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Summary 

Summary 

In this project it is attempted to improve the oxygen uptake at the surface of yttria
stabilised zirconia (YSZ). YSZ is used as electrolyte material in Solid Oxide Fuel 
Cells (SOFC). This electrolyte transports oxygen ions from the cathode to the anode 
in the SOFC. This overall oxygen transport is controlled by two processes: oxygen 
uptake at the surface and oxygen diffusion through the bulk. lt is believed that the 
oxygen uptake at the surface is the bottleneck in the fuel cell. The eperating 
temperature of a SOFC is 1000°C. Lowering of the eperating temperature allows 
materials such as stainless steel to be used as construction material in the cell. 

The process of oxygen uptake at the surface is controlled by the surface properties of 
the YSZ. In this project it is tried to modify the surface to improve the oxygen uptake. 
This is done by implanting the YSZ with the elements V and W. These materials were 
chosen because of the multiple valenee states of V and W and because of the low 
surface free energy of their oxides which causes them to segregate to the surface. 

Samples were implanted with low energy (lOkeV) ionsof V or W. The samples were 
examined under various annealing and sputtering conditions using LEIS and XPS. 
The selective sensiti\;'ity of LEIS for the outermost atomie layer makes it a valuable 
tool to determine the surface properties of the YSZ. Isotopic 180/160 exchange 
experiments were done to examine the oxygen uptake at the YSZ surface. 

The LEIS measurements on the YSZ surface after different heating treatments showed 
segregation of contaminants to the surface when the sample was heated in oxygen. Na 
and Ca segregation caused a decrease in Y and Zr signal at the surface. The presence 
of these contaminants had a negative influence on the . oxygen exchange at this 
surface. The oxygen exchange rate decreased when the amount of impurities at the 
surface increased. 

Under certain conditions the V and W had a pos1t1ve influence on the oxygen 
exchange on YSZ, clean implanted surfaces showed the highest exchange rates . This 
work has been presented as a poster on different conferences and is submitted to be 
published [24,25]. 



Contents 

Contents 

Introduetion ........................................... _ ...................................................................... 1 

1. Solid Oxide Fuel Cell ................................................................................................ 3 

1.1 Introduetion .............................................. ............................................................ 3 
1.2 Influence of temperature on fuel cell efficiency .. .... ..... ................... .. .... .............. 4 
1.3 Oxygen incorporation kinetics ................. .... ....... .... ........ .... ................................. 5 
1.4 Oxygen exchange ............... ..... ........... . , .................................................................. 6 
1.5 Surface modification by ion implantation of V and W .............. ........... ...... ......... 7 
1.6 V and Won YSZ ..................................... ................................ ..... ...... ......... ......... 8 
1.7 Surface segregation ... .... ... .. .................................. ........ ... ........ ...... ............ ..... .... .. 9 

2. Techniquès .............................................................................................................. 11 

2.1 Principle of LEIS ..................................................................... ........................ .. 11 
2.2 NODUS setup ..................... ... ..... ..... .. .. ..... ....... .... ................. ... ... ..... .... .............. 12 
2.3 XPS .. .. ................................. ................. ... ..... .... ...... .... ......................... ............... 14 

2.4 Ion implantation ·· ········ ················ ·· ····· ·· ········· ······· ·· ··· ·················· ········ ·········:····· 15 
2.5 Cleaning the sample ..... .......................... ..... ...... · ............................. ~ ···· · ········ · ··· · · 17 
2.6 Measurements ..................... .......................................... .. ... ...... ..... .............. ....... 17 

3. Results and discussion ........................................................................................... 19 

3.1 Introduction ... ..... ... ................................. .... ................ .. ..... .. ........... ........ ..... ....... 19 
3.2 Sample analysis after implantation before heating ... ............... ... ....................... 20 
3.3 XPS measurements on V15 and W15 ......... .... ........................ ..... ........ .. ........... . 24 
3.4 Oxidation at 700°C ...................... ................................ .... ........... ......... ..... ...... ... 25 

3.4.1 Sample: V16 ................................... .... .... .... ........... ........ ... ..... .... ...... .. ... ....... 26 
3.4.2 Sample: W16 ................. .. ................... ... ... ................................................... 31 
3.4.3 Sample: 3YSZ .. ... ... ...... ............. .... .......... ..... .. ............. ... ... ..... ......... ....... ...... 32 

3.5 Oxidation at 1000°C .......................................................................................... 33 
3.5.1 Sample: W16 .......................... : .................................... ............ ............ .. ...... 34 
3.5.2 Sample: V16 ................... .. ... ......... ...... ............ .................................. .. .. ...... . 38 
3.5.3 Sample: 8YSZ ........................................................... ................................... 40 
3.5.4 Sample: ECN .............................. .. ........ ........... ............... : ... ............... .......... 42 
3.5.5 Summary and discussion ofthe oxygen e;xchange .................................. .. .. . 44 

4. Conclusions and recommendations ...................................................................... 49 

References ................................................................................................................... 53 

Acknowledgements .................................................................................................... 55 



Introduetion 

· Introduetion 

Nowadays there is a continuous increase in the demand for energy while the natural 
resources for energy are finite. Traditional energy sourees like gas and oil produce 
large quantities of gaseous waste products that are a threat to the environment. A lot 
of research is done to make the process of energy production by burning natural 
resources more efficient and also to improve the cleaning process of the cernbustion 
gasses. But also other sourees of energy are considered, that have properties that meet 
the demands that we put on modern energy sources. They have to be efficient and 
cleaner than the traditional fossil fuel sources. The fuel cell is a candidate that rneets 
these criteria. A high efficiency in a fuel cell is gained because chemica! energy is 
directly converted in electrical energy. 

A Solid Oxide Fuel Cell (SOFC) consists in principle of a gas tight electrolyte with a 
· porous catbode on one side and a porous anode on the other side. In the SOFC that is 

investigated in this research the electrolyte is conductive for oxygen ions but not for 
electrons. Oxygen is supplied at the catbode where it dissociates and picks up two 
electrons. The 0 2

- ion that is formed is transported through the electrolyte. When it 
reaches the anode it recombines with hydrogen (which is supplied as a fuel) to form 
water. This charge transport results in a potential difference over the cell to which an 
externalloact can be applied. 

The focus of this project lies on the electrolyte in the SOFC, the electrolyte material is 
yttria-stabilised zirconia (YSZ). At this moment the operating temperature of a SOFC 
is 1 000°C. This temperature is necessary to get enough oxygen ion transport from 
catbode to anode through the electrolyte. At this temperature common materials like 
stainless steel cannot be used in the construction of the cell because it starts to 
degenerate at 900°C. The efficiency of the energy conversion is also lower at higher 
temperatures. Therefore one of the main issues is the lowering of the eperating 
temperature of the fuel cell. The oxygen uptake at the surface of the YSZ material is 
believed to be the bottleneck in the performance of these fuel cells [1]. 

In this project it is attempted to improve the oxygen uptake at the surface of the 
electrolyte. The behaviour of the surface of the YSZ electrolyte is investigated by 
Low Energy Ion Scattering (LEIS). With LEIS it is possible to measure the 
composition of the outermost atomie layer of the YSZ. The influence of different 
implantations and different temperature treatments on the surface composition can be 
investigated. To change the surface properties and improve the oxygen uptake, 
implantation of V and W in the YSZ surface is done. lt is expected that the oxides of 
these materials will segregate to the surface and show a catalytic behaviour that 
improves oxygen uptake. Heating of the samples can induce segregation to the surface 
of the V and W but also of contaminants from the bulk of the materiaL LEIS is used to 
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Introduetion 

analyse these processes. A technique to study the influence of different treatments and 
surface composition on oxygen uptake is isotopic 180/160 exchange. The YSZ is 
heated in an 180 environment, after this heating the 180/60 ratio at the surface of the 
material can be measured with LEIS. In this way the oxygen exchange at the surface 
is measured. 

In this report the different topics are discussed in four chapters. After this introduetion 
the theoretica! part of this work is presented in chapter 1. In this part the eperation of 
the SOFC is explained and processes such as surface segregation and catalytic activity 
of V and W on YSZ are discussed. Chapter 2 explains the techniques used in this 
report, LEIS and XPS, and the Nodus setup which is used to do the LEIS 
measurements is described. In chapter 3 the results for different treatments on 
different samples are discussed. The influence of temperature on segregation is shown 
by camparing segregation at two high temperatures: 700°C and 1 000°C. The results 
of oxygen exchange measurements are also discussed in this chapter. Finally in 
chapter 4 the conclusions that we can draw from the results .of this project are 
presented and recomrnendations of what more could be done are listed. 
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1. Solid Oxide Fuel Cell 

1. Solid Oxide Fuel Cell 

1.1 Introduetion 

A schematic drawing of the Solid Oxide Fuel Cell (SOFC) is shown in figure 1.1. 
There are different types of SOFC's, either based on oxygen ion conductance or on 
hydragen ion conductance. The cell that we are investigating is based on oxygen ion 
conductance, it consists of a gas tight electrolyte which separates oxygen and 
hydrogen. The electrolyte conducts oxygen ions from the cathode- tö the anode side. 
At the catbode oxygen atoms are converted into oxygen ions whereby each oxygen 
atom picks up two electrons. The ions travel through the electrolyte and when they 
reach the anode they react with hydrogen to form water. In this process the two 
electroos are released which results in a potential difference across the cell. When an 
external circuit with a load is applied the electrochemical cell is operational. A critica] 
property of the electrolyteis that it is not conductive for electrons. 

2e-

Cathode 

Electrolyte 

YSZ 

Anode 

H2+02
--7Hz0+2e-

Figure 1.1: Schematic drawing of the Solid Oxide Fuel Cell 

The reactions that take place in the process are: 

Catbode reaction 

Anode reaction 

~02 + 2e- -7 0 2-

H2 +02
- -7H20+2e-

(1.1) 

(1.2) 
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1. Solid Oxide Fuel Cell 

The electrolyte in the Solid Oxide Fuel Cell that we are investigating consists of 
yttrium-stabilised zirconium oxide (YSZ), which is a sintered ceramic materiaL This 
electrolyte conducts oxygen ions from the cathode- to the anode-side at the relatively 
high temperature of 1000°C. The good thermomechanical properties and oxygen 
conductivity tagether with good chemica! inertness and structural stability in a range 
of chemica! environments make YSZ a suitable electrolyte for the SOFC. 

The high temperature range of SOFC operation is required for the YSZ electrolyte to 
provide sufficient oxygen ion transport from cathode to anode. However, the cost to 
manufacture these devices is proving to be still very high, primarily because 
expensive high temperature alloys must be used as support material for the cell. These 
costs would be substantially reduced if the operating temperature could be lowered to 
600-800 oe, allowing the use of cheaper material, such as stainless steel. A lower 
operating temperature would also ensure a greater overall system efficiency (see 
section 1.2) and a reduction in the thermal stresses in the active ceramic structures, 
leading to a longer lifetime. 

Yttria stabilised zirconia is a good oxygen ion conductor. The zirconia is doped with 
yttria and because of the lower charge of the yttria, oxygen vacancies must be created 
to obtain the overall neutral charge. This creation of defects and deformation of the 
crystal structure impraves the oxygen ion conductivity of the zirconia. Tagether with 
the low electronic conductivity this gives the YSZ the necessary properties needed for 
an electrolyte in the fuel cell. 

In this project the effect of modification of the electrolyte surface is investigated. The 
measurements are done on YSZ samples. It is necessary to realise that the electrolyte 
will be incorporated in a system as shown in figure 1.1, this means that an electrode is 
attached to the YSZ surface. The research is this project is done on YSZ without the 
influence of the electrode attached to this surface, it is realised that this could affect 
the behaviour of the materiaL Although we are aware of this fact the choice was made 
to separate the electrolyte from the overall system and investigate the behaviour of 
this part of the process. 

1.2 lnfluence of temperature on fuel cell efficiency 

The thermadynamie relations for the reactions in ·a fuel cell show the influence of 
lowering the temperature on the efficiency of the chemica! reaction in the cell. An 
evaluation of the thermadynamie expressions applicable on the fuel cell system is 
necessary to see this effect, here only the results of this derivation are discussed. The 
thermadynamie derivation for the efficiency of an electrochemical energy converter 
working ideally shows that the free energy change óG of the reaction may be totally 
converted to electrical energy so óG =Wei [2,3]. This results in the following 

expression for the efficiency which is defined as the produced electrical energy 
divided by the thermal energy of the reaction: 

_ 11G _ l T!J.S 
11 - --
'lth- óH- óH (1.3) 
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1. Solid Oxide Fuel Cell 

For the reaction of hydrogen and oxygen to water where the entropy change .ó.S and 
the enthalpy .ó.H are both negative this equation for the efficiency shows that a higher 
temperature decreases the efficiency because the free energy decreases. The SOFC 
typically operates at 1 000°C, the free energy at this temperature is substantially lower 
than for lower temperatures. If it is possible to operate the fuel cell at lower 
temperatures the thermodynamic efficiency of the chemical fuel cell reaction will 
increase and therefore the overall fuel cell efficiency increases. 

1.3 Oxygen incorporation kinetics 

The overall oxygen transport from cathode toanode is controlled by two processes[1]: 
(1) the incorporation of oxygen at the surface of the electrolyte and (2) the oxygen 
diffusion through the bulk of the electrolyte. The uptake of oxygen at the surface is 
believed to be the bottleneck in the oxygen ion flow through the electrolyte. 
Improvement of the uptake at the surface will improve the overall performance of the 
cell. Therefore the aim in this project was to modify the surface and in this way 
improve the oxygen uptake. 

The mechanism of oxygen diffusion in the bulk differs essentially from the transport 
in the near surface layer [4]. The first process is determined by oxygen vacancies as 
predominant lattice defect, the second is more complex, the surface region is different 
from the bulk because of segregation of impurities and in our case also because the 
surface is damaged by the implantation. While bulk transport kinetics in solid state 
physics is understood to an actvaneed degree, the conceptual knowledge on interfacial 
kinetics is quite poor. There has been and there still is a lot of uncertainty about the 
mechanism of oxygen io-n formation and injection into solid electrolytes at the 
cathode/electrolyte interface. The generally accepted model is that oxygen ions are 
taken up by filling vacancies in the zirconia lattice. The overall oxygen reduction 
reaction is then described by the following catbode reaction: 

(1.4) 

where according to Kröger-Vink notation, Vö is an oxygen vacancy and 0~ a normal 

0 2
" ion in the yttria-stabilised zirconia lattice. 

There are several different theories about the steps in which the overall reaction takes 
place. They include adsorption, dissociation, charge transfer and final migration into 
the electrolyte. One model assumes that oxygen uptake has to happen at the so called 
triple phase boundary (tpb ). This is the boundary where the 0 2, the electrode and the 
electrolyte come together. At this position all the elements for oxygen incorporation 
are present. The length of this tpb [5] determines the rate at which the oxygen 
exchanges. This model assumes a porous cathode which allows 0 2 to reach the 
electrode/electrol yte interface. 

Other roodels exist where an oxygen atom is transported through the electrode and is 
ionised at the electrode/electrolyte interface. The different reaction steps for this 
three-step model are the following: 
• breaking up of the oxygen molecule and adsorption at an empty adsorption 

position on the electrode surface, 
_xo; + vad ~ oad (1.5) 
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1. Solid Oxide Fuel Cell 

• followed by a quick dissalution in the electrode, 
0 ad + vd ~ 0 d + vad ( 1. 6) 

• followed by the rate limiting factor of Ûct (at the electrode/oxide interface) to the 
first layer in the oxide: 
Od + 2e- + V0· ~ 0 0 + Vd (1.7) 

This discussion shows that there are different ideas about the process of oxygen 
uptake, the research nowadays is merely focussed on the practical part to optimise 
performance and the focus on theoretica! modeHing is low. 

An important field is the research on the use of mixed ionic and electronic conducting 
oxides as electrode material [9,23], these materials exhibit fast oxygen ion transport 
properties and electronic conductance. Reaction 1.4 is possible at the surface of this 
mixed conducting electrode, the oxygen ions that are formed can move to the 
electrode/electrolyte interface where they move to the electrolyte. 

1.4 Oxygen exchange 

As explained in the previous sectien the research on oxygen uptake and diffusion in 
the bulk of the electrolyte is focussed on experiments. There are two important 
parameters that can be deterrnined when the oxygen transport behaviour in the 
electrolyte is studied. These are the surface rate constant k and the ditfusion 
coefficient D, the so called transport coefficients. There are several experimental 
techniques that can be used to determine these coefficients, one of them is the isotopic 
oxygen exchange experiment. Maier [6] describes three experimental techniques to 
determine k and D values, the results for the transport coefficients will be different for 
the different techniques, this is because the techniques are conceptionally different. A 
full outline of these different techniques and the principles they are based on goes 
beyond the scope of this outline, fora detailed theoretica! analysis we refer to J.Maier 
[3]. It is not directly trivia! that these techniques are a valid way to investigate the 
performance of the functioriing of YSZ as an electrolyte, this will be explained in the 
following part. 

The technique that is mostly used is the isotopic 180/160-exchange experiment. The 
electrolyte is heated in an 180 (tracer) environment which leads to an 180 tracer 
profile in the sample. From this profile the oxygen exchange coefficient k and the 
oxygen diffusion coefficient n* can be determined. The isotopic oxygen exchange 
technique is also used in this project. The YSZ is exposed to an 180 environment at a 
certain temperature for a certain time, 180 from the environment changes position 
with a 160 from the electrolyte also taking over the negative charge of the 1 0 . The 
160 is released to the surface where it can combine with another atom to form 0 2 

which leaves the surface. This exchange of oxygen is enhanced by vacancies in the 
YSZ. A concentratien gradient then leads to diffusion of the 180 into the YSZ. This is 
an overall neutral process where no net charge transport takes place. The 180 profile 
can be measured after this exchange and k and D * val u es can be determined for this 
experiment. 
This process is different from the oxygen incorporation, which is actually happening 
when electredes are attached. In that case the oxygen from the surroundings takes up 
two electrens from the cathode and movesintoa YSZ vacancy, due toa concentratien 
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1. Solid Oxide Fuel Cell 

gradient these ions diffuse into the bulk but now leading to an overall net charge 
transport as it diffuses. This ditfusion process is controlled by the presence of the 
oxygen vacancies in the YSZ. 

The 180/160 exchange and the process of electrochemical oxygen incorporation in a 
fuel cell are two different processes, the k and D values are not the same but are 
related. This makes the tracer technique a method of studying oxygen transport. The 
statement that the processes are related is based on theoretica! evaluations and also 
supported by electrochemical measurements [7]. The validity of using the tracer 
experiments to investigate oxygen incorporation has been point of discussion, but is 
now generally accepted for electrolyte research. 

When the isotopic oxygen exchange measurement is done under thermodynamic 
equilibrium it is possible to write for the surface boundary condition: 

k(Ci -ei)= -n· ac~ (1.8) 
8 

" dx 
where C ~ , C ~ and C ~ are the isotopic ratios in the gas, surface, and in the solid at 

depth x. The solution to this equation is 

ex = erfc[ ~]- [exp(hx + h2 n· t )]x erfc[ k + hfilt]' h = nk· (1.9) 
c g 2 D *t 2 n ·t 

k is defined as the surface exchange coefficient and n* the oxygen self-diffusion 
coefficient. When the isotopic oxygen profile is measured the k and n* factorscan be 
determined by fitting the measured profile to this expression. 

Low Energy Ion Scattering (LEIS) is very sensitive to the outermost surface of a 
material, a depth profile can be gained by sputtering the sample with the ion beam to 
different depths and do LEIS measurements at these different depths. Secondary Ion 
Mass Speetrometry (SIMS) can be used to determine k and D factors, SIMS profiles 
.are measured on a much larger depth scale than LEIS (J.Lm instead of Á). Fitting 
equation 1.9 on SIMS or LEIS profiles produces different results. Because of the 
different scales of these technique~ it has not been possible so far to understand the 
different processes on these different scales. 

Since the oxygen exchange at the surface is believed to be the rate-determining step, it 
is interesting to see how much oxygen has exchanged atthe outermost surface and the 
first few monolayers. This cao be visualised with LEIS. Here lies the important 
information whether there is exchange or oot. In this project we focussed on 
measuring the oxygen exchange at the surface by cernparing the 160 and 180 signal in 
the LEIS spectrum. 

1.5 Surface modification by ion implantation of V and W 

The properties of the surface of the YSZ are of major importance on the exchange 
behaviour at this surface. Different techniques have been tried to influence the 
properties of the electrolyte. Ion implantation of Fe and Ti has been done to modify 
the surface [9,10] . In the FOG group an atomie layer epitaxy (ALE) apparatus has 
been used to deposit iron oxide on YSZ [8]. 
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1. Solid Oxide Fuel Cell 

. In this research the YSZ was implanted with the transition metals vanadium and 
tungsten to modify the surface. Vanadium and tungsten were chosen for two reasons. 

The first reason is that the oxides of V and W are known to show a catalytic 
behaviour (section 1.6), both elements have multiple possible valenee states and it 
is hoped that this behaviour on the surface of zirconia will show a catalytic 
activity in exchanging oxygen at this surface. 
The second reason is that these elements have to do their work at the surface of 
the YSZ where the exchange takes place and because of the low surface energy of 
the oxides of these elements, they are expected to segregate to the surface (section 
1.7). 

The ALE process has also been considered as a possibility to deposit a monolayer of 
vanadium and tungsten on YSZ but several teehoical difficulties have to be overcome 
before this technique can be used. Ion implantation is a technique that could easily be 
done in cooperation with Forschungszentrum Rossendorf, Dresden, Germany. They 
have the facilities to implant both ions with a low energy ion beam_(see also section 
2.4) into the YSZ samples. Implanting the YSZ damages the YSZ surface layer, the 
ions with 10keV energy penetrate to about 150Á in the sample. In this region the 
polycrystalline YSZ structure is damaged and this damaged structure can influence 
the oxygen exchange on YSZ. This is a disadvantage in camparing these samples with 
the unimplanted, undamaged YSZ samples because _ there are more differences than 
only the presence of the implanted element. 

1.6 V and Won YSZ 

Vanadia-based catalysts are widely used in many industrial oxidation processes like 
oxidation of hydrocarbons and catalytic reduction of NOx. Vanadia containing 
catalysts are complex oxide systems showing interesting surface and catalytic 
properties. A.Adamski et al.[l1,12] and S.Cu et al. [13] reported about the behaviour 
of zirconia-supported V 20 5 catalysts, they investigated the structure of the vanadium 
compounds at the surface of the zirconia. There are several differences between those 
experiments and the experiments done in our project. Firstly the samples were not 
implanted but impregnated by putting them in a solution containing a vanadium 
compound. Secondly the YSZ that is used for implantation is yttria stabilised
tetragonal zirconia polycrystal (Y-TZP), Adamski used tetragonal zirconia but 
without yttria stabilisation. Because of these differences it is difficult to compare the 
behaviour of the vanadium on the zirconia with the one in the Y-TZP also because of 
the damage done to the surface by the implantation. But nevertheless it is interesting 
to see how vanadia behaves on the zirconia sample. 

Adamski et al. identified several different structures on top of the zirconia, which are 
shown in figure 1.2. With increasing V 20 5 content the monomeric vanadium structure 
(A) changes to the formation of larger VOx clusters (B) and above the monolayer 
coverage to the appearance of nanocrystalline V 20 5 (C). The origin of the V4

+ in an 
oxygen environment is still a question, other papers state that all V is fully oxidised 
and the V4

+ is only present during the catalytic reaction. Although a lot of things are 
unclear about the way V is present at the surface of zirconia and about the catalytic 
processes happening at this surface, these papers show that the surface is active and 
this could be important for the oxygen exchange. The clusters, which stick out of the 
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1. Solid Oxide Fuel Cell 

Zr02, are interestin~ because here, according to the papers, V can have different 
valencies, V4

+ and V +. It is possible that these structures take up oxygen and transport 
it to the ZrOz, which would mean that the V -implantation improves oxygen exchange. 

Figure 1.2: Schematic picture of vanadium structures found on zirconia-supported 
V20s [11] 

Zirconia supported tungsten oxide is also frequently used as a catalyst for 
hydracarbon conversion [14], but less is known about the chemica} structure 
tungstenoxide forms at the surface. 

P.van der Voort et al. [15] reported about the deposition of vanadiumoxide on silica 
structures by means of Atomie Layer Epitaxy (ALE). This method is used to produce 
a monolayer of VOx on silica. This could also be a way to deposit vanadiumoxide on 
YSZ. In Eindhoven an ALE setup is available but depositing vanadiumoxide has not 
been attempted so far. 

This is only a short description of the work done on vanadium and tungsten oxide on 
zirconia. To get a complete overview of the catalytic reactions and behaviour of V and 
W it is necessary to go more into chemica} theoretica! models and that is not the 
intention of this report. 

1. 7 Surface segregation 

As written in section 1.3 the oxygen uptake at the surface of the YSZ electrolyte is 
believed to be the rate-determining step for the oxygen ion transport through the 
electrolyte. This indicates the importance of studying the surface. Optimising the 
oxygen exchange at the YSZ surface is the main goal of the project and to do this it is 
necessary to know the composition of the surface and the relation between surface 
composition and oxygen exchange. The composition of the surface of a material can 
be very different from the bulk composition. 

Surface segregation causes a difference in composition of the surface compared to the 
bulk [ 16]. Atoms or compounds, which are only present in low concentrations in the 
bulk, can make up a large percentage of the surface composition of a materiaL The 
difference in surface free energy of different compounds is the driving force for 
segregation phenomena, a thermodynamic equilibrium establishes where the surface 
is enriched with atoms that have the lowest surface free energy. The enrichment of the 
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1. Solid Oxide Fuel Cell 

surface by these atoms gives the surface different properties than the bulk materiaL 
The thermadynamie theory for the surface concentrations of an ideal alloy m 
thermadynamie equilibriumbasedon the Boltzmann distribution is given by: 

S S ( A li ) x . x. -Ull 

~=-f·exp --
xi xj · kT 

(1.10) 

x5 and x8 are the mole concentrations at the surface and in the bulk. L\H is the heat of 
segregation, in an ideal case this equation would result in the situation that the 
compound with the lowest surface free energy would be enriched at the surface. The 
heat of segregation depends on several factors such as the coordination of surface 
atoms, heat of mixing and the enthalpy due to size mismatch of the atoms (strain). 

It is likely that this equation is also valid for oxides. The composition of the surface 
due to segregation depends not only on surface free energy but also on the diffusion 
rate. At low temperatures the diffusion is too slow to establish equilibrium, this means 
that atoms with a high diffusion rate segregate to the surface instead of the atoms with 
lower surface energies but a low diffusion rate. At higher temperatures when 
thermadynamie equilibrium has been reached the material with the lowest surface free 
energy will enrich the surface. In table 1.1 the surface free energies of some relevant 
materials are listed. 

Surface free energy 
(mJ/m2

) 

ZrOz 770-1130 
Yz03 820 
V 2600 
VzOs 90 
w 3050 
wo3 100 
Ca 490 
CaO 820 
K 150 
Pb 610 
PbO 130 
Bi 550 
Biz03 210 
Hf 2200 
Cs 95 
Ba 370 
Na 200 
SiO 605 

Table 1.1: Surface free energiesof different materials 
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2. Techniques 

2. Techniques 

2.1 Principle of LEIS 

Low Energy Ion Scattering (LEIS) [ 16, 17] is an ion beam analysis technique which 
bas the unique ability to selectively analyse the outermost atomie layer of a materiaL 
In LEIS an ion beam of inert gas i ons with an energy of a few ke V is directed towards 
the sample. The ions undergo a binary collision with the atoms in the sample, the 
energy of the backscattered partiele is a measure for the atom that it collided with. 
Because of the high neutralisation probability of the inert gas ions the probability that 
they are still in an ionised state after a collision with more than one atom is strongly 
reduced. This ensures that almost all particles which penetrated beyond the first layer 
are neutralised. Because only ions and no neutral particles are detected in the detector 
this technique is extremely sensitive to the outermost atomie layer. 

4He+ 

! 
E· • I Ef = f(Eï,Mï,Mh8) 

• 

Figure 2.1: LEIS principle in the case of4He+ as primary inert ion 

An ion with an initia! energy Ei and mass Mion that is scattered by a target atom with 
mass M at over an angle 8 bas a final energy given by 

Et =E{ cos6+f:'r- sin' e J =E,- k (2.1) 

where kis the so called kinematic factor which solely depends on the scattering angle 
e and the mass ratio of the colliding particles r 

M 
r=-'-u 

Mion 

(2.2) 
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This equation is simply obtained by solving the equations for conservation of energy 
and momentum. The energy of the scattered ions is characteristic for the atom that it 
collided with. The energy spectrum of the scattered ions at a certain angle 8 gives the 
composition of the outermost surface of the materiaL 

The final energy of the scattered ions as calculated by equation 2.1 is a maximum 
value, the scattered ions can lose energy in inelastic contributions in the scattering 
process and interaction with the materiaL Therefore the energy that is calculated is 
found by taking the edge of the peak at the high-energy side in the LEIS spectrum. 

With a higher mass of the initial ion the sensitivity for higher mass elenients 
increases. In our research the samples are generally first analysed with 4He+ to get an 
overview of the most common elements at the surface of YSZ such as 0, Na, Ca, Y 
and Zr. Some 4He + spectra show interesting features in the high mass region, these 

. samples arealso measured with Ar+ to get more information about these elements. 
The masses of 89Y and Zr are very close together and Zr has different isotopes as 
indicated in table 2.1. The mass separation of LEIS is not enough to distinguish Y and 
the isotopes of Zr, the Y +Zr signa! appears as one peak in the LEIS spectrum. 

isotape natural 
abundance(%) 

Zr 51.45 
91 Zr 11.22 
92Zr 17.15 
94Zr 17.38 
96Zr 2.80 
Table 2.1: Natural isotopic abundance of Zr 

2.2 NODUS setup 

The NODUS, which is an abbreviation for Non-Destructive Ultra Sensitive, is an ion 
scattering apparatus, which was developed to perform LEIS measurements [18]. The 
NO DUS setup consists of two interconnected UHV -parts, a pretreatment chamber and 
an analysis or main chamber, these different sections are separated by valves. 
Through an aperture the ion beam from the ion souree enters the main chamber. The 
pretreatment chamber is equipped with an oven for annealing purposes and a 
microwave plasma source, which is used for cleaning sample surfaces as further 
explained insection 2.5. The analysis chamber contains a CMA-based LEIS apparatus 
for determining the composition of the outermost atomie layer of the surface. Samples 
can be analysed with 3He+, 4He+, 20Ne+ and 40Ar+. The primary energy of the ionscan 
be varied but in this research 3ke V was used for all 4He and Ar measurements. 
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Figure 2.2: The NODUS setup 

The ion beam is produced in the ion source, after the ion souree a mass spectrometer 
bencts the beam to an aperture which leads the beam into the main chamber. Different 
focussing elements are available to control the beam. Perpendicular to the main 
chamber and separated by a valve, the pretreatment or transfer chamber is positioned. 
Samples are introduced from the surroundings into the pretreatment chamber where 
they can be cleaned (section 2.5), the pressure in this pretreatment chamber is of the 
order of 1 o-6mbar, the pressure in the main chamber where LEIS is done is in the 
order of 10-9mbar. After the cleaning a movable rod is used to put the sample from the 
pretreatment chamber into the main chamber where it can be positioned on the sample 
holder carrousel. This carrousel can hold 12 samples, it can be rotated to put the 
desired sample in position in front of the analyser (CMA). 

The sample is positioned in the ion beam line just after the Cylindrical Mirror 
Analyser (CMA) as indicated in figure 2.3. The ion beam enters the CMA from the 
left. The ions hit the target and are scattered in all directions, the angle of detection of 
the CMA is fixed at 142°, this angle is chosen to obtain a good mass resolution. Only 
the ions which are scattered over this angle are detected, they are deflected towards 
the channelplates by an electrical field in the CMA. By varying this field the CMA 
scans the whole range of energies. In this way a spectrum of the full energy range 
from 0-3keV is measured. The CMA scans the energy range in steps, in the 
experiments described in this report the energy steps are lOe V and the time that i ons 
are collected in each interval is 300ms. 
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channelplates 

deflection plates 

Figure 2.3: Cylindrical Mirror Analyser (CMA) in the Nodus setup 

A property of the YSZ material is that it is not conductive, this means that the sample 
will charge up if the ion beam is on the sample. This is prevented by using a 
neutraliser which neutralises the sample. This neutraliser is also indicated in figure 
2.3. A complication is that there might still be some charging of the samples or that 
the neutraliser produces too much negative charge. Positive charging of the sample 
will give a shift in the peak positions because incoming ions are decelerated and 
scattered ions are accelerated by the positively charged sample. The peak positions in 

the LEIS spectrum shift toE; according to 

(2.3) 

where V eh is the potential of the sample. The analysis program that is used allows 
LEIS spectra to be corrected for charging. The energy position of a known element 
like oxygen can be used to correct the spectrum to the uncharged situation. If spectra 
in this report are charge corrected it is indicated in the legend. 

2.3 XPS 

X-ray Pboton Spectroscopy (XPS) [19] is a more generally available technique which 
provides information about elemental surface composition and chemical binding. In 
XPS X-rays from an X-ray source, in our case Al-Ka (hv=1487eV), are directed 
towards the sample. The X-rays induce excitation of the electrens into vacuum (figure 
2.4), the kinetic energy of emitted electrens is given by: 

(2.4) 

where E8 is the binding energy of the ejected electron. 
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Figure 2.4: Electron ejection by X-rays (XPS) 

This binding energy depends on the atom and on the binding state of that atom. 
Electroos released from the surface are detected and show a peak in the spectrum, 
electrans that come from further down lose energy while travelling to the sample 
surface and appear in the spectrum as background. With this technique the 
composition and chemica} binding state can be determined for the near surface (in the 
order of 30 Á). 

2.4 Ion implantation 

Por reasans discussed in section 1.6 and 1.7 the elements V and W were implanted 
into YSZ. The samples are small circular pellets with a diameter of 7.7mm and a 
thickness of l.Omm. The samples were prepared in Kiel, Germany. YSZ powder 
(manufactured by Tosoh) is pressed and then sintered to 1350°C for 1 hour. Four 
samples were implanted: two samples are 3mol% yttria doped and the other two 
8mol% yttria doped. Two different implantation doses we re chosen for implantation 
of V and W in the YSZ. The number of atoms in a monolayer is in t~e order of 
1015at!cm2

, because the profile spreads out over -lOOÁ, the implanted dose spreads 
out over this region. Segregation can cause a part of this amount to enrich the surface, 
but the exact behaviour is not known at this stage, therefore two implantation doses 
are chosen: a low and a high dose implantation: 1015 at/cm2 and 1016at!cm2

. The 
3mol% YSZ samples were implanted with V and the 8mol% YSZ samples with W. 
Because the implanted ions have to do their work at the surface of the material they 
have to be implanted as close to the surface as possible. This means the energy of the 
implantation has to be low, the minimum energy that was possible for the implanter 
was lOkeV, at lower energies there could be problems in producing and focussing the 
implanting ion beam. 

A simulation of the implantation was done with the program SRIM2000 [20]. This 
simulation shows that the mean implantation depth for W is 12nm and for V 14nm. 
The distributions in figure 2.5 show that V goes deeper into the sample, it is braader 
and the height is about half of the height of the distribution for the W implanted 
sample, this because of the lower mass of V. lt must be said that in this simulation 
sputtering of the sample by the ion beam is not taken into account and the program 
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uses material properties from an internal calculation based on the composition of the 
material instead of material values from literature. 

The implantation was done at Forschungszentrum Rossendorf, Center for Application 
of Ion Beams in Materials Research in Dresden, Germany. This institute is devoted to 
the application of ion beams for the modification of near surface layers of solids. The 
samples were mounted in a stainless steel sample holder and covered by a tantalum 
plate with an aperture of 5mm. This sample holder was mounted on an aJuminurn 
plate, which was mounted on the stainless steel chamber wall. A circular area with a 
diameter of approximately 20cm was implanted, the beam implanted the sample, 
sample holder and part of the wall. Only one sample was mounted for each 
implantation so there was only one sample in the chamber at any time. 
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Figure 2.5: /mplantation simulation of a) ](Y W-ions in 8mol% YSZ and b) J(Y V-ions 
in 3mol% YSZ 

The implantation was done with 10keV ions, the V ions were produced by Ar 
sputtering of a vanadiumoxide target. The ion beam current was 1.8J..LA, the pressure 
in the imrlantation chamber during implantation 3·1 0'6mbar, implantation time for 
1016at/cm was 4.5h. The W beam was produced by evaporation of W03 powder, it 
was possible to get an ion beam current which was high enough to do the low dose 
implant, the high dose would have taken too much time with this method. For the high 
dose 1016at/cm2

, W03 was sputtered with Kr and anion beam current of 0.6-l.2J..LA 
was used. To decrease implantation time the implantation area was decreased which 
resulted in an implantation time of lh 45min. 

After implantation the implanted side of the samples showed a brownish colour, when 
the sample boxes were opened in Eindhoven a few days later the samples had returned 
to the original white colour again. This brownish colour is probably caused by the 
oxygen deficiency caused by the implantation, during the transport the slow oxidation 
in air returned the white colour. 
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2.5 Cleaning the sample 

The surface of a material is generally very different in composition from the bulk 
materiaL One process is surface segregation as described in sectien (1.7) which is a 
physical process where atoms from the bulk segregate to the surface. Other surface 
elements come from the environment, when the YSZ material is exposed to air 
carbonhydroxides will actsorb at the surface. When the YSZ is transferred into Ultra 
High V acuum (UHV) and LEIS measurements are done these contaminants suppress 
the YSZ signal. It is impossible to prevent these contaminations when the material is 
outside a UHV chamber. One way to get rid of the carbonhydroxides is by ion beam 
sputtering, this cleans up the surface and the YSZ elements appear in the spectrum. 
The problem is that you are not only removing the contaminants but also darnaging 
electrolyte surface that is of interest for us. M. de Ridder [21] has developed a 
procedure for cleaning the surface of the Yttria-stabilised Zirconia, that does not have 
this disadvantage. 

The 3-step cleaning process takes place in the transfer chamber of the Nodus. After 
this cleaning procedure the sample is introduced into the main chamber where it can 
be analysed. Cleaning procedure in the transferchamber: 

• After introduetion in this chamber the sample is positioned on the oven. 1t is 
heated to 500°C for 15min in vacuum (10-6mbar), this ensures that adsorbed water 
comes off. 

• Tl)e sample is placed in the main chamber and meanwhile an atomie oxygen 
cleaning is done to clean the transfer ehamber, a plasma souree provides atomie 
oxygen which reacts with the hydrocarbons in this chamber and the reaction 
products are pumped out, in this way the pretreatment chamber is cleaned, oxygen 
pressure during cleaning is 1 0-4mbar 

• Now the sample is placed in the transfer chamber and the atomie oxygen cleaning 
is done a second time, the hydracarbon contamination on the sample is removed 
by this procedure 

2.6 Measurements 

The NODUS apparatus has different focussing elements. To control the beam a 
Cu/ Au sample is placed in one of the sample positions. lt is a Au sample with a Cu 
plate on top, the Cu plate has a circular aperture in the centre with a diameter of 2mm 
where the underlying Au is visible. When the Cu/ Au sample is placed in the 
measuring position, Cu and Au peaks appear in the spectrum. By adjusting the 
focussing elements the beam is focussed on maximum Au intensity in the spectrum. 
This focussing metbod is used for all measurements. lt leads to almost the same 
parameter settings of the focussing ·elements every time it is done and can therefore 
reliably be used to get the same beam conditions on different days. When the beam is 
focussed the current is measured on the Cu/ Au sample. This current is used to 
normalise the different spectra. The initia! energy of the ion beam used in these 
experimentsis 3keV, to measure a spectrum from 0-3keV takes 90s. The pressure in 
the NODUS ion souree during a measurement is -5 10-5mbar, pressure in the main 
chamber -1 o-9mbar, the current measured on the Cu/ Au sample -5 nA. After the 
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focussing and the current measurement the YSZ sample is placed in the measuring 
position, the neutraliser is switched on and the sample can be measured. 
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3. Results and discussion 

3.1 Introduetion 

A set of six samples was available to us: V-implanted 3mol% YSZ with two doses: 
the low dose I01 at/cm2 and the high dose 1016at/cm2

; W-implanted 8mol% YSZ also 
implanted with two different doses: I015at/cm2 and I016at/cm2

; and two unimplanted 
samples 3mol% YSZ and 8mol% YSZ. In this report a shorter and more convenient 
notatien is used for the different samples: this is the letter of the implanted element 
with the exponent of the implantation dose, the unimplanted samples are noted as 
3YSZ and 8YSZ. The whole list of samples then is: VIS, VI6, WIS, WI6, 3YSZ and 
8YSZ. These six samples are used to do the research, this means that later 
measurements are done on the samples that were measured, heated or sputtered 
before. It is necessary to take the history of the sample into account while interpreting 
these later measurements. 

The experimental part can be separated into three sections. In the first part the samples 
are analysed after implantation without heating them to high temperatures, the only 
heating that is done at this stage is because of the cleaning procedure described in 2.S: 
IS min, S00°C in UHV. In this sectien the samples are first measured as-implanted, 
then oxidised at S00°C and measured again. This part is described in sectien 3.2. No 
oxygen exchange is done in this part. At this stage XPS measurements are done, these 
will be discussed in sectien 3.3. 
In the second part the samples are heated to 700°C in I bar oxygen for Ih, results 
from the different experiments done after this heating are discussed in the sectien 3.4. 
Finally samples are heated to 1000°C in I bar oxygen for Ih, this will be discussed in 
3.S. In these last two sections oxygen exchange experiments are done and the results 
will be discussed. Not all samples have had the same treatments, some are heated to 
700°C and then to a 1000°C, others have skipped the 700°C heating and were heated 
to 1000°C directly. The reason that different treatments were done is that the decision 
on what measurements had to be done was based on results from earlier 
measurements. 

To cernpare the different spectra described in this chapter, all spectra have been 
normalised to a standard of IO added spectra and l.OnA ion beam current. If spectra 
are not normalised it is indicated in the caption. Although every spectrum has its own 
typical features it is not possible to show all of them in this report, so the spectra that 
are interesting are shown and the others are summarised in text and/or tables. 
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3.2 Sample analysis after implantation before healing 

After the samples were implanted, they were analysed with LEIS. Aftera sample is 
introduced into the NODUS the cleaning procedure as described in 2.5 is done. The 
first measurements on the different samples after implantation were LEIS 
measurements with 4He+. During eertaio measurements several samples were on the 
NODUS carousel at the same time. Taking the sputter rate of the beam and the 
position of the samples relative to each other into account cross-contamination by 
measurements can be neglected. In this not-heated situation two different states of the 
samples were investigated. Samples labelled as-implanted are measured directly after 
the cleaning procedure. The only heating done at this stage is when the sample was 
clean ed. 

In figure 3.1 the as-implanted LEIS spectrum for V16 is shown. The main constituents 
of YSZ: 0 and (Y +Zr) are visible, the implanted V is also visible in the spectrum. 
Because the sample was implanted it is likely that atoms were sputtered from the 
sample, the 10keV 1016 ions/cm2 implantation dose can cause a lot of damage to the 
surface and the original YSZ structure is completely changed at the near surface. 
Heating the sample in oxygen can cause segregation of elements which do not 
segregate in a reduced environment, this is also seen for the V 16 sample. The heating 
in UHV during cleaning produced the as-implanted spectrum, the oxidation done 
afterwards caused segregation of elements not present befare oxidation. This 
oxidation is done by heating the sample on the oven in the pretreatment chamber at 
500°C in 20mbar oxygen. The LEIS spectrum measured after this oxidation is also 
shown in figure 3.1. 
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Figure 3.1: 3keV 4He LEIS spectra for Vl6: as-implanted, after oxidation; the 
reference sample V20s and the unimplanted 3YSZ 
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The peak areas of the various elements on the different samples are listed in table 3.1 . 
A comparison of the peak areas of the as-implanted and the oxidised spectra of the 
V16 show an ihcrease of the V by 30%, the (Y+Zr) dropped by 40%. Na and Ca 
appeared after the oxidation which were not present before oxidation. This shows that 
the oxidation pulls out the Na, Ca and the V and these elements probably cover the 
(Y +Zr). To get a reasonable estimate of the amount of vanadium present at the surface 
a reference sample V 20s is also measured. Th is sample went through the same 
cleaning procedure as the YSZ and has also been oxidised. Because it is uncertain 
what composition the V forms on the YSZ surface it is difficult to calculate the 
amount of V by camparing the LEIS signal with the reference. If it is assumed that the 
vanadium on the YSZ is fully oxidised and has a surface structure similar like V 20 5 it 
can be said that the implanted sample is covered for 40% with vanadiumoxide after 
oxidation. 

sample condition 0 Na Ca V Y+Zr w 
V15 as-implanted 4950 0 0 0 79120 0 

oxidised 5443 2859 4961 1245 79600 0 
W15 oxidised 4708 4291 6558 0 47480 1570 

as-implanted 7730 0 0 11500 63000 0 
V16 oxidised 7790 4298 8334 15264 36420 0 

V20s 10320 0 0 35580 0 0 
as-implanted 6150 0 0 0 64900 38307 

W16 oxidised 6410 0 13980 0 25438 56007 
wo3 6350 0 0 0 0 90833 

Table 3.1: Peak areasfrom 4He measurements (spectra are normalised) 
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The W16 (figure 3.2) shows a similar behaviour as the V16: because of the oxidation 
Ca comes to the surface and the amount of the implanted W increases at the surface 
while th~ (Y +Zr) signal drops. The W signal has doubled during oxidation, the 
(Y +Zr) signal drops by 60%. The spectrum for the oxidised sample is shifted to the 
right compared to the as-implanted spectrum because of charging of the sample 
(section 2.2), this indicates that the as-implanted material is a better conductor than 
the oxidised materiaL This can be caused by the fact that the as-implanted sample has 
a more metal like structure because of oxygen depletion and is therefore a better 
conductor than the oxidic surface after the oxidation. To get an idea about the amount 
of W at the surface of the W 16, a reference sample has been measured under the same 
conditions. The W03 spectrum is also plotted in figure 3.2. The W signal in W16 after 
oxidation is 60% of the signa} from wo3. 

The spectra for the low dose samples V15 and W15 did notshow a presence of V or 
W. Not before and not after oxidation. The amount that was found by calculating the 
areas as listed in table 3.1 is very small and is more a matter of statistica} errors than a 
real amount of these elements in the samples. Oxidation of these samples caused Na 
and Ca to come to the surface as seen in the table. 

The sensitivity for heavier elements increases when a heavier ion is used to measure 
the LEIS spectrum. In figure 3.3 the Ne spectrum is shown for the vanadium 
implanted samples, the unimplanted 3YSZ and the reference sample V 20s. These 
spectra show high mass elements that could not be determined with 4He. The V and 
(Y+Zr) are clearly visible ip the V16 and the VzOs, noV is visible in the Vl5. At 
higher masses there appear two peaks: one peak around 1650e V and a peak around 
2000eV, which seems to be a double peak. The same peaks were also seen in the 
W15, W16 and 8YSZ. 

To obtain a better mass separation in this region than is possible with He and Ne an 
Ar measurement is done. The result for the different W implanted samples is shown in 
fîgure 3.4. The Ar spectra show that the second peak in the Ne spectrum was indeed a 
double peak, the Ar spectrum shows two peaks in this region. It is clear that the high 
intensity peak in the W 16 is W. The peak ju st below 1 ke V is Cs. It is very difficult to 
identify the other element that is visible around 1500eV in the spectrum. The problem 
is that the different element positions are very close tagether in the energy spectrum 
and the smallest charging effect would change the interpretation of the spectrum. 
Normally a charge adjustment of each spectrum can make the interpretation easier but 
the problem is that there is no reference element in the spectrum. The position of the 
W peak (W16) is 1350eV while the calculated value with equation 2.1 is 1360eV. A 
similar shift in the high mass peak at 1510eV gives a value of 1500eV. Calculated 
values for Pb: 1491eV and Bi: 1501eV. This means Bi is more likely than Pb but 
because of the error in reading the energies and the channel width of lOeV, Pb cannot 
be ruled out. It is interesting to have a look at the intensities of the peaks for the 
different samples; the Cs peak is highest in the unimplanted sample, it is lower in 
W15 and is not visible any more in the W16. So it decreases while the implantation 
dose increases, the same effect is seen in the V -implanted samples. For the Pb/Bi it is 
the other way around, no Pb/Bi visible in the unimplanted sample, more in the W15 
and the highest amount in the W16. Again the sameeffect is seen in the V-implanted 
samples. 
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The W16 shows a high W peak in the Ar spectrum as was expected, the WIS also 
shows a small peak in the W area. This peak would normally be assigned to W but 
when the 3YSZ and 8YSZ spectra are examined they also show a peak in this region 
and this would mean that this peak doesn't necessarily have to be W. It is known for 
the YSZ material that they can contain a small amount of Hf, the W and Hf are 
separated by 30e V in the Ar spectrum but because there is no reference element in the 
8YSZ and 3YSZit is not possible to assign this peak to either W or Hf. This peak will 
be indicated as the W /Hf peak. 
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3.3 XPS measurements on VJS and WJS 

In the unheated condition XPS measurements are done on the low dose implanted 
samples, V15 and W15. V and W were not seen intheLEIS spectrum. Because XPS 
is not as surface sensitive as LEIS this technique might detect V or Win the samples. 
The XPS was not only done to investigate if V and W are measured in the V15 and 
W15 samples but also to see if there are elements present that are not visible in the 
LEIS spectrum. The XPS is done in the Eriss apparatus. As mentioned in the theory 
LEIS only measures the outermost atomie layer, XPS measures approximately to a 
depth of 10 monolayers. The XPS spectra show peaks for the standard elements on the 
YSZ such as Zr, Y and 0. Carbon is visible because the sample bas not been cleaned 
in the Eriss setup. The sample was covered with an Al plate which peaks are also 
measured. There is no peak present in the XPS spectrum of V15 at the position where 
V should appear. To check the position where the V peak should appear the V16 
sample was measured in this energy region, the V (2P312) peak appears in the V16 
spectrum (figure 3.5), but there is no indication of a peak in the V15 at this position. 
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An indication of the presence of V in the sample was found somewhere else in the 
spectrum, the peak shift of the C (ls) peak toa lower energy is exactly at the position 
where the V-C bonding would be (figure 3.6). This peak is not measured in the W
implanted sample. Because the samples were measured in the Eriss which doesn't 
have the possibility to do the cleaningasis normally done in the Nodus, they were not 
cleaned before the XPS. This can explain why a V-C bonding is visible in XPS, the 
hydrocarbons which are on the sample must make a bonding with the V, which results 
in a shift in C (ls) peak to a lower energy. The result is a double peak in the XPS 
spectrum of the original unchanged carbon (1 s) peak and the carbon V -C bond. This is 
the only indication of the presence of V that was found on the V15. There is no 
indication of Win the XPS for W15, Wis not seen with LEIS or XPS. 
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Figure 3.6: XPS spectrum ofV15 and W15 

3.4 Oxidation at 700 oe 

3. Results and discussion 
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Because the YSZ will eventually be used at high temperatures in an oxygen 
environment, the surface behaviour at these higher temperatures is investigated. 
Segregation effects as explained in the theoretica} part can make major changes to the 
YSZ surface. lt is also shown that heating the samples to relatively low temperaiures 
of 400°C-500°C cause segregation effects on a sputtered sample when this heating is 
done in oxygen. The first heating at higher temperatures was done at 700°C for lhour 
in I bar 0 2, later the samples were heated to 1000°C. The heating to 700°C was 
interesting because we wanted to see if the surface changed at this temperature. These 
measurements will be discussed in this part. 

Because the project didn ' t allow us to do all possible measurements on all the 
samples, choices had to be made which samples were investigated more thoroughly. 
The low dose implants V15 and W15 didn't show the presence of the implanted 
elements at the surface except for the V-C bond in the XPS spectrum for the Vl5. The 
W 15 has been heated to 700°C but no W appeared at the surface in the LEIS 
spectrum. The low dose implants could be interesting at higher temperatures or after 
different treatments but at this point the choice was made to focus on the high dose 
implants, the V16 and W16 because they showed an appreciable amount of V and W 
in the LEIS spectrum. The simuiatien of the implantation (figure 2.5) shows a 
distribution where the amount of the implanted elements at the surface is low. The 
YSZ is sputtered by the implanting ion beam, a dose of 1016ions/cm2 can sputter in the 
order of 10 monolayers. In this case the surface is sputtered while implanting, this not 
only deforms the profile but also moves the surface to about 30À from the original 
surface. At this new position there can be an appreciable amount of W at the surface 
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due to the implantation. In the case of W15 the total amount of implanted material is a 
factor 10 lower and the sputtering is a factor 10 lower, this causes a much lower value 
at the surface than the W16. 

The samples W15, W16, 3YSZ and V16 were heated to 700°C. Afterwards oxygen 
exchange measurements were doneon the V16, W16 and the 3YSZ. Because of the 
large number of spectra measured, it is impossible to show all of them. Therefore the 
choice is made to discuss one sample in detail, the other samples will then be 
discussed on the basis of this sample. The V 16 is chosen because after the 700°C 
heating this sample has been investigated thoroughly. 4He and Ar measurements are 
done after the heating, an oxygen exchange is done and a near surface compositional 
depth profile has been measured. 

3.4.1 Sample: V16 after 700°C heat treatment in oxygen 
In this section the results for the V16 at 700°C will be discussed. First the influence of 
the heating on the surface composition is shown, then the procedure and results for the 
oxygen exchange are discussed. A near surface compositional profile of a few 
monolayers deep is measured and the behaviour of different contaminants as well as 
the isotopic oxygen as function of depth will be discussed. 
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Fig 3.7: 3keV 4He LEIS spectrafor Vl6: befare and after heating to 700°C 

. 4 + . 
After the sample had been heated to 700°C, a He spectrum was measured to see the 
changes at the surface of the sample. In figure 3. 7 the spectra for V 16 before and after 
heating to 700°C are shown. The 4He spectra do notshow major changes in 0, Na, Ca 
or V signal because of this heating. The (Y +Zr) signal is lower after the heating which 
indicates that it is partially covered by other elements. A small change can also be 
seen in the high mass region between 2600eV and 2800eV. There is an increase in 
signal at the right of the (Y +Zr) peak. Ar measurements as plotted in figure 3.8 show 
the change in signal for these high mass elements. These Ar measurements were done 
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after the oxygen exchange but it is more convenient to show them here. The spectrum 
shows a large increase in the Cs signal after the heat treatment, this means that at 
temperatures of 700°C in an oxygen atmosphere, Cs segregates to the surface. The 
W/Hf signa} is very low after heating. Later, some sputtering is done to get some 
depth information, the behaviour of the different elements will be discussed there. 

The 4He spectra measured to investigate the oxygen exchange are measured for two 
energy ranges, 0-3keV to get the complete He spectrum and a smaller part from 800 
to 1600e V to achieve better statistics for the region where the oxygen is visible in the 
spectrum. The energy position for 160 is 1201eV and for 180: 1335eV. For every 
measurement 10 full range spectra and 20 short range spectra are done. 

The following procedure is used to do the oxygen exchange. The sample is placed on 
the oven in the transferchamber which is initially at a pressure of 1Ü-6mbar, the 
temperature control unit of the oven is set at 400°C. A small sectien between the 
transfer chamber and the 180 bottie is filled with 180. When the oven reaches 400°C 
the valve between the small sectien filled with 180 and the transfer chamber is 
opened. The 180 from the small sectien fills the transfer chamber to a pressure of 1.3 
mbar, the systems stays under these conditions for 10 minutes, then the oven is 
switched off and the oxygen is pumped out. When the pressure in the transferchamber 
is low enough and the sample has caoled down, it is retumed to the main chamber 
carrousel and it can be measured again. 

co 
c 
0) 

ëi5 
Cf) 

w 
.....J 
"0 
Q) 
en 
co 
E .... 
0 z 

300 
I 
I 
( 
l 
\ 
l 

200 

100 

0 
600 

befare 700°C heating 

Cs after 700°C heating 
l 

4 Pb/Bi 
Ij 

800 1000 1200 1400 
Energy (eV) 

Fig 3.8: 3keV Ar LEIS spectrafor Vl6: befare and after heating to 700°C 

1600 

In the energy range for 160 and 180 , fluorine contamination can cause problems in 
determining the 180 signal, 160 is well separated from ether peaks but 180 and F are 
close together. The F appears at random moments on the samples, it is a known 
problem in the NODUS setup. The neutraliser is suspected as cause for this F 
contamination. In the case of measuring oxygen exchanges it is a problem that 
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complicates the analysis of the spectrum, an example where F appears in the spectrum 
is shown for the oxygen exchange on 8YSZ (figure 3.27). The change in the oxygen 
region before and afterexchange on the V16 is visible in figure 3.9. In this spectrum 
no F contamination ~pears which gives a clear spectrum, the oxygen exchange is 
defined as 180/ct80+1 0). In this situation the exchange is 35%. 
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The profile of 180 an 160 in the first few monolayers can be measured by using the Ar 
beam to sputter and measure He spectra at different depths. A profile from 0 to 4 
monolayers is measured. In figure 3.10 the short range He spectra are shown, the 
original spectrum is shown in 3.9, when the background is subtracted from this 
spectrum figure 3.10 is found. This figure gives a clear view on the oxygen exchange. 
The spectra show no 180 and F presence before exchange and a distinct 180 peak after 
exchange. The 180 signa] decreases with depth. The sputter dose from the Ar ion 
beam is determined by the beam current and the sputter area which gives the number 
of ions that hit the target per unit area. This is transformed into a depth scale by 
assuming a sgutter rate of 1 sample atom for every Ar ion that hits the sample and by 
assuming 10 5at/cm2 fora monolayer. Although tbis method is not extremely accurate 
it gives a measure for the depth scale. 
The total amount of oxygen (160+180) decreases during sputtering, the oxygen is 
ftreferentially sputtered over the other elements in the sample. If we assume that the 

60 and 180 are sputtered at the same rate the percentage of total oxygen can be used 
to follow the oxygen exchange for the first few monolayers (figure 3.11). This shows 
the decrease of 180 over the first few monolayers. When 4 monolayers are removed 
there is still 180 present in the spectrum. 

The profile that is gained in this way (figure 3.11) can not be compared to the ones 
taken by Secondary Ion Mass Speetrometry (SIMS) measurements as published by 
other authors[1]. The SIMS is very surface insensitive compared to the LEIS, which 
follows the behaviour from monolayer to monolayer. The depth scale that is measured 
with SIMS is very much larger than measured with LEIS. The oxygen profile 
measured with SIMS shows measurement points on a scale of J.Lm's, this means that 
for the first measuring point a rather thick layer has already been removed by SIMS 
and therefore all information about the surface is lost. The information that is 
measured with LEIS is therefor much more surface sensitive and works on a scale of 
angstmms instead of J.Lm. It is attempted in earlier work on YSZ to fit the oxygen 
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profile measured with LEIS with the diffusion equation (eq. 1.9.) it turned out not to 
be possible to fit the profile with the diffusion equation. The scales of SIMS and LEIS 
measurements are very different and different processes can occur at the surface 
compared to the bulk. Therefore the LEIS measurements have to be analysed and 
interpreted in a different way than the bulk diffusion processes measured with SIMS. 
At this moment it is not clear how the LEIS profile bas to be interpreted. 

The behaviour of the other elements visible in the He spectrum when the sample is 
sputtered îs shown in figure 3.12. The Na and Ca are surface contaminants which 
disappear in the spectrum after sputtering 2 monolayers, which means they were 
probably only present in the outermost layer. The V signal decreases to 30% of the 
original signal in 4 monolayers. The fact that Na and Ca decrease because of the 
sputtering confirms that these are only surface contaminants. The vanadium signal 
increased during the oxidation that was done before the heating. This surface 
enrichment was still present after heating the sample to 700°C, the V signal did not 
change because of the heating. The fact that the V signal decreases in this profile 
confirms that the surface was enriched with V. The profile also shows that the V is not 
limited to the surface layers but is distributed deeper into the material compared to Na 
and Ca. 
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He LEIS spectrum, the sputterdose has been converted to depth by assuming a sputter 
ra te of 1 at om for every incident Ar ion 

As said earlier the heating caused Cs to come to the surface as the Ar measurement 
from figure 3.8 shows, the behaviour of the high mass elements is foliowed with Ar 
during the sputtering, the change in signalis shown in figure 3.13. In this figure the 
LEIS signal (peak areas) for the different elements is plotted. On the left hand side of 
the Y -axis the three peak areas for the three different elements are plotted as they 
we re measured before the sample was heated to 700°C. The V 16 did not show a clear 
Cs peak on the unheated samples, the Cs signal is very high at the surface after the 
heating but decreases in four monolayers to the low value it had before heating. It is 
an impurity that segregates to the surface at 700°C, it is easily removed by some 
sputtering. The Bi/Pb signal is almost the same before and after heating and it 
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decreases after the sputtering, it is some surface contaminant which was already 
present before heating. It is the other way around for the W /Iff, this has decreased by 
heating but returns to the higher value before heating in 4 monolayers. The reason for 
this can be that the W/Hf is covered by other elements such as Na, Ca, and Cs. When 
these elements are removed the W+Hf comes back. 
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Figure 3.13: Sputter profile of Cs, W+HF and Bi/Pb in VJ6 determined from the 
areas in the Ar LEIS spectrum 

3.4.2 Sample: W16 after 700°C heat treatment in oxygen 
The measurements done on W16 after heating to 700°C are different from the 
measurements done on V16. The W16 was heated, then sputtered and after the 
sputtering an oxygen exchange was done, on the V16 an oxygen exchange experiment 
wasdoneon a net-sputtered surface. The spectrum·after the 700°C heating is shown 
in figure 3.14. The heating did notchange much in the H~ spectrum, the same as was 
seen for the V16. In this case it is difficult to follow the high mass elements Cs, Hf 
and Bi/Pb because the W signal in this region is very high. Figure 3.14 also shows 
the 4He spectra for W16 when roughly 2 monolayers were removed by sputtering. It is 
interesting to note that the (Y +Zr) signal increases due to the sputtering, the Ca signal 
decreases, the W signal stays the same. The Ca covered the Y +Zr and because of the 
removal of Ca signal the (Y +Zr) signal increased. 

In the V16 case, the sample was not sputtered before 180 exchange, the exchange only 
had influence on the oxygen region in the spectrum, the other elements remained 
unchanged. This seems logical because the sample was heated in oxygen before and 
an extra heating in 180 will not cause segregation that didn't already occur at 700°C in 
1 bar oxygen. When the exchange is done on a sputtered surface, more things can 
change. The surface composition is different before and after exchange as is visible in 
3.14. When these spectra are compared, the Ca signal, although low compared to the 
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situation before sputtering, is doubled due to the exchange and the (Y +Zr) signal 
decreases. This can be compared with the spectra in figure 3.1 and 3.2 of the unheated 
V16 and W16. Both situations show a sputtered sample which is heated in oxygen. 
The sputtering, in one case by implantation and the other one by Ar sputtering cleans 
up the samples and no Ca and Na is present. When the sample are heated in oxygen 
afterwards the Ca and Na are drawn out again and the Y +Zr decreases. In figure 3.14 
the change in oxygen isotopes can be seen, the spectra show an exchange on a 
sputtered W16 of 25%. 

As · said before the oxygen exchanges on V 16 and W 16 are done on samples with 
different surface conditions, the V16 was heated and not sputtered and the W16 was 
heated and sputtercleaned. The influence of the sputtering and therefore the presence 
of contaminantsis an important parameter in this research on YSZ. When the oxygen 
exchange results are summarised at the eJ?d of this report it is separated into different 
conditions: 700°C/1 000°C heat treatment and sputtered/unsputtered before oxygen 
exchange. 
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Figure 3.14: 3keV 4He LEIS spectrum ofWJ6: after being heated to 700°C: justafter 
heating, after 2 monolayers sputtering and after exchange 

3.4.3 Sample: 3YSZ after 700°C heat treatment in oxygen 
Figure 3.15 shows the unimplanted 3mol% YSZ before and after 700°C heating. This 
sample shows a Na peak which increases after the heating, also fluorine appears after 
the heating, this complicates the oxygen exchange analysis. The resulting spectrum 
for 160, 180 and Fis shown in figure 3.16. These spectra can be charge corrected so 
that the 160 is at the right position: 1201eV, the calculated peak edges for 180 and F 
are respectively 1335eV and 1395eV. After the background has been subtracted from 
the spectrum the residue is fitted with three 3 Gaussians at these positions. This fit 
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gives areas for the three elements. This fit can be used to separate the 180 and F. The 
exchange measured for the 3YSZ sample is 20%. · 
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Figure 3.15: 3keV 4He LEIS spectrum of 3YSZ: befare and after heating to 700°C, F 
visible which complicates analysis 
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( conditions: prior heating to 700°C, not-sputtered), background has been subtracted 

3.5 Oxidation at 1000°C 

The temperature at which a fuel cell operates nowadays is 1000°C. The surface 
properties of the different samples after being heated to this temperature is discussed 
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in this section. The heating to 700°C did cause segregation of different elements, the 
segregation at 1 000°C is believed to be stronger because the diffusion at this 
temperature is much faster. The V16, W16 and the 8YSZ have been examined at this 
high temperature. In actdition a YSZ sample from ECN (Energy Center Netherlands, 
Petten) was received, this sample was atso heated and an exchange was done. The 
W16 bas been measured in detail, it was heated, an oxygen exchange was done in 
spottered and onsputtered condition and a shallow profile was measured as was also 
done for the V 16 after heating to 700°C. 

3.5.1 Sample: W16 after 1000°C heat treatment in oxygen 

Heating of the W 16 to 1 000°C caused a change in W signal at the surface as shown in 
figure 3.17. The W 16 signals befare heating and after heating to 700°C and 1000°C 
are displayed. The most important thing to note in this spectrum is that the W signa! 
decreased after heating to 1 000°C. The bi story of the sample bas to be taken into 
account because after the 700°C measurement the sample was spottered for 2 
monolayers. Figure 3.14 shows that the W signa! did not decrease because of this 
sputtercleaning, therefore the W signa} just after heating to 700°C and 1 ooooc can be 
used for comparison. The heating to 700°C did not change the W signal but for the 
higher temperature of 1 000°C it decreases by 50%. It can be that the W is covered by 
the Ca and Na or that it disappeared from the surface by diffusion into the bulk of the 
sample or evaporation to the surroundings. Later in this section this will be discussed 
when the profiling of the first few atomie layers of the sample is shown, this profile 
will show that it is not covered by Na and Ca. 
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Figure 3.17: 3keV 4He LEIS spectrum of the Wl6: not heated, after being heated to 
700°C and after being heated to Jooooc 

After heating and in onsputtered condition an oxygen exchange is done. F appeared in 
the spectrum but there was no 180 visible after this exchange on an onsputtered W16. 

34 



3. Results and discussion 

The next step wastosputter the sample, approximately 1 monolayer was removed by 
Ar sputtering, this gives the 'after sputtering' spectrum in figure 3.18. The Na and Ca 
were removed within a monolayer, the same as was seen for V16 (figure 3.12). The W 
signal dropped even further than it already did due to the heating. 
When a sample is sputtered the surface of the material is damaged and is different 
from a sample that is not sputtered. Preferential sputtering of oxygen can cause a 
change in oxygen density at the surface. Because it is unclear what the effect of 
heating in oxygen during the exchange is on a sputtered sample, the sample is first 
heated to 400°C in 160 at a pressure of 20mbar for 15 minutes. This should already 
give all the (segregation) effect that can possibly occur in an exchange which is done 
at a lower oxygen pressure (1.3 mbarand only for 10 minutes). This exchange is done 
afterwards and the change due tothese two treatments is shown in figure 3.18. 

In the spectrum taken befare sputtering Na and Ca are present. The spectrum after 
sputtering shows that Ca and Na have been removed and that the W signal dropped as 
said before. The spectrum taken after heating in 160 shows an increase in Na, Ca and 
W signal. 1t was expected that the following heating in 180 would not change much 
because the pressure is a factor 10 lower than the previous heating in 0 2, but the 
spectrum shows that Na, Ça and W increase even more. This means that the 
segregation that was initiated during the heating in 02 also changed the surface in the 
subsequent oxygen exchange. So the effect of sputtering and subsequent heating in 
oxygen is that the sputtering removes the three named elements and the oxidation at 
low temperatures of 400°C brings them back to the surface. The spectrum after both 
heatings in oxygen is almast the same as befare the sputtering. When the areas of the 
oxyg~n peaks are measured after sputtering, after oxidation and after oxygen 
exchange the areas are the same, no additional oxygen is visible after the oxidation of 
this sputtered sample. 

Because we want to campare the exchange on W16 (1000°C and sputtered) withother 
exchanges the sample is sputtered again to remave the contaminants. The sample is 
sputtered and then an exchange is done without heating in 160 first. In this way the 
same conditions are used as in the other sputtered measurements except for the fact 
that the amount of sputtered layers is different. The results of this exchange is shown 
in figure 3.19. the oxygen exchange was 60%. 
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Figure 3.18: 3keV 4He LEIS spectra ofWI6 after different treatments as discussed in 
the text 
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Figure 3.19: 3keV 4He LEIS spectra ofWI6: befare and after exchange, (conditions: 
prior heating to 1000°C, sputtered), background has been subtracted 

After this exchange a Rrofile of a few monolayers was measured, this to investigate 
the behaviour of the 80 , W and (Y+Zr). The 160 , 180 and e60+180) signals are 
plotted in figure 3.20. The total signa! of oxygen decreases with depth, this is caused 
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by the preferential sputtering of oxygen over the other elements. The total amount of 
oxygen decreases by 30 % over 10 monolayers. In the normal situation where an 
oxygen exchange is done on a sputtered surface there are 2 monolayers removed 
befare the exchange is done. This means that the oxygen signal has decreased 5% 
because of the sputtercleaning, if this preferentially sputtered oxygen is filled up with 
180 during exchange this means there is a error in the result for the exchange, with a 
maximum of 5% more exchange measured than really happened. The 160 signa] is 
stabie while the 180 signal decreases. To get a better view on the relation of the 
isotapes with depth it is better to plot the ratio of the isotape and the total amount of 
oxygen as was also done for the V16 after 700°C in figure 3.11. The oxygen isotape 
percentage 1*0/(160+180) profile for W16 up to 11 monolayers is given in figure 3.21. 
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This graph shows that the 180 signal decreases to almost zero in 11 monolayers. The 
W signal from the Ar spectrum has also been measured as function of the depth, this 
is plotted in figure 3.22. At the surface the W signal drops fa~t but the signal seems to 
stabilise at the end of the profile. This shows the surface enrichment by W. 
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Figure 3.22: W depth profile in WJ6, measured by determining peak areas from the 
Ar LEIS spectrum 

3.5.2 Sample: V16 after 1000°C heat treatment in oxygen 

In figure 3.23 the spectra of the V16 are plotted after 700°C heating and after 1000°C 
heating. 
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Figure 3.23: 3keV 4He LEIS spectra ofVJ6: after heating to 700°C and after heating 
to 1000°C (i bar 02Jor lh) 
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The spectra show a decrease in V signal due to the heating to 1 000°C. The V signal 
dropped by a third. But in this situation it is necessary to look at the history of the 
sample. This V16 sample was first heated to 700°C and then a sputter profile was 
rneasured. This profile is shown in figure 3.12, these were the last rneasurernents done 
on the V 16 before it was heated to 1000°C. The profile shows that after sputtering 4 
rnonolayers. the signal decreased to 35% of the original value at the surface. After 
heating to 1000°C the signal was 70% of that original value that was rneasured after 
heating to 700°C. This rneans that when the V signal of the sputtered condition after 
700°C heating is cornpared to the measurernents after heating to 1000°C the V signal 
doubled: This increase shows that at these ternperatures in oxygen the V segregates to 
the surface although it doesn't reach the value it had after heating to 700°C. 

This is different cornpared to what was rneasured for the W16 where the surface 
concentratien of W clearly decreased because of the heating to 1 ooooc. But we have 
to be careful in cernparing these different situations because the heating to 1 ooooc on 
the V16 wasdoneon a sputtered surface and the heating of W16 on a surface where 
an oxygen exchange had been done before. The heating in oxygen of a sputtered 
surface has shown to induce segregation effects before. lt is not obvious what W 
would have done on a sputtered surface when heated in oxygen, a fact is that the V at 
the surface after heating to 1000°C is lower than the V at the surface after heating to 
700°C. The V and W seem to be enriched at the surface, when the sample is heated in 
oxygen (figure 3.12 and 3.22) but the enrichrnent decreases when the sample is heated 
to higher ternperatures. In previous research Hassel et al. [9,10] reported about YSZ 
irnplanted with the transition metals Fe and Ti, RBS rneasurernents showed diffusion 
of Fe and Ti into the YSZ bulk when heated to 800°C in air. In our case it is not 
possible to conclude what is happening for V and W because there is no depth 
inforrnation available on that scale. 
The Ca stayed the sarne, the Na signal increased to three tirnes the original value 
before heating. An oxygen exchange was done on this non-sputtered sample, there 
was no 180 visible intheLEIS spectrum after exchange. 

After heating the V16, the sample was sputtered (two rnonolayers), this 
sputtercleaning rernoved the Na and Ca. Wh en the spectrum after heating to I 000°C 
of figure 3.23 is cornpared with the spectrum after sputtering (before exchange) in 
figure 3.24 a large decrease in V signal is seen, it dropped to 25% of the signal it had 
before sputtering. This rneans the surface was enriched by the V and it is easily 
rernoved by sputtering. Figure 3.24 shows that the oxygen exchange at 400°C 
increased the arnount of these elernents at the surface again to 55% of the value before 
sputtering. This is again the effect of segregation in an oxygen environment. The 
exchange on this sputtered sample was 35%. 
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Figure 3.24: 3keV 4He LEIS spectra of VJ6: befare and after oxygen exchange, 
(conditions: previous heating to 1000°C, sputtered) 

3.5.3 Sample: SYSZ after 1000°C heat treatment in oxygen 

The unimplanted SYSZ showed a large surface coverage by Ca after heating to 
1000°C and there is also some Na visible. There is also a peak visible in the high mass 
region (figure 3.25). The Ar spectrum (figure 3.26) gives a better view on this peak, it 
is at the position where Wand Hf can be. Again the only reference in this spectrum is 
the Y +Zr peak but because of the different isotapes of Zr it is uncertain where the 
exact peak position is. W is not a common element in the YSZ, the sample has been in 
the same external oven as where the W 16 has been heated before, but the amount of 
W implanted in the W16 is too small to cause cross-contamination. In the Nodus the 
sample is heated on the samesmalloven where the W16 and W03 have been heated 
for the cleaning procedure but contamination in this part can also be ruled out because 
the ECN sample which was heated in the tube oven and also on the Nodus oven did 
not show any W at the surface. This makes sure that the W or Hf comes from the 
sample itself. lt remains uncertain if the peak is W or Hf. When this spectrum is 
compared to the Ar LEIS spectrum of SYSZ measured before any heating, the Cs 
signa] decreased and the W /Hf signal increased after heating. 
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Figure 3.25: 3keV 4He LEIS spectrum of 8YSZ: befare and after oxygen exchange, 
( conditions: prior heating to 1000 °C, not sputtered) 

This is the opposite effect of what we saw when V16 was heated to 700°C, there the 
Cs increased and W /Hf decreased. The interpretation of these processes is very 
difficult because the elements cannot be identified and more elements could be 
involved with their own behaviour. The W /Hf signal decreased by 50% after 
sputtering (see also figure 3.26). 

The exchange on these samples showed an appreciable amount of Fin the spectrum, 
which made the analysis difficult. In the unsputtered case the exchange was calculated 
to be 16%. The exchange spectra on the sputtered 8YSZ are shown in figure 3.27. The 
exchange in this case was 27%. These values have a larger uncertainty in them than 
other measurements because of the presence of F. 
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Figure 3.26: 3ke V Ar LEIS spectra of 8YSZ: before and after sputtering 
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Figure 3.27: 3keV 4He LEIS spectra of 8YSZ: before and afterexchange (conditions: 
prior heating to 1000°C, sputtered), background was subtracted 

3.5.4 Sample: ECN sample after 1000°C heat treatment in oxygen 

A sample from Energie Centrum Nederland (ECN) was received and investigated to 
see how this sample reacts at higher temperatures. It was a 1 Omol% YSZ sample 
which was prepared by a tape casting technique. The sample has been heated to 
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1000°C and an oxygen exchange is done in unsputtered condition. The LEIS spectrum 
(figure 3.28) of the ECN sample shows the differences with the other samples that 
were used in this project, all the others were prepared in Kiel and are different from 
the ECN sample. Where the Kiel samples never showed Si in our measurements, this 
element is visible in the ECN sample. Another important difference appears in the 
energy region where Cs, W, Hf and Bi/Pb were measured in the samples from Kiel. lt 
seems that none of these elements is present in the sample from ECN. An oxygen 
exchange is done and the result is visible in figure 3.29, F appears in the sample but 
there is no exchange of oxygen. 
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Figure 3.28: 3keV He LEIS spectrum of ECN: after heating to 1000°C, not sputtered 
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Figure 3.29: 3keV 4He LEIS spectrum of ECN: befare and after exchange, 
(conditions: prior heating to 1000°C, not sputtered, background has been subtracted) 

3.5.5 Summary and discussion of the oxygen exchange 

The oxygen exchanges in this project aredoneon different samples after prior heating 
to different temperatures and in different sputter conditions. The results for the 
different oxygen exchanges on the samples are listed in table 3.2. It is very difficult to 
determine the uncertainty in the oxygen exchange rates. The spectra where F is 
present have a higher uncertainty than the ones where no F is present. Fitting the 
spectra with Gaussian functions for the 160, 180 and F peaks is a good way to 
calculate the exchange in case of F presence. However because of the bad statistics 
and presence of F in the 8YSZ spectra the exchange after heating to 1 ooooc in 
sputtered and unsputtered condition is difficult to determine. For these two values the 
uncertainty in the measurement is larger. 

T=700°C not sputtered sputtered 
V-implanted (1016at/cm2

) in 3 mol% YSZ 35% * 
3 mol% YSZ 20% * 

W-implanted (1016at/cm2
) in 8 mol% YSZ * 27% 

8 mol% YSZ * * 
T=10oooc 

V-implanted (1016at/cm2
) in 3 mol% YSZ 0% 34% 

3 mol% YSZ * * 
W-implanted (1016at/cm2

) in 8 mol% YSZ 0% 61% 
8 mol% YSZ 16% 27% 

Table 3.2: Oxygen exchange rate for samples after different treatments 
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Three sets of measurements can be investigated where the influence of V and W on 
oxygen exchange can be analysed. This is where the unimplanted and implanted 
sample are both treated in the same way and an exchange is done: table 3.2 shows this 
is the case for V16/3YSZ after 700°C unsputtered, the W16/8YSZ after 1000°C 
sputtered and unsputtered. The V 16 shows an improved exchange compared to the 
3YSZ: 35% for V16 (figure 3.10) and 20% for 3YSZ (figure 3.16). As said above the 
exchange on the 8YSZ is difficult to analyse because of the F presence therefore the 
8YSZ values are rather uncertain. For the W16 situation it is unclear if sernething 
changed by the presence of W in the unsputtered situation. After sputtering the W 16 
shows an exchange of 61% (figure 3.19) this shows a definite improvement of the 
exchange. 

sample T sputter F Na Ca w V Y+Zr exchange 
cleaned (x103

) (%) 
1 V16 700 no 0 2107 8878 0 21007 35 35 
2 W16 700 yes 0 0 2868 74601 0 83 27 
3 3YSZ 700 no 2444 4381 3316 0 0 76 20 
4 W16 1000 no 1987 6359 13004 37497 0 31 0 
5 W16 1000 yes 0 0 3000 27466 0 89 61 
6 V16 1000 no 2440 8410 8831 7705 15910 41 0 
7 V16 1000 yes 0 0 0 3980 4868 101 34 
8 8YSZ 1000 no 1516 2365 27289 16386 0 11 22 
9 8YSZ 1000 yes 0 0 7123 8300 0 85 27 
10 ECN 1000 no 2437 9050 5850 0 0 10 0 

Table 3.3: Sample treatments, peak areas for different elements and resulting oxygen 
exchange 

Heating the samples caused segregation of different elements to the surface of the 
YSZ, these elements are oxidised at the surface and stay there. The presence of these 
elements can hinder the exchange because part of the YSZ surface is covered by these 
contaminants which are stabie and will not do anything at the surface. In table 3.3 a 
more detailed analysis of the surface composition in relation to the oxygen exchange 
is given. The peak areas of the different elements in the spectra are measured prior to 
the oxygen exchange, the oxygen exchange rate determined from the LEIS spectra is 
also listed in the table. 

In the next part the relation between contaminants and the oxygen exchange is 
discussed. To see the influence of the coverage of the surface by contaminants, the 
peak areas for the different elements as listed in table 3.3 are used. The amount of F, 
Na, Si and Ca is different for every sample. The only sample that showed Si was from 
ECN, the Si peak area was 9560. To examine the influence of the contaminants on the 
oxygen exchange a plot is made of the contaminants at the surface and the oxygen 
exchange. Since there are four different contaminants present at the surface, and the 
sensitivity for differentelementsis different it is not possible to add the peak areas but 
a sensitivity correction has to be applied. The LEIS intensity (Si) of ions scattered 
from element i of the target for a given scattering geometry is a function of sample 
properties and experimental properties and the sensitivity for the particular 
element[22]. The properties such as ion beam current, surface roughness and 
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instromental factors are the same for all elements, this leaves the sensitivity for the 
particular element which is needed in our case. The sensitivity (llD of element i is 
determined by the differential scattering cross section for scattering by element i (cri), 
the ion fraction of the particles after scattering (Pi) and an instromental factor of the 
CMA which is proportional with the final energy of the scattered ion (Er): 

T]-cr . ·P·E, 
l l l Ji 

. (3.1) 

These values are calculated for F, Na, Si and Ca (see table 3.4). 

cri (xl0-4 Á2/sr) Pi (x10-2
) Efi (eV) (ji. P; . EJ/X10-2

) 

Na 4.158 4.15 1600 2.8 
F 2.984 6.09 1396 2.5 
Si 6.009 5.49 1793 5.9 
Ca 9.961 5.23 2095 10.9 
Table 3.4: Cross section, ion fraction and final energy for jour elements. 

Figure 3.30 shows the relation between the area of the Y +Zr peak before exchange 
and percentage of oxygen exchange, figure 3.31 shows the relation between the 
presence of contaminants (F+Na+Si+Ca) and the oxygen exchange. Here the areas for 
each element are divided by the er; · P; · E 1, value for that element. These corrected 

areas are added and plotted against oxygen exchange. 
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Figure 3.30: Peak area of (Y+Zr) against oxygen exchange, the measurements are 
numbered as in table 3.3, dots are not-sputtered befare exchange, triangles are 
sputtered befare exchange, the square is the sample from ECN 

The high mass impurities Cs and Pb/Bi are not used in this analysis because it would 
be very difficult to compare peak areas of these elements from the Ar spectrum with 
the other elements from the He spectrum. When the peak area for the heavy elements 
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in the He spectrum is used the areas are very small compared to the other 
contaminants and will not make a large difference. They also appear at the same 
position as W, which makes it impossible to distinguish between them in the He 
spectrum. We areaware of the fact that this is a rough methad because the estimation 
of the sensitivity is done by calculating the values for neutralisation and cross 
sections, it would be more precise to use a reference sample to determine quantitative 
results. Also the blocking by the different elements at the surface can be different. 
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Figure 3.31: Peak area of the contaminants (F+Na+Si+Ca) against oxygen 
exchange, the measurements are numbered as in tabie 3.3, dots are not-sputtered 
befare exchange, triangles are sputtered, the square is the sample from ECN 

An important relation between surface composition and oxygen exchange can be 
found in these figures. In the figures the unsputtered cases are shown by black dots, 
the sputtered measurements are shown by the triangles, the sample from ECN is 
shown as a square and is not sputtered. In the sputtered condition the surface elements 
F, Na, Si and Ca are removed, the Y +Zr peak is high compared to the unsputtered 
situation. This is shown by the presence of the triangles on the right in figure 3.30 and 
on the left in figure 3.31. The numbers correspond to the measurements as listed in 
table 3.3. 
The samples which are sputtercleaned and therefore not covered by contaminants 
show a higher oxygen exchange than samples which are not sputtered. This essential 
result is shown by the position of the triangles compared to the dots in the figures. The 
triangles are grouped tagether intheupper right position in figure 3.30 while the dots 
are grouped in the lower left. In figure 3.31 the triangles are grouped in the upper left 
position and the dots in the lower right. It is explained befare that preferenrial 
sputtering of oxygen can have a positive influence on oxygen exchange with a 
maximum of 5% more exchange. If this would be used in figure 3.30 and 3.31 the 
results will shift but the higher exchange in the sputtered case will still be clearly 
visible. The oxygen exchange is higher for the sputtercleaned samples, this means that 
segregation of contaminants from the bulk to the surface has an important influence 
on oxygen exchange. 
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4. Conclusions and recommendations 
The research done in this project is mainly based on analysing surface properties of 
YSZ after different treatments. In this investigation properties of the YSZ were found 
which could only be measured because of the surface sensitivity of LEIS. Segregation 
effects which change the surface composition were analysed and a relation between 
contaminants at the surface and oxygen exchange was measured. These surface 
properties and the segregation behaviour of elements from the bulk are analysed and 
the importance of the surface composition on exchange processes is reported. The 
conclusions that we can draw from this research will be presented in this chapter. 
Recommendations of what the next step in this fuel cell research should be are also 
discussed. 

Conclusions 

Segregation in YSZ 
The high-dose implants were successful in producing significant quantities of V and 
W on the YSZ surf ace. After implantation the LEIS measurements of the as-implanted 
sample showed no contaminants at the surface, the following oxidation caused 
segregation of elements such as Na, Ca, V and W. V and W were present in amounts 
camparabie to those of the oxides V 20 5 and W03. The heating that was done in the 
normal cleaning procedure (500°C, UHV) did not cause these elements to segregate 
but the heating in an oxygen environment (400°C, 20mbar 0 2) did. Because the YSZ 
will eventually be used as electrolyte in the SOFC with oxygen supplied on the 
catbode side, this strong effect of the oxidising atmosphere on the material is very 
important. The Na and Ca are removed within 2 monolayers when the sample is 
sputtered. 

Several elements were found in the high energy region in the 4He LEIS spectrum, a 
Cs peak and two peaks which were difficult to identify: W or Hf and Pb or Bi. The 
segregation behaviour of these elements was very difficult to determine not only 
because of the problem of identifying the elements but also because of different 
behaviour of the elements for different samples e.g. the behaviour of Cs in V16 and 
8YSZ. A relation between the presence of these elements and the presence of V or W 
could not be found. In the V16 the Cs and Pb/Bi showed a similar behaviour as the Na 
and Ca, the signa! increased when the samples were heated in an oxygen environment 
but the elements were removed by sputtering within 2 monolayers. Therefore Cs and 
Pb/Bi are probably segregating impurities like Na, Ca. The LEIS spectrum of the 
sample from ECN didn't show these elements. 
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Surface composition and oxygen exchange 
The important property of LEIS is its selectivity for the outermost atomie layer which 
makes it a valuable tooi for directly monitoring the change in surface composition 
associated with heat treatment and sputtering of the YSZ and the influence of this 
composition on oxygen exchange. In the analysis of the oxygen exchange rate for 
different samples a relation is found between the exchange rate and the modified 
surface properties of the materiaL The measurements show that there is a negative 
correlation between the presence of contaminants at the surface and the oxygen 
exchange and a positive correlation between the presence of (Y +Zr) and the oxygen 
exchange. The samples which are sputtercleaned and therefore not covered by 
contaminants show a higher oxygen exchange than samples which are not sputtered. 
This result is very important for the efficiency of the electrolyte, it shows that at high 
temperatures contaminants from the bulk segregate to the surface and that thîs causes 
a drop in oxygen exchange and therefore also the fuel cell efficiency. 

Influence of V and W on oxygen exchange 
The V and W in YSZ increased when the as-implanted sample was oxidised. When 
the sample was heated to 700°C for 1 hour in 1 bar 0 2 the amount of W and V 
remained unchanged. The V and W seem to be enriched at the surface when the 
samples are heated in oxygen as can be seen from the depth profiles but the 
enrichment decreases when the sample is heated to higher temperatures. As YSZ is 
used as oxygen ion conducting solid electrolyte at high temperatures, the thermal 
stability of the V and W at the surface is of great importance, the decrease in V and W 
signal after heating to 1 000°C indicates a loss of these elements at the surface at high 
temperatures. This decrease at the surface shows that the Wand V compounds are not 
stabie at temperatures higher then 700°C. 

Tbe oxygen exchange measurements show that under certain conditions, the presence 
of V and W enhances the oxygen exchange. The number of measurements where the 
implanted and unimplanted situation can be compared is small and further work is 
needed to achieve more information. Another difficulty which arises from the 
measurements is that the difference in oxygen exchange for the implanted and the not
implanted can also be influenced by the fact that the implanted surface is damaged by 
the implantation. 

Recommendations 

The results for the oxygen exchange measurements show that under certain conditions 
the oxygen exchange is improved by the implanted ion. This result should be used to 
do more research on V or W on YSZ, if more samples are implanted more diverse 
experiments can be done to get a better view on the oxygen exchange behaviour of 
YSZ. Samples from ECN are available in the FOG group which are cut out of one 
sheet of YSZ and therefore the samples are very much the same, this avoids problems 
of having different base samples with different production processes, different Y 
content and different impurities 

It is clear that the presence of the contaminants at the surface have an important 
influence on the oxygen exchange behaviour at the YSZ surface, since this oxygen 
uptake is of major importance in the efficiency of a fuel cell and therefore also on the 
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temperature at which the fuel cells operate, this is an important point that should be 
investigated in the future. 

The relations found in this project are mainly basedon the qualitative behaviour of the 
elements in the sample, a quantitative analysis of the presence of the different 
materials at the surface should be intended. When more is known about the amounts 
of these elements at the surface, the importance of the various elements can be 
estimated. 

The Nodus setup has several difficulties when oxygen exchange is investigated, first 
of all the fluorine problem which complicates the analysis. lf LEIS measurements can 
be doneon a fluorine free apparatus with a higher sensitivity for oxygen this would be 
an important impravement 

It has to be taken into account that the experiments on the samples were done on YSZ 
material without a cathode attached to it, in real use as electrolyte material a cathode 
will be attached to the electrolyte surface. This interface can show a different 
behaviour than the uncovered electrolyte surface. 
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