so that a dense layer is formed that avoids further adsorption 

of cyclohexene. The peak at lower temperatures can be attributed to cyclohexene 

condensed on the physisorbed layer. Up to 0.4 ML both adsorption states show increasing 

population which can be derived from an increase in intensity for both peaks in the TPD 

spectrum. Hence, it is assumed that the physisorbed layer gets compressed at higher 

coverages by the condensed cyclohexene layers, leading to a higher concentration of the 

physisorbed state. 

The MIES data show that for increasing surface concentration a continuous change of the 

electronic structure of the surface up to a coverage of 0.6 ML. Above 0.6 ML no changes 

are observable, leading to the conclusion that the surface is saturated with cyclohexene.  

Similar observations are made for the UPS spectra. The spectrum shape does not change as 

the coverage increases. Thus, in both cases a saturation of the surface with cyclohexene 

can be concluded. 

The work function change shows a monotonous decrease with increasing coverage. The 

gradual decrease can be explained considering the fact that cyclohexene has a very small 

permanent dipole moment. Thus, the orientation of the adsorbed molecules does not 

influence the surface dipole moment. The decrease in the work function is only due to the 

increasing thickness of the cyclohexene layer, which is non-polar in comparison to the 

MgO surface. In conclusion, a model for the adsorption of cyclohexene can be proposed as 

followed:  

Up to a coverage of 0.1 ML (defined by the molecular beam doser) cyclohexene 

physisorbs on the MgO surface (single peak in the TPD). With increasing coverage a 

second state appears, which is attributed to condensation of cyclohexene on top of the first 

(physisorbed) layer. Whether an approaching molecule condensates or physisorbs, depends 

on the amount of energy released by adsorption and the repulsive forces of already 

physisorbed molecules. 
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At a certain point (0.4 ML) the surface is saturated with physisorbed molecules and only 

condensation (also possible in multilayers) occurs. This can be concluded from the 

increase of the first TPD peak, furthermore the decrease of the second TPD peak (at higher 

temperatures) suggests that the condensation is much more favourable. Thus, fewer 

molecules are physisorbed in comparison to lower coverages. 

Furthermore, no changes in UPS or MIES can be extracted for coverages higher than 0.4 

ML, leading to the conclusion that the surface and the three top layers do not change upon 

further cyclohexene adsorption. 

 

6.2.2 TCE adsorption on MgO/Mo(100)    

 

As already mentioned above, three different desorption peaks can be distinguished in the 

TPD spectra. For the lowest coverage at 0.1 ML only one peak is observed, which is 

assigned to physisorbed TCE on the MgO surface. At 0.2 ML the peak observed for 0.1 

ML seems to split into two peaks, due to the increasing coverage. Hence, it is concluded 

that physisorbed as well as condensated TCE on the physisorbed layer is observed. 

Interestingly, a clear temperature shift of the stronger bonded state to higher temperatures 

(from 126 K to 132 K) and thus even stronger bound TCE is recognized. 

For increasing coverages it seems that the physisorbed layer becomes higher populated, 

since the integral of the second peak rises. However, the temperature maximum is shifted 

to lower temperatures. Therefore, it is concluded that the increasing population of the 

physisorbed state leads to a weakening of the adsorption strength due to lateral interaction 

between the physisorbed TCE molecules. Furthermore, at very high surface concentrations 

(1.0 ML) the physisorption peak shifts to 128 K and it becomes difficult to distinguish it 

from the condensed layer. 

The spectra recorded for various TCE coverages are hard to discuss without any theoretical 

support. However, the change of the work function is a very useful tool in terms of 

discussing the adsorption properties. As already seen in Figure 6.17 the value decreases to 

a minimum at 0.04 ML, reaches the same level as MgO for 0.1 ML, and shows saturation 

at a coverage of 0.4 ML exhibiting a higher work function than clean MgO. Since the 

saturation level shows an increase in the work function in comparison to MgO, it can be 
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concluded that TCE has a higher surface dipole moment than clean MgO. However, the 

question arises why the work function decreases for low coverages (< 0.1 ML). 

It is assumed that at low surface concentrations the TCE molecules lie flat on the surface 

with their dipole moment perpendicular to the normal vector of the surface. When the 

physisorbed layer gets further compressed, the dipole moment and hence the molecules 

start to organize in a way that the dipole moment is shifted more and more parallel to the 

surface normal vector. This leads to an increase of the work function. 

The different aspects which could be gained from TPD as well as UPS and MIES 

experiments are summarized in Figure 6.18.  

 

 
Figure 6.18 Assumed four step adsorption model for TCE on MgO.[83] 
 

The adsorption properties can be divided into four different regions depending on the 

coverage. For region A it is concluded that only flat lying TCE is present. This agrees with 

the TPD and UPS/MIES data, since only one state is found for which a work function 

decrease is observed.  

In region B the work function value shows an increase. Hence, it is concluded that the 

molecules start to rearrange in such a way that the dipole moment is aligned more and 

more with the surface normal vector. 

Region C exhibits two peaks in the TPD and thus it is assumed, that TCE condensation on 

top of the physisorbed layer occurs at these surface concentrations. Further dosage in 
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region C leads to an increasing population of both states. Since the molecules in the 

physisorbed layer are now shifted towards the vacuum side additional free spaces become 

available. However, they depend on the strength of lateral interaction. This explains the 

shift in the TPD of the physisorbed peak maximum, because an increase in lateral 

interaction results in a decrease of adsorption strength.  

In region D the increase in physisorbed molecules does not influence the work function 

anymore, since the adsorbed layers have reached a thickness at which only condensed TCE 

can be probed in UPS and MIES. 

An alternative explanation of the observed results is currently discussed in cooperation 

with Yuri Suchorski from the TU Wien.   

 

 

6.3 Conclusions and outlook 

 

The studies of benzene adsorbed on MgO have shown that the spectra published by 

Kempter et al. could be reproduced in the nanocatalysis laboratory, proving the successful 

implementation of the MIES/UPS source.  

The adsorption properties of cyclohexene and trichloroethylene were investigated by 

means of MIES/UPS and TPD. Whereas the interpretation of cyclohexene is rather straight 

forward due to its simple electronic functionality, the results of TCE are complicated and 

challenging to interpret. Based on the experimental results, a four step adsorption model 

has been proposed to explain the results presented in this work. 

Recently, spectra for unselected Pd clusters at various coverages have been measured. The 

results are presented in a waterfall plot in Figure 6.19. 
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Figure 6.19 Spectra of different unselected Pd cluster coverages (0.0-0.4%ML in steps of 0.1%ML). The 
UPS spectra are shown on the left side and the MIES on the right side.  
 
 
An interesting results is seen if the graphs are plotted without an offset (Figure 6.20): 

 

 
Figure 6.20 Same spectra of different unselected Pd cluster coverages (0.0-0.4%ML in steps of 0.1%ML) as 
shown in Figure 6.19, but plotted without an offset. UPS spectra are illustrated on the left side and the MIES 
on the right side.  
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A look at high binding energies of the UPS spectrum (left side of Figure 6.20) shows an 

interesting result. Instead of only one cut-off, two cut-offs seem to appear for increasing Pd 

cluster coverages. The same holds for the MIES spectra (right side of Figure 6.20); 

however, the effect is more pronounced in the UPS spectra. This observation is in contrast 

to results obtained for Pd deposited on MgO via metal evaporation, where only one cut-off 

was observed.[134]   

This is only a first interesting result gained via MIES/UPS for deposited clusters, which is 

not understood at the moment. Further studies are in progress on order to understand this 

effect. 
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7 Cluster under ambient conditions 

 

Within the scope of the presented work the developed and constructed transfer system has 

been applied to deposit clusters, to transfer them to ambient conditions and electrochemical 

measurements have been performed to test their potential for catalytic studies under 

ambient and industrial relevant conditions.  

 

7.1.1 Size control 

 

In a first step of this project Transmission Electron Microscopic (TEM) experiments were 

performed to prove whether clusters can be deposited and transferred. The microscope 

used is limited to a particle size of 1 nm in diameter; the mass-spectrometer with the higher 

mass-limit available from EXTREL, is working up to masses of 9000 amu. Since platinum 

has been used in this project, the highest mass that could be selected was Pt46. Assuming a 

spherical shaped cluster form the diameter of a Pt46 cluster would be around 0.8 nm. Thus, 

the application of the mass-spectrometer in the mass-selection mode would give clusters 

that are smaller than the detection limit of the used TEM. In order to deposit clusters that 

are large enough to be detected, the mass-spectrometer was operated in the ion-optic mode 

and the size-selection was solely achieved by the settings of the quadrupole bender.  
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Figure 7.1 TEM images and their corresponding histograms demonstrating the size control by varying the 
electrostatic settings on the bender system.[135]  
 

In Figure 7.1 typical TEM images are presented for deposited clusters at different bender 

settings. Comparison of the right and the left picture illustrates that the cluster size can be 

varied by changing the electrostatic settings of the bender. A statistical analysis of the 

cluster diameter shows an average diameter of 1.34 nm for the left sample and 2.30 nm for 

the right. The average error is less than 10 % for both samples.  

 

7.1.2 Coverage control 

 

The great advantage of cluster deposition in comparison to nanoparticles prepared via 

physical vapor deposition is the independent control of size and the coverage.  

In Figure 7.2 TEM images of the same cluster size but different coverages are presented 

with two different magnifications (A, B and C are images of samples with different 
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coverages, D, E and F are respectively the same samples taken at higher magnification.) 

The coverage is varied by changing the deposition time.  

 

 
Figure 7.2 TEM images of different deposition times. (A) and (D) short deposition time, (B) and (E) medium, 
(C) and (F) long. The images demonstrate the coverage control that can be achieved using cluster deposition. 
 

From image A and D it can be seen that for short deposition times isolated, spherical-

shaped clusters are found, which are randomly-distributed on the carbon support. With 

increasing deposition time the cluster density increases on the surface (see image B and E) 

and larger particles can be observed that are not round-shaped. However, most of the 

clusters are sill isolated. If the deposition time is further increased, nearly no isolated 

particles are observed anymore. Instead larger particles are found that are not round in 

shape in contrast to the clusters of the other two samples. 
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7.1.3 Storage of deposited clusters under ambient conditions and in water 

 

A typical cluster sample was characterized by TEM after deposition and subsequent 

transfer to ambient conditions (see A in Figure 7.3). A histogram is presented to illustrate 

the size distribution. It is noteworthy to mention in this context that the samples presented 

in Figure 7.3 were prepared using a flash-lamp pumped Nd:YAG laser in contrast to the 

rest of the samples presented in this work, which were prepared using a diode pumped 

laser for evaporation of the metal. Whereas the diode pumped laser exhibits a stable, small 

beam profile, the flash-pumped laser exhibits fluctuations in beam intensity and beam 

profile. Thus, the evaporation conditions are changing from pulse to pulse for the first type 

of laser and effects on the size distribution can not be excluded.   

Image B presents sample A stored for seven days under ambient conditions. From the 

histogram it can be concluded that no distinctive change in size is observed. Even exposure 

to water does not affect the cluster size histogram as seen from image C.  

 
Figure 7.3 A typical cluster sample after transfer to ambient conditions (A), storage at ambient conditions for 
7 days and storage in water for 1h. 
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7.1.4 Cluster sample under electrochemical conditions 

 

In order to probe if small size-selected metal clusters can be applied as catalysts for 

electrochemical applications a TEM grid loaded with clusters has been kept in an argon 

purged electrolyte at 0.4 V for 1 hour.  

 

 
Figure 7.4 TEM images taken before (left) and after a soft electrochemical treatment (right). Clusters 
diameter remains constant at these conditions.  
 

From the two histograms in Figure 7.4 it can be seen that the size does not change upon 

electrochemical treatment up to a potential of 0.4 V. Thus, further studies were performed 

in order to test the reactivity of small metal clusters under electrochemical conditions. 
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7.1.5 Deposition of cluster on glassy carbon 

 

There are a few disadvantages in terms of reactivity studies using clusters deposited on 

TEM grids. The grid itself consists of a metal (usually gold or copper) and the clusters are 

not deposited exclusively on the carbon film but also on the metal grid. Furthermore, the 

coverages tested are low and hence, the detection of chemical conversions becomes hardly 

feasible. In order to overcome these limitations, glassy carbon samples were used as a 

support material for the metal clusters, assuming that the properties are comparable with 

those of TEM grid carbon films.  

As mentioned previously the cluster concentration on the surface can be determined by 

integrating the neutralization current (chapter 3.1). An approach that allows examination of 

the total metal surface area of a catalyst under electrochemical conditions is the CO 

stripping method. The electrolyte is purged with CO in order to saturate the platinum 

surface of the catalyst at potential of 0.0 V. Subsequently, after removing CO from the 

electrolyte by purging it with argon, the potential is swept and the current is measured. 

Integration of the current peak gives a quantity for the CO that has been sticking on the 

surface before the experiment was performed.  

Both methods have been investigated in the presented work. A typical CO stripping 

experiment for a cluster sample and polycrystalline platinum are shown in Figure 7.5. 

 

 
Figure 7.5 CO-stripping experiment performed for Pt clusters deposited on glassy carbon (red curve) and a 
polycrystalline Pt surface (black). 
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Comparison of the peak observed for Pt clusters with the one for a polycrystalline surface 

shows that the cluster peak is broadened and shifted to higher potential. A similar particle 

size effect has been shown previously for high surface area industrial catalysts and metal 

particles in the size-range of 2-3 nm deposited on gold.[136, 137]   

In order to compare the two described methods, the values determined by CO stripping and 

integration of the cluster neutralization current, are plotted against each other in Figure 7.6. 

 

 
Figure 7.6 Cluster coverage determined via integration of the cluster neutralization current and CO stripping 
signal plotted with respect to each other. The electrochemical surface area (ESCA) is plotted on the y-axis 
and the integrated cluster neutralization current on the x-axis. Two different cluster sizes were measured. 
Series A represents a sample with the QMS operating in the ion optic mode (particle diameter ≈ 2.3 nm). The 
samples of series B were prepared with the QMS operating in the mass-selecting mode at a mass of  
8970 amu leading to Pt46 cluster samples.  
 

Series A has been evaluated for unselected clusters of different coverages and series B for 

different selected Pt46 surface concentrations. Furthermore, a linear fit has been performed 

for both series. It can be seen that the two methods correlate very well with respect to each 

other. Furthermore, this shows that electrochemical experiments can be performed using 

small size-selected metal clusters.  
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7.2 Discussion 

 

The TEM images presented demonstrate clearly that samples of small metal clusters can be 

transferred to ambient conditions using the implemented transfer system. As the 

aforementioned TEM images show, samples that have been prepared with the quadrupole 

mass-spectrometer operating as an ion guide in order to prepare clusters that are large 

enough to get detected by TEM. By changing the settings of the electrostatic quadrupole 

bender, the cluster size has been tuned and the coverage can be controlled by varying the 

deposition time. 

The samples are stable under ambient conditions, in water and in an electrolyte solution at 

a potential of 0.4 V. 

Deposition of clusters on glassy carbon supports showed that electrochemical experiments 

can be performed. A shift to higher potentials and a broadening of the CO peak in the CO 

stripping experiment has been observed, which is in agreement with a previously observed 

particle size effect for high surface area catalysts and metal particles on gold (2-3 nm).[136, 

137]   

Furthermore, a comparison of the integrated cluster current and the integrated CO stripping 

signal of these samples shows that the different methods correlate very well. This enables a 

detailed characterization of the cluster samples for catalytic studies, since based on the 

neutralization current the cluster concentration becomes determinable. Additionally, the 

reactive surface area of cluster-based catalyst can be examined from CO-stripping 

experiments. In conclusion, this enables one to determine the reactive surface area per 

cluster, which is a very important characteristic for catalysis research and for comparison 

of the different cluster sizes in terms of reactivity.  
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7.3 Conclusion and outlook 

 

The transfer of deposited, size-selected clusters on TEM grids and glassy carbon has been 

performed successfully. Furthermore, it has been shown that using cluster deposition for 

model catalyst preparation allows controlling of the size and coverage independently. 

Electrochemical experiments have been performed and promising results were obtained.[135, 

138]  

TEM grids for an environmental TEM (E-TEM) have been prepared and sent to a 

collaborating group (CNRS at Marseille). An E-TEM allows performing TEM studies at 

high pressures under reactive conditions. Thus, it is planned to study the morphology and 

shape of the clusters under reactive conditions. 

Based on this work a collaboration has been started in November 2009 together with the 

group of Ib Chorkendorff from the DTU in Copenhagen. It is planned to deposit clusters 

onto small silicon based micro reactors.[139] The reactors are transferred to ambient 

conditions and sealed using a recently described anionic bonding method.[140] Catalytic 

studies of small size-selected clusters thus become feasible. Furthermore, clusters will be 

deposited on silicon based TEM grids in order to probe their stability on this support as 

well.  

The main aim of this project is to establish cluster deposition for catalytic studies outside 

the vacuum in order to combine studies of small size-selected clusters in- and outside the 

vacuum. It is believed that a better understanding of the relation between size, electronic 

structure and catalytic properties can be achieved.  
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8 Conclusions 

 

In the presented work three different topics have been investigated. The first part (chapter 

4 and 5) focuses on the CO oxidation properties of small palladium cluster deposited onto 

MgO/Mo(100). Using a combination of different experimental UHV methods (TPR, p-

MBRS, IRAS) it could be shown that CO poisoning is shifted to lower temperatures for 

small clusters, because the adsorption strength of CO on small clusters is weaker in 

comparison to single crystals and large facetted nanoparticles. In contrast, oxygen 

activation occurs at equivalent temperatures. This allows for performing the CO oxidation 

already at lower temperatures efficiently. These results are of great general interest, 

because the temperature of car exhaust has decreased in the last years due to optimization 

of engine efficiency and thus, CO poisoning might occur in a catalytic converter if the 

metal particles are too large.  

Furthermore, the results show evidence for an additional mechanism taking place at 

temperatures around 300 K. It could be shown that in this case CO does not poison the 

clusters, instead surprisingly it even promotes oxygen activation. Further experimental as 

well as theoretical studies are in progress to verify this assumption.  

 

Based on mole fraction and temperature dependent pulsed molecular beam reactive 

scattering (p-MBRS) experiments, micro kinetic simulations have been performed. It could 

be shown that a model, which can be used to describe CO oxidation on single crystals and 

large facetted nanoparticles, can reflect the general trends observed for small metal clusters. 

In a following step the single crystal model improved to take support effects into account, 

which play a significant role for low cluster surface/support surface ratios. Non-reactive 

reverse spill-over of the reactants was implemented in the simulation, using a model 

developed by Henry et al. and the activation barrier of the CO conversion and the CO 

desorption were lowered in accordance to the results presented in the CO poisoning study.  

The integration led to a general improvement of the simulations in terms of reflecting the 

experimental results. The results demonstrate that for a low cluster / surface ratio spill-over 

effects should be taken into account in order to understand the mechanistic details 

completely. 
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The implementation of a MIES/UPS has been achieved successfully by developing a new 

measuring and data treatment technique as described in chapter 3.2.2 and 6. In order to test 

the setup, MIES and UPS spectra were recorded and analyzed for MgO/Mo(100). The 

adsorption of benzene on this support was probed. The results were compared with 

published spectra and a good agreement was found between these spectra and those 

measured in the nanocatalysis laboratory could be shown.  

Furthermore, the adsorption properties of two organic molecules (trichloroethylene and 

cyclohexene) were investigated by means of MIES/UPS, with the purpose to test the setup 

towards its sensitivity. Whereas cyclohexene exhibits adsorption properties that could be 

explained easily, TCE shows a rather complicated adsorption behavior. A four step model 

has been developed based on MIES/UPS and TPD studies.  

Since the setup is well-established, the group is trying to reach the next step of the project 

and investigate deposited clusters. First results have been gained; however, the results are 

not understood so far. Based on the aforementioned results, it is believed that MIES/UPS 

will reveal further details regarding the relation between electronic structure and reactivity.  

 

The transfer of clusters to ambient conditions was accomplished as shown in chapter 0. By 

installing a vacuum lock a transfer system could be constructed that allows transferring 

samples between vacuum and ambient conditions. 

Using TEM it was shown that clusters are randomly distributed on the surface after 

deposition. Size and coverage control could be confirmed in these studies and the stability 

was probed under ambient condition, in water and under soft electrochemical conditions. 

Further cluster samples were prepared on glassy carbon supports and electrochemical 

reactions were performed. Using CO stripping experiments, the reactive surface area was 

determined and compared to the coverage elucidated from the neutralization current 

measured during cluster deposition. The two different methods are in good agreement, 

confirming the possibility to use deposited clusters for catalytic studies. Additionally, the 

application of these two methods enables the determination the reactive surface area of a 

cluster, since the cluster coverage and the reactive surface area of the catalysts can be 

measured independently.  
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Further experiments are planned in order to investigate the properties of small metal 

clusters for gas-phase and electrochemical catalysis. Additionally, their stability under 

reactive conditions in different environments shall be explored.     
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