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Chapter 1

Introduction

1.1. TIME TO CHANGE
Fossil fuels have enabled the fast development of the technology and the increase in mobility
in the past century. However, they are now held responsible for the increased air pollution and
global climate change with all the consequences involved, such as acid rain, smog, global
warming, rising sea levels and more extreme weather conditions. New, clean energy sources
are needed to replace the current (fossil) energy sources and preferably in the near future. This
has stimulated the search for nuclear power generation and renewable energy sources, such as
solar energy. It can be argued, however, that these sources are dangerous or simply unrealistic
to meet the required energy consumption. A good alternative in the form of an energy
conversion system has been available from the 19th century, long before environmental issues
ever became a cause for concern. In 1839 Sir William Grove discovered the fuel cell. Almost
immediately the enormous potential of the fuel cell was recognised. Nowadays, fuel cells are
used to power buses and cars [1], they are used to provide homes with electricity, heat and hot
water [2] and they can replace batteries in cellular phones and laptops [3]. Economic and
engineering obstacles however, seriously hamper widespread adoption of the fuel cell
technology.
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1.1.1. Oil based economy

Economic growth is the most important driving force for energy trends [4]. The last 30 years
the world economy has grown enormously and will continue to do so in the future. Especially
the developing countries have enormous growth potential. More than one third of the
population in the developing countries has no access to electricity, which slows down
education, health and economic productivity. Enormous investments will be needed to
comply with this need. China, which is the fastest growing economy in the world, will
become the largest economy by 2020, if the global domestic product keeps increasing at an
average annual rate of around 5%. With the economic growth, the world energy use and the
related CO2 emissions can be expected to keep increasing as well.

The oil crises of 1973 and 1979-1980 have made Western governments aware of their
dependence on crude oil. The Gulf war of 1991 made it clear that this dependence has not
changed in the intermediate period. Still, about 90% of the world primary energy needs are
accounted for by fossil fuels, a number that is not expected to change in the near future.
However, the awareness of the consequences of excessive emissions of greenhouse gases has
lead to more efficient use of fossil fuels during production, transportation and end use. The
use of sulfur scrubbers reduces the acid rain. Catalytic converters reduce NO and CO
emissions. More efficient power plants and automobiles generate less CO2 per unit of energy.
Governments issue environmental legislations and grant subsidies for energy saving projects.

The consequences of the exhaust of greenhouse gases are a global issue. Despite our
diligent efforts, a worldwide policy regarding the reduction of greenhouse gases is a
commitment we seem not willing to make, yet. The main reason for this is that it will require
enormous investments by governments, industries and the transport sector. Furthermore, the
general public is not easily convinced of the apparent climate changes, because of a lack of
noticeable evidence, which means they are not willing to pay the extra price for the use of e.g.
green electricity.

1.1.2. Engineering obstacles

The future needs an energy conversion technology that is inherently clean, efficient and
compatible with renewable energy sources. A technology that meets these criteria is the fuel
cell [5-8]: an electrochemical cell that converts chemical energy directly into electrical energy
(and heat). Fuel cells are similar to batteries, but the reactants (e.g. hydrogen and oxygen) are
not integral parts of the fuel cell. Instead they are supplied when needed, while the waste
products are continuously removed. In a battery the reactants are the materials used in the
electrodes. One of the most appealing aspects of the fuel cell is its inherent modularity: both
its efficiency and cost per unit power are relatively insensitive to its size. This allows a wide
range of applications from large power plants to power supplies for laptop computers. Other
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beneficial properties of the fuel cell are the absence of moving parts, which means very low
noise levels and low maintenance costs. When hydrogen is used as fuel and oxygen as
oxidant, the emission will be restricted to water. The water produced by the fuel cell on board
of the Apollo space ships in the 1960s was even used as drinking water.

In operation a current is drawn from the fuel cell. This causes a decrease in cell
potential from its equilibrium potential due to irreversible losses. The three main losses or
overpotentials are the activation, the ohmic and the concentration overpotential. The
activation overpotential results from the slow kinetics of the oxygen reduction reaction and
the hydrogen oxidation reaction at the electrodes. Reduction of this overpotential requires
substantial improvement of our understanding of the heart of the fuel cell, the electrode-
electrolyte interfaces. The ohmic overpotential is governed predominantly by ionic
conduction within the electrolyte, a process that is by no means fully understood. The
concentration overpotential is responsible for limiting the maximum operating current
density. This overpotential develops when the amount of reactants that are consumed and
products that accumulate exceeds the rate at which the reactants can be supplied and the
products removed. As the concentration of reactants at the electrode surface drops towards
zero, so will the external potential, and a maximum limiting current will be reached.

Besides the loss in performance due to the overpotentials, the fuel cell also has to deal
with significant material problems. In particular, these problems concern sealing, corrosion,
cracking etc.

Considerable research will be necessary to improve the fuel cell. Because of this, the
production costs of fuel cells can be expected to decrease, their lifetime lengthened and power
densities increased.

1.2. FUEL CELLS
In general, the type of electrolyte, which separates the oxidant from the fuel gas, classifies the
fuel cell. There are five types of fuel cells [5, 6]: the alkaline fuel cell (AFC), the proton
exchange membrane fuel cell (PEMFC), the phosphoric acid fuel cell (PAFC), the molten
carbonate fuel cell (MCFC) and the solid oxide fuel cell (SOCF). An overview of the
applications of the cells is given in Table 1.1.

The AFC and PAFC are the two systems, which are already commercially available.
The AFC is mainly used in highly specialised applications. NASA uses them nowadays in the
space shuttles. Applications in submarines are also known. The PAFC is used in small power
generation units of 5 kW to 20 MW. Approximately 200 PAFC systems have already been
installed in hospitals, hotels, office buildings, schools, utility power plants, an airport
terminal, etc. The PEMFC is considered to be the best candidate for the transport sector.
Many companies, such as Ballard Power Systems, DaimlerChrysler and Ford Company are
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Table 1.1. Electrolyte material, working temperature range and applications of the AFC, PEMFC,
PAFC, MCFC and SOFC.

fuel cell
system

electrolyte material operating
temperature (oC)

application area

AFC potassium hydroxide
solution

60 – 200 space, transport

PEMFC perfluorocarbon sulfonic
acid polymer

50 – 110 transport, stationary and
portable power generation

PAFC concentrated phosphoric
acid

150 – 220 small power units

MCFC molten carbonate melts
(Li2CO3/Na2CO3)

550 – 660 stationary power generation

SOFC Ceramic oxide
(Y2O3/ZrO2)

800 – 1100 stationary power generation

developing cars powered by fuel cells. The MCFC and SOFC are mainly considered for the
replacement of large power plants, because of their high operating temperature. Several of the
advantages and disadvantages of the fuel cell systems are collected in Table 1.2.

In the 1990s an increased interest was observed for the SOFC. At this time it was
recognised that by lowering the operating temperature of the SOFC, small SOFC stacks could
be used in homes and office buildings as distributed CHP (combined heat and power) units
and also in the transport sector as auxiliary power unit replacing the traditional battery and
providing further electrical energy for air conditioning and car electronics. The lower
temperature should not go at the expense of the electrode kinetics and the ionic conductivity
of the cell, which is however unavoidable. To this end, a better understanding of the main
limiting factor of the SOFC is the subject of this thesis.

1.3. THE SOLID OXIDE FUEL CELL (SOFC)
A schematic of the basic design of the SOFC is given in Fig. 1.1 [5, 6, 9, 10]. In operation,
oxygen is supplied at the cathode side, where it is converted from oxygen molecules in the gas
phase to oxygen ions incorporated in the electrolyte matrix. The exchange reaction at the
cathode side is given (in Kröger-Vink notation) by:

x
OO2(g) 2O2V4e'O ↔++ •• , (1.1)

where x
OO Oande',V ••  indicate an oxygen vacancy, an electron and a normal oxygen on an

oxygen lattice site. The exact reaction mechanism at the cathode/electrolyte interface is still
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Table 1.2. Advantages and disadvantages of the AFC, PEMFC, PAFC, MCFC and SOFC systems.

fuel cell
system

advantages disadvantages

AFC - much less corrosive than acidic
counterpart

- non-noble metals as
electrocatalysts

- not resistant to CO2

- no carbonaceous fuels
- limited power density
- high manufacturing costs

PEMFC - compact
- high current density
- quick variation output power

- critical water management
- high catalytic loadings
- CO intolerance

PAFC - insensitive for CO2

- technologically well advanced
- noble metal electrodes
- limited lifetime
- relative low efficiency

MCFC - high quality waste heat
- internal fuel processing

- electrolyte instability
- short operating lifetime

SOFC - highly stable performance
- flexibility in choice of fuels
- internal fuel processing
- high grade waste heat

- high operating temperature
- high manufacturing and

material costs

not well understood. The oxygen ions diffuse through the electrolyte to the anode. At the
anode the oxygen ions react with the supplied hydrogen gas under the formation of water. The
reaction at the anode side is given by:

••++→+ O(g)22(g)
x
O V2e'OHHO . (1.2)

The overall chemical reaction of the SOFC is therefore, given by:

OHHO
2
1

222 →+ . (1.3)

The electrons that are generated at the anode travel through an external circuit to the cathode
where they are consumed. For reaction (1.3) the standard potential difference between
cathode and anode equals 1.23 V.
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Fig. 1.1. Schematic of the solid oxide fuel cell (SOFC).

The efficiency of the fuel cell can be calculated from the Gibbs free energy (∆G) and

the enthalpy change (∆H) of the electrochemical reaction. When the free energy of the
reaction can be completely converted to electrical energy, the efficiency is given by

∆H
∆Gε = . (1.4)

For reaction (1.3) the efficiency is 83%. Using another fuel instead of hydrogen, the
efficiency will be different, but always exceeds 80% [9]. In reality, parasitic losses and
overpotentials cause a lowering of the efficiency of the fuel cell. For SOFC power plants
(ranging from 0.1 to 1000 MW) the efficiency varies between 50 and 70%, which is, however,
still higher than for conventional power plants. In case of cogeneration (which involves the
simultaneous utilisation of electricity and heat from an energy conversion system) the total
efficiency can reach values up to 90% [11].

The key component of the fuel cell is the electrolyte. The thermal expansion coefficient
of the electrolyte has to be matched by all other cell components to avoid cracking of the
ceramic components during thermal cycling. The conductivity should be ionic over a large
range of oxygen pressures (1 – 10-18 bar) that can exist in the operating fuel cell. The
electrolyte should be gas tight (no mixing of fuel and oxidant gases), chemically inert (no
reaction with impurities in the gas stream or with other cell components) and show structural
stability. Yttria stabilised zirconia (YSZ) is a material that possesses long term stability and
adequate ionic conductivity in both oxidising and reducing atmospheres. Pure ZrO2 is an
insulator and has a fluorite structure, with the monoclinic phase at room temperature. The
monoclinic phase transforms to the tetragonal phase at about 1170oC and to the cubic phase at
about 2340oC. When a small amount of Y2O3 is added to ZrO2 the tetragonal (2 – 8 mol%
Y2O3) and cubic phase (> 8 mol% Y2O3) can be stabilised at room temperature [12, 13]. The

cathode
electrolyte

anode

load
e-

H2
O2

H O2

H2O2
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Y3+ ions replace some of the Zr4+ ions in the fluorite structure. This replacement causes one
oxide ion site to become vacant for every two Y3+ ions that enter the lattice. At high
temperatures the O2- ions can now move across the electrolyte via vacancies. The best ionic
conductivity is attained for 8 mol% Y2O3 doped ZrO2 [14].

Noble metals and electronic conducting oxides are mainly used as cathode material. Ni-
based materials are mainly used for the anode. As one cell only delivers 1.23 V, several cells
have to be placed in series to increase the voltage. The interconnect separates two
neighbouring cells. The interconnect material must be stable in both reducing and oxidising
environments and must have a high electronic conductivity and low porosity to prevent gas
cross-linking between electrodes. Common characteristics of the SOFC are summarised in
Table 1.3.

Table 1.3. SOFC characteristics.

electrolyte Zr0.85Y0.15O2-x (fluorite structure)
cathode La0.7Sr0.3MnO3 (perovskite)
anode Ni/YSZ (cermet)
interconnect  (Sr, Ca doped) LaCrO3 (perovskite)
sealing BaO-Al2O3-Nd2O3-SiO2 (glass-ceramic)
fuel H2

oxidant O2

standard cell potential 1.23 V
theoretical efficiency 83%
operating temperature 1000oC
operating pressure 1 bar

1.4. OPERATING AT A LOWER TEMPERATURE
The high operating temperature of the SOFC of around 1000oC makes expensive catalysts
unnecessary and permits direct internal reforming of natural gas and other gaseous
hydrocarbons at the anode. Companies like General Electric and Westinghouse supported by
the department of energy (USDOE) were (and still are) committed to designing these high
temperature systems. European programs at Brown-Boveri and Dornier followed similar
design philosophies. The interest of current SOFC development, however, tends more towards
lower operating temperatures [15, 16]. Primary reasons for the lowering of the operating
temperature are the reduction of the overall system costs and to achieve a better trade-off
between performance and lifetime.
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At lower temperatures the interconnect materials, which are now based on lanthanum
chromite, can be substituted by metallic interconnect materials with a preference for ferritic
steels, because they are commercially available at low prices. It allows the use of standard,
commercially available, high temperature gaskets. A lower operating temperature also leads
to a reduction of thermal stresses in the active ceramic structure and suppressed diffusive
interactions at the interfaces of the various components, which will lead to a longer lifetime.
However, it also means a lower ionic conductivity. This demands thinner YSZ electrolytes or
materials with higher conductivities than YSZ. YSZ electrolytes of 20-40 µm thick are
considered, but at these thicknesses they are not self-supporting. Alternative materials that are
considered are scandia-doped zirconia [17, 18], doped ceria [19, 20], doped bismuth oxide
[21], lanthanum gallate [22, 23] and other perovskite-based materials [24, 25]. Many
challenges and uncertainties remain to be solved with respect to these new materials, such as
chemical stability, thermo-mechanical behaviour and performance under realistic operating
conditions. With the absence of suitable replacement electrolytes for YSZ, this material will
be used for the time being.

Degradation of fuel cell performance occurs over a period of time and is related to the
deterioration of material properties and interfacial reactions between various fuel cell
components. A lower operating temperature slows down these two processes ensuring a
longer lifetime. However, a lower temperature also means slower electrode kinetics and less
ionic conduction. Currently, the rate-limiting factor in the operation of the SOFC is the
surface oxygen exchange at the cathode/electrolyte interface [26-28]. Thus, lowering of the
operating temperature of the SOFC is only feasible if the surface exchange is improved
considerably. Attempts to improve this process have mainly involved the increase of the
surface area that is active in the conversion of oxygen gas molecules to oxygen ions
incorporated in the electrolyte. This led to the use of composite electrodes, the addition of
catalytically active species [29] and an optimisation of the electrode structure [30].

1.5. SURFACE SCIENCE AND FUEL CELLS
A large part of fuel cell research is approached from an economical/commercial point of view.
Parameters such as performance, lifetime and degradation are important in this kind of
research. In stationary applications, the performance of the fuel cell has to be guaranteed for
typically 40000 hours, without noticeable degradation. For transport applications the lifetime
is much shorter, typically 5000 hours, but is influenced to a great extent by thermal cycling.
Much effort is also put in cost reduction by decreasing the number of components and testing
new (and cheaper) materials and manufacturing techniques. However, to get a better
understanding of the fundamental operation of a fuel cell, more has to be learned about the
characteristics of the individual components and the interfaces between the components. In
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this line of research thermal expansion, oxygen conductivity, diffusion processes, structural
changes and surface oxygen exchange are important. Surface science is suitable for studying
many of the mentioned processes.

Incorporation of oxygen ions into the electrolyte requires adsorption of oxygen
molecules, dissociation of these molecules into atoms and the uptake of two electrons per
atom. This process can proceed directly on the YSZ electrolyte surface. Another possibility is
to dissociate the adsorbed oxygen molecules on the cathode surface followed by diffusion
towards the electrolyte surface, where the incorporation will take place [27]. In both processes
the composition of the outermost surface layer of the electrolyte plays a dominant role. The
YSZ surface composition can be quite different from that of the bulk. This is shown in Fig.
1.2, where Zr, Y and R represent respectively zirconia, yttria and residual impurities. Fig.
1.2(a) shows an arbitrary surface composition at low temperature. From a thermodynamic
point of view a surface strives to minimise its surface free energy. The reduction of the
surface free energy can cause a dramatic change in the surface composition. Possible changes
in surface composition after calcination at high temperature, e.g. the operating temperature of
the fuel cell, are indicated in Figs. 1.2(b) and 1.2(c). If yttria has a lower surface free energy
than zirconia it can cover the sample surface completely (Fig. 1.2(b)). However, ceramics like
YSZ invariably contain impurity oxides such as silica and calcia, which might lead to the
changes depicted in Fig. 1.2(c).

Fig. 1.2. Influence of a high temperature calcination treatment on the surface composition of YSZ.
The letters Zr, Y and R represent respectively ZrO2, Y2O3 and bulk impurities, such as SiO2 and
CaO.
(a) shows an (arbitrary) YSZ surface composition at low temperature (T).
Minimisation of the surface free energy causes the surface composition to change when the sample
is calcined to a high temperature (e.g. the operating temperature of the SOFC of around 1000oC),
either
(b) by the segregation of one of the composite materials (in this case Y2O3) or
(c) by the segregation of bulk impurities.

Improvement of oxygen exchange characteristics can be achieved by the deposition of a
catalyst onto the YSZ surface. In principle, the deposition of the catalyst can be restricted to

Zr Zr Y Zr Zr Y Zr 

Zr - Y (R)

low T

(a)

Y  Y  Y  Y  Y  Y  Y

Zr - Y (R)

high T

(b)

R  R  R  R  R  R

Zr - Y (R)

(c)

surface

bulk

high T
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one monolayer. Monolayer controlled deposition, e.g. by atomic layer deposition (ALD),
however, is quite difficult and often multi-layered structures appear (see Fig. 1.3(a)). After
calcination to high temperatures the structure of the deposited layer may change. Diffusion
into the bulk, rearrangement on the surface or even evaporation of the catalysts belong to the
possibilities (Fig. 1.3(b)). Furthermore, the changes in the surface composition, as depicted in
Fig. 1.2, can influence the improvement in oxygen exchange intended by the deposited
catalyst.

Fig. 1.3. Influence of high temperature calcination on the deposited iron oxide overlayer on YSZ.
The letters Zr, Y, R and Fe represent respectively ZrO2, Y2O3, bulk impurities and Fe2O3.
(a) shows the iron oxide overlayer after deposition. The growth can be layer-by-layer or a

pyramid-like growth.
(b) shows rearrangement, migration into the bulk and evaporation from the surface of the iron

oxide as a consequence of a high temperature calcination treatment.

In order to study the changes in the composition of the outermost surface layer of the
electrolyte, such as depicted in Figs. 1.2 and 1.3, a surface science technique is needed which
is capable of probing the outermost surface layer and quantifying its composition. Therefore,
low energy ion scattering (LEIS) is mainly used for the work described in this thesis [31].

1.6. SCOPE OF THIS THESIS
It is the aim of this thesis to get a better understanding of the limiting factor in the
performance of the SOFC and to develop a strategy that leads to the operation of the fuel cell
at a lower temperature (500-800oC) without the loss of output power. The emphasis lies on
the characterisation of the YSZ surface, the role this surface plays in the oxygen exchange and
the influence it has on the further diffusion of oxygen ions into the bulk. The main
characterisation technique used in this work is LEIS. It will appear that this technique is
extremely useful in fuel cell research.

Chapter 2 is divided into two parts. Part A gives a brief description of the analysis
technique LEIS and the LEIS set-up called NODUS with which most experiments have been
performed. Before characterising the surface composition with LEIS, organic contaminants
and water should be removed from the highly reactive YSZ surface. Reliable surface cleaning
methods are crucial. In a SOFC the cathode/electrolyte side is operated at a temperature

Fe Fe FeFe Fe 
Fe Fe 

Fe

Fe

Zr - Y (R) Zr - Y (R)

(a) (b)
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around 1000oC in 1 bar oxygen. Although water and hydrocarbons are removed from the
surface under these conditions they cannot be duplicated (easily) in the used experimental set-
ups. Therefore, another strategy should be adopted. Many procedures, which should lead to
the removal of contaminants, are known. However, in case of YSZ none of the treatments
remove the contaminants satisfactory. Part B presents the results of a new cleaning procedure,
which gives the desired results on the YSZ surface. The cleaning procedure is also applicable
to many other materials.

Chapter 3 describes the surface composition of the YSZ surface after calcination to
temperatures ranging from room temperature to 1600oC. Since oxygen exchange takes place
at the outermost surface layer, knowledge about the composition of this layer is extremely
important. Although the YSZ surface is well studied, the exact segregation behaviour was still
unclear. The present LEIS study gives new insight in this behaviour and demonstrates
remarkable changes in the composition of the outermost surface layers. With the results from
this study a strong indication was found about the cause of the limited oxygen exchange at the
YSZ surface.

Chapter 4 deals with the deposition of iron oxide on the YSZ surface. Due to its
multiple valence and surface free energy, which is lower than that of YSZ, iron oxide is a
possible candidate to enhance the surface oxygen exchange. The combination of atomic layer
deposition (ALD) and LEIS has made it possible to propose a model, which describes the
controlled growth and thermal stability of an iron oxide layer on the YSZ surface. The
unexpected strong reaction of iron acetylacetonate with the YSZ surface suggested that the
reaction mechanism of this precursor could be quite different from expected reactions with
surface hydroxyls. Therefore, in co-operation with the University of Antwerp the reaction
mechanism of the used precursor Fe(acac)3 and the YSZ surface was determined.

Chapter 5 describes the influence of the surface composition of the YSZ sample on the
oxygen exchange at this surface. For this purpose 16O/18O exchange experiments have been
carried out. At a clean uncovered YSZ surface almost all oxygen will be exchanged already at
500oC in a short period of time. However, this does not represent a realistic situation.
Ceramics, like YSZ, contain small amounts of impurities (e.g. SiO2, CaO, Na2O). The
devastating influence of these bulk impurities on the oxygen exchange is emphasised in this
chapter. Knowing the poisoning effect of the impurities, improvements for the oxygen
exchange are discussed. Because every SOFC manufacturer, who uses YSZ as electrolyte,
also has to cope with the influence of the impurities, the performance of a fuel cell can be
increased considerably.

Chapter 6 gives a description of the oxygen exchange at the uncovered YSZ surface and
the oxygen self-diffusion in the near surface region that follows from this exchange. Using an
uncovered YSZ surface means the incorporation of oxygen is not hindered by the presence of
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impurity oxides. The study revealed the presence of an interesting, but complex, structure at
the surface region of YSZ. It also showed that the influence of catalytically active species at
the external surface is highly overrated. Finally, with the results of this study an estimation
could be made about the decrease in operating temperature of the SOFC that seems feasible.

The chapters of this thesis have been prepared for individual publication in relevant scientific
journals. Therefore, each of the following chapters can be read independently. Accordingly,
some overlap between the chapters could not be avoided.
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Chapter 2

2A. Experimental Techniques

Part 2A describes the surface analysis techniques, which have been used in the work for this
thesis. The focus is on low energy ion scattering (LEIS), because this technique has mainly
been used. The other techniques are described only briefly.

2B. Surface Cleaning and Characterisation of Yttria
Stabilised Zirconia

Part 2B deals with the cleaning of the yttria stabilised zirconia (YSZ) surface. Cleaning
substrate surfaces and checking the effectiveness of the cleaning method are two very
important aspects of reliable surface analysis. The absence of a cleaning process leading to an
yttria stabilised zirconia (YSZ) surface that is free of contaminants and unchanged qua
structure has inspired us to investigate a new surface cleaning method based on a combination
of high vacuum annealing at 300oC and oxidation with atomic oxygen. The efficiency of the
cleaning procedure is examined by studying the surface composition after each stage of the
process with Low-Energy Ion Scattering (LEIS or ISS) and X-ray Photoelectron Spectroscopy
(XPS). The cleaning method results in complete removal of contaminants adsorbed from the
ambient atmosphere, such as water and hydrocarbons. No segregation or sputtering effects
due to the cleaning procedure are observed. The process also is compared with more
conventional methods such as thermal oxidation and plasma etching. Although this study
focuses on cleaning polycrystalline YSZ, which is inherently difficult to clean, other oxides
and several metals are also investigated. For all the oxides studied, the newly proposed
cleaning strategy removes up to approximately 90% more contamination than the commonly
used method of thermal oxidation. In the case of metals, the surface carbon is replaced by
oxygen, which can be removed much easier. Additional segregation of bulk carbon is
avoided.
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2A. EXPERIMENTAL TECHNIQUES

2A.1. LOW ENERGY ION SCATTERING (LEIS)

LEIS is an ion beam analysis technique with the unique ability to determine the composition
of the outermost atomic layer of a material. The extreme surface sensitivity results from the
relatively high neutralisation probability and scattering cross section of the noble gas ions at
low kinetic energies (0.5 – 5 keV) in combination with the use of an electrostatic analyser,
which detects only ionised particles. Ions that have penetrated beyond the first atomic layer
have a high probability to be neutralised and are therefore not detected by the electrostatic
analyser.

Section 2A.1.1 gives a short overview of the LEIS set-up called NODUS, which was
mainly used for the experiments described in this thesis. The LEIS experiment itself is
described in section 2A.1.2. In section 2A.1.3 a brief description of other LEIS set-ups used is
given including the reason for the use of these set-ups. Section 2A.1.4 deals with the
interpretation of the LEIS spectra.

2A.1.1. Experimental set-up

NODUS is an abbreviation for NOn Destructive Ultra-Sensitive. The analyser of this set-up
has been developed by Brongersma and co-workers at the Philips Research Laboratory in
Eindhoven, The Netherlands, in the mid seventies [1]. At present, the set-up consists of three
interconnecting compartments: the pretreatment chamber, the main chamber and the atomic
layer deposition (ALD) chamber. A schematic of the NODUS is given in Fig. 2A.1.

Fig. 2A.1. Schematic of the LEIS set-up called NODUS (top view).
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The pretreatment chamber is used for sample surface cleaning (see chapter 2B) and oxygen
exchange experiments (see chapters 5 and 6). It is equipped with an oven (maximum
temperature ∼500oC), an atomic oxygen source (Oxford Applied Research model MPD21)
and several connections for gas inlet (16O2, 18O2, N2). A sample is introduced into the system
via a load lock. The base pressure is 10-7 mbar, which is achieved with a turbo-molecular
pump. The LEIS experiments are performed in the main chamber. The samples are placed in a
carousel that can contain 12 samples in total. Two carousel positions have an oven, which
heat a sample from the back: one oven can heat a sample by direct radiation to a temperature
of about 700oC; and the other oven can heat a sample to a temperature of about 1500oC by
means of electron-beam heating. The base pressure of 10-10 mbar is maintained by a turbo-
molecular pump, an iongetter pump and a titanium sublimation pump. Rest gas analysis can
be performed using a mass spectrometer. The ALD chamber is used for the deposition of thin
iron oxide films by means of atomic layer deposition (ALD). The base pressure of this
chamber is 10-7 mbar and is pumped with a turbo-molecular pump. The previously built ALD
set-up [2] was modified for our experiments (see chapter 4).

2A.1.2. The LEIS experiment

Although the NODUS set-up has been updated in the course of time, the main component, the
analyser, remained essentially the same. A schematic picture of the present unit is given in
Fig. 2A.2.

Fig. 2A.2. Schematic of the analyser of the NODUS. Ions are directed perpendicular to the sample
surface. Ions that are backscattered over an angle of 142o enter the energy selector (a cylindrical
mirror analyser or CMA). Ions with the selected energy exit the CMA. Subsequently, they are
accelerated by the post-accelerator and finally detected by the channelplate array.
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Noble gas is ionised by a commercial ion source (Leybold, type IQE-12/38). The
created mono-energetic beam of noble gas ions with an initial energy range of 1 – 5 keV is
directed perpendicularly onto the sample surface after mass selection (Wien filter) and
focussing (deflection plates and Einzel lenses). Ions that are backscattered over an angle of
142o will pass the entrance slits of the Cylindrical Mirror Analyser (CMA). When the ions
exit the CMA they are accelerated by 1500 V by the post-accelerator and will hit the detector,
which consists of two micro-channelplates and a collector plate. A difference of 40 V between
the front end of the first channelplate and the post-accelerator prohibits secondary electrons,
produced by the channelplates, to escape. The ions will be converted by the channelplate
array into electrical pulses, which can be detected.

The detector of the NODUS used to be a ring of eight channeltrons. Ageing effects
had caused a deterioration of the detection efficiency. The channeltrons were replaced by a
channelplate array, which resulted in an increase of the detection efficiency by a factor 40.
The channelplates are stacked in Chevron configuration [3, 4]. The first channel plate has a
channel orientation perpendicular to the surface and a thickness of 0.5 mm (Philips G12-
36/0). Electrons leaving the first plate are accelerated by a 100 V potential difference to the
second plate, which is mounted 0.5 mm behind the first plate. The second plate has a channel
orientation 13o off the surface normal and has a thickness of 1.0 mm (Philips G12-36/13/DT).
The channelplates operate in the saturated mode, when a potential difference of 1000 V across
the first and 1500 V across the second channelplate is used. In this mode, the efficiency of the
channelplates is practically independent of the energy with which the ions hit the first
channelplate. The charge cloud generated by the channelplates is accelerated by a 200 V
potential onto the Cu collector which feeds the charge pulse into the acquisition electronics
that is operating in pulse counting mode.

To prevent insulating samples from charging by the incoming primary ions, low-
energy electrons are sprayed over the sample surface from all azimuths. Electrons are created
by tungsten wires (27V, 3A). The electrons are not in the direct line of sight of the sample
surface, but are deflected towards it by a small bias (15 V).

2A.1.3. Other LEIS set-ups

LEIS experiments have also been performed on the set-ups called ERISS [5] and CALIPSO
[6]. In these set-ups the ions are directed perpendicularly to the sample surface and only the
ions that are backscattered over an angle of 145o are detected. Both set-ups have double-
toroïdal electrostatic analysers. The ERISS is used in chapter 6 for the measurement of
diffusion profiles. The ion beam in the ERISS can be rastered across a surface area to create a
square crater, in contrast to the NODUS where only a stationary ion beam can be used. By
accepting only the signal when the ion beam is well away from the crater edge, the influence
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of these crater edges on the measured intensity in LEIS spectra can be minimised. In the
CALIPSO it is possible to perform Time-of-Flight LEIS measurements. At low energies the
LEIS intensity increases rapidly with decreasing kinetic energy (see also section 2A.1.4).
Peaks can be masked by this background on which they are superimposed. ToF-LEIS is a
technique that can distinguish scattered ions from sputtered ones, thereby eliminating the
background in LEIS spectra and simplifying the study of the LEIS peaks (see chapter 3).

2A.1.4. Spectrum analysis

The LEIS energy spectrum is essentially a mass spectrum of the surface atoms. A
characteristic example of a LEIS spectrum of zirconia, measured with 3 keV 4He+ ions on the
NODUS is given in Fig. 2A.3.

Fig. 2A.3. LEIS spectrum of ZrO2 measured with a 3 keV 4He+ incident ion beam. Characteristic
features of the LEIS spectrum, such as the binary collision peaks of oxygen and zirconium, the
sputter peak and the reionisation background, are indicated.

The spectrum consists of the binary surface peaks of O and Zr superimposed on a
background. The position of the surface peaks in the energy spectrum can be calculated
according to the laws of conservation of energy and momentum and is given by the following
equation:
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Here, Ef is the energy of the ion with mass mi after collision with the target atom with mass
ma, Ei is the energy of the primary ions before collision and θ is the scattering angle. The final
energies for O and Zr, as predicted by the elastic collision model (equation (2A.1)) are
respectively 1202 and 2564 eV and are indicated in Fig. 2A.3. The LEIS peaks are shifted
towards lower energies with respect to the predicted values, because of inelastic energy loss
processes (such as excitation, ionisation and electron emission). The background has two
contributions; sputtered particles and re-ionised He atoms. Sputtered particles have masses
different from the primary ions and are mainly detected at energies lower than 300 eV. They
form the, so-called, sputter peak. The reionisation background is caused by primary ions that
penetrate the target, lose various amounts of energy in multiple collisions with target atoms
and are finally scattered back into the direction of the analyser. The ions are neutralised after
penetrating beyond the first atomic layer and can only be detected when they are re-ionised
before leaving the surface.

For quantitative analysis of the surface composition of a material, it is important to
know the relation between the measured surface peak area (Si) and the atomic surface
concentration (ni). The LEIS surface peak area of element i is given by the following
equation:

ii
i

ipi nP
dΩ
dσαεtI~S ⋅⋅⋅⋅⋅⋅ + . (2A.2)

Here, Ip is the primary ion beam current and t is the measurement time. The instrumental
factor ε includes the efficiency of the detector and the transmission of the analyser. The
detection efficiency depends on the conversion of the scattered ions into a charge pulse on the
collector by means of electron multiplication. The determination of the detector efficiency is
described by Cortenraad et al. [7]. The transmission of the CMA is proportional to the
selected pass energy Ef. The steric factor αi is determined by the surface structure on an
atomic scale. Both physical shielding (shadowing/blocking) and shielding by neutralisation
influence the LEIS signal. One of the consequences of shielding is the decrease of a LEIS
signal by surface roughness. The LEIS signal from a rough surface is generally at most 50%
lower than the LEIS signal from a smooth surface [8, 9]. The LEIS signal does indeed
decrease while sputtering a tungsten (110) single crystal [10] and the intensity in the LEIS
spectrum of silica powder is lower than that of quartz [11]. However, the LEIS spectra of
silicas with specific surface areas between 50 and 380 m2/g are all identical [11]. The
differential scattering cross section dσi/dΩ for scattering from element i can be calculated
using the Molière approximation to the Thomas-Fermi-potential [12]. The ion fraction (P+) is
the ratio of noble gas ions scattered from the surface over scattering angle θ to the total
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number of noble gas particles (ions and neutrals) scattered from the surface over that same
angle. The ion fraction of the scattered particles is given by [13]:
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with vc,i the characteristic velocity (neutralisation constant) for element i and vi and vf the
velocity of the primary ion before and after collision. In chapter 3 the ion fraction is
determined for the scattering of 40Ar+ ions by Y and Zr atoms in an YSZ sample. The results
are depicted in Fig. 2A.4. Similar ion fractions for scattering of 40Ar+ ions by Y or Zr are
found for primary ion energies between 1 and 5 keV.  The slope of the curve in Fig. 2A.4
represents the characteristic velocity and equals (1.0 ± 0.3)⋅105 m/s.

Fig. 2A.4. Ion fractions for 40Ar+ ions scattering from Y or Zr in YSZ. Ion fractions are determined
using equations (2A.2) and (2A.3) for incident ion energies between 1 and 5 keV. The slope of the
solid line yields the characteristic velocity.

Quantification according to equation (2A.2) is made easier, when one of the following
two methods is used:
1. Calibration against reference materials. In absence of matrix effects, the neutralisation
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the reference material and in the sample of interest. If both samples are measured under
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2. Linear relation between two components in a binary alloy. The increase in surface
coverage by one component goes at the expense of the other component [14], which is in
fact Vegards law. This method is used in chapters 4 and 5 for the calibration of the iron
oxide respectively calcium oxide concentrations on YSZ.

For more details about the LEIS technique the reader is referred to review articles in the
literature [15, 16].

2A.2. OTHER TECHNIQUES USED

The other techniques used in this work are X-ray photoelectron spectroscopy (XPS), X-ray
diffraction (XRD), diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS),
energy dispersive X-ray analysis (EDX), scanning electron microscopy (SEM) and energy
recoil dispersive analysis (ERDA).

XPS yields information about the composition and chemical bonding of the elements
in the outermost 3-10 nm of the substrate. XPS is used in chapter 2B and 4 to determine
respectively the cleanliness of the YSZ sample surface and the oxidation state of iron. XRD is
used in chapters 3 and 6 to check the bulk structure of different iron oxides and YSZ
respectively. DRIFTS is used in chapter 4 to determine the chemical reaction between iron
acetylacetonate and the YSZ surface. EDX is used in chapter 5 to determine the bulk impurity
concentration in diverse YSZ samples. ERDA is used in chapter 6 to determine the oxygen
concentration within the first 1000 nm perpendicular to the YSZ surface. SEM is used in
chapter 6 to determine the topography of the YSZ surface.

For a comprehensive description of the above mentioned characterisation techniques
the reader is referred to [17, 18].
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2B. SURFACE CLEANING AND CHARACTERISATION OF YTTRIA STABILISED
ZIRCONIA

2B.1. INTRODUCTION
Every surface is covered with atoms or molecules from the surrounding atmosphere. In an
ambient atmosphere these particles are mainly water and organic molecules, which will reduce
the surface free energy of most surfaces [1]. Their presence influences surface processes, such
as nucleation and adhesion bonding [2,3], but also complicates data interpretation of surface
analysis techniques.

In this chapter a cleaning method is described that removes water and hydrocarbons
from oxidic surfaces, without changing anything else. Polycrystalline YSZ is chosen as a
starting material. First of all, it is an important ceramic material with a wide range of
applications, such as thermal barrier coating [4], oxygen pump [5] and oxygen sensor [6], but
also in catalysis [7] and in solid oxide fuel cell technology [8]. In all these applications,
surface properties are of the utmost importance. Secondly, the YSZ surface is highly reactive
and therefore difficult to clean and to keep clean. This aspect is enhanced by the use of non-
polished polycrystalline surfaces, because the chemisorption bonds of adsorbed atoms and
molecules are stronger on defect sites, kinks and steps than on flat close-packed smooth
surfaces [9]. So, if this material can be cleaned using the present method, it is most likely also
suitable for other oxides, which generally are less difficult to clean.

The two factors that mainly determine the choice of the cleaning method are the
efficiency of the cleaning process and the influence it has on the surface morphology. The
efficiency depends on the ability to break the adsorbate-substrate bonding. The bond strength,
in turn, depends not only on the type of adsorbate, but also on the adsorption site in addition
to the influence of neighbouring adsorbates and sites. Water is an adsorbate that is always
present on a surface. It forms a partly hydrated layer on the surface made up of hydroxyl
groups and undissociated water molecules. Morterra et al. [10] show that undissociated water
molecules desorb from the YSZ surface below 200oC. However, hydroxyl groups can remain
on the surface up to at least 800oC. In combination with ethanol, the water-YSZ surface bond
is weakened due to the strong interaction between the two adsorbates. In the case of a
combination between water and ether, it is the ether-YSZ surface bond that is weakened [12].
Other studies concerning the interaction between adsorbates other than water and the YSZ
surface are scarce [11, 12], which makes the choice of the cleaning method more complicated.
Removal of contaminants without changing any of the YSZ surface properties restricts the
choice of available cleaning methods. Only anneal temperatures that are low enough to avoid
segregation effects or sublimation of oxygen can be used. Sputtering with noble gas ions - a
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method often used for cleaning metals - changes the surface stoichiometry, because oxygen is
sputtered preferentially [13, 14]. Sputtering also might cause a stronger bonding of adsorbates
to the surface [12]. Chemicals and abrasives might leave residues on the YSZ surface owing
to their reactive nature [15].

Other factors influencing the choice of the cleaning method are of a more practical
nature. The final step of the cleaning process has to be done in situ. If this step is done ex situ,
then transport through the ambient atmosphere will recontaminate the YSZ surface before
analysis can be done [16]. Finally, a short cleaning time is preferred.

A proven method of cleaning oxidic surfaces is by thermal oxidation. The oxygen reacts
with hydrocarbons and forms H2O, CO and CO2. The annealing temperature ensures an
increased reaction rate, evaporation of reaction products and decreases the chance of re-
adsorption. In order to remove hydrocarbons completely, oxidation temperatures in excess of
800oC are needed [10, 17, 18]. Exposure to high temperature causes Y2O3 segregation to the
surface in case of YSZ, thereby changing its composition [19, 20]. An alternative to this
method is the use of atomic oxygen or ozone (O3), which are more reactive than molecular
oxygen [21-23]. The three most common ways to create atomic oxygen and/or O3 are by
means of an UV-light source [24], a radio frequency or microwave induced glow discharge
plasma [25, 26] or an atomic oxygen source [27, 28]. We have chosen to use the atomic
oxygen source in this study because: the results reported on the use of UV/Ozone indicate
incomplete removal of contamination; and an oxygen-based plasma source produces O+, O2,
O+

2, O*2 and UV radiation as well as atomic oxygen, which makes it difficult to speculate on
the exact reaction pathways by which hydrocarbons are removed, which is needed for a better
understanding of the cleaning process. Also, factors such as reactive sputter etching and
charging of insulators have to be considered in this respect.

The most difficult part of the cleaning procedure is by far the determination of the
degree of cleanliness. Many different tests are available for this purpose [29]. Because we are
interested in the study of compositional changes at the important outermost atomic surface
layer(s), we restrict ourselves in this study mainly to the use of LEIS. However, LEIS has a
low sensitivity towards carbon. For more accurate quantification, the Y or Zr peak can be used
because LEIS is much more sensitive for these elements. XPS has a higher sensitivity towards
carbon than LEIS and is therefore also used in this study.

2B.2. EXPERIMENTAL
The LEIS measurements are performed in an improved version of the NODUS set-up [30, 31].
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Most LEIS measurements are done with 3 keV 4He+ ions at room temperature (RT). When
looking specifically at the C peak, 3 keV 3He+ ions are used, because these ions are more
sensitive towards C than 4He+ ions. The ion beam current is about 5 nA. With an ion beam

spot of 2 mm in diameter, this results in a dose of 1⋅1014 ions/cm2 per measured LEIS
spectrum. To prevent the samples from charging, they are flooded with low-energy electrons.

Pretreatment of a sample before LEIS measurement is done in the pretreatment chamber
of the NODUS. This chamber has a base pressure of 10-7 mbar. It is equipped with an oven
and a commercial atomic oxygen source (Oxford Applied Research Atom/Radical Beam
Source Model MPD21) in such a way that a sample can be heated and oxidised
simultaneously. The maximum oven temperature is 550oC. The atomic oxygen is created by
an inductively coupled plasma (13.56 MHz) using an input power of 150 W. The beam outlet
of the plasma discharge tube is situated approximately 10 cm from the sample surface. In this
way the sample temperature remains constant. Typical oxygen pressure in the pretreatment
chamber when the atomic source is in operation is 10-4 mbar.

The XPS measurements are done on the set-up called CALIPSO [32]. This set-up has
the same facilities in the pretreatment chamber as the NODUS. The X-ray source is a dual

anode source from VG (type XR3E2). Mg Kα radiation (1253.6 eV) at a current of 10 mA is
used for the experiments. The size of the beam spot at the sample is about 8 x 6 mm2. The
analyser is a double-toroidal electrostatic analyser.

The polycrystalline YSZ samples (9.7 mol% Y2O3-doped ZrO2) used are made from
powder supplied by Tosoh Co. The powder is isostatically pressed under 100 MPa into a disc

(1.5 mm thick, ∅ 10 mm) and then sintered in laboratory air at 1400oC for 2 hours.

2B.2.1. Cleaning procedure
The cleaning procedure starts with cleaning of the sample holder. This is done via the
following 4 steps:
1. The sample holder is rinsed ultrasonically, twice, for 5 minutes in ethyl alcohol (research

grade) in order to remove grease. After the first rinse the ethyl alcohol is renewed. After
the second rinse the sample holder is left to dry in air at RT for 20 minutes.

2. The sample holder is placed on the oven in the pretreatment chamber and heated in 18
minutes to a temperature of 300oC. It is kept at that temperature kept for 2 minutes, after

which the oven is turned off. As soon as the pressure drops below 2⋅10-6 mbar the sample
holder is transferred to the main chamber.

3. The empty pretreatment chamber is treated with the atomic oxygen source for 10 minutes.
4. The sample holder is transferred back to the pretreatment chamber, where it is treated with

the atomic oxygen source for 10 minutes.
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Hereafter, the sample holder is taken out of the pretreatment chamber. The sample is rinsed
ultrasonically in ethyl alcohol in the same way as the sample holder (step 1), mounted onto the
sample holder and cleaned according to steps 2 - 4. When the pressure in the pretreatment

chamber after step 4 is below 2⋅10-6 mbar (after 3 to 5 minutes), the sample is transferred to
the main chamber and is ready for measurement. The action of cleaning the sample holder
separately from the sample and the use of step 3 both reduce any possible cross-
contamination.

2B.2.2. Other methods
In order to compare the results obtained from the present cleaning procedure, eight other
cleaning processes have been studied. It is required, that all these methods can be done in situ
in the NODUS. Therefore, UV/Ozone cleaning is omitted. Solomon and Grant [15] have
shown already that such a treatment does not lead to a carbon-free YSZ surface. The eight
cleaning methods are given in Table 2B.1.

Table 2B.1. Parameters used in eight different cleaning procedures. Tanneal is the annealing
temperature, pO2 the used oxygen pressure, tanneal the annealing time and tsource the time during
which the plasma or atomic oxygen source is used.

method Tanneal

(oC)
pO2

(mbar)
tanneal

(min)
tsource

(min)
1. annealing in UHV 600 < 5.10-9 30
2. atomic oxidation 1.10-4 10
3. atomic oxidation and annealing combined 300 1.10-4 10 10
4. sputtering < 10-9

5. thermal oxidation 300 200 60
6. plasma oxidation 1 10
7. plasma oxidation and annealing separately 300 1 2 10
8. plasma oxidation and annealing combined. 300 1 10 10

Before each cleaning procedure the sample holder is cleaned and the sample is rinsed in ethyl
alcohol in the same way as described above. For methods 1 and 4 the samples are placed
directly in the main chamber after rinsing. Heating is done radiatively by using a hot filament
positioned behind the sample. The temperature is monitored using an IP120 pyrometer (Impac
Electronic GmbH) with an absolute accuracy of ± 50oC and a reproducibility within ± 10oC.
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To prevent re-adsorption, the LEIS measurements are done at the annealing temperature of the
sample. Sputtering is done with 3 keV 4He+ and 3 keV 20Ne+ ions. All other methods can be
done in the pretreatment chamber. For methods 3, 5 and 8 the sample is first heated on the
oven to the desired temperature and only when it has reached the desired temperature does
oxidation commence. The microwave plasma is created with a surfatron (120W, 2.45 GHz)
[26]. The plasma source can be attached to the pretreatment chamber at the same position as
the atomic oxygen source. The finite length of the plasma column (< 10 cm at the incident
power used) causes the sample to reside in the afterglow regime. After each cleaning
procedure in the pretreatment chamber the samples are placed in the main chamber as soon as

the pressure is at least below 3⋅10-6 mbar. This normally takes 3 - 5 minutes, except for
method 5 that needs at least 30 minutes before transfer can be done safely.

2B.2.3. Other materials
The present cleaning method is tested also on the oxides Al2O3, SiO2, Fe2O3, V2O5,
(La0.9Sr0.1)(Ga0.8Mg0.2)O3 and the metals Fe and Pt. The Al2O3, SiO2 and V2O5 powders are

compacted in stainless steel cups (∅ 8.4 mm, depth 0.6 mm). The α-Fe2O3 powder is pressed

into self-supporting discs (∅ 10 mm, height 1 mm) that are treated in a conventional tube
oven at 800oC in O2 (pO2 = 1.5 bar, flow) for 5 hours. The (La0.9Sr0.1)(Ga0.8Mg0.2)O3 is a pellet

200 µm thick and 10 mm in diameter. The oxides are cleaned by thermal oxidation (after
cleaning the sample holder first) and by the present method. The samples are not rinsed in
ethyl alcohol. The parameters used for thermal oxidation for each sample are given in Table
2B.2. After both cleaning methods the surface compositions are measured using LEIS (3 keV
4He+ ions).

Table 2B.2. Parameters used for thermal oxidation and the suppliers of the used oxides. PO2 is the
oxygen partial pressure, T is the anneal temperature and t is the anneal time.

annealsample
PO2

(mbar)
T

(oC)
t

(min.)

supplier

Al2O3 20 300 60 Hopkin & Williams Ltd., England
V2O5 200 550 10 Riedel de Haen, Germany
SiO2 200 550 10 University of Antwerp, Belgium [49]

α-Fe2O3 2 500 120 Merck p.a. Darmstadt, Germany

(La0.9Sr0.1)(Ga0.8Mg0.2)O3 200 300 45 ECN Petten, The Netherlands
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The Pt target is a polycrystalline foil (10x5x0.25 mm) of 99.998% purity from Johnson

Matthey GmbH, Germany. The Fe target is a Fe(110) single crystal (∅ 8 mm, thickness 2

mm) from MaTecK, Germany, with a roughness below 0.05 µm. The surface compositions of
the metal targets are measured with 3 keV 3He+ ions after each step of the present cleaning
procedure. The metal oxide layer produced by step 4 of the cleaning process is removed by
sputtering with 5 keV 20Ne+ ions. Minimising the oxide layer on the Pt sample is tried by
combining atomic oxidation with annealing (method 3).

2B.3. RESULTS
2B.3.1. Cleaning YSZ
The surface composition of YSZ is measured using LEIS (3 keV, 3He+) on the as-received
sample, after rinsing in ethyl alcohol, after a high vacuum anneal at 300oC and after oxidation
with atomic oxygen (Fig. 2B.1(a)). The spectrum of the untreated sample is identical to that
after rinsing and is therefore left out for clarity. Because Y and Zr are neighbours in the
Periodic Table, with masses 89 and 90-96, respectively, their LEIS peaks cannot be separated
and are observed as one combined (Y,Zr) peak. Because the C and O peaks are hardly
distinguishable from the background for the first two spectra, more detailed scans are given in
Fig. 2B.1(b).

The spectrum of the sample after rinsing only shows C and O peaks. After annealing,
the C peak area decreases by a factor 1.6 and the O peak area increases by a similar amount.
After oxidation the C peak disappears completely, the O peak increases by a factor 11
compared with the situation after annealing and a high intensity (Y,Zr) peak appears. The
background, on which the surface peaks are superimposed, has 2 contributions. Above 1000
eV the intensity is caused mainly by ions that penetrate the sample and neutralise, and only
after multiple collisions do they emerge from the sample surface with a lower energy due to
inelastic interactions and straggling. When these scattered particles re-ionise on leaving the
surface they are detected. This re-ionisation background has a very low intensity after rinsing
and increases by about a factor 1.5 after annealing and by a factor 15 after oxidation (both
compared with after rinsing).  The difference is related to the strong neutralising behaviour of
C. Below 1000 eV the intensity is caused mainly by sputtered ions from the sample. The shift
of the sputter peak to lower energies and the increase in intensity are both related to the
change from sputtered ions composed of H and C (after rinsing) to ions composed of Y, Zr
and O (after oxidation). The high-energy end of the (Y,Zr) peak should be at 2683 eV, which
is the maximum energy of 3He+ ions after scattering from 96Zr calculated according to the laws
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of conservation of energy and momentum. After rinsing and annealing this position has
shifted to lower energies by, respectively, 110 and 40 eV. The energy loss is caused by the fact

(a)

(b)

Fig. 2B.1. The LEIS spectra (3He+, 3 keV) after the different stages of the cleaning procedure:
rinsing in ethyl alcohol; high vacuum annealing at 300oC and atomic oxidation (Pin=150W, t=10
min, pO2=10-4 mbar).
(a) shows the complete spectra (spectra after rinsing and annealing are multiplied by 5).
(b) shows the energy range covering the C and O peaks (corrected for charging; spectra after

rinsing and annealing are multiplied by 3.5). The broken lines in (b) indicate the positions of
the peak maxima.
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that ions have to move through a contamination layer that covers the YSZ surface. The

thicknesses of these layers are estimated to be 16 ± 3 Å and 6 ± 2 Å, respectively, using a
stopping power of 3 eV/Å [33]. After oxidation the complete spectrum shifts to higher
energies, caused by charging of the sample surface [34]. Due to the removal of contaminants,
the surface has become more insulating. The shift, which can be prevented by increasing the
neutralisation current, is maximum for the sputter peak (60 eV).

Unless the relations between the surface peak areas in the measured LEIS spectra and
the corresponding surface concentrations are known, it is not possible to conclude from just
one LEIS spectrum whether a surface is free of contamination or not. This is illustrated in Fig.
2B.2 by sputter profiles on 3 different YSZ samples (indicated by YSZ(1), YSZ(2) and
YSZ(3)). YSZ(1) and YSZ(2) were sputtered to remove bulk impurities that had segregated to
the surface during manufacturing of the samples and then placed in an ambient atmosphere for
several days before cleaning, in contrast to YSZ(3). The difference between YSZ(1) and
YSZ(2) is the condition of the pretreatment chamber, which was better in case of YSZ(1). For
contamination free surfaces the LEIS spectra are not expected to change noticeably for low
applied ion dose. Only YSZ(1) shows the expected behaviour for a clean surface.

Fig. 2B.2. Sputter profiles from three different YSZ samples (YSZ(1), YSZ(2) and YSZ(3))
measured with 3 keV 4He+ ions. All samples are cleaned using the present cleaning procedure. The
O yield versus the dose is identical for all three samples, therefore only the O profile of YSZ(3) is
given. Only YSZ(1) shows the expected behaviour for a clean YSZ surface. The lower (Y,Zr)
signals for YSZ(2) and YSZ(3) at low doses are caused by the presence of H (YSZ(2)) and SiO2

and CaO (YSZ(3)).
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YSZ(2) and YSZ(3) at zero dose show a reduction in the (Y,Zr) signals of 30 and 44% with
respect to YSZ(1). For YSZ(2), the maximum (Y,Zr) signal is obtained after a sputter dose of

only 1⋅1015 ions/cm2 and only O and (Y,Zr) peaks are visible in the LEIS spectra. The
combination of these two facts leads to the conclusion that H is the main contaminant. A dose

of about 1.8⋅1016 ions/cm2 is needed for the (Y,Zr) signal of YSZ(3) to reach its maximum
value. In contrast to YSZ(2), additional small Si and Ca peaks are present in the spectra of
YSZ(3). The surface concentrations of the related oxides (SiO2 and CaO) at zero dose are,
respectively, 35 and 10 mol%. The increase of the (Y,Zr) peak is accompanied by a decrease
of the Si and Ca peaks. Because the (Y,Zr) signal can be compared to YSZ(1), it can be
concluded that no other elements are present on the surface. The O signal is not affected by
the presence of Si and Ca, which is not surprising, because they will be present as their oxides.

After each step of the cleaning process the surface composition also is measured using
XPS (Fig. 2B.3). Only the spectra after annealing and oxidation are given. The spectra of the
untreated sample and after rinsing are identical to the spectrum after annealing. XPS data are
referred to the C 1s line at 284.6 eV (Fig. 2B.3(a)). The broadening at the high energy side of
the C 1s peak after annealing indicates various possible C-O bonds [35]. The binding energy
of the Zr 3d5/2 peak is found to be 182.3 eV (Fig. 2B.3(b)), in good agreement with literature
[36, 37].

Fig. 2B.3. The XPS spectra (MgKα, 10 keV) after different stages of the present cleaning procedure:
(a) energy range containing C 1s and Y 3p peaks
(b) energy range containing Y and Zr 3d peaks.
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The Zr 3d doublet is analysed by a peak fitting routine, using two Gaussian-shaped peaks with
full widths at half maximum (FWHMs) of 2.0 eV and a spin-orbit splitting value of 2.44 eV.
The intensity ratio of the two peaks is 1.47, which compares well with the theoretical value of
1.5. The Y/Zr ratio, determined from the Y 3d and Zr 3d peaks and corrected for sensitivity
factors [38], is 0.21. This corresponds to the Y/Zr bulk ratio of the YSZ sample used. After
oxidation the C 1s peak decreases by about a factor 25 and almost completely disappears (Fig.
2B.3(a)). The C-O contribution also disappears. The Y and Zr 3d peaks both increase by about
25%. The K 2p3/2 peak results from the use of the atomic oxygen source of the CALIPSO.
This contamination does not occur after using the atomic oxygen source of the NODUS.

The oxidation treatment has a major effect on the results and so is investigated in more
detail. First the cleaning procedure is tested omitting the annealing treatment, secondly the
oxidation time is varied. After oxidation, the O and (Y,Zr) LEIS signals increase (Fig. 2B.4),
but are not comparable to those indicated in Fig. 2B.2. Even with an oxidation time up to 30
minutes no further improvements are observed. Only O and (Y,Zr) peaks are visible in the
LEIS spectrum. Re-adsorption of contaminants might play an important role. If re-adsorbed
species are weakly bonded to the YSZ surface, they should be removed easily by annealing to
temperatures below 600oC. The sample is, therefore, annealed using the oven in the main
vessel. The sample is kept 30 minutes at each temperature. The results are shown in Fig. 2B.4.

Fig. 2B.4. O and (Y,Zr) LEIS signals (3 keV, 4He+) measured after oxidising and subsequent
annealing of the sample in UHV at temperatures between RT and 1100oC. The sample is held for
30 minutes at each temperature.
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Between RT and 200oC the O signal is constant, but the (Y,Zr) signal increases. The O and
(Y,Zr) signals are almost constant from 200 to 600oC and then increase. At 1100oC the LEIS
spectrum is still not completely comparable to the result of Fig. 2B.2. In spite of the fact that
the O peak reaches its maximum intensity, the (Y,Zr) peak is still 30% too low. The mass
spectrometer indicates a slightly increased H content in the main chamber for all annealing
temperatures. However, above 600oC the pressure rises mainly due to the presence of CO.
Also, small traces of CO2 and H2O are observed. The oxidation time is varied between 15 and
2400s and the results are given in Fig. 2B.5. The O signal reaches its maximum already after
150s and the maximum (Y,Zr) signal is reached at 300s. Higher cleaning times do not change
the signals further.

Fig. 2B.5. O and (Y,Zr) LEIS signals (3 keV, 4He+) measured for different oxidation times with the
atomic oxygen source.
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destroy or modify the actual surface structure. The special construction of the atomic oxygen
source ensures that negligible currents of charged particles escape from the discharge during
normal operation of the source [39]. Neutral particles reaching the sample surface should have
a low energy. Therefore sputtering effects during the cleaning process can be excluded.
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surface by means of atomic layer deposition (ALD) [40]. In both experiments the sample is
kept in UHV between cleaning procedures to avoid influences from external effects.

2B.3.2. Comparison with other methods
The LEIS results for the eight different cleaning methods are compared with the present
cleaning method in Fig. 2B.6. The best result is obtained with the present cleaning method.
The results of methods 1 and 2 indicate the importance of the use of both the annealing and
oxidation treatments, whereas for method 3 the importance of the separation of the annealing
and oxidation treatment is clear. In the case of method 1 an annealing temperature higher than
600oC will result in the removal of more contamination, but this also induces segregation and
thereby alters the surface composition. In case of method 2 oxidation times up to 30 minutes
or repeated oxidation treatments do not improve the result. For method 3 different
combinations of annealing temperatures (< 300oC) and oxidation times (< 20 min) are tried. A
typical result is given in Fig. 2B.6. Sputtering (method 4) is not a desired cleaning method in
our case because it destroys the surface structure. However, if only a low sputter dose (< 1016

4He+ or < 1015 20Ne+ ions/cm2) is needed, then the sputter damage will be limited. Therefore,

the results given in Fig. 2B.6 are after a sputter dose of 1⋅1016 4He+ ions/cm2. The dose needed

to reach 95% of the results of the new cleaning method is, in our case, at least 2.5⋅1016 4He+ or

4⋅1015 20Ne+ ions/cm2. The result of thermal oxidation (method 5) clearly shows the

Fig. 2B.6. O and (Y,Zr) LEIS signals (3 keV, 4He+) measured after cleaning with different cleaning
methods. All results are normalised to the result obtained with the present cleaning procedure
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inadequacy of this method in the case of YSZ. Comparing the use of a plasma source with that
of an atomic oxygen source, it is observed that method 6 gives a better result than method 2,
but that method 7 and 8 are worse than the present cleaning method and method 3.

2B.3.3. Oxides and metals
 The result of the cleaning procedures on the oxides is given in Table 2B.3. For all oxides more
contamination is removed with the present cleaning method. This is especially clear for YSZ
(87% more) which is very difficult to clean otherwise. In case of (La0.9Sr0.1)(Ga0.8Mg0.2)O3

only the Sr and La peaks increase. The Ga and Mg peaks are not visible in the LEIS spectrum.

After sputtering this sample with a 5 keV 4He+ ion dose of 2.2⋅1015 ions/cm2, the Sr
disappears completely, the La peak increases in intensity, and still no Ga and Mg peaks are
observed. After oxidation of this sample using the atomic oxygen source for 10 minutes, Sr re-
appears on the surface and the LEIS spectrum looks the same as before sputtering, but after
cleaning.

 

Table 2B.3. Relative amount of additionally removed contamination by the present cleaning
method compared with thermal oxidation.

sample extra contamination
removed (%)

YSZ 87 ± 8
Al2O3 39 ± 2
V2O5 11 ± 2
SiO2 7 ± 4

α-Fe2O3 27 ± 6
(La0.9Sr0.1)(Ga0.8Mg0.2)O3 48 ± 8

 

 The Pt spectra measured after each cleaning step are given in Fig. 2B.7. After rinsing,
only a C and O peak are visible. The C peak is below the detection limit after annealing. The
O peak increases after each treatment and is maximum after oxidation. The Pt peak becomes
visible only after sputtering. The sputter peak increases after annealing, but decreases after
oxidation and disappears completely after sputtering. Similar results are found for Fe but with
two differences: after oxidation there is already a Fe peak visible in the LEIS spectrum; and
the oxygen cannot be removed completely with sputtering. Method 3 results in a Pt peak in
the LEIS spectrum. Using a temperature of 400oC, the spectrum is comparable to spectrum 5
of Fig. 2B.7 but with a 28% lower Pt peak, a slightly higher background and very small C and
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O peaks. When a temperature of 500oC is used, the spectrum is comparable to spectrum 4 in
Fig. 2B.7.

Fig. 2B.7. Pt LEIS spectra (3He+, 3 keV) after the different stages of the present cleaning
procedure:
1. rinsed in ethyl alcohol,
2. high vacuum annealed at 300oC,
3. oxidised with atomic oxygen (Pin = 150W, t = 10 min, pO2 = 10-4 mbar),

4. sputtered with 3 keV 3He+ ions (1.6⋅1015 ions/cm2),

5. sputtered with 5 keV 20Ne+ ions (1.6⋅1016 ions/cm2).

 

2B.4. DISCUSSION
The search for a new cleaning method comes from dissatisfaction with the results obtained via
thermal oxidation. The demands placed on the new cleaning procedure are to realise a surface
free of contaminants adsorbed from the ambient, such as water and hydrocarbons, without
changing the surface properties in the process. It should also give reproducible results and be
applicable to all oxides and preferably also to other materials. The results show that the
present cleaning procedure improves the surface cleanliness with respect to thermal oxidation,
but also with respect to all the other methods tested. Reproducibility of all results is obtained
within 5%. First of all we will address the important question of the degree of cleanliness,
because small traces of contaminants might influence the outcome of further research. This
can be done by quantifying either the remaining traces of contaminants (H, C) or the reduction
of the inherent surface species (O, Y, Zr).
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The law on the conservation of momentum forbids backscattering of He by H and thus
H cannot be detected using LEIS directly. This complication is well known in the literature
[41, 42]. Water is completely removed from the surface with the high vacuum annealing
treatment [11,12], in contrast to certain hydroxyl-groups that are still present on the surface
after annealing to 300oC [10]. Whether all the H is removed from the surface is not as much
dependent on the cleaning method used here, but depends strongly on re-adsorption after
cleaning. After the last cleaning step the sample has to be transferred from the pretreatment to
the main chamber, which takes 3 - 5 minutes. During this time the sample can recontaminate.
An example of this is given in Fig. 2B.2. The increase of the (Y,Zr) yield of sample YSZ(2) is

due to re-adsorbed H2. This is concluded from the low sputter dose of 1⋅1015 4He+ ions/cm2,
(corresponding to roughly 0.1 monolayer) needed to remove the contamination. Also, the

sputter peak intensity decreases up to a dose of 1⋅1015 4He+ ions/cm2, indicating a reduction in
the degree of hydroxylation of the surface [41]. The sputter peak intensity does not go to zero
as in the case of metallic surfaces, due to the sputtering of matrix elements like Y+, YO+,
YO2

+, Zr+ and ZrO+, as shown by SIMS measurements.
After the oxidation step the LEIS results show no sign of C, which means that the C

concentration is lower than 10 ± 3%, the detection limit of the NODUS for C (3 keV 3He+).
However, this value is based on the assumption that the C present on the surface has a
graphitic character. Solomon [43] has shown that only a graphitic layer is formed on YSZ
after saturation with a carbidic layer, which means that the maximum C surface coverage is
not 10 but less then 0.1%. The reason for this is that C exhibits matrix effects when probed
with LEIS, as is shown by Brongersma et al. [34, 44]. From energy-dependent measurements
they conclude that the ion fraction for 3 keV He+ scattering from carbidic carbon is 100 times
higher than from graphitic carbon. The origin can be explained qualitatively by a quasi-
resonant process [44].The same amount of C on a surface, therefore, results in a 100-fold
more intense surface peak if the C has a carbidic character instead of a graphitic character.
Although the C 1s peak in the XPS spectrum (Fig. 2B.3) shifts a little bit to lower binding
energies, it is not believed to be a consequence of a Zr-C bonding because a shift of at least
2 eV to lower energies is required for this [45]. Although the C 1s peak after cleaning is
hardly distinguishable from the background, the relative C surface coverage can be estimated
to be 0.6 at%. Owing to the large acceptance angle and apertures of the analyser, it is possible
that not all information obtained in the XPS spectrum originates from the sample surface,
therefore, the C peak is believed to come at least partly from the sample holder. Also,
recontamination from the surrounding cannot be excluded.

The accuracy with which the O and (Y,Zr) LEIS peaks can be determined are,

respectively, 5 ± 3% and 1 ± 1% of a monolayer (using 3 keV 4He+ incident ions). When
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contaminants adsorb on the YSZ surface, (Y,Zr) will certainly be covered owing to its high
reactivity (see also sample YSZ(2) in Fig. 2B.2 and Fig. 2B.5). Determining the cleanliness of
the YSZ samples in this way, at least 99% of the surface of YSZ(1) will be clean. This is in
good agreement with the result obtained using XPS. When more elements are present on the
surface (e.g. sample YSZ(3) in Fig. 2B.2) quantification becomes more difficult, because
clean reference samples are needed for all elements involved.

Removing all contamination renders the surface highly reactive, so it is essential to
separate the annealing and oxidation treatments and to use the annealing treatment before the
oxidation. The low annealing temperature used ensures a minimum heat transfer to the
surroundings. No increase in chamber wall temperature is detected, but if an already cleaned
sample is annealed then the LEIS intensity of the complete YSZ spectrum decreases by a
factor 2 - 3. The annealing causes too high a concentration of unwanted molecules in the
pretreatment chamber. All cleaning methods, where the annealing treatment is used in the last
step before analysis (methods 3, 5 and 8), might give a surface free of contaminants directly
after the cleaning procedure. However, recontamination occurs before the sample can be
analysed. The transfer itself does not cause the recontamination of the sample surface (less
than 3% of a monolayer), as is concluded from measuring the LEIS spectra of a clean sample
before and after transferring it from the main chamber to the pretreatment chamber and back.
Cleaning the oven before heating the sample is not possible because the sample is placed
directly from the ambient into the pretreatment chamber. Placement of the sample in the main
chamber while the oven is degassed causes an unwanted pressure rise in this vessel. The
annealing treatment in the main chamber is not troubled by this effect because it is possible to
degas the oven while the sample is still in the pretreatment chamber. Cleaning the
pretreatment chamber before the oxidation step excludes cross-contamination from the
chamber walls to the sample or adsorption from particles removed in the former cleaning step
but not yet pumped out of the vacuum. When the sample is transferred back to the
pretreatment chamber it has a surface temperature around 100oC. This reduces the chance of
re-adsorption of reaction products and increases the reaction rate compared to oxidation at
RT. Most likely this is the reason for the inadequacy of the use of only a plasma or atomic
oxygen source (see method 2 and 6 in Fig. 2B.6). Annealing at 100oC simultaneous with
atomic oxidation sometimes results in a LEIS spectrum within 95% of that after using the
present cleaning method. However, reproducibility is the problem here. To which extent
recontamination takes place is dependent on the surface reactivity of the oxide to the
unwanted molecules. In the case of YSZ there is a significant difference (Table 2B.3). In UHV
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the samples stay clean long enough to do an analysis. Subsequent LEIS spectra do not differ
significantly if the surface is clean (see Fig. 2B.2).

The surface can be altered through the cleaning process in many different ways. Water
adsorbs reversibly on YSZ, in contrast to ethanol, which decomposes under desorption [11]. It
is quite possible that lattice oxygen is needed for such a process, changing the surface
stoichiometry. If so this will be restored by the oxidation treatment. Zr, like Ti, is a strong
gettering material for oxygen. The presence of excess O therefore could be possible. The
sputter profile of oxygen depicted in Fig. 2B.2 does not show a decrease of oxygen up to a

dose of 1⋅1016 ions/cm2 and, therefore, we can assume that excess O is no problem using this
cleaning method. On the other hand if the surface is not fully oxidized, the oxidation treatment
will do so [46]. This will alter the surface composition as observed for
(La0.9Sr0.1)(Ga0.8Mg0.2)O3. Sputter effects are one of the reasons not to choose a plasma
source. The better result obtained using only the plasma source instead of only the atomic
oxygen source might reflect the higher number of reactive species in the plasma (Fig. 2B.6).
However, longer oxidation times (up to 40 minutes) in the case of both sources do not
improve the results. Sputter effects are not encountered using the atomic oxygen source. The
YSZ surface composition does not change after using the source four times neither is a sub-
monolayer of Fe2O3 removed.

General applicability of the new cleaning method is demonstrated by cleaning other
materials than YSZ. Cleaning other oxides results in more intense surface peaks than using
thermal oxidation. Because no other elements are observed in the LEIS spectra of these
oxides, the increase can be accounted for only by further reduction of surface contaminants
like hydroxyl groups and hydrocarbons. Metals are usually cleaned by a combination of
sputtering and annealing to temperatures in excess of 1000oC. At those temperatures bulk
contaminants such as C and S will segregate to the surface. The advantage of the present
cleaning procedure is that no high temperatures are needed and the effect is restricted to the
uppermost layers. The oxidation will remove the C and replace it by O, which is more easily
sputtered from the surface owing to the lower binding energy [47]. The oxidation will lead to
an oxygen covered surface layer in the case of Pt. In contrast to Fe, where the oxidation will
proceed beyond the first monolayer, and where the formation of Fe2O3 takes place This
explains the presence of the Fe peak but also the absence of the Pt peak in the LEIS spectra.
To reduce the oxide layer thickness the oxidation time should be minimised. In bimetallic
alloys compositional changes can be expected if one of the alloy components reacts
preferentially with O and becomes more enriched at the surface [48].
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2B.5. CONCLUSIONS
The cleaning method, consisting of a high vacuum annealing at 300oC in combination with an
oxidation treatment using atomic oxygen, is a suitable alternative to clean polycrystalline
YSZ. Both by XPS and LEIS the contamination coverage is determined to be less than 1% of
a monolayer after cleaning. Special attention must be paid to the effects of re-adsorption and
cross contamination from sample holder and vacuum chamber walls because these effects are
major contributors in reducing the effectiveness of the applied cleaning method. The proposed
method is a great improvement over more conventional methods such as thermal oxidation,
annealing in UHV, sputtering and plasma oxidation. Compared to thermal oxidation almost
90% more contamination is removed with the newly proposed method. The YSZ surface is
not changed due to the treatment with atomic oxygen. Although zirconium is a strong
gettering agent for oxygen, no excess oxygen is observed on the surface.

An improved cleanliness is also obtained for all oxides besides YSZ cleaned with the
proposed method compared to result after thermal oxidation. For metals it is a good
alternative to sputter annealing. However, one has to be careful in the case of bimetallic alloys
if one element reacts preferentially with oxygen.
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Chapter 3

Subsurface Segregation of Yttria in Yttria Stabilised
Zirconia

ABSTRACT
The segregation behaviour in 3 and 10 mol% polycrystalline yttria stabilized zirconia (YSZ),
calcined at temperatures ranging from 300 to 1600oC, is characterised using low energy ion
scattering (LEIS). In order to be able to separate the Y and Zr LEIS signals, YSZ samples
have been prepared using isotopically enriched 94ZrO2 instead of natural zirconia. The
samples are made via a special precipitation method at low temperature. The segregation to
the outermost surface layer is dominated by impurities. The increased impurity levels are
restricted to this first layer, which underlines the importance of the use of LEIS for this study.
For temperatures of 1000oC and higher the oxides of the impurities Na, Si and Ca even cover
the surface completely. The performance of devices like the solid oxide fuel cell (SOFC),
which have an YSZ electrolyte and a working temperature around 1000oC, will, therefore, be
strongly hampered by these impurities. Reduction of impurities, to prevent accumulation at
the surface, will only be effective if the total impurity bulk concentration can be reduced
below the 10 ppm level. Due to the presence of the impurities, yttria cannot accumulate in the
outermost layer. It does so, in contrast to the general belief, in the subsurface layer and to
much higher concentrations than the values reported before. The difference in the interfacial

free energies of Y2O3 and ZrO2 is determined to be -21 ± 3 kJ/mol.
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3.1. INTRODUCTION
YSZ owes its success as an electrolyte in fuel cell technology mainly to its high ionic
conductivity [1]. Both the external surface and the grain boundary network play an important
role in this application; the former in the uptake of oxygen molecules and their conversion to
oxygen ions, the latter in the diffusion process through the electrolyte. It is believed that the
oxygen exchange at the surface is the rate-limiting factor in the SOFC. In order to understand
the role of the external YSZ surface in this process, its composition should be known.

The electrolyte is exposed to high temperatures both during the fabrication process and
during the operation of the SOFC. Calcination temperatures in excess of 1200oC are not
uncommon and the working temperature of the SOFC lies around 1000oC. After exposure to
these temperatures the YSZ surface composition differs from that of the bulk composition.
Yttria segregation to the external surface has been observed for YSZ containing an Y2O3

doping between 2 and 19 mol% [2 - 4]. The process of segregation is driven by the reduction
of the surface free energy of the electrolyte. Strain relaxation and the formation of a space
charge region associated with defects and aliovalent cations are considered to be the main
contributions in the reduction [3, 4]. The surface structure of the YSZ surface is reported to
change due to the increased Y2O3 concentration. For YSZ stabilised in the tetragonal phase,
separation into large Y enriched cubic and small Y depleted tetragonal grains is observed [5].
For YSZ stabilised in the cubic phase, the possible existence of a pyrochlore type cubic phase
of Y2Zr2O7 at 33 mol% Y2O3 with a unit size nearly twice that of the fluorite type phase has
been reported [6]. Impurities are always present in oxides. In the case of YSZ the main
contaminants are the oxides of Na, Si, Al, Ca, Fe and Hf. These impurities (except maybe Hf)
segregate to the surface at similar temperatures to that of Y2O3. It has, therefore, been
suggested that the impurities, especially Si, influence the segregation behaviour of Y2O3. It
has been found that Si increases the Y segregation [7], although others contradict this [3]. The
formation of a compound between Y2O3 and SiO2 has been reported [8 - 10]. The composition
and structure of the Y-silicate depend on the bulk impurity content and the atmosphere in
which the samples have been calcined. Increasing the calcination temperature changes the
morphology of the impurity phase from a thin film wetting the complete surface around
1350oC to accumulation in large isolated pockets along the grain boundaries and in triple
points at temperatures above 1450oC [8].

The segregation behaviour is, however, still very controversial. It is therefore the aim of
this study to increase the insight in the complex segregation behaviour of Y2O3 in ZrO2 and to
determine the accompanying change in surface free energy. We used LEIS for this study, since
it can, in contrast to more common techniques like X-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy (AES) and secondary ion mass spectroscopy (SIMS), be used to
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selectively probe the outermost surface layer and to quantify its composition. Thus, precisely
the layer which is so important in the uptake of oxygen.

3.2. EXPERIMENTAL
Five samples are used: 3 and 10 mol% Y2O3 doped 94ZrO2 (3 and 10iYSZ) and the reference
samples 10 mol% Y2O3 doped ZrO2 (10YSZ), Y2O3 and 94ZrO2. LEIS measurements on all
samples are done on the set-up called NODUS [11, 12], ToF-LEIS measurements on Y2O3

and 94ZrO2 are done on the CALIPSO [13, 14].

3.2.1. Samples
The samples 3 and 10iYSZ are synthesised using the following low temperature precipitation
method. As starting materials 94ZrO2 (>99% chemically pure, 93.4% isotopically pure, see

Table 3.1) and YCl3⋅6H2O (99.999% chemically pure), purchased from respectively
Pennwood Chemicals Inc., USA and Aldrich, Germany, are used.

Table 3.1. Composition of the 94ZrO2 powder as indicated by the supplier (Pennwood Chemicals
Inc., USA). Both isotopic contents and bulk contaminants are given.

isotope 90Zr 91Zr 92Zr 94Zr 96Zr
content (wt%) 3.59 1.06 1.63 93.5±0.4 0.22

contaminant Na Ti Fe Al Si Sn Hf other
content (wt%) 0.008 0.011 0.005 0.006 0.014 0.11 0.5 0.012

The 94ZrO2 powder is dissolved in a mixture of NaHSO4 and H2SO4. Subsequently, the
reaction product Zr(SO4)2 and the YCl3 are dissolved in deionised water to form a solution
with the desired Y/Zr ratio. This is dripped into an ammonia solution of 25 ml NH4OH and
200 ml deionised water under continuous stirring. The precipitation is filtered out, rinsed
several times with a solution of 5 ml NH4OH in 400 ml deionised water until the filtrate

solution is free of −2
4SO and Cl- ions and finally rinsed with absolute ethanol. Then it is dried.

Afterwards the powder is pressed uniaxially at 350 MPa to samples of 6 mm in diameter and
1.4 mm in height. Subsequently, the samples are calcined in a continuous O2 flow at 1 bar in a
conventional tube oven. The heating rate is 3o/minute. The 10iYSZ sample is calcined at
temperatures ranging from 300 to 1600oC, the 3iYSZ sample at temperatures ranging from
300 to 1200oC. The samples are kept at each calcination temperature for 5 hours. The cooling
rate is determined by the thermal inertia of the tube oven and the O2, which is kept flowing



48 Chapter 3

until the samples have cooled down to a temperature below 50oC. In this way, the samples
cool down to half their initial calcination temperature within 90 minutes. After reaching a
temperature around 50oC, the samples are taken out of the tube oven.

The 10YSZ powder (TOSOH Co.) is pressed into a pellet (∅10 mm, 1.5 mm thick).
Y2O3 (Johnson Matthey, chemical purity 99.999%) and 94ZrO2 powders are compacted in

copper cups (∅2 mm, depth 0.6 mm).
Cleaning sample surfaces in the NODUS is done by a combination of annealing at

300oC and oxidation with atomic oxygen [15]. In the CALIPSO this is done by calcination in

200 mbar O2 at 300oC for 20 minutes, followed by sputtering with 5 keV 40Ar+ ions (2.5⋅1015

ions/cm2).

3.2.2. LEIS measurements
The (normal) LEIS measurements on 3iYSZ and 10iYSZ are done with 3 keV 4He+ ions (to
determine impurity segregation) and 5 keV 40Ar+ ions (to determine Y2O3 segregation). With
4He+ ions we can detect the impurities Na, Si and Ca. The ion dose needed to measure one

spectrum is about 1⋅1014 4He+ ions/cm2. With 5 keV 40Ar+ ions the largest possible separation
of the Y and Zr peaks is obtained. The 40Ar+ ion dose needed to measure one spectrum is

about 5⋅1013 ions/cm2. After calcination (see section 3.2.1) first a spectrum is measured using
4He+ ions, followed by measuring a sputter profile with 40Ar+ ions. After the sputter profile
again a LEIS spectrum is measured with 4He+ ions. LEIS measurements on Y2O3 and 94ZrO2

are done with 5 keV 40Ar+. To prevent the samples from charging their surfaces are flooded
with low energy electrons.

In standard YSZ samples, Y with mass 89 a.m.u. and all 5 natural isotopes of Zr with
masses ranging from 90 to 96 a.m.u. are present. Since even for 5 keV 40Ar+ ions the mass
resolution of the NODUS is not sufficient to separate the LEIS peaks of these elements, Y and
Zr will be observed as one combined peak. As an example, the LEIS spectrum of 10YSZ is
given in Fig. 3.1(a). The asymmetry of the peak is caused by the presence of the 5 Zr isotopes.
In principle it is possible to quantify this spectrum using reference samples. However, data
analysis is made simpler and more reliable if the Y and Zr peaks can be separated in the LEIS
spectrum. This is established by using samples having mainly the 94Zr isotope. Practical
reasons prohibit the use of the 96Zr isotope, although an even better separation of the Y and Zr
LEIS peaks will be obtained. The result of a LEIS measurement on 10iYSZ is given in Fig.
3.1(b). The 89Y and 94Zr peaks are now clearly separated.
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Fig. 3.1. LEIS spectra (5 keV, 40Ar+) of
(a) 10 YSZ and
(b) 10iYSZ.
The fit in (b) is explained in section 3.3.2.1. The fit is shifted 10 eV to the right for clarity. The
positions of the peak maxima are indicated. Separation of the Y and Zr peaks is only possible for
the 10iYSZ sample.

3.2.3. ToF-LEIS measurements
ToF-LEIS measurements are done to get a better understanding of the shape of the Y and Zr
LEIS peaks and background in Fig. 3.1(b). In a conventional LEIS experiment, no distinction
is made between scattered ions (40Ar+) and sputtered ions (Y+, Zr+, YO+, ZrO+, etc.). All ions
with a certain energy (independent of mass) contribute to the intensity in the LEIS spectrum at
that particular energy, giving the result as depicted in Fig. 3.1(b). ToF-LEIS measurements are
identical to conventional LEIS measurements, but with the difference that the incoming ion
beam is now pulsed and only the scattered (or sputtered) ions that pass the analyser within a
certain time window are detected. So, it is possible to measure LEIS spectra of particles with a
certain mass only.
The conventional LEIS spectra are measured with 5 keV 40Ar+ ions and an ion beam current

of 0.17 nA. The used ion dose to measure one spectrum equals 5⋅1012 ions/cm2. The ToF-
LEIS measurements are done with a 5 keV 40Ar+ pulsed ion beam (pulse duration of 300 ns,
repetition frequency of 110 kHz) and an ion beam current of 5 nA. The used dose to measure

one ToF-LEIS spectrum is also 5⋅1012 ions/cm2 making a direct comparison between LEIS

and ToF-LEIS spectra possible. The available time window for particle detection is 10 µs.

700 900 1100
Energy (eV)

0

50

100

150

200

250

300
LE

IS
 s

ig
na

l (
a.

u.
)

700 900 1100
Energy (eV)

0

100

200

300

400
LE

IS
 signal (a.u.)

measured
fit (shifted 10 eV)

89
Y

90
Zr

91
Zr

92
Zr

94
Zr

96
Zr

89
Y

94
Zr(b)(a)



50 Chapter 3

This window is divided into three parts to detect particles with mass lower, equal and higher
than 40 a.m.u. To prevent the samples from charging their surfaces are flooded with low
energy electrons.

The results of the (ToF-)LEIS measurements on 94ZrO2 are given in Fig. 3.2. Similar
results are obtained on Y2O3.

Fig. 3.2. Conventional and ToF-LEIS spectra (5 keV, 40Ar+) of 94ZrO2. The solid curve shows the
conventional LEIS spectrum. The open and closed circles and the open triangles are spectra
measured with the ToF option. The open circles represent the detected ions with mass lower than
40 a.m.u., the closed circles represents the detected ions with mass 40 a.m.u. (40Ar+) and the open
triangles represent the detected ions with mass higher than 40 a.m.u. The broken curve is a
summation of the three contributions measured with ToF-LEIS.

The solid curve in Fig. 3.2 shows the conventional LEIS spectrum. The closed circles show
the ToF-LEIS spectrum for the scattered particles. The high intensity of the background at low
energies is now reduced considerably. The remaining background is partly caused by a
combination of multiple scattering and reionisation of 40Ar at the surface. If this would be the
only contribution, the background should decrease for lower energies until it disappears at the
threshold energy for reionisation, which is not the case. Therefore, the background is partly
caused by sputtered particles. The open circles in Fig. 3.2 show the spectrum obtained from
particles with mass lower than 40 a.m.u., while the open triangles show the spectrum obtained
from particles with mass higher than 40 a.m.u. It is clear that sputtered ions heavier than 40Ar+

dominate the background. The broken curve in Fig. 3.2 show the spectrum after summation of
the signals from the three separate contributions (mass lower, equal and higher than 40
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a.m.u.). This summed spectrum is practically identical to the conventional LEIS spectrum,
confirming that there are no other significant contributions to that LEIS spectrum.

3.3. RESULTS
3.3.1.  Impurity segregation
The segregation of impurities affects the surface concentrations of Y and Zr. This is clearly
shown in the LEIS spectra after calcination to 600 and 1200oC (Fig. 3.3). At 600oC only an O
and an (Y,Zr) peak are visible in the 4He+ LEIS spectra. At 1200oC the surface is completely
covered by impurity oxides, as can be concluded from the presence of the Na, Si, Ca and O
peaks and the absence of the (Y,Zr) peak. The LEIS spectra do show a step in the background
at the position where the (Y,Zr) peak should be, indicating scattering from Y or Zr from layers
below the outermost surface.

Fig. 3.3. LEIS spectra (3 keV, 4He+) of the 10iYSZ sample measured after calcination at 600 and
1200oC. The Y and Zr peaks cannot be separated with 3 keV 4He+ and show up as one combined
(Y,Zr) peak. The LEIS spectrum measured after calcination at 600oC only shows an O and an
(Y,Zr) peak. After calcination at 1200oC impurities (Na, Si, Ca) cover the complete YSZ surface.

The results of the He measurements on the 10iYSZ sample after each calcination temperature
are given in Fig. 3.4. A similar result is found for the 3iYSZ sample. Below 950oC no
impurities are observed and the spectra look similar to that of Fig. 3.3 at 600oC. For
temperatures of 1000oC and higher the surface is completely covered by the oxides of Na, Si
and Ca. The LEIS spectra now look similar to that of Fig. 3.3 at 1200oC. The surface O
concentration seems to have increased slightly when the surface becomes covered by the
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impurity oxides. The relative surface coverages of these three oxides on 3 and 10iYSZ hardly
change for temperatures of 1000oC and higher and are given in Table 3.2. The impurities do
not come from the tube oven, in which the samples are calcined, nor are they a consequence of
the cleaning method.

Fig. 3.4. Influence of the calcination temperature on the surface composition of the 10iYSZ
sample. The sample is calcined in O2 for 5 hours at temperatures between 300 and 1600oC. The
LEIS spectra are measured with 3 keV 4He+. The (Y,Zr) signals are divided by 10. The large
spread in the signal intensities is caused by the fact that the LEIS signals are determined from only
one LEIS spectrum, so further measurements could be done on a practically unaltered surface.

Table 3.2. Surface coverages of 3 and 10iYSZ for T ≥ 1000oC. The LEIS spectra have been
measured with 3 keV 4He+ ions. The impurities (Si, Ca) have been calibrated against their oxidic
forms, while Na completes the 100% coverage.

impurity (%) 3iYSZ 10iYSZ
Na (Na2O) 23 ± 10 10 ± 9
Si (SiO2) 68 ± 7 74 ± 6
Ca (CaO) 9 ± 3 16 ± 3

3.3.2. Yttria segregation
3.3.2.1. Data analysis
The ratio of the elemental surface compositions nY/nZr can be calculated from the LEIS
surface peak area ratio SY/SZr according to:
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Here, Ei is the ion energy before collision, Ef is the ion energy after collision, T(Ef) is the

analyser transmission, ε(Ef) is the detector efficiency, dσ(Ei)/dΩ is the differential cross
section and P+(Ei) is the ion fraction of the scattered particles.

The Y and Zr surface peak areas are determined by integration of analytical functions
representing the binary surface peaks as deduced from the ToF-LEIS measurements (see Fig.
3.2). The binary collision peak is clearly of Gaussian shape, although a slight asymmetry is
observed towards the low energy side of the peak. The peak can, therefore, be represented by
an asymmetrical Gaussian function according to Creemers et al. [16]. Five parameters are
needed to describe such a function. Four of them, the peak position, the peak width, the
exponential factor of the asymmetrical contribution and the ratio of the symmetric to
asymmetric part at the position of the peak maximum, are determined from fitting the Zr peak
of the 94ZrO2 sample and are taken as constants for the fits of the Zr peaks in the iYSZ spectra.
Only the fifth parameter, the intensity, is allowed to vary in order to obtain best possible fits.
The background can be described by an exponential function in the energy range (400 – 1200
eV) used for fitting. The LEIS spectrum of Y2O3 can also be fitted with an asymmetrical
Gaussian function for the Y peak and an exponentially decaying function for the background.
The background functions for both Y2O3 and 94ZrO2 spectra have similar decay constants. The
iYSZ spectra can, therefore, be fitted with two asymmetrical Gaussian functions and one
exponentially decaying function for the background.

The major part of the LEIS measurements have been done on the NODUS, while the
ToF-LEIS measurements are done on the CALIPSO. Although the set-ups are different, their
scattering geometries are practically the same (incoming ion beam perpendicular to the sample
surface and scattering angles of 142o (NODUS) and 145o (CALIPSO)). Therefore, the Y2O3

and 94ZrO2 samples are also measured on the NODUS. The spectra are fitted with the same
functions as deduced from the ToF-LEIS results, but with slightly different values for the fit
parameters. This modification is needed to satisfy the differences in the analysers
characteristics. An example of a fit is given in Fig. 3.1(b). Excellent agreement is obtained
between fit and measured spectrum.

The determination of the detector efficiency function, the analyser transmission and the
ion fraction has been described in detail by Cortenraad et al. [17]. Following these procedures,

the ion fractions for scattering by Y and Zr are both found to be 0.10 ± 0.05 as determined for
5 keV 40Ar+ scattering on Y2O3, 94ZrO2 and 10iYSZ. The ion fraction ratio used in equation
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(3.1) is thus equal to one, irrespective of the chemical composition of the target. The
differential cross-sections are calculated using the Molière approximation to the Thomas-

Fermi potential [18]. Corrections for ε, T, P+ and dσ/dΩ have been done after determining the
surface peak area although they are all slightly energy dependent. The difference between
corrections made before or after peak fitting is less than 1%.

3.3.2.2. Sputter profiles
Typical results of sputter profiles from 3 and 10iYSZ samples are given in Figs. 3.5(a) and
3.5(b) respectively. The open symbols in Figs. 3.5(a) and 3.5(b) show Y and Zr LEIS signals
after determination of the surface peak areas and corrections for the various factors as reported
in section 3.3.2.1. For the 3iYSZ sample the Zr signal increases sharply with sputter dose until

2.5⋅1015 ions/cm2 after which it increases gradually until it stays constant for doses between

6.5 and 12⋅1015 ions/cm2. The Y signal on the other hand increases until 1⋅1015 ions/cm2,

decreases subsequently until about 6.5⋅1015 ions/cm2 after which it stays constant. These
profiles can be understood easily when two effects are taken into account: the removal of
impurities and the presence of a thin layer of Y2O3 just below the outermost surface. The
removal of impurities exposes the layer beneath it, causing an increase of the measured Y
signal (indicated by 1 in Fig. 3.5(a)). The increase of the Y signal will continue until all
impurities are removed from the surface and the Y signal becomes constant. The segregation
of Y2O3 to the subsurface results in a subsurface Y signal, which is higher than the bulk value.
Continued sputtering will decrease the Y signal (indicated by 2 in Fig. 3.5(a)) until it becomes
constant. As both processes occur simultaneously the Y signal in the sputter profile first
increases and then decreases until it remains constant at high ion dose. The Zr signal increases
by both the removal of impurities as well as the removal of the segregated Y2O3. The sharp
increase of the Zr signal with increasing sputter dose (indicated by 1* in Fig. 3.5(a)) is caused
by the removal of impurities and Y2O3, while the more gradual increase (indicated by 2* in
Fig. 3.5(a)) is mainly due to sputtering of segregated Y2O3. The Y and Zr signals in the sputter
profile of the 10iYSZ sample (Fig. 3.5(b)) develop similar to that of the 3iYSZ sample.
Although the same two processes as in case of the 3iYSZ sample play a role here, the
difference in the profile of the Y signal versus the sputter dose is caused by the smaller
segregation factor of Y2O3.

For 1000oC and higher all sputter profiles for 3iYSZ look similar to that of Fig. 3.5(a),
while those for 10iYSZ look similar to that of Fig. 3.5(b). Below 1000oC the sputter profiles
look different from that of Fig. 3.5. Below 1000oC less segregation of impurities is observed
to the outermost layer compared to the situation above 1000oC. Therefore, the sharp increase
of the Y signal at low dose, as seen in Fig. 3.5, is not observed in these sputter profiles. Due to
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(a)

(b)

Fig. 3.5. Sputter profiles measured with 5 keV 40Ar+ ions of
(a) 3iYSZ after calcination at 1150oC and
(b) 10iYSZ after calcination at 1400oC.
The open symbols indicate the measured sputter profiles, the solid and broken curves indicate
simulated sputter profiles using a random sputter model. The numbers in (a) point to characteristic
features in the sputter profiles (see section 3.3.2.2).
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the low calcination temperatures only a small Y enrichment is found at the surface. Therefore,
the Y signal decreases only slightly with increasing dose until it becomes constant. The Zr
signal shows the reverse picture.

In all sputter profiles, both Y and Zr signals reach constant values. For 3iYSZ the
measured Y/Zr ratio is in all cases 0.06, for 10iYSZ the Y/Zr ratio is 0.22. These values are
equal to the Y/Zr ratios calculated from the nominal composition of the starting materials. The
constant Y and Zr signals have to represent their oxide concentrations in absence of
segregation (bulk composition) in order to calculate the Y2O3 and ZrO2 (sub)surface
concentrations (see also Fig. 3.6). The possible influence of preferential sputtering of one of
the components (Y, Zr, O) compared to the others should, therefore, be negligible for the
sputter doses used. The agreement in Y/Zr ratios between measurement and theory for all
calcination temperatures corroborates with the suggestion that Y and Zr are sputtered about
equally fast, which is also reported in literature [19]. For both iYSZ samples the 4He+ LEIS
measurements indicate a difference of less than 5% in the O signals before and after the 40Ar+

sputter profile for calcination temperatures lower than 1000oC and a decrease of 10-15% for
calcination temperatures of 1000oC and higher. The 10-15% difference can be attributed to the
different oxygen contents in the impurity oxides, which cover the surface at these
temperatures, compared to that in the YSZ structure. The bulk Y and Zr signals can, therefore,
be used to calculate the (sub)surface ZrO2 and Y2O3 coverages.

3.3.2.3. Interfacial free energy
For calcination temperatures below 1000oC the Y2O3 surface concentration can be determined
directly from the sputter profiles. For calcination temperatures of 1000oC and higher this is
not possible due to the presence of the impurities. Therefore, a sputter model is used to
determine the Y2O3 concentration in the first (or outermost) and second (or subsurface) layer
for all calcination temperatures. In this model the particles are sputtered at random from the
outermost surface layer. The O concentration is taken the same for all layers and possible
preferential sputtering is neglected. The accumulation of impurities is restricted to the
outermost layer (concluded from the direct increase of the Y and Zr signals in the sputter
profiles like Fig. 3.5). No distinction is made between the different impurities. The
accumulation of Y2O3 is restricted to the outermost layer for calcination temperatures below
1000oC and restricted to the subsurface layer for calcination temperatures of 1000oC and
higher. The ratio between Y2O3 and ZrO2 in the enriched Y2O3 layer is allowed to vary in the
model, in order to obtain the best possible fits for the sputter profiles. For deeper layers the
composition is taken equal to the bulk composition. The sputter rates of the different particles
are allowed to vary in the model. The best results, however, are obtained when all sputter rates
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are taken equal. Typical results of the simulations for the Y and Zr sputter profiles are given
by the solid (Y) and broken (Zr) curves in Figs. 3.5(a) and 3.5(b). The subsurface layer of the
3iYSZ sample calcined at 1150oC (Fig. 3.5(a)) is composed of 30 mol% YO1.5 (= 18 mol%
Y2O3) and 70 mol% ZrO2, the subsurface layer of the 10iYSZ sample calcined at 1400oC (Fig.
3.5(b)) consists of 45 mol% YO1.5 (= 29 mol%Y2O3) and 55 mol% ZrO2. Fig. 3.6 gives the
surface and subsurface Y2O3 concentrations for all calcination temperatures. Below 850oC the
Y2O3 surface concentrations are around 6 and 14 mol% for respectively the 3 and 10iYSZ
sample, which are considerably higher than the bulk values of respectively 3 and 10 mol%.
Between 850 and 950oC an increase of the Y2O3 concentration is observed, followed by a
decrease to zero at 1000oC and higher. The Y2O3 subsurface concentrations are 3 and 10
mol% for all calcination temperatures below 950oC. From the sharp increase that follows and
the levelling off at 1000oC it is concluded that within 5 hours thermodynamic equilibrium is
reached for temperatures of 1000oC and higher. The Y2O3 concentration decreases slightly
from this temperature on. A maximum Y2O3 enrichment of about 30 mol% is reached for
10iYSZ and about 18 mol% for 3iYSZ.

Fig. 3.6. Relative Y2O3 surface and subsurface concentrations of both 3 and 10iYSZ sample as a
function of the calcination temperature. 3iYSZs and 10iYSZs are Y2O3 surface concentrations.
3iYSZint and 10iYSZint are Y2O3 subsurface concentrations.

The difference in interfacial free energies (∆F) between Y2O3 and ZrO2 can be
determined in analogy to surface segregation [20] using:
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Here, int represents the interface or in this case the subsurface layer, b the bulk, R the gas

constant and T the absolute temperature. The Arrhenius plot is given in Fig. 3.7. For T → ∞
the subsurface Y/Zr ratio must be equal to the bulk Y/Zr ratio, independent of the sign and

magnitude of ∆F. Equation (3.2) only holds for thermodynamic equilibrium, which in our case

is reached for T ≥ 1000oC. The difference in the interfacial free energy (∆F) is determined to

be -21 ± 3 kJ/mol for both 3 and 10iYSZ samples, which points to a similar segregation
process for both samples.

Fig. 3.7. Arrhenius plot for the segregation of Y2O3 in the 94ZrO2 matrix. Only the composition of
the Y2O3 enriched layer is used. This means the composition of the outermost layer for calcination
temperatures below 1000oC (indicated by 3iYSZs and 10iYSZs) and the composition of the
subsurface layer for calcination temperatures in excess of 1000oC (indicate by 3iYSZint and
10iYSZint). The subscript k in the y-axis label, therefore, stands for int or s. The dashed line

indicates the best fit through the measured data points for T ≥ 1000oC and the theoretical point for

T → ∞. The slope represents a difference in interfacial free energy of –21 kJ/mol. For T < 1000oC
thermodynamic equilibrium has not been reached within the calcination time of 5 hours.

3.4. DISCUSSION
3.4.1. Impurities
The impurity oxides SiO2, CaO and Na2O segregate to the outermost surface layer of YSZ
until they cover it completely. The high impurity concentrations are a consequence of a strong
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segregation from the bulk. The total molar bulk content of these impurities is about 800 ppm
(see Table 3.1, after correction for the atomic weights), which is a quite normal value for
oxides. Similar strong segregation of impurities is also observed for many other standard (not
isotopically enriched) YSZ samples. The oxygen exchange at the electrolyte surface, which is
essential to the operation of the SOFC, involves a kind of Mars-van Krevelen process [21].
Analogues to the Mars-van Krevelen process, where lattice oxygen is used to oxidise a
molecule and subsequently the created oxygen vacancy is replenished by oxygen from the gas
phase, multivalent cations are needed at the surface. The observed impurities, however, all
have a single valency and will, therefore, form a barrier layer for the oxygen exchange. This
will have a detrimental effect on the performance of the SOFC. The segregation behaviour to
the external surface (grains neighbouring the gas phase) is also representative for the
segregation to the internal grain boundary network [3, 4, 22]. This means that not only the
surface exchange, but also the bulk and grain boundary diffusion will be influenced by the
impurity segregation.

As both the impurities and Y2O3 seem to segregate to the surface at about the same
temperature, a relation between these two has been suggested by Hughes et al. [9, 23, 24] and
by Ingo and Padeletti [10]. They identify two different chemical bonds with Y for the
segregated regions with XPS: a Y-oxide and a Y-silicate bond. Our study shows that the
impurities are confined to the outermost layer and Y2O3 segregates to the layer directly
beneath it. It is unavoidable that Si-O-Y bonds are formed in this situation. If an Y-silicate is
present at the surface, the chemical composition can be determined from the Si/Y ratio [8, 9,
25]. In our study, an average Si/Y ratio of 1.5 is found using the Si concentration in the
outermost layer and the Y2O3 concentration from the subsurface layer. The same ratio is found
by Hughes [9] for a 10YSZ sample calcined between 1200 and 1700oC. Furthermore, he
suggests that the formed compound is a dimeric ion silicate.

The difference in the surface free energies between surfactants (all impurities combined)
and ZrO2 can be calculated to be at least -100 kJ/mol, using equation (3.2). This high value for

∆F cannot be explained from the known values of the surface free energies of the impurities
(like SiO2) and YSZ, not even in the inconceivable situation that YSZ becomes completely
reduced and the impurities remain fully oxidised [21, 26, 27]. This means that factors
involving the interaction between surfactants and YSZ have to be taken into account.

Due to the possible relation between Y2O3 and impurities, it is likely, but unknown, that
a different segregation of Y2O3 would be observed if the total impurity concentration had been
reduced below 10 ppm. In that case the surface of the used samples cannot be covered
completely by an impurity layer anymore. Theunissen et al. [3] claim to observe the same
segregation of Y2O3 in pure and SiO2 doped YSZ samples. The pure samples have a Si



60 Chapter 3

content of 0.01-0.04 wt% [4], which is comparable to our situation. This means the Si content
present in the sample is high enough to cover the surface completely with SiO2, and will do
so. The doped samples have an impurity level of 0.5-1 wt% SiO2, which is observed as a
surface concentration of only 3 at% with XPS. In spite of the relatively high Si bulk content,
segregation will stop when the driving force, the lowering of the surface free energy, is gone.
This point is reached when one monolayer of SiO2 covers the surface. It is therefore not
surprising that no different segregation behaviour was found between the “pure” and doped
YSZ samples.

3.4.2. Yttria
3.4.2.1. Fit procedure
In general, quantitative LEIS analysis is based on calibration against reference samples with
known surface concentrations. When iYSZ and reference samples (Y2O3 and 94ZrO2) are
measured under identical experimental conditions, equation (3.1) reduces to

reference
kreference

k

iYSZ
kiYSZ

k n
S
S

n =   , (3.3)

with k∈ (Y,Zr). The problem of this method lies in the fact that, in contrast to equation (3.1),
differences in surface structure and density between iYSZ and the reference samples have to
be taken into account. Bulk structures of the samples involved [28 - 31] are known, in contrast
to their exact surface structures. The density of the iYSZ samples increases after each
calcination treatment, caused by the fact that the samples were not treated at high temperature
during preparation. A rough estimate of the increase in density is obtained by measuring the
mass and dimensions of the sample after each calcination treatment. Between room
temperature and 1200oC the density of the 10iYSZ sample increases by a factor 1.5, while the
density of the 3iYSZ sample increases even by a factor 2.7. Such large increases in density of
YSZ, due to sintering of the sample, are also encountered in literature [32]. Also, the Zr peak
of the 10iYSZ sample annealed to 600oC was already 25% more intense than the
corresponding peak of the 94ZrO2 sample (used in the Tof-LEIS measurements).

Binary peaks in the LEIS spectra are usually fitted with symmetrical functions like
Gaussians [33] or Lorentzians [34 – 36]. This originates in empirical studies [34] or on the
assumption that the energy distribution of the ion source is Gaussian shaped and all other
broadenings are symmetrical [37]. If the Y and Zr peaks are fitted with normal Gaussian
functions the Y/Zr ratio would be overestimated by at least 10%, mainly caused by the fact
that the Y peak lies on the low energy tail of the Zr peak. Only after the use of ToF-LEIS it
could be concluded that the asymmetry is an inherent feature of the LEIS peaks and
consequently that symmetric functions cannot be used. The asymmetry of the Zr peak is,
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however, exaggerated as the used ZrO2 powder is not 100% pure 94ZrO2 (see Table 3.1).
Strictly speaking, the presence of the five Zr isotopes requires that the Zr peak is fitted with 5
asymmetrical Gaussian functions. However, a fit with only one peak is preferred. This last
situation is justified by the small difference (less than 1%) in surface peak areas as determined
by fitting the Zr peak with one or five asymmetrical Gaussian functions.

The background is often approximated by a linear [16] or Shirley type [38] function.
Such a background refers to backscattered 40Ar+ ions. This is only a small part of the total
background, as can be seen in Fig. 3.2. Even the main part of this small background is
believed to be caused by sputtered ions and should be added to the ToF-LEIS spectrum of
sputtered particles with mass higher than 40 a.m.u. Calcining the iYSZ samples to
temperatures in excess of 950oC results in a surface that is covered by impurities. This means
that besides ions containing only Y, Zr and O, also ions containing Si, Na and/or Ca can be
expected to contribute to the background intensity. A difference in the overall shape of the
background is, however, not observed and it can still be described by the same exponentially
decaying function.

3.4.2.2. Segregation
The driving force for impurity segregation should be the lowering of surface or interfacial
energy. The segregation of Y2O3 to the subsurface layer might be a combination of strain
relaxation and a different bonding for the Y2O3 particle (it might be energetically favourable
for Y2O3 to bind with SiO2 instead of ZrO2). For 3YSZ samples calcined at 1000oC an Y2O3

surface concentration of 7.5 mol% is generally reported in literature [5, 7, 10, 22, 39 - 43].
Only Theunissen [2] found a concentration of 18 mol% Y2O3. For 10YSZ samples the
literature value is 18 mol% [2, 8, 9, 44 – 46]. The absolute concentrations found in this study
are 18 and 30 mol% for the 3 and 10iYSZ samples respectively and thus a factor 2.4 and 1.7
higher than the values reported in literature. This is related to the much higher surface
sensitivity of LEIS with respect to techniques like AES and XPS, but also to the fact that an
impurity layer covers the YSZ surface. The thickness of the Y2O3 enriched layer is at most 5Å
or one ZrO2 unit cell (impurities not included), in contrast to values reported in literature
ranging from 20 to 60 Å [40, 44].

Although there are several models describing the segregation of Y2O3 in ZrO2 [4, 47, 48,
49] only Hughes [47] has actually tried to determine the segregation enthalpy. However, the
large probing depth of XPS and the presence of a large quantity of carbon at the surface,
besides the impurities Si, Na and Fe, cloud his results.

It is interesting to note that the difference in surface segregation enthalpies of Y2O3 and
ZrO2 can be calculated to be –12.3 kJ/mol, based on an interfacial energy contribution, a
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binary interaction term and a solute strain contribution [47]. This value corresponds both in
sign and order of magnitude with the value found in our work.

3.5. CONCLUSIONS
The YSZ surface is completely covered by the oxides of the impurities Na, Si and Ca after
calcination to 1000oC or higher. This strong segregation of impurities is a general
phenomenon in YSZ. The impurities are restricted to the outermost surface layer, which
supports the use of LEIS in these studies. Due to the stability of the impurity oxides, a barrier
for oxygen exchange is formed. It is estimated that a total bulk impurity level of 10 ppm will
still poison more than half of the YSZ surface. Since the impurities will also segregate to the
grain boundaries, they will also influence the grain boundary diffusion coefficient of the
oxygen ions. This will have detrimental consequences for the performance of the SOFC. Y2O3

accumulates in the subsurface layer for calcination temperatures in excess of 1000oC. Above
1000oC the Y2O3 concentration in the subsurface layer is about 18 and 30 mol% for
respectively the 3 and 10 mol% YSZ samples. This is a factor 2.4 respectively 1.7 higher than
values reported in literature, where it is assumed that yttria segregates to the outermost surface
layer. From the Arrhenius plot a difference in interfacial free energies between Y2O3 and ZrO2

of -21 ± 3 kJ/mol has been determined.
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Chapter 4

Growth of Iron Oxide on Yttria Stabilised Zirconia
by Atomic Layer Deposition

ABSTRACT
The growth and thermal stability of an iron oxide overlayer on yttria stabilised zirconia (YSZ)
have been studied using atomic layer deposition (ALD), mainly in combination with low
energy ion scattering (LEIS). These techniques form a powerful combination, where ALD is
designed for controlled (sub)monolayer deposition, while LEIS selectively probes the altered
outermost atomic layer. The Fe(acac)3 precursor reacts already at room temperature with
YSZ. The reaction proceeds until saturation, which is characteristic for ALD. After studying
the results of repeated ALD cycles, which consist of Fe(acac)3 deposition followed by an
oxidation treatment, a model could be proposed which describes the growth mode of the iron
oxide layer on YSZ. Oxidation at temperatures of 800oC and higher causes a migration of
Fe2O3 into the bulk, limiting its usefulness in surface catalytic processes at these
temperatures. At 800oC the diffusion coefficient of Fe in YSZ is determined to be 10-19 cm2/s.
The reaction mechanism of Fe(acac)3 with the YSZ surface is studied using infrared diffuse
reflectance (DRIFT). The results reveal more than one reaction mechanism, but there seems to
be a preference for the reaction via coordinatively unsaturated sites.
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4.1. INTRODUCTION
Atomic layer deposition (ALD), also known as atomic layer epitaxy (ALE), is a controlled
layer-by-layer deposition technique [1-5]. The deposition is self-controlled through saturating
reactions between the surface and the reactants. The saturation is only achieved under certain
reaction conditions, which depend mainly on the surface temperature of the substrate in
combination with the reactants.

ALD is well suited for growing uniform compound layers on both flat substrates [1,2]
and porous, heterogeneous oxidic surfaces [4, 6]. In this study we used ALD to modify the
yttria stabilised zirconia (YSZ) surface using iron acetylacetonate (Fe(acac)3) and oxygen as
precursors. YSZ is an ionic conductor often used in solid oxide fuel cell (SOFC) technology.
The surface oxygen exchange at the YSZ surface is the bottleneck in the performance of the
SOFC [7-9]. Improvement of the surface oxygen exchange reaction seems to be achieved by
modification of the surface by e.g. ion implantation [10, 11] or thin film deposition. Iron is a
likely candidate for the improvement of the surface oxygen kinetics. It has multiple valences
needed for the conversion of gaseous oxygen molecules to oxide ions that can diffuse through
the solid electrolyte. Moreover, Sasaki et al. [12] showed that, while Fe mainly has the 3+
valence under the highly oxidising conditions of the SOFC (1000oC, 1 bar O2), about 0.6% Fe
is present in the 2+ valence state.

Reaction of metal acetylacetonate with an oxidic surface generally proceeds via surface
hydroxyl groups [13, 14]. Fe(acac)3 has three acetyl acetonate (C5H7O2) ligands in octahedral
arrangement [15-17]. The steric hindrance of three acac ligands prevents close approach of
surface OH groups to the central Fe ion in the complex. Therefore, Fe(acac)3 has to loose one
or more ligands before it can react with the surface. Loss of acetonate ligands is reported by
Kenvin et al. [18] and Van Ommen et al. [19]. Kenvin et al. reported the loss of one acac
ligand by Fe(acac)3 in the reaction with silica surfaces. Van Ommen et al. investigated the
adsorption of Fe(acac)3 on TiO2. Two acac ligands are lost in this reaction in the form of
acetylacetone (Hacac). By continuous adsorption of Fe(acac)3 an almost complete monolayer
of Fe2O3 could be achieved on TiO2. Kenvin and Van Ommen used liquid impregnation at
room temperature (RT) for their experiments, which is quite different from ALD. However,
the reaction at RT did show the instability of the Fe(acac)3 complex, for which steric
hindrance and the activation energy needed for chemisorption are easily overcome.

In this chapter, we present a study on the reaction of Fe(acac)3 with the YSZ surface,
where the focus will be on the growth and thermal stability of the created iron oxide layer on
the YSZ surface. The combination of low energy ion scattering (LEIS) and ALD has proven
to be very fruitful for such a purpose [6, 20]. ALD provides the ability to produce the desired
surface modifications, while the atomic composition of the outermost surface of highly
dispersed insulating substrates can be quantified with LEIS.
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4.2. EXPERIMENTAL
4.2.1. ALD set-up
The growth experiments are performed in an improved version of the ALD apparatus, as
described in detail in reference [21]. A schematic of the newly designed growth chamber is
given in Fig. 4.1.

Fig. 4.1. Schematic of the growth chamber of the ALD set-up. Valves are indicated by v1-v5,
heaters are indicated by h1-h4. The main body and container holder are situated in a stainless steel
vessel with a standard pressure in the low 10-7 mbar range. Gas (N2, O2) from the gas handling is
let into the main body via a flow controller. The sample transfer is connected to the pretreatment
chamber of the LEIS set-up.

The sample is placed in the reaction chamber, which has a volume of about 1 cm3 and is
similar to that in the former design. The precursor (Fe(acac)3) is valved into the reaction
chamber using its own vapour pressure (no carrier gas is used). Inlet of purge gas (N2) and
oxidant gas (O2) is controlled via a flow controller. The chamber surrounding the main body
and container (not depicted in Fig. 4.1) can be pumped down to a pressure of 10-7 mbar. This
minimises heat loss to the surroundings, but also prevents unwanted gas particles leaking into
the reaction chamber. The buffer chamber gives control over the amount of precursor used in
the reaction. This is especially useful for studying ALD reactions in the pre-saturation regime.
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The buffer has a volume of approximately 1 cm3. It can be heated up to 500oC. The heater,
like all other heaters in the ALD set-up, is controlled by a PID controller (WEST 9100). The
temperature is monitored by thermocouples. Temperature stability is obtained within 1oC. At
present, the valves in the main body (indicated by v1-v5 in Fig. 4.1) are made of a synthetic
material, which does not withstand temperatures in excess of 200oC. As the ALD experiments
have to be performed below the decomposition temperature of Fe(acac)3, which is 180oC in
absence of O2 [22], the restriction of the maximum allowable temperature for heater h2 and
h3 does not impose a problem. The container that holds the Fe(acac)3 has a volume of about 2
cm3. It is easily removable from its holder in order to refill or change the precursor. Besides
heating the container to 500oC, it can also be cooled down to –70oC using liquid nitrogen.

4.2.2. Measurements
4.2.2.1. Sample preparation
The following samples are used: 8 mol% Y2O3 doped ZrO2 (8YSZ), 10 mol% Y2O3 doped
ZrO2 (10YSZ), α- Fe2O3 and γ-Fe2O3.

LEIS measurements are done on 10YSZ, α- Fe2O3 and γ-Fe2O3. The 10YSZ samples are
made from powder supplied by Tosoh Co., Japan (Al2O3 < 0.005wt%, SiO2 < 0.002wt%,
Fe2O3 < 0.002wt%, Na2O ∼ 0.001wt%). The powder, mixed with 5wt% paraffin as a binder,
is first pressed uniaxially and then isostatically (100 MPa) into discs of 10 mm in diameter
and 1.5 mm thick. Sintering is carried out at 1400oC in ambient air for 2 hours in a tube
furnace, after removing the added paraffin by slow heating at temperatures below 600oC. The
preparation of γ-Fe2O3 has been described in [23], while α-Fe2O3 is obtained from Merck,
Germany. The bulk structure of these oxidic powders is verified with X-ray diffraction. After
introduction of a sample in the pretreatment chamber of the LEIS set-up, the sample surface is
cleaned. The cleaning procedure consists of a high vacuum (<1⋅10-6 mbar) anneal at 300oC for
2 minutes, followed by an oxidation treatment with atomic oxygen for 10 minutes at 10-4

mbar (the microwave input power of the oxygen atom source is 150W) [24]. This procedure
results in a surface free of water and organic contaminants. Subsequently, the 10YSZ samples
are sputtered with 1 keV 40Ar+ ions (maximum dose 1⋅1015 ions/cm2) to remove impurities
(SiO2, CaO, Na2O) which have segregated from the bulk to the surface during manufacturing.
To restore the stoichiometry the samples are oxidised using the atomic oxygen source (10
minutes, 10-4 mbar O2, 150W). After all these treatments the LEIS spectra of the 10YSZ
samples only show oxygen and yttrium/zirconium peaks.
ALD cycles are only performed on the 10YSZ samples. The sample is placed in the reaction
chamber and the sample, container and main body are heated to the desired temperatures Ts,
Tc and Tm respectively. After temperature stabilisation, Fe(acac)3, obtained from Acros
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Organics, Belgium, is admitted to the buffer chamber. Next, the valves between buffer
chamber and container are closed and the valve between buffer chamber and reaction chamber
is opened a fixed time interval (te). Hereafter, the redundant Fe(acac)3 is removed by flushing
with N2 during 5 minutes. The last step is the removal of the organic ligands by means of
oxidation. This is done in the reaction chamber by thermal oxidation up to 300oC (O2 flow) or
in the pretreatment chamber by thermal oxidation up to 500oC (O2 refreshed every 5 minutes)
or by atomic oxidation (see cleaning method).
After 10 ALD cycles, several 10YSZ samples are oxidised in a conventional tube oven at 800
and 1000oC for 5 hours in an O2 flow for studying the thermal stability of the deposited iron
oxide layer.
XPS measurements are performed on a 10YSZ sample after one ALD cycle.
DRIFT measurements are done on 8YSZ (TOSOH Co., 8 m2/g) and α-Fe2O3. Fe(acac)3 is
adsorbed on the sample surfaces by means of a liquid phase reaction [25, 26]. Both support
materials (8YSZ and α-Fe2O3) are dried in air for 16 hours at 400oC. Toluene solutions (about

50 ml) with 2 g support (8YSZ or α-Fe2O3) and 0.5 g Fe(acac)3 are stirred for 2 hours at 80oC.
Hereafter, the reacted powders are washed 3 to 5 times with 50 ml toluene of 50oC and dried
at 80oC in vacuum.

4.2.2.2. Analysis
The LEIS measurements are performed at RT on the set-up called NODUS [27, 28] using a
3 keV 4He+ incident ion beam. An ion dose of about 1⋅1014 ions/cm2 is needed to measure one
LEIS spectrum. To prevent the samples from charging their surfaces are flooded with low-
energy electrons. The Y and Zr peaks cannot be separated in the LEIS spectra, because the
mass difference between Y and Zr is too small. The observed peak is, therefore, referred to as
the (Y,Zr) peak.
The XPS measurements are performed on the set-up called ERISS. The Mg Kα radiation
(1253.6 eV) is produced by a dual anode X-ray source from VG (type XR3E2). The analyser
is a double-toroidal electrostatic analyser [29].
The DRIFT measurements are performed on a Nicolet Nexus 670 bench [30].

4.3. RESULTS AND DISCUSSION
4.3.1. ALD of iron oxide on 10YSZ
The deposition of Fe(acac)3 on 10YSZ is performed under various experimental conditions,
but each time starting from a clean, Fe free, 10YSZ surface. The results of these experiments
are summarised in Table 4.1. Standard conditions for an ALD experiment are a container, a
main body and a sample temperature (Tc, Tm, Ts) of 25oC (RT), an exposure time (te) of the
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sample to Fe(acac)3 of 2 minutes, flushing with N2 for 5 minutes and oxidation using atomic
oxygen. Under these standard conditions, 8 (± 3) % of the initial 10YSZ surface is covered by
Fe2O3 after the ALD experiment. This value is in agreement with sterical hindrance effects
limiting further reaction (see section 4.3.3.1). The conversion of the Fe LEIS signal to a Fe2O3

coverage is described in section 4.3.2.1. The gas phase reaction of Fe(acac)3 with 10YSZ is a
surface saturating reaction, which is confirmed by experiments with longer reaction times and
higher Fe(acac)3 vapour pressures. The surface Fe2O3 coverage does not increase when the
reaction time is increased from 2 minutes to 2 days (the connection between container and
reaction chamber is open during the 2 days), nor does it change when the container
temperature is raised from 25 to 60oC (see Table 4.1).

Table 4.1. Fractional surface Fe2O3 coverage on 10YSZ obtained after one ALD cycle performed
under standard and other experimental conditions. Standard conditions are Tc = Tm = Ts = RT, te =
2 minutes, flushing with N2 for 5 minutes and atomic oxidation. For the other experiments, only
the settings different from standard are indicated.

settings fractional Fe2O3 coverage
standard 0.08 ± 0.03
Tc = 40oC 0.09 ± 0.03
        60oC 0.07 ± 0.03
Ts = 90oC 0.08 ± 0.03
        150oC 0.09 ± 0.01
te = 10 min. 0.07 ± 0.02
       2 days 0.09 ± 0.02
no flushing 0.08 ± 0.03

The substrate surface temperature is an important variable in the ALD process. The
temperature should be high enough to overcome the activation energy needed for chemical
bonding and to prevent multilayer condensation. However, the temperature should not be so
high that it causes re-evaporation of the reactants from the surface. The temperature window
in which the ALD process takes place is often fairly wide. This means that accurate
temperature control is not necessary. Changing the substrate temperature from RT to 150oC
results (within experimental error) in the same Fe2O3 surface coverages (see Table 4.1), which
makes the temperature window at least 125oC wide.

Flushing removes gas phase Fe(acac)3. Since, the Fe2O3 coverage does not change when
the flushing step is omitted (see Table 4.1), Fe(acac)3 does not adsorb significantly on
Fe(acac)3.
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The oxidation step is necessary to remove the organic ligands from the surface. From
the results described in chapter 2B we know that it is difficult to remove hydrocarbons from
the 10YSZ surface [24]. Therefore, different oxidation treatments have been tried. Typical
LEIS spectra recorded after one ALD cycle, using different oxidation treatments, are given in
Fig. 4.2. Thermal oxidation treatments at temperatures between 150oC and 500oC in 2 - 200
mbar O2 for 5 - 30 minutes do not result in the complete removal of the organic ligands, as
can be concluded from the low intensity and the missing surface peaks in the LEIS spectra
(spectra (a) and (b) in Fig. 4.2). Higher oxidation temperatures cannot be used in our set-up,
but would also cause Fe2O3 to migrate into the bulk (see section 4.3.4).

Fig. 4.2. LEIS spectra (3 keV, 4He+) after one ALD cycle, using different oxidation treatments.
The oxidation treatments used are:
(a) thermal oxidation at 150oC in 2 mbar O2 flow for 5 minutes,
(b) thermal oxidation at 500oC in 2 mbar O2 for 30 minutes (O2 is refreshed every 5 minutes) and
(c) atomic oxidation (RT, 10-4 mbar,10 minutes, 150W).
Spectra are shifted vertically for clarity. Without the shift the background signals at energies above
2600 eV are equal.

The results seem to be in contrast with findings reported in literature, where adsorbed acac
ligands are readily removed by oxidation to 300oC in air [30]. The acetylacetonate is
converted to acetate with the release of acetone at 110oC. Water is needed for this reaction.
The remaining acetate group is removed by oxidation at 300oC. In our case, the low intensity
and the absence of surface peaks in the LEIS spectra might be attributed to cross-
contamination from chamber walls or the adsorption of reaction products. Atomic oxygen is
much more reactive than molecular oxygen. Using this treatment, the ligands are removed
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completely (spectrum (c) in Fig. 4.2). Clear O, Fe and (Y,Zr) peaks are visible in the LEIS
spectra. Repeating the atomic oxidation does not change the spectrum any further.

The oxidation state of Fe after the complete ALD cycle is determined with XPS. The
binding energy of the Fe 2p3/2 peak is determined to be 710.7 ± 0.6 eV. This value is in good
agreement with Fe being present as Fe2O3. However, due to the uncertainty in the binding
energies [31], it cannot be excluded whether a small fraction of the Fe is still present as FeO
or Fe3O4.

4.3.2. Multi-cycle growth
4.3.2.1. Increasing Fe2O3 coverage
The growth of Fe2O3 on the 10YSZ surface can be controlled by the number of ALD cycles.
The Fe2O3 coverage, which is the part of the YSZ surface that is covered by Fe2O3

irrespective of the thickness of the Fe2O3 layer, is determined after 0 to 50 ALD cycles. Each
measurement is done on a new sample position to avoid changes induced by sputtering. The
ALD experiments are performed under the following conditions: Ts = Tm = Tc = RT, te = 5
minutes, no flushing and atomic oxidation. The results of the increase in Fe signal and
decrease in (Y,Zr) signal as a function of the number of ALD cycles are shown in Fig. 4.3.
After 50 cycles the Fe2O3 still does not cover the 10YSZ surface completely. The O yield (not
shown) remains constant for all cycle numbers.

Conversion of the LEIS signals to surface coverages is deduced from the relation
between the increasing Fe signal and the decreasing (Y,Zr) signal (Fig. 4.4). Strictly speaking,
the system should be considered as a four component system (O, Fe, Y and Zr). Treatment as
a two component system (Fe2O3, 10YSZ) is reasonably justified as the intensity of the O
signal is independent of the surface composition. A linear relation between the increasing
LEIS signals of Fe and the decreasing LEIS signals of (Y,Zr) is found. The maximum Fe
signal, which agrees with an (Y,Zr) signal of zero, corresponds with a Fe2O3 coverage of one
and is found after extrapolation. The Fe LEIS signals can now be converted to Fe2O3

coverages. The result is indicated in Fig. 4.3 by the right y-axis labels.
Because of the stepwise increase of the Fe2O3 coverage, the following relation between

the number of ALD cycles (n) and the Fe2O3 coverage θ(Fe2O3) is found:

n
n

32 0.951
220

111)Oθ(Fe −=





±

−−= , (4.1)

and is indicated by the solid curve in Fig. 4.3. This means that, on average, 5.0 (± 0.5) % of
the free YSZ surface is covered by Fe2O3 after each ALD cycle. This value is somewhat lower
than the 8 (± 3)% coverage after the first ALD cycle (section 4.3.1), but agrees within the
accuracy with which the low Fe2O3 coverage can be determined.
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Fig. 4.3. Fe and (Y,Zr) LEIS signals for ALD cycle numbers 0 to 50. LEIS spectra are measured
with a 3 keV 4He+ incident ion beam. Each LEIS measurement is done directly after the ALD
cycle. The Fe signals are indicated by the filled circles, the (Y,Zr) signals by the open circles. The
solid curve indicates the increase of the Fe signal with ALD cycle number, if it is assumed that 5%
of the free YSZ surface is covered after each ALD cycle. The right y-axis labels are the result of
the conversion of the Fe LEIS signals to Fe2O3 surface coverages.

Fig. 4.4. Fe signal versus (Y,Zr) signal. Signals are taken from Fig. 4.3. Maximum Fe signal
((Y,Zr) signal is zero) agrees with full coverage by Fe2O3. The maximum (Y,Zr) signal (Fe signal
is zero) agrees with a completely uncovered YSZ surface. The fit is based on the least squares
method.
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4.3.2.2. Sputter profiles
The results of the Fe and (Y,Zr) sputter profiles are shown in Figs. 4.5(a) and 4.5(b). The Fe
signal first increases to a maximum, but then decreases with sputter dose. The (Y,Zr) signal
increases with sputter dose until the maximum value is reached. The O signal (not shown)
remains constant for all sputter doses and all initial Fe2O3 coverages.

The sputter profiles clearly show that the deposition of Fe2O3 is not restricted to one
monolayer. The sputter dose needed for the (Y,Zr) signal to reach its maximum value (and for
the Fe2O3 to be removed completely) increases with the number of ALD cycles. The (Y,Zr)
signals are (at least) 90% of their maximum values after using sputter doses of 6⋅1015, 27⋅1015,

68⋅1015  4He+ ions/cm2 for respectively 3, 20 and 50 ALD cycles. Assuming sputter yields for
Fe, Y and Zr of about 0.1 for sputtering with 3 keV 4He+ ions [32, 33] and knowing that the
sputter yields of oxides are in general lower than those of metals [34], maximum thicknesses
of the Fe2O3 layers are estimated at respectively about 1, 3 and 7 layers (the atomic surface
density is about 1015 particles/cm2).

The increase of the Fe signal with sputter dose observed in Fig. 4.5(a) can be explained
by preferential removal of the oxygen and/or by a change in structure. Preferential sputtering
of O on Fe2O3 has been reported for sputtering with 40Ar+ and 131Xe+ ions [35, 36]. Similar
effects can be expected for sputtering with 4He+ ions on Fe2O3. Structural changes occur when
Fe2O3 transforms into Fe3O4 or when γ-Fe2O3 transforms into α-Fe2O3. The preferential
removal of oxygen might invoke the (local) structural change from Fe2O3 to Fe3O4. From
exposure of metallic Fe to O2 we know that Fe3O4 is formed before Fe2O3 and that upon
sputtering with 4He+ ions the reverse process occurs. LEIS spectra of α- and γ- Fe2O3 (Fig.

4.6) show that the Fe signal of γ-Fe2O3 is only 78 (± 5) % of that of α-Fe2O3, which agrees
with earlier results [37]. The spectra are scaled with respect to the O signal. The difference
can be explained on basis of their atomic structures. The corundum structure of α-Fe2O3

consists of a hexagonal close packing of oxygen ions with the Fe ions in the octahedral
interstitial sites [38]. Since there are equal amounts of O ions and octahedral interstices, only
two thirds of the available interstitial sites are occupied. The predominant surface plane is the
(0001) face with 8 Fe ions for every 12 O ions. Using the result of Fig. 4.6, only 6 Fe ions for
every 12 O ions are visible in case of γ-Fe2O3. γ-Fe2O3 has a (defective) spinel structure. For
spinel surfaces it is known that only the octahedral cation sites are visible for LEIS [39]. From
the low index planes which are usually considered as surface plane [40] only the B(111) and
D(110) surface planes comply with this restriction. With the additional restriction of the
anion/cation ratio of 2, this leads to the D(110) surface plane, which is in agreement with
results found for Al2O3 [41]. Upon sputtering the Fe signal increases and the O signal
decreases  for  both  α-  and  γ-Fe2O3  resulting  in  equal Fe/O ratios for both oxides, which is
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(a)

(b)

Fig. 4.5. Sputter profiles of Fe and (Y,Zr) measured with 3 keV 4He+ ions after 3, 7, 10, 15, 20 and
50 ALD cycles. ALD cycle parameters are Tc = Tm = Ts = RT, te = 5 minutes, no flushing, atomic
oxidation.
(a) shows the Fe signal versus the sputter dose,
(b) shows the (Y,Zr) signal versus the sputter dose.
Simulations of the sputter profiles are given by the solid curves. They are based on a random
sputter model, which is described in section 4.3.2.3.
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expected on the basis of their bulk stoichiometries. The LEIS spectra of α- and γ-Fe2O3 after

prolonged sputtering (dose of 6⋅1016 4He+ ions/cm2) are also given in Fig. 4.6.

Fig. 4.6. LEIS spectra (3 keV 4He+) of α-Fe2O3 and γ-Fe2O3. LEIS spectra are normalised with
respect to the O signal. For both oxides a spectrum is given, which is measured directly after
surface cleaning and after prolonged sputtering (sputter dose of 6⋅1016 4He+ ions/cm2).

4.3.2.3. Modelling growth and sputter profiles
Based on the results of the multi-cycle growth, it is assumed that random deposition of
Fe(acac)3 results in a 5% coverage of the surface with Fe2O3 after each ALD cycle. No
distinction is made between deposition of Fe(acac)3 on YSZ or on Fe2O3 that has been
deposited in previous ALD cycles. Because of the low deposition temperature, the mobility of
the Fe species will be negligible. The Fe2O3 growth on the sample can now be calculated and
is given in Fig. 4.7. The fraction of the uncovered 10YSZ surface decreases while the fraction
of the 10YSZ surface covered by Fe2O3 increases in accordance with the results of Fig. 4.3.
The growth process does not cause a layer-by-layer growth, but a pyramid-like growth, which
means part of the 10YSZ surface is covered by one overlayer Fe2O3, part by two overlayers
Fe2O3 etc. This arrangement is also given in Fig. 4.7.

To verify the assumption made in the growth model, the sputter profiles of Fig. 4.5 are
simulated using a random sputter model. In this model the sample is represented by an one-
dimensional surface consisting of 100 atoms. The sample thickness equals 25 atomic layers.
This is more than sufficient to reach a steady state, which means the sputter profile does not
change anymore upon further sputtering. The atoms are sputtered randomly. The sputter
yields for all atoms are taken equal and constant. The results of the model calculations of the
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Fig. 4.7. Surface configuration after 3, 7, 10, 15, 20 and 50 ALD cycles. For each surface the
fractions of uncovered (black boxes) and covered YSZ are indicated. The arrangement of
deposited Fe2O3 is also given (only for fractions larger than 5%). The arrangement is based on a
random sputter model.

(Y,Zr) sputter profiles are included in Fig. 4.5(b). Good agreement between profiles and the
model is obtained. It must be noted that the YSZ surface is oxygen terminated, which causes a
deviation between simulated and measured sputter profiles at doses lower than 10⋅1015

ions/cm2. The fits are corrected for this effect by taking into account that part of the (Y,Zr) is
initially covered by oxygen. Simulations of the Fe sputter profiles are more complicated than
those of the (Y,Zr) sputter profiles due to the (structural) changes at low sputter doses.
Agreement between simulations and measured Fe sputter profiles is obtained when it is
assumed that the Fe in the outermost layer is partially covered by O. Removal of this O or a
change in structure causes the Fe to be more exposed and thus the Fe LEIS signal to increase.
Offsets have to be taken into account, as in all Fe sputter profiles the Fe signals do not go to
zero at high sputter dose. This may be caused by ion beam mixing effects. The results of these
simulations are included in Fig. 4.5(a) (solid curves).

From the simulations of the (Y,Zr) sputter profiles a sputter yield of 0.11 ± 0.05 is
obtained. The sputter yield can also be determined from the slope of the Fe sputter profiles at
zero sputter dose according to the following relation:

SY*
n
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d
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00d

−=


∂
∂

=

, (4.2)

where θ(d) is the surface coverage at dose d, n0 is the maximum Fe density and SY the sputter
yield. The relation may only be used for those sputter profiles where the Fe2O3 is restricted to
one layer at most, which is the case up to 3 ALD cycles. The average sputter yield is
determined to be 0.11, assuming that the maximum Fe density is (2.5 ± 0.6)⋅1015 Fe/cm2.
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4.3.3. Growth mechanism
4.3.3.1. Reaction pathway
The two most common ways of metal-acetylacetonate precursors to react with oxidic surfaces
is by hydrogen bonding and by ligand exchange [13]. In both cases, surface hydroxyls are
involved. The OH groups, however, have been removed from our sample surfaces before each
ALD experiment. First of all the sample surface is cleaned after insertion into the
pretreatment chamber (section 4.2.2.1). The absence of OH groups after the cleaning
procedure is confirmed by sputter profiles measured on freshly cleaned 10YSZ samples with
LEIS (3 keV 4He+ incident ions), which show that the (Y,Zr) and O signals remain constant
for low applied sputter doses (< 5⋅1015 4He+ ions/cm2) [24]. Secondly, after Fe(acac)3

deposition and before the next ALD cycle the sample is oxidised (section 4.2.2.1). In a
separate experiment it has been checked that the removal of the organic ligands by oxidation
only or by a combination of annealing (at 300oC in UHV) and oxidation is equally efficient.
Furthermore, a second oxidation treatment does not result in a change in the LEIS spectra, nor
does it change the Fe(acac)3 adsorption content in the following ALD cycle. However, after
oxidation the sample has to be transferred to the ALD reaction chamber. Although this
happens in a vacuum of 10-7 mbar, it does not guarantee the absence of OH groups before
beginning the ALD experiment.

In order to determine the reaction mechanism of Fe(acac)3 with the 10YSZ surface a
spectroscopic study on liquid and gas phase reactions of Fe(acac)3 with a ZrO2 surface has
been carried out [30]. From this study it follows that the reaction of Fe(acac)3 with the ZrO2

surface can proceed via coordinatively unsaturated Zr sites (c.u.s.). The reaction scheme
indicated in [30], adapted to our experimental conditions, is depicted in Fig. 4.8. Fe(acac)3

loses two of its three ligands to the surface in the reaction. The loss of one or two ligands is
common for metals with 3+ valence, it makes close approach and thereby the reaction of the
metal ion with the surface possible. Fe(acac)3 is known to be a very unstable complex, which
loses its ligands readily [22]. The third ligand remains weakly attached to the Fe ion. Short
exposure to air already causes a removal of the ligand, most likely in the form of Hacac. In
the oxidation step of the ALD cycle the atomic oxygen will remove the organic ligands in the
form of carbon dioxide and water. The OH group, attached to the Fe ion, is drawn in Fig. 4.8
in analogy with the results described in [30], where the infrared photo-acoustic spectra clearly
show the presence of a Fe-OH band. In that study the OH group is caused by the hydrolysis of
the highly unstable remaining Fe-acac function by ambient water, during the sample transfer
to the analysis cell. In our case the OH group can only appear on the surface after re-
adsorption of one of the reaction products created in the oxidation reaction involving the acac-
ligands. Decomposition of the acac ligands will produce significant amounts of water and
CO2. The presence of an OH group on top of a Fe ion will explain the rather slow increase in
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Fig. 4.8. Reaction mechanism of Fe(acac)3 with the YSZ surface. Fe strives for a 6-fold
coordination with surrounding oxygen ions. The dashed lines indicate the additional coordination
of the central Fe ion with oxygen ions. Actual bond angles might look distorted in the two-
dimensional representation.

Fe yield, when sputtering the surface (Fig. 4.5(a)). Normally a more rapid increase is
observed, when removing H as the only contaminant from the surface. A different bonding of
Fe with the surface e.g. Fe-(O-Zr)3 is therefore, not unlikely.

The Fe load found in the spectroscopic study [30] using electron microprobe analysis
(EMA) after Fe(acac)3 deposition equals 2.3⋅1014 Fe ions/cm2. Van Ommen et al. [19] found

values between 8⋅1013 and 3.5⋅1014 Fe ions/cm2 on ZrO2 after liquid impregnation. The cross-
sectional area of M(acac)2 (with M = Cu, V) equals about 60Å2 [13, 18], which results in a
surface density of 1.7⋅1014 ions/cm2. The used 10YSZ has a fluorite structure. The highest Zr

density is obtained for the (111) surface and equals about 1.1⋅1015 ions/cm2, obtaining a

surface density of 2.8⋅1014 Fe ions/cm2, when 4 Zr ions are required for the adsorption of one
Fe(acac)3 molecule. This means the Fe load found with EMA [30] agrees with values found in
literature and with estimations made on theoretical grounds. It should also be equal to the 8%
Fe2O3 surface coverage after 1 ALD cycle found in this work. From these values a maximum
surface density of 2.9⋅1015 Fe ions/cm2 can be calculated, which is in agreement with the
value found from the model used in section 4.3.2.3.

4.3.3.2. DRIFT measurements
The spectroscopic study, mentioned in section 4.3.3.1. [30] has been extended to Fe(acac)3 on
8YSZ and Fe2O3. Fig. 4.9 shows respectively the DRIFT spectra of pure Fe(acac)3, pure
Zr(acac)4  and 8YSZ and Fe2O3 that have reacted with Fe(acac)3.

It is known for quite some time that the position of the C-O and C-C vibrational modes
of the acac licands are influenced by the central metal ion, as decribed by the Ligand Field
Theory [42-44]. Inspection of the position of the νs(C-O)ring in spectra (a) and (b) shows that

this band is situated at 1570 cm-1 for Fe(acac)3 and at 1590 cm-1 for Zr(acac)4. The νas(C-C-
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C)ring is positioned at 1530 cm-1 for both complexes. The νs(C-O)ring vibration is therefore an
excellent diagnostic tool to gain information on the nature of the central metal ion. 
Spectrum (c) in Fig. 4.9 shows the 8YSZ support, reacted with Fe(acac)3 in the liquid phase.
The νs(C-O)ring vibration is positioned at 1600 cm-1 - a slightly higher value than for the
Zr(acac)4 - which is probably due to a contribution of Y-acac surface species. The theoretical
assignment of the νs(C-O)ring vibration of Y(acac)3 is at 1610 cm-1 [42]. The band at 1600
cm-1 in spectrum (c) is a superposition of Y-acac and Zr-acac contributions. Comparison of
spectra (c) and (a) makes it perfectly clear, however, that no contribution of Fe-acac surface
species is present in spectrum (c), which corroborates the reaction mechanism presented in
Fig. 4.8. Two Fe-acac bonds are broken upon reaction of the Fe(acac)3 with the YSZ surface
and the acac ligands are bonded to the Zr (or Y) coordinatively unsaturated sites. The third
ligand is lost due to transport through air (see section 4.3.3.1).

A relevant question is whether a reaction of Fe(acac)3 with Fe2O3 is possible. This
experiment was performed and the DRIFT spectrum is shown in Fig. 4.9 as spectrum (d).
Weak but distinct bands, attributed to acac surface species can be observed. Especially the
νas(C-C-C)ring vibration is clearly present. This indicates that this reaction is indeed possible
and confirms the possibility of pyramid-like growth of Fe2O3 on YSZ, which was concluded
from the sputter profiles.

Fig. 4.9. DRIFT spectra of
(a) pure Fe(acac)3,
(b) pure Zr(acac)4,
(c) 8YSZ after reaction with Fe(acac)3 and
(d) Fe2O3 after reaction with Fe(acac)3.

Reactions were carried out in the liquid phase at room temperature.
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4.3.4. Stability of the Fe2O3 overlayer
The sputter profiles of Fe after oxidation at 800 and 1000oC are given in Fig. 4.10. For
comparison the sputter profile measured after 10 ALD cycles without such a high temperature
oxidation is also given. The oxidation clearly causes a decrease in the Fe signal measured in
the first LEIS spectra and causes a more gradual decrease of that Fe signal with sputter dose,
compared to the result at RT. The decrease of the LEIS signal can be converted to a decrease
in surface coverage using the results of Fig. 4.3. After oxidation to 800 and 1000oC the
surface Fe2O3 coverages are about 28 and 16% respectively, while before oxidation the
coverage is about 40%. It is unlikely that the iron oxide has evaporated. The gradual decrease
of the Fe signal thus indicates that the lower surface coverages are caused by the diffusion of
Fe (or iron oxide) into the bulk.

Fig. 4.10. Sputter profiles of Fe after oxidation at 800 and 1000oC for 5 hours in O2. Before
oxidation 10 ALD cycles are deposited onto the sample surface. For comparison the sputter profile
after 10 ALD cycles without further oxidation is also given. The increase in Fe signal at low dose
in this sputter profile is caused by structural effects as described in 4.3.2.2.

The diffusion coefficient for Fe (iron oxide) diffusion in YSZ at 800oC is estimated to
be of the order of 10-19 cm2/s using Fick’s diffusion laws [45], which is two orders in
magnitude lower than the value found by Van Hassel and Burggraaf [46]. The discrepancy
can be attributed at least partly to the experimental starting conditions. Van Hassel et al. used
ion implantation to modify the YSZ sample with Fe. The damage caused by this technique
provides faster diffusion pathways. Iltis et al. [47] found a diffusion coefficient of 10-15 cm2/s
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for diffusion of Fe in ZrO2 at 400oC. This high value would cause such a severe migration of
Fe into the bulk that the surface concentration would become too low to be detected in our
experiment. The lower diffusion coefficient found in this work compared to those reported in
literature may also indicate the presence of a diffusion barrier layer. Indications for a surface
region with a lower diffusion coefficient than the bulk were already found in earlier
experiments performed by us to determine the self-diffusion coefficient of oxygen in YSZ
(see chapter 6).

4.4. CONCLUSIONS
Fe(acac)3 readily reacts with YSZ. Saturation of the reaction is achieved at room temperature
within 2 minutes. Consecutive ALD growth cycles increase the Fe2O3 coverage by an average
value per cycle of 5% of the free YSZ surface. The Fe2O3 growth is not restricted to a single
monolayer. The maximum Fe surface density equals 2.9⋅1015 particles/cm2. The sputter yield
of Fe (iron oxide) on YSZ with 3 keV 4He+ ions is 0.11 Fe atoms/ion. The Fe2O3 layer is
stable up to 500oC. For higher temperatures the Fe (iron oxide) dissolves into the bulk. The
diffusion coefficient of Fe in YSZ at 800oC is determined to be 10-19 cm2/s.
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Chapter 5

The Limiting Factor for Oxygen Exchange at the
Surface of Fuel Cell Electrolytes

ABSTRACT
The outermost surface layer of the yttria stabilised zirconia (YSZ) electrolyte in the solid
oxide fuel cell plays an important role in the performance of the cell. By combining 16O/18O
exchange experiments with quantitative surface analysis by low energy ion scattering
spectroscopy the relation between the composition of the outermost atomic layer and the
oxygen kinetics at the surface of the electrolyte can be studied. The results suggest a linear
relation between an increasing amount of impurity oxides present at the surface and a
decreasing oxygen exchange. Ceramics invariably contain glassy impurities, which segregate
to the grain boundaries during sintering. Our results, however, show that the accumulation is
restricted to the outermost atomic layer and proceeds until complete coverage is obtained.
This observation underlines the importance of the used surface analysis technique. The strong
accumulation of the impurities at the surface is observed even in the purest YSZ materials
available. A decrease of the total bulk impurity concentration by a factor 10-100 is necessary
to insure that the YSZ surface cannot be covered completely by impurities. The amount of
exchanged oxygen at the outermost surface layer reduces from 50% at a clean yttria stabilised
zirconia surface to zero at a surface completely covered by impurity oxides. Although the
oxygen exchange experiments pertain to a temperature of 500oC it is believed that the
impurity oxides also have a strong influence at higher temperatures.
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5.1. INTRODUCTION
Yttria stabilised zirconia (YSZ) exhibits fast oxygen ionic transport and is, therefore, widely
used as electrolyte material in the solid oxide fuel cell (SOFC). The conversion of oxygen
molecules to oxygen ions at the cathode side of the electrolyte and the diffusion of these ions
through the electrolyte determine the overall oxygen transport in the SOFC. The surface
reactions are considered to be the limiting factor in the overall transport kinetics [1-3]. Three
pathways are available for the incorporation of oxygen ions into the electrolyte [2]:
1. the adsorption, dissociation and incorporation at the electrolyte surface,
2. the dissociative adsorption of oxygen molecules on the electrode surface followed by

diffusion towards the cathode/electrolyte interface and
3. the conversion of oxygen molecules to oxygen ions at the electrode surface, followed by

diffusion through the electrode to the electrode/electrolyte interface.
For the first and second pathway the YSZ surface is of the utmost importance. For the third
pathway fast transfer from electrode to electrolyte is reported, unless a barrier is formed at the
interface [4, 5].

A ceramic like YSZ invariably contains glassy impurities, which tend to segregate to
the grain boundaries during sintering [6, 7]. The exact final location of this impurity phase is
not certain. Models suggest a continuous phase surrounding all grains or a discontinuous
phase located at triple grain junctions and in pockets along grain boundaries [8]. Either way,
the presence of a grain boundary impurity phase contributes to the total resistivity of the
electrolyte material [4, 8, 9]. Impurities present at the external surface are considered to form
a blocking layer restricting the oxygen ion flux into the electrolyte [4, 5, 10]. Independent of
its location, the impurity phase will have serious consequences for the mechanism of oxygen
ion conduction across the fuel cell electrolyte.

In this chapter we will show that the oxygen exchange at the electrolyte surface is
indeed dramatically limited by impurity oxides, like SiO2 and CaO, which have segregated to
the outermost surface layer at the operating temperature of the fuel cell. In order to determine
the relation between the surface composition and the amount of oxygen exchanged at the
surface we used low energy ion scattering spectroscopy (LEIS) in combination with 16O/18O
exchange experiments. The advantage of LEIS over techniques like X-ray photoelectron
spectroscopy (XPS), Auger electron spectroscopy (AES) and secondary ion mass
spectroscopy (SIMS) is its ability to selectively probe the outermost atomic layer and quantify
its composition. The outermost surface layer is precisely the most important layer in the
surface oxygen exchange reactions. The usefulness of LEIS in the determination of a relation
between the surface composition and its catalytic performance has already been shown by
Jacobs et al. [11]. First of all, they showed that only the cations in the octahedral sites of the
spinels Mn3O4 and Co3O4 could be observed with LEIS. Secondly, they showed that only
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these octahedral sites are involved in the selective reduction of nitrobenzene to
nitrosobenzene and hereby confirmed the suggested relation.

5.2. EXPERIMENTAL
5.2.1. Samples

Seven YSZ samples have been prepared from different starting materials in different ways.
An overview is given in Table 5.1. The samples are sputtered with at least 1⋅1015 40Ar+

ions/cm2. After sputter treatment only Y, Zr and O are observed in the LEIS spectra.
Subsequently, all samples are calcined in a conventional tube oven in an O2 flow of 1.5 bar.
Calcination temperatures and times are given in Table 5.2. Sample 1 is also calcined at other
temperatures (between room temperature and 1200oC) and for other periods of time (between
2.5 and 5 hours) than indicated in Table 5.2 in order to obtain different CaO coverages. This
way the influence of a CaO coverage on the oxygen exchange at the surface could be studied
(see section 5.2.3). After calcination a sample is transported through air to the pretreatment
chamber of the LEIS set-up. After introduction the sample surface is cleaned using a
combination of a high vacuum (<1⋅10-6 mbar) anneal at 300oC for 2 minutes and an oxidation
treatment using atomic oxygen. For the oxidation the Atom/Radical Beam Source of Oxford
Applied Research (MPD21) is used at a microwave input power of 150 W, an oxygen
pressure of 1⋅10-4 mbar and an oxidation time of 10 minutes. This results in an YSZ surface
free of water and hydrocarbons [12]. Hereafter, the sample is analysed with LEIS or an
oxygen exchange experiment is conducted after which the surface is analysed with LEIS.

Table 5.1. Y2O3 doping level, suppliers of the base materials and preparation methods of the seven
different YSZ samples used in the experiments.

sample Y2O3

(mol%)
supplier preparation method

1 10 Tosoh Co. powder pressed and sintered at 1400oC
2 10 Tosoh Co. tape casting
3 3 Tosoh Co. powder pressed and sintered at 1350oC
4 8 Tosoh Co. powder pressed and sintered at 1350oC
5 3 Pennwood, Aldrich low temperature precipitation method
6 10 Pennwood, Aldrich low temperature precipitation method
7 9 Rhone-Poulenc cut from single crystal
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Table 5.2. Calcination temperature (T) and time (t) and surface coverage after calcination of the
seven YSZ samples, which are described in Table 5.1. The (Y,Zr) and impurity values agree with
the percentage of uncovered and covered YSZ surface. All detected impurities are given in the last
column, the most abundant one is underlined.

sample T t (Y,Zr) impurities
(oC) (hour) (%) (%) (most abundant)

1 1000 5 2 ± 4 98 ± 4 Ca, F
2 1000 1 100 Na, Si, Ca, F
3 700 1 84 ± 3 16 ± 3 Na, Si, Ca, F
4 1000 1 100 Na, Si, Ca, F, Hf
5 1000 5 100 Na, Si, Ca
6 1000 5 100 Na, Si, Ca
7 500 1 26 ± 2 74 ± 2 Na, Si, Ca, Hf

5.2.2. Measurements
The LEIS measurements and the oxygen exchange experiments are performed in the set-up
called NODUS [13, 14]. The set-up consists of two interconnecting vacuum chambers: the
main chamber and the pretreatment chamber. All LEIS measurements are done in the main
chamber with 3 keV 4He+ ions at room temperature. An ion dose of about 1⋅1014 ions/cm2 is
needed to measure one LEIS spectrum. To prevent the samples from charging their surfaces
are flooded with low-energy electrons. The oxygen exchange experiments are done in the
pretreatment chamber, which is equipped with an oven (maximum temperature 500oC), the
atomic oxygen source and gas inlets for 16O2 and 18O2.

5.2.3. Oxygen exchange

A sample is first annealed in technical oxygen (99.5%) of natural isotopic abundance for 60
minutes to equilibrate the sample at the same temperature (400-500oC) and pressure (1 - 2
mbar) as the exchange anneal. Once the sample has cooled down to a temperature below
150oC, the oxygen is pumped off and the sample is transferred to the main chamber. Next, the
pretreatment chamber is cleaned using the atomic oxygen source (P = 150 W, pO2 = 1⋅10-4

mbar, t = 10 minutes). The sample is then transferred back to the pretreatment chamber and
treated with atomic oxygen for 10 minutes. This procedure is necessary to remove the (cross-)
contamination adsorbed on the sample surface after the thermal oxidation as shown in chapter
2B [12]. When the pressure in the pretreatment chamber has reached 1⋅10-6 mbar, isotopically
labelled oxygen (96.5%, A.R.C. laboratories b.v.) is introduced at a pressure of 1 - 2 mbar.
After calcining the sample for 10 minutes, it is quenched by removing it from the oven.
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Simultaneously, the labelled oxygen is pumped off. Finally, the sample is transferred to the
main chamber for analysis.

Oxygen exchange experiments are performed on samples 1 to 4 and 7. The exchange
experiments are performed directly after the high temperature calcination treatments (section
5.2.1). The conditions of the oxygen exchange experiments are given in Table 5.3. Sample 1
is used to study the influence of the CaO coverage on the oxygen exchange for CaO
coverages ranging from zero to almost 100%. In case of samples 2 to 4 the oxygen exchange
is performed at a temperature of 400oC in order to avoid the slight changes in the surface
composition, which were observed for these samples after calcination at 500oC. The isotopic
fraction, S(18O) / [S(16O) + S(18O)], is determined after integration of the 16O and 18O LEIS
peaks (S) and correction for sensitivities.

Table 5.3. Oxygen exchange temperature (T) and O2 pressure (p) and isotopic fraction after the
oxygen exchange experiments for samples 1 to 4 and 7. In all oxygen exchange experiments an
exchange time of 10 minutes is used.

sample T
(oC)

p
(mbar)

isotopic
fraction

1 500 2 < 0.05
2 400 1.3 < 0.05
3 400 1.3 0.20 ± 0.05
4 400 1.3 0.07 ± 0.05
7 500 1.5 0.11 ± 0.04

5.3. RESULTS AND DISCUSSION
5.3.1. Impurity segregation

Characteristic LEIS spectra after high temperature calcination of samples 2 and 4 are given in
Fig. 5.1. No (Y,Zr) peak is visible in either LEIS spectrum. Where the onset of the (Y,Zr)
peak should be, only a step in the background is observed, indicating scattering from Y and Zr
from deeper layers. Surface peaks of Na, Si and Ca are observed in both spectra, although the
peak intensities differ. Si is the most abundant impurity in case of sample 2, while this is Ca
in case of sample 4. The peak intensities agree with a ∼50 and ∼70% coverage with SiO2 and
CaO respectively. Na, Si, Ca and (most likely) Hf, which are observed for sample 4, are quite
common impurities for oxides like YSZ [6, 7, 15-24]. The F is not a bulk impurity, but can be
attributed to the experimental set-up. A combination of the use of the neutralisation unit in the
NODUS (to keep the samples free from charging) and the strong surface reactivity of the YSZ
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surface causes this contamination. The absolute F concentration is in all cases less than 5 at%,
as checked by calibration against a fluorine standard (Teflon). Table 5.2 summarises the
results of all seven samples. In all spectra only impurity peaks of Na, Si, Ca, Hf and/or F are
observed. For each sample the most abundant impurity is underlined. All samples calcined to
1000oC are fully covered by impurities. The calcination temperatures of samples 3 and 7 are
too low for the impurities to cover these surfaces completely within 1 hour (kinetic
limitation).

Fig. 5.1. LEIS spectra (3 keV, 4He+) of samples 2 and 4 (see Table 5.1) after calcination at 1000oC
for 5 hours in a flow of technical oxygen (1.5 bar).

The presence of impurities at the surface lowers the surface free energy of the YSZ
sample. In absence of phase separation, the driving force for segregation should disappear,
when the surface is covered by one monolayer (ML) of impurities. Fig. 5.2 shows sputter
profiles of sample 6, which are measured after calcination at 1000oC. Sputtering is done with
1 keV 40Ar+ ions. For similar experimental conditions a sputter yield of one particle/ion is
reported [25]. To determine the presence of Na, Si and Ca at the YSZ surface, the sputtering
with Ar is interrupted for LEIS measurements with 3 keV 4He+ ions. The results show that the
LEIS signals of the impurities Na, Si and Ca decrease and that, consequently, the intensity of
the (Y,Zr) LEIS signal increases with increasing sputter dose. The O LEIS signal decreases
only slightly with sputter dose. After a sputter dose of 1 – 2⋅1015 40Ar+ ions/cm2 the intensities
of the impurity LEIS signals have decreased below the detection level of the LEIS apparatus.
The accumulation of the impurities is thus restricted to approximately one monolayer. Similar
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values for the impurity layer thickness are obtained for the other samples. This thickness is in
agreement with the result of ∼0.3 nm found by Aoki et al. [26] on calcia stabilised zirconia.

Fig. 5.2. Sputter profiles of sample 6. Sputtering is done with 1 keV 40Ar+ ions. With 40Ar+ the
elements Na, Si and O cannot be detected and the sensitivity for Ca is very low. Therefore,
sputtering is interrupted for LEIS measurements with 3 keV 4He+ ions.

The origin of the impurities at the surface can be fourfold: the starting material, the
preparation method, the pretreatment in the tube oven and the surface cleaning. Impurities,
like SiO2, are ubiquitously present in minerals, even in YSZ powder from Tosoh Co., which is
amongst the purest powders (< 50 ppm). We tried to determine the impurity level by means of
EDX, but the low levels and charging problems prohibited this. In spite of the low levels, the
bulk concentrations are high enough to cause complete surface coverages. Calculations based
on thermodynamic equilibrium segregation show that impurity levels below 10 ppm are
needed to insure that the surface is not fully covered by impurities. Sample 6 has been
calcined 13 times to temperatures above 1000oC. After each calcination treatment the surface
composition was determined and subsequently the impurities were removed by means of
sputtering (total removal of 4 ppm impurities). Each time the surface composition, consisting
of Si, Na, Ca and O, was exactly the same.

Impurities are also easily introduced during processing, particularly due to cross-
contamination from the tube oven during the high temperature sintering procedure. Recently,
Viitanen et al. [27] have shown that SiO2 contamination can also arise from the use of silicone
grease used in the apparatus to establish input gas mixtures for SOFC test assemblies. The
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SiO2 overlayer, which is formed in this way, is much thicker than when the SiO2 originates
from the bulk as they showed after using an improved (silicone grease free) test rig.

The impurities do not originate from cross-contamination involving the tube oven in
which the samples are calcined. LEIS spectra of samples other than YSZ, which have been
calcined to 1000oC for 5 hours in O2, do not show any trace of impurities. The impurities are
also not a consequence of the cleaning method [12]. Cleaning an YSZ sample according to
this method, after the sample has been sputtered with Ar so that all impurities are removed,
does not lead to a new accumulation of impurities at the surface.

5.3.2. Oxygen exchange dependence on contaminated surfaces

Oxygen exchange involves a kind of Mars-van Krevelen process [28]. Analogues to this
process, where lattice oxygen is used to oxidise a molecule and subsequently the created
oxygen vacancy is replenished by oxygen from the gas phase, multivalent cations are needed
at the surface. At the exchange temperatures and oxygen pressures used, Si, Na and Ca only
have a single valence and are unlikely to change that valence. This affects the surface oxygen
exchange.

Fig. 5.3 shows the 16O and 18O peaks of the LEIS spectra (after background subtraction)
of samples 2 and 3 measured after the oxygen exchange experiments. For sample 2, which is
completely covered by impurities (see Table 5.2), only an 16O peak is visible. Sample 3,
which is only partly covered by impurities (see Table 5.2), shows both 16O and 18O peaks. The
isotopic fractions for samples 1 to 4 and 7 determined after oxygen exchange experiments are
given in Table 5.3. The presence of a complete impurity overlayer results in isotopic fractions
of less than 0.05 for samples 1 and 2, while for samples 3 and 7, with incomplete impurity
overlayers, the isotopic fractions are 0.20 and 0.11 respectively. These results clearly show
that the oxygen exchange is strongly reduced with the increased surface concentrations of the
segregated impurity oxides. Although sample 4 is fully covered by impurities, the isotopic
fraction is equal to about 0.07. The large error is caused by poor statistics. The fact that the
exchange ratio is not similar to that of samples 1 and 2, might be due to the presence of Hf on
the surface, which covers about 10% of the total surface (see Table 5.2). HfO2 is reported to
have little effect on the total ionic conductivity of YSZ [29].

The obtained results suggest that one ML of impurity oxides is enough to form an
impenetrable barrier for oxygen. However, Åkermark et al. [30] showed that for the oxidation
of silicon the oxide growth occurs via interstitial transport of oxygen from the gas through the
growing oxide layer without reacting with the oxide matrix. If SiO2 on YSZ acts similarly to
bulk SiO2, it does not participate in the oxygen exchange, but merely acts as a diffusion
barrier. The same reasoning holds for CaO and Na2O. With a diffusion barrier of only one ML
thick it could well be that 18O can still be found in the subsurface layers. The isotopic fraction
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Fig. 5.3. Part of the LEIS spectra of samples 2 and 3 measured after oxygen exchange. The spectra
show the 16O and 18O surface peaks after background subtraction. Before oxygen exchange,
samples 2 and 3 are calcined at 1000 and 700oC respectively for 1 hour in an oxygen flow (1.5
bar). The oxygen exchange is performed at 400oC for 10 min in 1.3 mbar 18O2.

is, therefore, also measured for sample 1 after calcination at 1000oC and subsequent oxygen
exchange at 500oC up to a sputter dose of 28⋅1015 4He+ ions/cm2, which agrees with a depth of
approximately 3 ML. The results are indicated by the open circles in Fig. 5.4. The isotopic
fraction is smaller than 0.05 at the surface and remains to be this low upon sputtering. The
oxygen exchange experiment is repeated on the same sample and on the same position using
the same conditions (see section 5.2.3). The results are indicated by the closed circles in Fig.
5.4. Now, the surface is not covered by CaO and the isotopic fraction is about 0.5 and
decreases slowly with depth. The results show that no 18O is found in the subsurface layers,
despite the enormous difference in isotopic fractions determined after oxygen exchange at an
uncovered and CaO terminated YSZ surface. The coefficient for O diffusion in YSZ is much
higher than the coefficient for O diffusion in CaO. Oxygen that has penetrated the CaO barrier
layer will migrate quickly from the interface into the YSZ bulk. With a surface barrier, the
18O supply to the subsurface region is slowed down. The exchange time should be long
enough to allow a detectable 18O concentration to be built up in the subsurface region. The
combination of these two factors, the large difference in diffusion coefficients and the short
exchange time, can thus explain the low 18O subsurface concentration. The activation energy
for oxygen penetration through the impurity surface layer will be overcome more easily at
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temperatures higher than 500oC. Better oxygen exchange characteristics are, therefore,
expected for these temperatures.

Fig. 5.4. Change in isotopic fraction for a completely covered and an uncovered YSZ sample with
4He+ ion sputter dose. The oxygen exchange experiments are performed at 500oC for 10 minutes in
2 mbar 18O2 on sample 1. The LEIS spectra are measured with 3 keV 4He+ ions. The open circles
indicate the result for the YSZ sample completely covered by CaO. The closed circles indicate the
result for the uncovered YSZ sample.

5.3.3. Influence of CaO

Ca is an element often encountered in SOFC technology. First of all, Ca is a common bulk
contaminant which segregates to the external surface at the operating temperature of the
SOFC, as has been shown in section 5.3.1. Furthermore, Ca appears to be the most potent
dopant for suppressing grain growth [21], it is used in the electrolyte to stabilise the ZrO2

matrix, in electrode materials like Ca-doped LaMnO3 [31] and in separator materials like Ca-
doped LaCrO3.

Experiments have been conducted to determine the influence of CaO, segregated from
the bulk to the surface, on the amount of oxygen exchanged at the YSZ surface. The results of
these measurements are depicted in Fig. 5.5. A linear relation (open circles) is found between
the increasing CaO coverage and the decreasing free YSZ surface. For an uncovered YSZ
surface the isotopic fraction is about 0.52. This is much higher than the value of 0.008
reported by Manning et al. [32] measured with SIMS on a 9.5 mol% YSZ single crystal
(oxygen exchange at 500oC for 2 hours). This can be explained by the presence of a blocking
layer at the surface. However, the presence of impurities is not mentioned by them. It may
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easily have been overlooked by the large working depth per measurement point. The use of a
single crystal by Manning et al. instead of a polycrystalline material is not the reason for the
large difference, since our measurements on a single crystal that is partially covered with
impurities already resulted in an isotopic fraction of 0.11 (see Table 5.3, sample 7).

Fig. 5.5. Isotopic fraction (open squares) and YSZ coverage (open circles) as a function of the
CaO coverage. The solid and dotted lines are least-squares fits through the measurement points.
The closed squares indicate the isotopic fractions, if it is assumed that oxygen exchange is only
possible on YSZ surface and not on the CaO covered part.

The open squares in Fig. 5.5 show that the isotopic fraction decreases linearly with increasing
CaO coverage. The isotopic fraction reduces to zero for a surface completely covered by CaO.
The similar linear decrease of the free YSZ surface with increasing CaO coverage suggests
that CaO effectively reduces the surface fraction available for oxygen exchange. If oxygen
exchange only takes place at the uncovered YSZ surface the isotopic fractions, given by the
open squares in Fig. 5.5 and calculated using the total 16O and 18O LEIS signals, are
underestimated. Only the oxygen signal originating from the YSZ surface should be taken
into account, which means the total 18O signal, but an 16O signal corrected for surface
coverage and differences in structure between CaO and YSZ. This results in an average
isotopic fraction of 0.40 ± 0.06 for all CaO coverages, indicated by the closed squares in Fig.

5.5. For a CaO coverage of 98% a (corrected) isotopic fraction of 1 ± 5 can be calculated. The
large difference from the average value of 0.4 and the large error margin are caused by the
accuracy with which the small values for the isotopic fraction and the YSZ surface area could
be determined. This datapoint is, therefore, left out of Fig. 5.5. The results suggest that the
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exchange mechanism does not change as a consequence of the CaO segregation to the surface.
The presence of CaO only reduces the effective surface area for oxygen exchange.

5.3.4. Improvement fuel cell performance

Increase of the surface oxygen kinetics is only achieved when the impurities are removed
from the surface. Lowering the operating temperature of the SOFC will reduce the diffusion
of impurities to the surface. However, fuel cells must operate at these temperatures for at least
40000 hours, instead of the one hour anneal time used in our experiments. More importantly,
YSZ electrolytes have to be annealed to temperatures in excess of 1000oC to ensure their gas-
tightness. Reduction of the total impurity concentration below 10 ppm, to ensure that the
impurities can never cover the electrolyte surface completely, is extremely difficult.

The solution might be found in the repression of impurity segregation by doping YSZ
with another element. Segregation to the outer surface is driven by the reduction of the
surface free energy. Oxides like WO3 and V2O5 have surface free energies, which are much
lower than those of YSZ and more importantly lower than those of impurities like SiO2. They
are, therefore, candidates to withhold the impurities from segregating to the YSZ surface. W
and V might even improve the surface oxygen kinetics, because of their ability to change
valence, which is needed for oxygen exchange. Some interesting results have already been
obtained with V- and W-implanted YSZ samples [33].

5.4. CONCLUSIONS
The results demonstrate the advantage of the use of the surface analysis technique LEIS to
analyse the oxygen exchange kinetics at the surface of YSZ in relation to its composition. The
data show that bulk impurities, like SiO2, CaO and Na2O, segregate to the outermost surface
layer of YSZ until they completely cover it. This appears to be a general phenomenon for
YSZ. By this accumulation the impurity oxides create an impenetrable barrier for oxygen up
to a temperature of (at least) 500oC. About 50 % of the oxygen is exchanged at the outermost
uncovered YSZ surface at 500oC (within 10 minutes). This value reduces to zero for a
completely covered surface. The presence of impurities does not change the exchange
process, but effectively reduces the area available for oxygen exchange.
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Chapter 6

Oxygen Exchange and Diffusion in the Near Surface
of Pure and Modified Yttria Stabilised Zirconia

ABSTRACT
By studying the oxygen transport through yttria stabilised zirconia (YSZ) a strategy could be
proposed which should lead to a reduction in the operating temperature of the solid oxide fuel
cell (SOFC) to the intermediate temperature range without loss in performance. The
combination of isotopic exchange depth profiling with low energy ion scattering (LEIS) and
elastic recoil detection analysis (ERDA) have shown a complex structure affecting the surface
oxygen exchange reaction and self-diffusion in 10 mol% yttria doped zirconia. Remarkable is
the presence of a thin (about 6 nm) layer at the external surface showing resemblance with the
monoclinic phase. The results suggest a significant improvement in the surface oxygen
exchange with respect to the values reported in literature when impurity oxides are prevented
from segregating to the external surface. A possible operating temperature of around 850oC
seems feasible. Improvements in the surface oxygen exchange by addition of a surface
catalyst reported in literature are also attributed to the removal of impurities. Further decrease
in operating temperature, down to at least 725oC, should be possible by removing the
impurities in the bulk, which should lead to a considerable increase in the grain boundary
diffusion and by reduction of the electrolyte thickness.
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6.1. INTRODUCTION
The solid oxide fuel cell (SOFC) is an energy conversion system, which generates electric
power in an efficient and environmental friendly way. Yttria stabilised zirconia (YSZ) is often
used as electrolyte in the SOFC, because of its high ionic conductivity. To make the SOFC
economically and technically viable the current operating temperature of around 1000oC has
to be lowered to the intermediate temperature range of 500-800oC [1-3]. However, this will
have a negative influence on the cell performance. It is, therefore, important to gain a
fundamental understanding of the factors that control the oxygen transport, such as the surface
oxygen exchange, grain boundary properties and atomistic migration parameters [4, 5].

The surface oxygen exchange is considered to be the rate-limiting step in the operation
of the SOFC [6-8]. A factor that has a major influence on the surface oxygen exchange of
YSZ is the presence of impurity oxides, such as silicon dioxide [9, 10]. These impurities are
invariably present in this ceramic material. Because the electrolyte is calcined at temperatures
of 1000oC and higher during manufacturing (to make the electrolyte gas-tight) and operation,
the impurities will segregate to the surface [11, 12], the driving force being the reduction in
surface free energy. In chapter 5 it was shown that oxygen exchange cannot take place at a
surface that is completely covered with impurity oxides. Since the surface enrichment of
oxides like SiO2 and CaO is very high, the total bulk impurity concentration of the currently
available YSZ powders has to be reduced by a factor 100 to prevent a significant portion of
the YSZ surface to be poisoned. Because the impurity oxides will not only accumulate at the
external surface, but also at the grain boundaries in the bulk [9, 13-15], the values for both
surface oxygen exchange and self-diffusion reported in literature have to be reconsidered.

In this chapter the surface oxygen exchange at a clean, uncovered YSZ surface and the
oxygen self-diffusion that follows from this exchange will be determined. This will give us an
idea about the potential performance of the YSZ electrolyte and the reduction in operating
temperature that may be obtained. We made sure that the impurities, which had accumulated
at the surface during manufacturing of the samples, were removed before conducting the
experiments. This removal is done at low temperature to avoid new accumulation of
impurities at the surface. Furthermore, the influence of a catalytically active species to
improve the surface oxygen exchange has been considered.

To study the oxygen kinetics we made use of 16O/18O exchange experiments [16] in
combination with diffusion profiles measured with low energy ion scattering (LEIS). LEIS is
the only technique, which is capable of probing the important outermost surface layer and
quantifying its composition [17, 18]. The technique has already proven its usefulness in
catalytic studies where the outermost surface layer also plays a dominant role [19]. Measuring
diffusion profiles allows us to determine the surface oxygen exchange coefficient (k) and the
oxygen self-diffusion coefficient (D).
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For the improvement of the surface oxygen exchange we used iron oxide. Iron oxide has
several beneficial properties. In a highly oxidising environment at 1000oC iron oxide is not
completely present in the highest oxidation state [20]. The ability to change valence is
essential in the oxygen exchange process. Above 650oC iron oxide is an intrinsic
semiconductor [21]. Reasonable success was already achieved by Van Hassel et al. [22-25],
who studied the effects of iron implantation of YSZ. Iron was present in three different
oxidation states after implantation, which resulted in an increase in conductivity.
Unfortunately, calcination reduced the increased conductivity considerably. Still, at 760oC the
iron implanted YSZ samples showed an increase in surface oxygen exchange by a factor 10-
50 compared to the unimplanted samples.

6.2. EXPERIMENTAL
6.2.1. Samples
The experiments are performed on polycrystalline 10 mol% Y2O3 doped ZrO2 (10YSZ),
10YSZ partly covered by iron oxide, 9 mol% Y2O3 doped ZrO2 single crystal (9YSZ) and α-
Fe2O3.
The 10YSZ samples are made from powder supplied by Tosoh Co., Japan (Al2O3 <
0.005wt%, SiO2 < 0.002wt%, Fe2O3 < 0.002wt%, Na2O ∼ 0.001wt%). The powder, mixed
with 5wt% paraffin as a binder, is first pressed uniaxially and then isostatically (100 MPa)
into discs of 10 mm in diameter and 1.5 mm thick. Sintering is carried out at 1400oC in
laboratory air for 2 hours in a tube furnace, after removing the added paraffin by slow heating
at temperatures below 600oC. The sample surfaces are not polished. A characteristic scanning
electron microscopy (SEM) picture of part of the YSZ surface is given in Fig. 6.1. Prior to the
SEM measurements a thin carbon layer is deposited onto the YSZ surface to prevent it from
charging. The average grain size is about 1 µm.
Deposition of iron oxide on 10YSZ is done by means of atomic layer deposition [26, 27].
Samples with an iron oxide surface coverage of 39, 44, 62 and 91% are used. The samples
with 39% iron oxide coverage are calcined at 800 and 1000oC in a conventional tube oven for
5 hours (pO2 = 1.5 bar, flow).
The 9YSZ is supplied by Rhone Poulenc, France. It is wire cut into a trapezium of 5 x10 x 1
mm. Its surface has a (100) orientation, as confirmed by X-ray diffraction measurements.
The α-Fe2O3 powder (Merck p.a. Darmstadt, Germany) is pressed into self-supporting discs

(∅ 10 mm, height 1 mm), which are calcined in a conventional tube oven at 800oC in O2 (pO2

= 1.5 bar, flow) for 5 hours.
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Fig. 6.1. Scanning electron micrograph showing 10YSZ.

After insertion of a sample in the LEIS set-up called NODUS, water and organic
contaminants are removed by a cleaning procedure, which consists of a combination of high
vacuum annealing at 300oC and atomic oxidation [28]. Subsequently, the samples are
sputtered with 1 keV 40Ar+ ions (maximum dose 1⋅1015 ions/cm2) to remove the impurities
(SiO2, CaO, Na2O), which have segregated from the bulk to the surface during manufacturing.
Finally, they are calcined at 500oC to restore the stoichiometry. After these treatments the
LEIS spectra (3 keV, 4He+) of these uncovered samples only show peaks of oxygen and
yttrium/zirconium and/or iron.

6.2.2. LEIS and ERDA measurements

LEIS measurements and oxygen exchange experiments are performed in the set-up called
NODUS [29, 30]. The set-up consists of two interconnecting vacuum chambers: the main
chamber and the pretreatment chamber. LEIS measurements are done in the main chamber
with 3 keV 4He+ ions at room temperature. An ion dose of about 1⋅1014 ions/cm2 is needed to
measure one LEIS spectrum. The diffusion profiles are obtained by depth profiling.
Sputtering is done with a 3 keV 4He+ ion beam. To prevent the samples from charging their
surfaces are flooded with low-energy electrons. The oxygen exchange experiments are done
in the pretreatment chamber, which is equipped with an oven (maximum temperature 500oC),
an atomic oxygen source (Oxford Applied Research Atom/Radical Beam Source MPD21) and
gas inlets for 16O2 and 18O2.

1 µm
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LEIS measurements are also done on the set-up called ERISS [31]. In this set-up the ion
beam can be rastered across the sample surface. A 3 keV 4He+ ion beam is rastered across a
region of the sample surface to produce a square crater of 3 x 3 mm. The LEIS spectra are
collected from the middle of the square using a stationary ion beam with a diameter of 0.3
mm. The ion dose used to measure a LEIS spectrum in these sputtering experiments is
2.7⋅1015 ions/cm2. Ion beam rastering is not possible in the NODUS set-up. By comparing the
results obtained from both LEIS set-ups the influence of the crater edges, produced by
sputtering, on the intensity of the LEIS spectra can be determined.

ERDA measurements are done at the Forschungscentrum at Rossendorf Germany. The
measurements are done with 35 MeV Cl- ions. The use of ERDA allows us to determine the
16O and 18O concentrations in 10YSZ up to 1000 nm deep, which is an addition to the LEIS
measurements. Possible complications due to ion beam mixing are avoided using this
technique.

6.2.3. Oxygen exchange

The sample is calcined in technical oxygen (99.5%) of natural isotopic abundance for the
duration of at least four times the exchange experiment, to equilibrate the sample at the same
temperature and pressure as used in the exchange treatment. Temperatures between room
temperature (RT) and 500oC are used at a partial oxygen pressure of 2 mbar. Higher
temperatures are not possible in the set-up used, but will also cause segregation of impurities
to the surface which will influence the experiments. Once the sample has cooled down to a
temperature below 150oC, the oxygen is pumped off and the sample is transferred to the main
chamber. The pretreatment chamber is pre-cleaned using the atomic oxygen source for 10
minutes. Hereafter, the sample is transferred back to the pretreatment chamber and also
treated with atomic oxygen for 10 minutes. This procedure is necessary to remove (cross-)
contamination from the sample surface after the thermal oxidation [28]. Isotopically labelled
oxygen (96.5% 18O2, A.R.C. laboratories) is introduced at a pressure of 2 mbar. The exchange
time is 10 or 120 minutes. After the oxygen exchange, the sample is quenched by removing it
from the oven and simultaneously the labelled oxygen is pumped off. As soon as the pressure
in the pretreatment chamber is below 1⋅10-6 mbar (after about 3 minutes) the sample is
transferred to the main chamber for analysis. The isotopic fraction, S(18O)/[S(16O)+ S(18O)], is
determined from the surface peak areas of the 16O and 18O LEIS peaks (S) corrected for their
sensitivities.
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6.3. RESULTS
6.3.1. Oxygen exchange

Fig. 6.2 shows the isotopic fraction of the outermost atomic layer for various treatments of
uncovered 10YSZ as a function of the temperature at which the oxygen exchange experiments
are performed. At 30oC no exchange is observed. For increasing temperatures the isotopic
fraction increases. At 500oC an average isotopic fraction of 0.58 is found. Sputtering of the
sample surface with a 3 keV 4He+ ion dose of 7⋅1016 ions/cm2 (a removal of about 7 ML) prior
to oxygen exchange at 500oC causes only a slight increase of the isotopic fraction from 0.58
to 0.62 (open triangle). After exchange for 2 hours at 500oC, instead of 10 minutes, the
isotopic fraction becomes 0.82 (open square). The isotopic fraction measured for the 9YSZ
single crystal is 0.62 after oxygen exchange at 500oC (closed circle), which is within the
inaccuracy range of the values found for the polycrystalline 10YSZ.

Fig. 6.2. The isotopic fraction at the outermost surface of 9YSZ (single crystal) and 10YSZ
(polycrystalline) versus the oxygen exchange temperature. Isotopic fractions are determined from
the oxygen peaks in the LEIS spectra (3 keV, 4He+). Oxygen exchange experiments are performed
at a pressure of 2 mbar 18O2 for 10 or 120 minutes. Open circle: 10YSZ, 10 minutes; closed circle:
9YSZ, 10 minutes; triangle: 10YSZ, sputtered with 7⋅1016 3 keV 4He+ ions/cm2 before oxygen
exchange for 10 minutes (the data point is shifted 15oC to the right for clarity); square: 10YSZ,
120 minutes.

6.3.2. Diffusion profiles

The diffusion profiles measured with LEIS (on the ERISS) and with ERDA, after oxygen
exchange on uncovered 10YSZ at 500oC for 10 minutes in 2 mbar 18O2, are shown in Figs. 6.3
and 6.4. The isotopic fraction in Fig. 6.3 decreases with sputter dose until it seems to become
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Fig. 6.3. Diffusion profile of 10YSZ measured after oxygen exchange at 500oC for 10 minutes in 2
mbar 18O2. The profile is measured on the LEIS set-up called ERISS (3 keV, 4He+). The depth
scale is based on the assumption that a dose of 1⋅1016 3 keV 4He+ ions/cm2 is equivalent to a depth

of 2.5Å. Unfortunately, several data points are missing between 20 and 40⋅1016 4He+ ions/cm2. The
solid curve is a non-linear least squares regression based upon equations (6.3a) and (6.3b).

Fig. 6.4. Diffusion profile of 10YSZ measured after oxygen exchange at 500oC for 10 minutes in 2
mbar 18O2. Sputter profile is measured with ERDA (35 MeV, 35Cl-). The solid curve is a non-linear
least squares regression based upon equation (6.3b).
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constant at a fraction of about 0.14 at sputter doses higher than 40⋅1016 3 keV 4He+ ions/cm2.

To convert the ion dose to a depth scale, a constant sputter rate of one monolayer per 1⋅1016

4He+ ions/cm2 is assumed [32]. The estimated sputter depth could not be confirmed due to the
surface roughness of the sample (see Fig. 6.1). Fig. 6.4 shows that the isotopic fraction
measured with ERDA decreases gradually from approximately 0.15 to 0.13 within a depth of
1000 nm. The result of the ERDA measurement links up nicely with the LEIS measurement.

Figs. 6.3 and 6.4 also show non-linear regression analysis used to determine the surface
oxygen exchange coefficient k and the oxygen self-diffusion coefficient D. From the diffusion
profiles it is estimated that less than 5% of the supplied 18O2 has been incorporated into the
YSZ matrix after the exchange experiment. The diffusion may, therefore, be considered as
arising from a constant source. In order to be able to fit the measured profiles, diffusion in a
semi-infinite composite material, which is depicted in Fig. 6.5, is considered.

Fig. 6.5. Schematic of a semi-infinite composite sample. The sample is in contact with an oxygen
environment of constant concentration C0. Oxygen exchange takes place at x = -s according to
equation (6.1); k is the surface oxygen exchange coefficient. The oxygen concentration and self-
diffusion coefficient in region 1 are given by C1 and D1, in region 2 they are given by C2 and D2.
Region 1 has a finite thickness s, region 2 is semi-infinite.

The concentration and diffusion coefficient in region 1 are denoted by C1(x,t) respectively D1

and in region 2 by C2(x,t) respectively D2. Initially all concentrations are equal to Cbg. At the
surface (indicated by x = -s in Fig. 6.5) the oxygen flux into region 1 is proportional to the
difference in oxygen concentration at the surface and in the gas phase (C0) and is given by:
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where k is the first order rate constant for the exchange process and C1s = C1(-s,t). The
boundary conditions between region 1 and 2 are

2010 CC =   and  
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where C10 = C1(0,t) and C20 = C2(0,t). For infinite depth the oxygen concentration C2(x,t) goes
to Cbg, which is the natural background level of 18O2 in the sample. With these initial and
boundary conditions a solution to the diffusion equation [33, 34] for one-dimensional
diffusion into regions 1 and 2 is given by:
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Equations (6.3a) and (6.3b) are used to fit the diffusion profiles of Figs. 6.3 and 6.4. This
results in a value for k of 3.6 (± 0.7)⋅10-8 cm/s, a value for D1 of 3.0 (± 0.8)⋅10-13 cm2/s and a

value for D2 of 1.6 (± 0.4)⋅10-9 cm2/s. The value found for D2 is in agreement with values
reported in literature (see also section 6.4.2) for the oxygen self-diffusion coefficient in cubic
YSZ. The thickness of region 1 is determined to be 6.4 (± 0.3) nm.

The diffusion profile of uncovered 10YSZ, after oxygen exchange at 500oC for 10
minutes, is also measured on the NODUS, up to a sputter dose of 15⋅1016 ions/cm2. The result
is identical to that of the ERISS (Fig. 6.3) for similar doses, which means that crater edge
effects, when measuring with a stationary (or non-rastered) ion beam, result in a negligible
contribution to the intensity in the LEIS spectra.

6.3.3. k, D1 and D2

The diffusion profiles of uncovered 10YSZ, measured on the NODUS (up to sputter doses of
2⋅1017 4He+ ions/cm2) after oxygen exchange for 10 minutes at exchange temperatures
between 250 and 500oC, are fit using equation (6.3a). The value for the thickness of region 1
is taken from section 6.3.2. The results of the obtained values for k and D1 are given in Fig.
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6.6. For comparison values for D2 are also given. The value for D2 represents the self-
diffusion coefficient for oxygen diffusion in cubic YSZ, which is known in a large
temperature range and is, therefore, taken from literature [6, 35-44].

Fig. 6.6. Arrhenius plots of surface oxygen exchange (k) and oxygen self-diffusion (D1,D2)
coefficients of 10YSZ for temperatures between 250 and 500oC. The values for k and D1 are
determined after least squares regression using equation (6.3a) of the diffusion profiles. Diffusion
profiles are measured after oxygen exchange in 2 mbar 18O2 for 10 minutes. Values for D2 are
taken from literature [1, 31, 34-42].

The values for k, D1 and D2 are exponentially dependent on the temperature according to k =
ko⋅exp(-Ek/kBT) and D1 = Do⋅exp(-ED/kBT) (similar for D2) with kB the Boltzmann constant
and T the absolute temperature. The values for the pre-exponential factors ko and Do and the
activation energies for surface oxygen exchange Ek and self-diffusion ED are given in Table
6.1.

6.3.4. Fe2O3/10YSZ
Fig. 6.7 shows a comparison between the diffusion profiles of uncovered 10YSZ, 10YSZ
which is covered for 91% with iron oxide and pure α-Fe2O3. All oxygen exchange
experiments are performed at 500oC for 10 minutes in 2 mbar 18O2. Diffusion profiles similar
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Table 6.1. Parameters of the temperature dependencies of k and D1 (region 1) and D2 (region 2).
Pre-exponential factors are Do and ko. Activation energies are ED and Ek. Oxygen exchange
experiments are performed between 250 and 500oC in 2 mbar 18O2 for 10 minutes.

parameter region 1 region 2
Do (cm2/s) 7.1 ⋅108 1.46⋅10-2

ED (eV) 3.2 1.1
ko (cm/s) 5.1⋅105

Ek (eV) 2.0

to that of 10YSZ are also observed for 10YSZ covered for 44 and 62% by iron oxide (not
shown in Fig. 6.7). The similarity between the diffusion profiles of uncovered and Fe2O3

covered 10YSZ indicates that the Fe2O3 presence and concentration have little effect on the
oxygen transport. The diffusion profile of bulk α-Fe2O3 is quite different, however, from that
of 10YSZ. The isotopic fraction decreases much faster with increasing sputter dose as a result
of the lower oxygen self-diffusion in α-Fe2O3 than in 10YSZ. The isotopic fraction for α-
Fe2O3 is somewhat higher than for uncovered 10YSZ at zero dose. However, the values for k
and D are respectively 5.4⋅10-11 cm/s and 9.4⋅10-19 cm2/s, which are both lower than those
found for 10YSZ. For the determination of these values, diffusion in a semi-infinite medium
is assumed with equation (6.1) as boundary condition [33].

Fig. 6.7. Comparison between diffusion profiles of clean uncovered 10YSZ, 10YSZ covered for
91% with iron oxide and pure Fe2O3. Diffusion profiles are measured with LEIS (3 keV, 4He+)
after oxygen exchange in 2 mbar 18O2 for 10 minutes at 500oC.
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After calcination to 800 and 1000oC the surface composition and isotopic fraction of
10YSZ, partially covered by iron oxide, change. The results before and after calcination are
given in Table 6.2. After calcination both 10YSZ and iron oxide surface fractions decrease in
favor of those of CaO, SiO2 and Na2O, which have segregated from the bulk to the outermost
surface. It was confirmed that the impurities do not originate from the tube oven in which the
samples are calcined nor are they a consequence of the cleaning procedure (see section 6.2.1).
The presence of the impurities decreases the isotopic fraction from 0.52 (before calcination)
to about 0.1 (after calcination). Oxygen exchange experiments are performed at 500oC for 10
minutes.

Table 6.2 Influence of calcination on the 10YSZ surface composition and isotopic fraction. Before
calcination, iron oxide is deposited onto the 10YSZ surface. Calcination is performed at 800 and
1000oC for 5 hours in O2. Isotopic exchange experiments are performed at 500oC for 10 minutes in
2 mbar 18O2. Calcination reduces the iron oxide coverage, increases the impurity coverage
(indicated by rest) and decreases the isotopic fraction.

calcination coverages (%) isotopic
YSZ Fe2O3 rest fraction

before 61 ± 2 39 ± 2 0.58 ± 0.04
at 800oC 36 ± 2 29 ± 2 35 ± 4 0.11 ± 0.05
at 1000oC 45 ± 5 16 ± 3 39 ± 8 0.08 ± 0.04

6.4. DISCUSSION
6.4.1. Oxygen exchange on YSZ
Sputtering changes the surface morphology and removes oxygen preferentially from the
surface. Both effects influence the surface oxygen exchange process. Our YSZ samples were
covered by one monolayer of impurity oxides (SiO2, CaO, Na2O) and a sputter treatment was
necessary in order to be able to study the surface oxygen exchange at the clean, uncovered
YSZ surface. We used 1 keV 40Ar+ ions to remove the impurity oxides. The projected range
of penetration of the Ar ions into YSZ is about 19Å [45], which is much smaller than the
thickness of region 1, where the strong gradient in isotopic fractions is observed. Because
only a sputter dose of 1⋅1015 ions/cm2 has been used, preferential sputtering of oxygen will
only play a minor role. Furthermore, the subsequent treatments with 16O2 (calcination and
atomic oxidation) will have restored the stoichiometry. It is therefore believed that the Ar
sputter treatment does not affect the surface oxygen exchange process.
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Comparison of surface isotopic fractions as shown in Fig. 6.2 with values reported in
literature is complicated by the presence of the impurity oxides. Manning et al. [35, 46] report
a normalised isotopic fraction of 0.0008 after oxygen exchange during 7280s on a 9.5 mol%
YSZ single crystal at 500oC, measured with secondary ion mass spectroscopy (SIMS), which
is much lower than the value found by us. Even when the results of Figs. 6.3 and 6.4 are
averaged over the measured depth, the value found by Manning et al., which is averaged over
1.5 µm [35], is still much lower. The use of different analysis techniques (LEIS versus SIMS)
is not the reason for the observed difference, because similar values for the surface isotopic
fractions were obtained in a study of Sr-doped SmCoO3 [47]. Apparently, the impurities that
have segregated to the single crystalline surface, during manufacturing or the calcination
treatment in normal oxygen before the actual exchange experiment (see also section 6.2.3),
have not been removed before the oxygen exchange. Busch et al. [48] and Brossmann et al.
[49] report isotopic fractions measured on monoclinic pure zirconia, which are in agreement
with our results. Busch et al. used magnetron sputtering to produce the 30Å thick zirconia
films. One of the advantages of this technique is that it will result in very low bulk impurity
concentrations. Brossmann et al. used nanocrystalline ZrO2, which causes the sample to have
such a large specific surface area that the bulk impurity content might be too low to cover it
completely.

6.4.2. Layered surface model

The activation energy for surface exchange found in this work of 2 eV is comparable to the
2.3 eV found by Manning et al. [35, 46] for temperatures in excess of 700oC; the pre-
exponential factor (see Table 6.1) is two orders in magnitude higher. It is, however, reported
that k is dependent on the surface morphology [6, 7] and while we used a polycrystalline
sample for our experiments, Manning et al. used a single crystal.

The value for D2 determined after oxygen exchange at 500oC agrees with values
encountered in literature for oxygen diffusion in YSZ [35, 37, 38, 40, 41, 43]. The diffusion
coefficients found for region 1 are 4-10 orders in magnitude lower than in region 2. The
values for D1 are in better agreement with those for monoclinic ZrO2. For this monoclinic
phase the diffusion coefficients for ZrO2 are of the order of 10-24 – 10-16 cm2/s for
temperatures ranging from 250 to 500oC [49-52]. There are several reasons for a monoclinic
phase to be formed at the surface. Although the Y2O3-ZrO2 phase diagram only shows the
presence of a cubic phase for 10YSZ samples [53, 54], lower Y2O3 concentrations would
stabilise YSZ in the tetragonal or monoclinic phase. At high temperatures segregation of yttria
leads to a depletion of yttria in the subsurface region. In principle, partially stabilised zirconia
can be formed in the subsurface layers, which would promote the formation of a monoclinic
phase. Because of the higher mobility of surface atoms compared to bulk atoms, nucleation of
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a new phase is likely to start at the surface. Rationalisation of the stabilisation process relies
on the fact that the covalent nature of the Zr-O bond prefers a sevenfold coordination of Zr as
in the monoclinic structure [55]. Since the specific volume of the monoclinic phase is about
6% higher than that of the cubic phase, the layer will be under strong compression. This may
have some effect on the further growth of the layer. The formation of a monoclinic zirconia
phase has already been observed for the MgO-ZrO2 system. The decomposition reaction
develops for temperatures below 1400oC around the perimeter of each grain. The
decomposition products are ZrO2 (monoclinic form) and MgO. However, the reaction
develops towards the centre of the grain, which would be different from YSZ [56].

Summarising the oxygen characteristics of YSZ after calcination to temperatures of
1000oC or higher in combination with the results described in chapter 3, concerning the
segregation of yttria [57], we suggest that at the external YSZ surface four different regions
can be distinguished, which are depicted in Fig. 6.8. The outermost layer consists purely of
impurity oxides, such as SiO2, CaO and Na2O, which have segregated from the bulk to the
external surface. The second layer, which is also one monolayer thick, is enriched in yttria.
The third layer is equal to region 1 (see Fig. 6.5). The fourth layer represents the bulk and is
cubic YSZ. At the internal grain boundaries the layered model is likely to be slightly
different. Segregation to the external surface is more extreme than segregation to the grain
boundaries in the internal grain boundary network [58]. This might also have an effect on the
thickness of region 1.

Fig. 6.8. Schematic of the YSZ surface region after calcination. The four layered model only
holds, in the given form, at the external surface.

Given our knowledge of the potential surface oxygen exchange at the YSZ surface it is
now a relevant question whether the operating temperature of the SOFC can be lowered to the
intermediate temperature range (500-800oC) while keeping the cell current density at a
reasonable level. A desired level would be of the order of 0.7 A/cm2. First of all, the surface
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impurities should be removed. Then, using extrapolated values for the surface oxygen
exchange the operating temperature can be lowered to around 725oC. However, at this
temperature the value for the diffusion coefficient D2 becomes approximately 7⋅10-8 cm2/s,
which is too low to sustain the proposed current density and the bulk diffusion would, thus,
become the rate-limiting factor. We hereby assumed a 100 µm thick electrolyte and that the
fraction of the oxygen ions which diffuse through the electrolyte drops from one (complete
coverage) at the cathode to zero at the anode. An operating temperature of around 850oC
seems feasible. The bulk diffusion, however, has two contributions: the grain boundary
diffusion and the diffusion through the grains. Because impurities segregate not only to the
external surface, but to all grain boundaries, removing them should lead to an increase of the
oxygen grain boundary diffusion. Reduction of the thickness of the electrolyte by about an
order of magnitude would also suffice to reduce the operating temperature to 725oC. Although
region 1 (Fig. 6.5) has a much lower oxygen self-diffusion coefficient than region 2, it is also
much thinner than region 2 and will only become a limiting factor when region 2 becomes
thinner than 1 µm.

6.4.3. Addition of a catalyst

After oxygen exchange for 2 hours at 500oC, already 80% of the uncovered 10YSZ surface
oxygen has exchanged. The addition of a surface catalyst will, therefore, not improve the
oxygen exchange at an uncovered YSZ surface, which agrees with the results of Fig. 6.7. An
improvement might be expected at exchange temperatures higher than 500oC, because of the
stronger temperature dependence of D1 compared to that of k (see Fig. 6.6).

Normally the YSZ surface is covered completely with impurity oxides after
manufacturing or high temperature calcination. Improvement of the surface oxygen exchange
can only be expected from species that prevent bulk impurities from segregating to the
outermost surface. The results of Table 6.2 suggest that the deposition of iron oxide keeps
impurities partly from accumulating at the external surface. However, the low ion fractions
suggest the formation of a compound between iron oxide and the impurities, which inhibits
oxygen exchange. The improvement of the surface exchange coefficient at (700-760oC) by a
factor 10-50 reported by Steele [59] and Van Hassel [23, 24] for iron implanted YSZ samples
may, thus, well have been attributed to the sputtering effect that is inherent to the implantation
process. The sputtering will have removed all surface impurities and because segregation of
impurities is avoided in subsequent (low temperature) treatments, an increased surface
exchange is observed.
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6.5. CONCLUSIONS
The results demonstrate the advantage of the use of the surface analysis technique LEIS to
analyse the oxygen surface exchange and self-diffusion. With the results obtained from the
diffusion profiles it was rationalised that the operating temperature of the fuel cell with an
YSZ electrolyte can be reduced to 725oC. A model was proposed describing the oxygen
diffusion through the electrolyte.

Reduction of the operating temperature mainly demands prevention of the accumulation
of the impurities at the external surface. By preventing the impurities to segregate to the grain
boundaries in the bulk and by a decrease of the electrolyte thickness the operating temperature
could be decreased even further.

After calcination YSZ to high temperature a complex layered structure is formed. This
structure consists of an impurity layer followed by an yttria enriched layer and a thin (about 6
nm) layer on top of cubic YSZ. The diffusion coefficient of the 6 nm layer is several orders in
magnitude lower than that of cubic YSZ. Resemblance with a monoclinic phase is suggested.

Improvement of the surface oxygen exchange by using a catalytically active species is
not to be expected if the YSZ surface if free of impurities. Improvements of the surface
exchange that are reported in the literature are most likely related to a reduction in the
impurity concentration at the YSZ surface as a result way in which the catalyst was deposited.
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Summary

Fossil fuels have played a major role in the technological development and economic growth
of the last thirty years, but are now held responsible for the increase in air pollution and the
global climate change. In light of future generations these life threatening changes have to be
stopped. A large contribution to this process can be made by using fuel cells. The fuel cell
converts chemical energy directly into electrical energy and heat without combustion. They
are inherently clean, efficient and compatible with renewable energy sources. One of the most
appealing aspects of the fuel cell is its modularity, making a wide range of applications
possible from large power plants to power supplies for cellular phones.

The solid oxide fuel cell (SOFC) is one of the five existing types of fuel cells. They are
mainly considered for stationary power generation, although other uses are being considered.
The efficiency of the SOFC power plant lies between 50 and 70% and increases up to 90% in
case of cogeneration. These efficiencies are much higher than conventional power plants. The
key component of the SOFC is an yttria stabilized zirconia (YSZ) electrolyte, which is
sandwiched between a cathode (e.g. La0.65Sr0.3MnO3) and an anode (e.g. Ni/YSZ). In
operation, oxygen gas molecules are supplied to the cathode side of the electrolyte, where
they are converted to oxygen ions. These ions will diffuse through the electrolyte to the anode
side, where they react with the supplied hydrogen gas under the formation of water and the
release of two electrons per created water molecule. The electrons are transported back to the
cathode providing electricity to an external load. In order to make the SOFC economically
and technically viable the current operating temperature of around 1000oC has to be reduced
to the intermediate temperature range of 500 - 800oC. Before lowering the operating
temperature, the currently limiting process, the surface oxygen exchange, has to be improved.
The research described in this thesis has, therefore, focussed on the oxygen exchange
characteristics in relation to the composition of the outermost surface layer of the YSZ
electrolyte, where the oxygen exchange takes place.

Low energy ion scattering (LEIS) is the only surface science technique that is capable
of probing the outermost surface layer and quantifying its atomic composition. To study the
YSZ surface with LEIS, water and hydrocarbon residues, adsorbed on the surface due to the
transport through air, should be removed without changing the properties of the layer lying
just beneath this contaminant overlayer. In a real SOFC system the contaminants at the
cathode side are removed, because the SOFC is operated at 1000oC in oxygen. These
conditions are, however, very difficult to implement in a UHV system and another method is,
therefore, required. Thermal oxidation at 500oC is possible, but is not sufficient to produce
clean YSZ surfaces. A new procedure, which consists of a high vacuum annealing treatment
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at 300oC followed by an oxidation treatment using atomic oxygen at a pressure of 10-4 mbar
for 10 minutes, is, therefore, proposed and tested. Crucial to this cleaning process is the
separation of the annealing and oxidation treatment and the cleaning of the vacuum system
before each cleaning step. A clean YSZ surface is very reactive and therefore highly
susceptible for cross-contamination and re-adsorption of previously desorbed species. The
cleaning process complies with the imposed requirements.

With a clean YSZ surface, the changes in the surface composition due to high
temperature calcination treatments could be studied. An YSZ ceramic material, however,
invariably contains glassy impurity oxides, such as silica, calcia and sodium oxide. These
oxides are observed to segregate to the outermost surface layer of YSZ at elevated
temperatures. Although the impurity oxides are restricted to the outermost layer, the
enrichment proceeds until full coverage. Because of the strong segregation a total bulk
impurity level of 10 ppm, which is a factor 100 lower than the impurity level in the currently
available YSZ powders, will still poison more than half of the YSZ surface. In contrast to the
conventional thinking, yttria does not accumulate in the outermost layer, but in the layer just
beneath the surface. Because yttria resides in the subsurface layer it cannot participate
actively in the oxygen exchange processes which are so important for the SOFC. Compared to
the bulk the subsurface layer of 3 and 10mol% yttria doped zirconia samples are enriched in
yttria by respectively a factor 6 and 4.5 at 1000oC. From the Arrhenius plot the interfacial free
energy for yttria segregation in zirconia could be determined to be –21 kJ/mol.

The incorporation of oxygen into the electrolyte is a kind of Mars - van Krevelen
process, which means surface cations should be able to change their valency to be effective in
the oxygen exchange process. The surface composition, therefore, has  a major influence on
the exchange characteristics, which is shown by the oxygen exchange experiments on YSZ
samples with different impurity oxide coverages. In this kind of experiments the YSZ sample
is calcined in isotopically labeled oxygen after which the exchanged oxygen concentration is
determined at the surface, but also in deeper layers. When a monolayer of impurity oxides
covers the YSZ surface completely no oxygen is exchanged at the surface. A decrease in the
impurity coverage causes a proportional increase in the surface oxygen exchange. For a
surface that is free from impurities more than half of the surface oxygen is already exchanged
within 10 minutes at 500oC. Due to their stability, the impurity oxides at the YSZ surface
form a barrier for oxygen exchange and although the exchange experiments pertain to a
temperature of 500oC, the results show that at 1000oC the surface is still covered by
impurities.

Removal of the impurities not only caused a significant improvement of the oxygen
exchange it also revealed the presence of a 6 nm thin YSZ layer at the external surface with
an oxygen self-diffusion coefficient, which is 4 – 10 orders in magnitude lower than that of
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cubic bulk YSZ. At least as far as the oxygen transport characteristics are concerned a
comparison with the monoclinic phase is apparent. The thickness of this layer is, however, too
small to have a significant influence on the oxygen diffusion through the electrolyte.

To increase the oxygen exchange considerably the impurity oxides should be kept from
the YSZ surface, e.g. through the addition of a species with a lower surface free energy than
the impurity oxides or by trapping the impurities in the bulk. Addition of a catalyst could
improve the oxygen exchange even further. Iron oxide is a likely candidate, because its low
surface free energy will keep it from migrating into the bulk and because iron can change its
valency in highly oxidising conditions at 1000oC. However, the presence of iron oxide on
impurity free YSZ does not change the oxygen exchange. Mention of improvement in
literature by this method is mainly to be blamed on the simultaneous removal of impurity
oxides as a consequence of the deposition technique used. Also, the presence of iron oxide on
the surface does not prevent impurities from segregating to the surface during calcination at
temperatures in excess of 800oC. The results even suggest the formation of a compound
between the impurity oxides and iron oxide, resulting again in an effective barrier for oxygen
exchange.

The research has lead to new insights, which are very important to the development of the
SOFC. From the external surface, four different layers can be distinguished: a monolayer
impurity oxides, a monolayer yttria enriched YSZ, a 6 nm thin YSZ layer with a very low
diffusion coefficient and the bulk. To lower the operating temperature the impurity oxides
should be removed from the external surface. However, as impurities will also segregate to
the grain boundaries, removing the impurities completely will increase the performance even
further. With the removal it should be possible to operate the SOFC at temperatures as low as
725oC.
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Samenvatting

Fossiele brandstoffen hebben een grote rol gespeeld in de technologische vooruitgang en de
economische groei van de afgelopen 30 jaar. Tegenwoordig worden ze echter
verantwoordelijk gehouden voor de toename van de luchtvervuiling en de veranderingen in
het klimaat. Om ervoor te zorgen dat er voor de toekomstige generaties geen
levensbedreigende situaties ontstaan, zullen we veel efficienter gebruik moeten gaan maken
van de fossiele brandstoffen dan tot op heden wordt gedaan. Het gebruik van de brandstofcel
kan hier een grote bijdrage aan leveren. De brandstofcel zet chemische energie direct om in
elektrische energie en warmte zonder gebruik te maken van verbranding. Ze zijn milieu
vriendelijk, efficiënt en verenigbaar met alternatieve energiebronnen. Een van de meest
aansprekende aspecten van de brandstofcel is zijn modulariteit, die ervoor zorgt dat de
brandstofcel kan worden gebruikt in een veelheid van toepassingen variërend tussen grote
elektriciteitscentrales tot voedingen voor laptops.

Er bestaan vijf typen brandstofcellen, waaronder de vaste stof oxidische brandstofcel.
De oxidische brandstofcel vindt zijn gebruik voornamelijk in elektriciteitscentrales, alhoewel
er tegenwoordig ook wordt nagedacht over andere toepassingen. De efficiëntie van een
elektriciteitscentrale, waarbij de electriciteit wordt gegenereerd door een oxidische
brandstofcel, ligt tussen de 50 en 70% en neemt toe tot 90% in geval van co-generatie. Dit
zijn veel hogere efficienties dan die van de gebruikelijke elektriciteitscentrales. Het
belangrijkste onderdeel van de oxidische brandstofcel is de electroliet, die over het algemeen
is gemaakt van yttria gestabiliseerd zirconia (YSZ). De electroliet vindt zich geplaatst tussen
een kathode (vaak gemaakt van La0.65Sr0.3MnO3) en een anode (vaak gemaakt van Ni/YSZ).
Wanneer de oxidische brandstofcel in bedrijf is zal er zuurstof langs de kathode stromen. De
zuurstof moleculen worden aan de kathode kant omgezet in zuurstof ionen. Vervolgens zullen
de zuurstof ionen door de electroliet heen diffunderen naar de anode waar ze reageren met het
langs de anode geleide waterstof. In de reactie van waterstof en zuurstof worden er twee
elektronen per gevormd water molecuul afgestaan aan de anode. Het water wordt afgevoerd
als afvalproduct. De elektronen zullen via een externe belasting terugvloeien naar de kathode
alwaar ze wederom zuurstof ioniseren. Om de oxidische brandstofcel uit economisch en
technisch standpunt aantrekkelijk te maken voor massaproductie zal de huidige
bedrijfstemperatuur van omstreeks 1000oC moeten worden verlaagd tot zo’n 500 – 800oC.
Hiertoe zal de omzetting van zuurstof moleculen uit de aangevoerde gasstroom naar zuurstof
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ionen die zijn opgenomen in de electroliet, wat de snelheidsbepalende stap in de werking van
de oxidische brandstocel is, drastisch moeten worden verbeterd. Het werk dat staat
beschreven in dit proefschrift heeft zich gericht op het begrijpen en verbeteren van dit
zuurstof uitwisselingsproces. De nadruk is hierbij gelegd op de rol die het allerbuitenste
oppervlak van de YSZ electroliet speelt in dit proces.

Lage-energie ionen verstrooiing (LEIS) is de enige oppervlakte techniek waarmee
selectief de compositie van de allerbuitenste atoomlaag van een materiaal kan worden
bestudeerd en gekwantificeerd. Voordat echter het YSZ oppervlak kan worden bestudeerd
zullen oppervlakte verontreinigingen, zoals water en organische moleculen, moeten worden
verwijderd. De aanwezigheid van deze organische verontreinigingen is het onvermijdelijke
gevolg van het transport van de preparaten door de lucht. De verwijdering ervan mag echter
niet tot gevolg hebben dat de samenstelling en de structuur van het YSZ, dat direct onder de
verontreinigingslaag ligt, veranderen. In een oxidische brandstofcel zorgen de operationele
condities (1000oC, 1 bar O2) voor de verwijdering van de organische verontreinigingen. Het is
echter bijna onmogelijk om deze condities te implementeren in een UHV systeem. Calcinatie
bij een lagere temperatuur behoort wel tot de mogelijkheden in een UHV systeem, maar zorgt
weer niet voor een schoon YSZ oppervlak. Daarom is er een nieuwe methode voorgesteld, die
bestaat uit het verwarmen van YSZ op 300oC gevolgd door een oxidatiebehandeling waarbij
gebruik wordt gemaakt van atomair zuurstof (10-4 mbar, 10 minuten). Cruciaal in deze
methode is de scheiding van de verhittings- en oxidatiebehandeling en het schoonmaken van
het vacuum systeem voor iedere stap in het schoonmaak proces. Een schoon YSZ oppervlak
is immers enorm reactief en daardoor erg ontvankelijk voor cross-contaminatie en re-
adsorptie van reactieproducten. Uit de experimenten blijkt dat de voorgestelde schoonmaak
methode voldoet aan de gestelde eisen.

Zodra het probleem van het schoonmaken van een YSZ oppervlak was opgelost, konden
de veranderingen zoals die optreden in de compositie van het YSZ oppervlak als gevolg van
calcineren bij hoge temperatuur worden bestudeerd. Een materiaal als YSZ bevat echter altijd
een kleine hoeveelheid aan oxidische verontreinigingen. Deze bestaat over het algemeen uit
silicium-, calcium- en natriumoxide. Deze oxiden segregeren bij hoge temperatuur naar het
YSZ oppervlak. De verrijking beperkt zich tot de allerbuitenste laag, maar gaat wel door
totdat het hele oppervlak is bedekt. Omdat er hier sprake is van een zeer sterke segregatie zal
de bulk concentratie van deze oxidische verontreinigingen moeten worden gereduceerd tot
ongeveer 10 ppm om ervoor te zorgen dat niet meer dan de helft van het YSZ oppervlak
wordt bedekt met deze oxiden. Dit is een factor 100 lager dan de bulk concentratie van de
huidige (commercieel verkrijgbare) YSZ poeders. In tegenstelling tot wat algemeen wordt
aangenomen, wordt het YSZ oppervlak niet verrijkt met yttria. Een dergelijke verrijking
treedt wel op in de tweede laag, dus net onder het oppervlak. Door deze ongunstige positie
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kan het yttria niet actief participeren in het voor de oxidische brandstofcel zo belangrijke
zuurstof uitwisselingsproces. De verrijking van yttria in de tweede laag loopt op tot zo’n 18
en 45 mol% voor respectievelijk een 3 en 10 mol% yttria gedoteerd zirconia preparaat na
calcinatie bij 1000oC. De grenslaag vrije energie voor yttria segregatie in zirconia is bepaald
op –21 kJ/mol.

Het zuurstof uitwisselingsproces in de oxidische brandstofcel vertoont grote gelijkenis
met het Mars-van Krevelen proces. Dit betekent dat de valentie van de kationen die zich aan
het YSZ oppervlak bevinden moet kunnen veranderen. Het kation moet immers eerst een
zuurstof opnemen om het vervolgens weer af te staan. De samenstelling van het oppervlak
heeft dan ook een grote invloed op het uitwisselingsgedrag. Dit is overduidelijk aangetoond
met behulp van zuurstof uitwisselingsexperimenten op YSZ preparaten waarbij het oppervlak
in meer of mindere mate is bedekt met silicium-, calcium- en/of natriumoxide. In zuurstof
uitwisselingsexperimenten wordt het preparaat verhit in isotopisch verrijkt zuurstof, waarna
wordt bepaald tot welke diepte in de electroliet dit gelabelde zuurstof heeft kunnen
doordringen. Aan een YSZ oppervlak, dat in zijn geheel wordt bedekt met oxidische
verontreinigingen, vindt geen zuurstof uitwisseling plaats. Een verlaging van de oppervlakte
concentratie van de oxidische verontreiniging leidt tot een evenredige toename in de zuurstof
uitwisseling. Aan een onbedekt YSZ oppervlak wordt bij 500oC reeds binnen 10 minuten
meer dan de helft van de aanwezige zuurstof uitgewisseld. Vanwege de grote stabiliteit van
silicum-, calcium- en natriumoxide vormen ze een barrière voor het uitwisselen van zuurstof.
Alhoewel de uitwisselingsexperimenten zich hebben beperkt tot 500oC, is het YSZ oppervlak
na calcinatie bij een temperatuur van 1000oC nog steeds volledig bedekt met oxidische
verontreinigingen.

De zuurstof diffusie in YSZ wordt meestal beschreven met behulp van de diffusie in een
half-oneiding medium. Metingen aan 10 mol% yttria gestabiliseerde zirconia preparaten
hebben echter aangetoond dat er zich aan het oppervlak een 6 nm dikke laag bevindt met een
diffusie coefficient die vele orders in grootte kleiner is dan die van het bulk. Een vergelijking
met de monocline fase van YSZ is mogelijk. De diffusie moet dus worden beschreven met
een twee lagen model. De 6 nm laag is echter te dun om van significante invloed te zijn op de
zuurstof diffusie door de bulk.

Om de zuurstofuitwisseling aanzienlijk te verbeteren moeten de oxidische
verontreinigingen worden verhinderd om naar het YSZ oppervlak te segregeren. Dit zou
kunnen door de aanwezigheid van een component met een lagere oppervlakte energie dan de
oxidische verontreinigingen of door de oxidische verontreinigingen te vangen in de bulk.
Toevoeging van een katalysator aan het oppervlak kan de zuurstof uitwisseling nog verder
verhogen. In eerste instantie lijkt ijzeroxide hiervoor een geschikte kandidaat. De lage
oppervlakte energie van ijzeroxide verkleind de kans op migratie de bulk in. Daarnaast kan
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ijzer van valentie veranderen in zwaar oxiderende omstandigheden bij hoge temperatuur. Wij
hebben echter gevonden dat de toevoeging van ijzer aan een verder onbedekt YSZ oppervlak
niets verandert aan de zuurstofuitwisseling. De verbeteringen die in de literatuur worden
aangegeven moeten dan ook eerder toegeschreven worden aan het verwijderen van de
oxidische verontreinigingen als gevolg van het aanbrengen van de katalysator (denk
bijvoorbeeld aan het sputteren dat gepaard gaat met ionenimplantatie) dan aan het positieve
effect van de katalysator zelf. Ook verhindert de aanwezigheid van ijzer aan het oppervlak de
segregatie van oxidische verontreinigingen niet. De resultaten suggereren zelfs de formatie
van een verbinding tussen ijzeroxide en de oxidische verontreinigingen wat wederom
resulteert in een effectieve barrière voor zuurstofuitwisseling.

Het onderzoek heeft geleid tot nieuwe inzichten die van groot belang zijn voor de
ontwikkeling van de oxidische brandstofcel. Gekeken vanaf het externe YSZ electroliet
oppervlak zijn er de volgende vier lagen te onderscheiden: een monolaag oxidische
verontreinigingen, een monolaag yttria verrijkt zirconia, een 6 nm dikke YSZ laag met een
zeer kleine diffusie coefficient en de bulk. Om de bedrijfstemperatuur van de SOFC te
verlagen zullen oxidische verontreinigingen aan het externe YSZ oppervlak moeten worden
verwijderd. Aangezien de oxidische verontreinigingen ook naar alle korrelgrenzen zullen
segregeren, zal een totale verwijdering van al deze oxiden de performance van de oxidische
brandstofcel verder ten goede komen. Bij een complete verwijdering van de oxidische
verontreinigingen zou een verlaging van de huidige bedrijfstemperatuur van 1000oC naar
725oC mogelijk moeten zijn. Dankzij de inzichten verkregen in dit werk komt de toepassing
van de “lage temperatuur” oxidische brandstofcel dus een stapje dichterbij.
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1.
In tegenstelling tot de algemene bewering, segregeert yttria niet naar het allerbuitenste yttria
gestabiliseerde zirconia oppervlak onder operationele condities van de oxidische brandstofcel.
A.J.A. Winnubst et al., J. Phys. Chem. Solids 44 (1983) 955.
Dit proefschrift (hoofdstuk 3)

2.
De waargenomen toename in de zuurstofuitwisseling aan het electroliet oppervlak van de
oxidische brandstofcel, ten gevolge van het aanbrengen van een katalytisch actief materiaal, is
aan bedenkingen onderhevig.
Van Hassel et al., Solid State Ionics 53 – 56 (1992) 890.
B.C.H. Steele, Solid State Ionics 75 (1995) 157.
Dit proefschrift (hoofdstuk 6).

3.
Veel van de gebruikte schoonmaakmethoden in de oppervlakte fysica, die ervoor moeten
zorgen dat alle organische verontreinigingen van het preparaat oppervlak worden verwijderd,
zijn onbetrouwbaar.
Dit proefschrift (hoofdstuk 2B)

4.
Het feit dat er in het onderzoek naar de eigenschappen van de oxidische brandstofcel zoveel
aandacht wordt geschonken aan het meten van de bulkgeleiding staat in schril contrast met de
limiterende stap die zich aan het oppervlak bevindt.
X. Guo and J. Maier, J. Electrochem. Soc. 148 (2001) E121

5.
Als referentiemateriaal voor lage-energie ionen verstrooiing (LEIS) moet de voorkeur worden
gegeven aan een hoge index kristaloppervlak.
R. Cortenraad et al., Nucl. Instrum. Meth. B174 (2001) 173



 6.
Indien bij het vermelden van een LEED patroon niet vermeldt wordt welke elementen er zich
aan het oppervlak bevinden verliest deze informatie veel van haar betekenis.

7.
Het verdient aanbeveling om bij het onderzoek aan polymere licht emitterende diodes
(PLEDs) gebruik te maken van maar één partij polymeer.

8.
Er gaat geen dreigende werking meer uit van een milieu gerelateerd doem scenario.
E. Masood, Nature 397 (1999) 97

9.
De kans op het vinden van een “groene golf” in Eindhoven neemt sterk toe naarmate je een
Volkswagen dealer nadert.

10.
Ondanks het negatieve stempel wat de wielersport opgedrukt heeft gekregen, is een
professionele wielrenner altijd positief.

11.
De zinspreuk “Door meten tot weten” is niet aan een theoreticus besteed.

12.
Wanneer het klonen van mensen wordt toegestaan verliest de uitdrukking “ikke, ikke, ikke en
de rest kan stikke” zijn betekenis.
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