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A B S T R A C T

The La0.6Sr0.4Co0.2Fe0.8O3-δmaterial system is a desirable material for a Solid

Oxide Fuel Cell (SOFC) cathode due to its Mixed Ionic-Electronic Conducting

(MIEC) properties. It has been utilised commercially for many years, however,

the cell lifetime is inhibited by degradation processes passivating the surface of

the electrode. A-site cation segregation is believed to be a primary degradation

mechanism due to the formation of electronically insulating secondary phase

particles reducing the active surface area that facilitates the oxygen reduction re-

action. Numerous reports have studied the overall effect that degradation has on

SOFC cell performance, however, it is still unclear the extent to which microstruc-

tural changes affect a material’s oxygen exchange properties.

To date, many studies measuring the oxygen exchange rate utilised pure oxy-

gen atmospheres in order to isolate the effect of oxygen. However, for cost and

practicality reasons, the desired gas stream for SOFC is ambient air. Multiple

oxygen-containing gaseous components and impurities (such as CO, CO2, H2O,

SO2 and NOx) are contained within ambient air and have been shown to alter

the oxygen exchange rate or enhance the degradation of MIEC materials. This

work focuses upon characterising the effect ambient air has upon the surface

microstructure and oxygen exchange rate of the La0.6Sr0.4Co0.2Fe0.8O3-δ system.

In-situ High-Temperature Environmental Scanning Electron Microscopy (HT-

ESEM) was used to analyse the growth rate and growth behaviour of strontium-

based particles in pure O2, pure H2O, ambient air and vacuum environments.

The HT-ESEM data was directly compared to Electron Backscattered Diffrac-

tion crystal orientation data in order to understand what effect the La0.6Sr0.4-

Co0.2Fe0.8O3-δ domain structure had upon the segregation of strontium. It was

observed that the surface microstructure has a strong influence on the growth

behaviour and growth kinetics of the particles.

A common methodology for measuring oxygen self-diffusivity and surface ex-

change rates is Isotopic Exchange Depth Profiling (IEDP). This traditionally has

used pure oxygen as the anneal environment to isolate the exchange properties

of the O2 species, however, in the presence of other oxygen containing species

the exchange process will be more complicated. In order to analyse the surface
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exchange rate in ambient air (or any other atmosphere containing a consistent

oxygen partial pressure), the novel ‘back-exchange’ technique was developed. Ini-

tial development of the technique has demonstrated its validity and confirmed

enhancement of the oxygen exchange rate in ambient air over pure oxygen.

Time-of-Flight (ToF) SIMS was used to measure isotopically exchanged diffu-

sion profiles. For materials with a high oxygen self-diffusivity, such as La0.6Sr0.4-

Co0.2Fe0.8O3-δ , the ‘line-scan’ method must be employed instead of a standard

depth profile. The ToF-SIMS utilises a statistical method in order to correct for

detector ’dead time’, however, this method relies upon the total ion count to re-

maining constant across each pixel of the raster area. The line-scan method relies

upon analysis of a surface perpendicular to the original exchange surface and

as such will not have a constant ion count near the sample edge. Errors associ-

ated with the measured diffusion profile are discussed and an optimised sample

preparation has been proposed.
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Part I

P R O L O G U E

La0.6Sr0.4Co0.2Fe0.8O3-δ is the primary candidate for intermediate tem-
perature solid oxide fuel cells. The bulk properties of this material
are well understood, however, the literature surrounding the nature
of the surface is less comprehensive, particularly in regard to degra-
dation mechanisms and their effect on the catalytic properties of the
material. Part I will introduce the fundamentals of solid oxide fuel cell
operation and then review the current body of literature available for
this material; providing context to the experiments carried out over
the course of this work.



1
I N T R O D U C T I O N

The aim of this chapter is to introduce the relevant scientific principles behind

solid oxide fuel cell (SOFC) operation. Although this work is principally a sci-

entific endeavour focusing upon the properties of SOFC cathode materials, it is

important to maintain a broader understanding in order to appreciate how the

properties of a material may affect a complete device.

1.1 intermediate-temperature solid oxide fuel cells (it-sofcs)

A fuel cell is a device designed to convert chemical energy to electrical energy.

There are many variants of fuel cell which may be differentiated by their opera-

tional temperature. This work focusses upon the high temperature variety of fuel

cell, in particular the Solid Oxide Fuel Cell (SOFC). SOFCs are currently a highly

efficient form of fuel cell [1] and are based on the discovery of solid oxide elec-

trolytes by Nernst and his colleagues [2]. They can be applied to both transport

and stationary applications, however, currently, the primary interest for SOFCs

is for localised small and medium scale stationary power generation [3]. SOFCs

offer a number of advantages over other styles of fuel cell due to their very high

operating temperatures (600-1000°C). This includes: not requiring expensive pre-

cious metal catalysts, the ability to reform heavy hydrocarbon fuels internally

and utilisation of excess heat when concerned with localised domestic power

generation [4]. Initially SOFCs operated at approximately 900-1000°C due to elec-

trode material limitations, however, working at lower temperatures enables the

use of cost-efficient metallic-based interconnect materials. Advancements in elec-

trode and electrolyte materials has enabled SOFCs to be operated at temperature

range of 600-800°C [4] and are therefore referred to as Intermediate-Temperature

SOFCs (IT-SOFC).
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Figure 1: Schematic of an SOFC showing the basic components, chemical components
and current flow.

Generally speaking, fuel cells operate through two different, ‘half-cell’, chemi-

cal reactions separated by a selective electrolyte material capable of transporting

a relevant ionic species. The chemical reactions occur at the electrodes: the anode

and the cathode. Figure 1 shows a basic schematic of an SOFC. Oxygen is reduced

from the cathodic gas stream (commonly ambient air) to form oxygen ions (Equa-

tion 1.1). The oxygen ions are then incorporated into the cathode/electrolyte and

before being transported across the electrolyte where they oxidise hydrogen fuel

at the anode. The reaction using pure H2 as a fuel can be seen in Equation 1.2

and therefore the overall reaction is that of Equation 1.3.

Cathode :
1

2
O2 + 2e

− → O2− (1.1)

Anode : H2 +O
2− → H2O+ 2e− (1.2)

Overall Reaction : H2 +
1

2
O2 → H2O (1.3)
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Figure 2: Loss mechanisms and their effect upon cell voltage.

However, as previously mentioned a major advantage of an SOFC is the ability

to reform heavier hydrocarbons internally. Equation 1.4 and 1.5 show dry and

steam reformation of methane (CH4, or natural gas) to form the hydrogen fuel:

Dry reforming :CH4 +CO2 → 2H2 + 2CO (1.4)

Steamreforming :CH4 +H2O→ 3H2 +CO (1.5)

The overall process is endothermic and thus requires external heat input to

occur. Using the Nernst equation it is therefore possible to calculate the maxi-

mum reversible cell voltage for both hydrogen and methane; Equation 1.6 and

Equation 1.7, respectively. Observing the Nernst equation it can be seen that tem-

perature and gas composition will affect the voltage of a cell directly [5]. Higher

temperatures will reduce the maximmum potential of a cell and as such is an-

other reason to reduce SOFC operating temperatures. The measured maximum

voltage (including losses) is reffered to as the Open Cell Voltage (OCV).
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ENernst = E0 −
RT

2F
ln

(
p (H2O)

p (H2) .p (O2)
1
2

)
(1.6)

ENernst = E0 −
RT

2F
ln

(
p (CO2) .p (H2)

4

p (CH4) .p (H2O)
2

)
(1.7)

Where E0 is the idealised cell potential under standard conditions (1 mol/dm3,

1 atm and 298 K) [6], R is the universal gas constant (J K-1 mol-1), F is the Faraday

constant (C mol-1) and T is the temperature (K).

The OCV defines the total available energy of the system to perform electrical

work. During operation the cell potential is limited by the first law of thermody-

namics which determines that heat lost to the surroundings as well as inherent

loss mechanisms will reduce the available energy. The difference between the

OCV and operational potential is defined as an ’overpotential’. Loss mechanisms

are connected to the working current density of a cell and can be described gen-

erally as: activation losses, ohmic losses and mass transport/concentration losses

(Figure 2).

1.1.1 Loss mechanisms

Activation losses: At low current densities the efficiency of the electrode reactions

is primarily limited by the rate of charge transfer and ion incorporation at the

surface of the electrodes. This process is highly non-linear and is defined by the

activation energies of the reactant species, electrode material and electrode mor-

phology. In order to characterise the reversibility of an electrochemical process,

the Tafel equation (1.8) can be used.

∆V = Aln

(
j

j0

)
(1.8)

Where ∆V is the Overpotential (V), A is a constant defined by the linear fit, j is

the current density (A/m2) and j0 is the exchange current density.

The equation defines overpotentials with respect to operational current densi-

ties. At zero operational current density, reactions are still occurring at the elec-
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Figure 3: Detailing Tafel plots for slow and fast reactions.

trodes, however, the forward reaction rate is equal to the reverse of the reaction

(at equilibrium); this is the exchange current density (i0). When there is a net flux

of a species (i.e. the forward reaction is greater than the reverse) an operational

current density will be observed. As can be seen in Figure 3, reducing activation

losses, the exchange current density must be increased. This can be achieved by

using higher operational temperatures, highly catalytic materials and thin elec-

trodes with large surface areas to increase catalyst site occupancy. One method of

characterising a ‘classical’ electrode’s1 quality is to define the Triple Phase Bound-

ary (TPB) length. TPBs are points where the electrode, electrolyte and gas phases

all contact one another. They are the most direct route for oxygen to be reduced

and incorporated in a SOFC cathode [7] . TPBs are discussed in more detail in

1.1.2.

Ohmic losses: Above the region where activation losses dominate the loss mecha-

nisms are dominated by electrical resistances, simply defined by Ohms law. How-

ever, to be consistent with the other loss mechanisms the resistance of the cell is

1 That is, not an MIEC material.
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represented as an Area Specific Resistance (ASR). Modifying Ohm’s law to use

current density the voltage drop is as follows:

∆V = jr (1.9)

Where ∆V is the Overpotential (V), j is the current density and r is the area

specific resistance (Ωm2).

Mass Transport/Concentration Losses: At very high current densities the rate lim-

iting step is often the ability to replenish gas at the electrode surface as it is

consumed; often referred to as the fuel utilisation. At the anode this will refer

to the oxidation of hydrogen and at the cathode the reduction and incorporation

of oxygen. The extent to which concentration losses affect the overpotential de-

pend heavily upon the ease with which the gases can circulate through a given

electrode morphology, but also the nature of the gas mixture and gas pressure.

Higher fuel concentrations increase the probability it will reach an active site on

the electrode. For practical reasons ambient air is often used as the SOFC cath-

ode gas stream despite being less efficient than pure O2. Concentration losses are

minimised by using excess air [1] .

1.1.2 Triple Phase Boundaries and Oxygen Reduction

Equation 1.1 shows the Oxygen Reduction Reaction (ORR) for a SOFC cath-

ode, however, it does not describe precisely where or by what mechanism it

occurred. For traditional catalyst materials, such as platinum, it was generally

accepted that triple phase boundaries were the primary location where oxygen is

reduced and incorporated into the system. However, with the discovery of Mixed

Ionic-Electronic Conducting (MIEC) materials the oxygen reduction mechanism

is more complex. The Adler-Lane-Steele (ALS) model presented by Adler et al.

[8, 7] is currently the accepted model for the reduction mechanisms of MIEC

cathodes.

The ALS model describes the relationship between the adsorption rate of a

gaseous adsorbate (at a uniform partial pressure) onto the surface of an MIEC

and the diffusive (D) and surface exchange (k) properties of the MIEC. It shows
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Figure 4: Some mechanisms thought to govern oxygen reduction in SOFC cathodes.
Phases α, β and γ refer to the electronic phase, gas phase, and ionic phase,
respectively: (a) Incorporation of oxygen into the bulk of the electronic phase
(if mixed conducting); (b) adsorption and/or partial reduction of oxygen on the
surface of the electronic phase; (c) bulk or (d) surface transport of O2- or On-,
respectively, to the α/γ interface, (e) Electrochemical charge transfer of O2- or
(f) combinations of On- and e-, respectively, across the α/γ interface, and (g)
rates of one or more of these mechanisms wherein the electrolyte itself is active
for generation and transport of electroactive oxygen species. Adapted from [7].

that losses occuring at the electrode may be related to the "utilisation length" (lδ)

of the electrode. This metric defines the size of the active region within a porous

electrode where it is possible for oxygen reduction and incorporation to occur.

The utilisation length is proportional to
√
D/k as it is defined by the reduction, ad-

sorption and incorporation of oxygen ions. Figure 4 details the potential processes

for oxygen reduction and incorportation in an MIEC. The co-dependance of the

these processes means that MIEC electrodes are often defined as "co-limited" by

the ratio between D and k. Due to the complexity of the system, debate is still on-

going regarding the rate-limiting step of the oxygen reduction reaction [9, 10] as

most techniques used to measure these properties determine the overall reaction

kinetics meaning that individual processes cannot easily be decoupled.

It is clear that catalytic properties at the surface of these materials is vital to the

operation of an SOFC. This work focusses upon the IEDP-SIMS technique [11]

(see Section 4.2.1) to calculate the self-diffusivity and surface exchange rate of the

material.

1.2 it-sofc cathode materials

SOFC cathode materials have a number of specific materials requirements: (i)

high electronic conductivity (over 100 S/cm in an oxidising environment [12]) to

provide electrons for the ORR, (ii) stability under an oxidising environment dur-

ing operation, (iii) chemical compatibility and matching thermal expansion coef-

ficient with electrolyte and interconnect materials, (iv) controllable morphology

8
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A
O

B

Figure 5: The idealised perovskite structure showing the A and B cation sites and oxygen
co-ordination.

during fabrication (specifically porosity control) to allow and (v) low cost. Ini-

tial research on SOFC cathode materials was focussed upon moving away from

expensive metal catalysts such a platinum. The primary candidates for practical

alternatives have been perovskite-structured materials. Of primary concern today

are MIEC perovskite structured materials. To understand how MIEC perovskite

materials gain their properties defect chemistry must be introduced.

1.2.1 The Perovskite Structure

The idealised perovskite structure (so named due to its similarity to the Per-

ovskite mineral CaTiO3) has a general formula of ABO3. Its overall structure is

not close packed, however, as can be seen in Figure 5 the A site atoms arrange

to form a simple cubic structure with twelve-fold co-ordination with the oxygen

atoms. The B site atom occupies octahedral sites of this cubic structure and have

six-fold co-ordination by oxygen atoms.

A unique property of the perovskite structure is its ability to accommodate

many different combinations of cations on both the A and B site, allowing for dif-

ferent valences and atomic radii. The general formula can therefore be expressed

as Ax+By+O3 where x + y must equal +6. This gives rise to three categories of

9
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Figure 6: Energetic changes during the formation of an intrinsic defect.

perovskite structures: (i) [3:3] where x + y = +3, (ii) [2:4] where x = 2 and y = 4

and (iii) [1:5] where x = 1 and y = 5. Of more importance to the crystal structure

however is the ionic radii of the A and B atoms. In general, the A site atom must

be larger than the B site atom and approximately similar to the oxygen, however,

the perovskite structure has the capability of accommodating significant lattice

distortions. Equation 10 defines the Goldschmidt tolerance factor (t) [13] which

characterises the change in lattice structure due to the A/B atomic radii ratio:

t =
rA + rO√
2 (rO + rB)

(1.10)

Where rA is the ionic radii of the A atom, rB is the ionic radii of the B atom

and rO is the ionic radii of oxygen.

For t = 1 the perovskite is cubic, 0.9 < t < 1.0 the perovskite structure will

exhibit a pseudo-cubic form, however, as 0.71 < t < 0.9 the structure will deform

to either an orthorhombic or rhombohedral structure as the A site atoms become

too small to remain in contact with the oxygen atoms [14] .

Another characteristic of the perovskite structure is its ability to withstand devi-

ation from stoichiometry on both the cation and anion sites. Of particular concern

10



1.2 it-sofc cathode materials

for SOFC cathode materials is the non-stoichiometry of the oxygen (ABO3±δ);

where positive values of δ refer to an oxygen excess and negative values oxygen

deficiency. An oxygen deficient system is one where a proportion of the oxygen

lattice sites are empty (referred to as vacancies - see Section 1.2.2). An oxygen

excess system contains extra oxygen in non-lattice sites (commonly interstitial

sites). In both cases the change of oxygen concentration remains in equilibrium

with the metal cation concentration and charge neutrality laws. Therefore, defects

within the system can alter both the crystal structure and the electronic proper-

ties of the material. Using the perovskite system it is therefore possible optimise

the properties of a material by altering the chemistry of the system [15]. The

most commonly used materials for SOFC cathodes have oxygen deficiencies [12]

and therefore contain vacancies as the primary defect for the ionic transport of

oxygen.

1.2.2 Defect in Solids

Defects within a material account for many of the properties of a material: includ-

ing the electronic and ionic conductivity. To engineer a material to have MIEC

properties the defect chemistry of a system must be understood. In nature, every

material contains a degree of intrinsic defects (except, theoretically, at absolute

zero). They arise through the minimisation of free energy (∆G) of the system. In

the case of a vacancy there is an energy cost (∆H) associated with removing a

lattice atom and breaking bonds, but there is also an increase in configurational

entropy as there are increased available positions for the atoms. When there are

very few vacancies in the system the entropic term in Equation 1.11 will be greater

than the formation enthalpy and as such the free energy of the system is reduced

when defects are formed. At high vacancy concentration there will be greater dis-

order in the crystal, and therefore the enthalpy of formation will be greater than

the change in entropy of the system, preventing defect formation. The intrinsic

defect concentration can be found where the derivative of free energy is zero, or

the minima shown in Figure 6.

∆G = ∆H− T∆S (1.11)
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Figure 7: Intrinsic and extrinsic defect mechanisms.

Where ∆G is the free energy change, ∆H is the Enthalpy of defect formation,

∆S is the total change in entropy and T is the temperature (K).

1.2.3 Point Defects

Defects can be generally defined as either planar, line or point defects. Planar and

line defects are large scale defect systems that arise due to misalignment and/or

miss-orientation of the crystal lattice. They are primarily related to the mechan-

ical properties of the material. Point defects, however, deal with single atomic

sites and are vital in defining the electro-chemical properties of a system. Figure

7 shows with main types of point defect: vacancy, interstitial and impurity. Va-

cancies are defined by an atom that is missing from its lattice site; interstitials are

defined by atoms occupying sites not defined by the crystal structure; impurities

are defined by foreign atoms occupying either a lattice site (replacing the original

atom) or in an interstitial site.

Defect equations are written in a similar manner to regular chemical equations,

however, use the Kröger-Vink model and notation to describe disorder within a

system [16]. The Kroger-Vink model makes the assumption that defects behave

like an ideal solution where the enthalpy of mixing is zero. This leads to an uncer-

tainty regarding the true chemical potential of each species, therefore, a ‘virtual’

chemical potential is ascribed for each species [17]. This form of notation takes

12



1.2 it-sofc cathode materials

into account the site on which the species sits as well as the effective charge. In

this notation the main symbol defines the species. Atoms are simply represented

by their chemical symbol whereas vacancies are represented by a ’V’. The atomic

position of the species is shown by the sub-script. This is either an atomic site

(therefore a chemical symbol) or an interstitial ’i’. The effective charge of the

species is defined by the super-script where a cross (×) represents a neutral site,

a dot (•) represents a positive charge and a dash (’) represents a negative charge.

The effective charge is defined as the net excess charge on the crystal caused by

the introduction of a defect. If an atom sits on the correct site this will be neu-

trally charged, however, if the species differs the effective charge is the difference

from its normal state. Examples can be seen in Equation 1.12-1.15 which show

the Kroger-Vink notation for (i) a lanthanum (La3+) atom on its normal atomic

position, (ii) a strontium (Sr2+) dopant atom replacing a lanthanum atom, (iii) a

lanthanum vacancy and (iv) a Lanthanum interstitial.

La×La (1.12)

Sr
′
La (1.13)

V
′′′
La (1.14)

La
•••

i (1.15)

Electronic species are not bound to specific atomic sites and as such only re-

quire a charge definition: e
′

and h• for electrons and holes, respectively.

In a perovskite system there are three primary intrinsic defect systems : Schot-

tky, Frenkel and electronic disorder.

Schottky disorder defines a process where cation-anion pairs spontaneously gener-

ate vacancies at a surface (such as a grain boundary). These vacancies may then

migrate through the bulk as can be seen in Figure 8. For a binary system such as

a [3:3] ABO3 perovskite this is defined by Equation 1.16:

A×A +B×B + 3O×O ⇔ A×As +B
×
Bs

+ 3O×Os + V
′′′
A + V

′′′
B + 3V

••

O (1.16)
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Schottky Frenkel

Figure 8: Showing Schottky (left) and Frenkel (right) intrinsic defect processes.

Where A×As , B
×
Bs

and O×Os represent atoms at a surface position. Schottky dis-

order may be simplified into Equation 1.17 as the atoms have not left the system.

null⇔ V
′′′
A + V

′′′
B + 3V

••

O (1.17)

Frenkel disorder defines a situation where an atom is displaced into an interstitial

site, leaving behind a vacancy, as shown in Figure 8(b). The process is defined by

Equation 1.18.

O×O ⇔ V
••

O +O
′′
i (1.18)

Electronic disorder simply defines the generation of electronic species.

null⇔ e
′
+ h

• (1.19)

The overall concentration of each defect type is dependent upon the formation

enthalpies of each defect, the temperature of a system and the partial pressure of

oxygen in the gas. For the most commonly used SOFC cathode materials Schottky

disorder is the dominant intrinsic disorder as oxygen interstitials (and thus anion

Frenkel disorder) have very high formation energies due to geometric restrictions

in the crystal lattice [18]. Intrinsic defect concentrations for most materials are
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very low and as such must be enhanced to provide sufficient electronic and ionic

conductivities for practical application.

Atomic substitution is the process of replacing atoms within the structure with

a different atom. If the foreign atom has a different valence the doping is referred

to as aliovalent. Due to charge neutrality law if you dope aliovalently the excess

or deficit of charge must be compensated. Observing again a binary [3:3] per-

ovskite system (ABO3) we can see that doping the A site with a metal, M, with

a valence of +2 can be charge compensated by either the formation of oxygen va-

cancies (Equation 1.20) or electronic defects by altering the valence of the B atom

(Equation 1.21).

2MO
ABO3−−−−→ 2M

′
A + V

••

O + 2O×O (1.20)

2MO+ 2B×B +
1

2
O2

ABO3−−−−→ 2M
′
A + 2B

•

B + 3O×O (1.21)

As mentioned previously the preferential formation of defects depends on

which is energetically favourable. When considering point defects as part of a

system [19] they are commonly modelled as individual chemical species within

a solid solution, each with a chemical potential. Therefore, the total free energy

in a system can be defined by the summation of partial molar free energies as

shown in Equation 1.22.

G = µ1n1 + µ2n2...µini (1.22)

Where ni is the number of moles for species i and µi us the chemical potential

for species i.

For example, in a 4 component system (where components ’a’ and ’b’ refer

to the reactants, and components ’c’ and ’d’ to the products), the change in free

energy (∆G) can be described by Equation 1.23.

∆G = cµC + dµD − (aµA + bµB) (1.23)

The chemical potential can be related to an activity using Equation 1.24.

µi = µ
0
i + RTlnai (1.24)
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Combining Equation 1.23 with Equation 1.24 the change in free energy is there-

fore defined by:

∆G = ∆G0 + RTln

(
acCa

d
D

aaAa
b
B

)
(1.25)

In an ideal solution the formation of a defect does not influence the formation

of the next defect and therefore the activity of a species is equal to the species

concentration. However, in reality a solution can never be ideal and true chemical

potentials cannot be measured experimentally [17]. It is therefore only valid to

assume that systems behave ideally for very dilute solutions. At higher defect

concentrations interactions will occur between defects and can form associated

pairs of defects [20] which can have significant effects upon the MIEC material

properties. Despite this, for practicality sake, equations used to define the de-

fect system at equilibrium tend to make the assumption the system is an ideal

solution.

1.2.4 Diffusion

Oxygen vacancies enable oxygen mobility within a solid oxide material and the

chemical diffusion (DC) of ions will move from regions of high concentration

to low concentration. Mass-transport of a system is defined by Fick’s first law

of diffusion, which states that the flux of a species (J) at a given position (x) is

proportional to the self-diffusivity (D) and a concentration gradient:

J = −D
dC

dx
(1.26)

Where J is the diffusion flux (mol/m2s), D is self diffusivity (m2/s), C is the

concentration per unit volume (mol/m3) and x is the position (m).

Fick’s second law defines the change in concentration with respect to time:

dC

dt
= D

δ2C

δx2
(1.27)

Self-diffusivity is a material property and defines the random motion of ions

within a material. Oxygen ions migrate through the material by ’hopping’ into
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Figure 9: Schematic of ion migration showing the energy cost at each position of the
hopping process.

vacant sites. The process requires a degree of structural distortion and as such

there is an energy barrier (or activation energy, ’Ea’) that must be overcome for

diffusion to occur as shown in Figure 9. Empirically it is seen that diffusion is a

thermally activated process and as such exhibits Arrhenius behaviour. Consider-

ing a single ion, the migration frequency (ν) can be defined by Equation 1.28.

ν = ν0exp

(
−∆Gm
kT

)
(1.28)

Where ν is the migration frequency (jumps/s), ν0 is the jump attempt fre-

quency (jumps/s), ∆Gm is the free energy change for migration (J), k is Boltz-

mann’s constant (J/K) and T is temperature (K).

For a simple cubic lattice each site is co-ordinated by 6 equivalent sites. There-

fore, there is a z/6 probability that an ion will hop to a vacant site where ’z’ is

the number of relevant defect sites amongst the co-ordinated atoms. Each migra-
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tion also has an associated length which is referred to as the diffusion length,

’L’. It is possible to relate the probability of a single hop to the whole system by

considering the concentration of oxygen vacancies:

D =
z

6
[V

••

0 ]L
2ν

=
z

6
[V

••

0 ]L
2ν0exp

(
∆Sm

kT

)
exp

(
−∆Hm
kT

)
(1.29)

Therefore:

D = D0exp

(
−Ea
RT

)
(1.30)

Where D0 refers to the maximum possible diffusivity of the system (if there

were no activation energy barrier to diffusion):

D0 =
z

6
[V

••

0 ]L
2ν0exp

(
∆Sm

kT

)
(1.31)

Self-diffusivity is a property of the material and independent of species con-

centration, however, as can be seen diffusivity is highly dependent upon temper-

ature and crystal structure, therefore, defect type and concentration. Measuring

self-diffusivity is possible using a number of experimental techniques including

isotopic gas phase analysis [21], Isotopic Exchange Depth-Profiling (IEDP) [11]

and Nuclear Reaction Analysis [22]. This thesis will primarily deal with the IEDP

method (which is expanded upon in Section 4.2.1).

1.2.5 Ionic Conductivity

The mobility (µ) of a species defines rate of which a particle can move through

a system under the influence of a driving force (such as a chemical potential

or an electrical potential). Electronic mobility is therefore defined as the rate of

flow of a charge carrier (electron and/or hole) per unit electric field. Electronic
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conductivity (σ) is therefore the flux per unit electric field and is described by

Equation 1.32.

σe = eneµe + hnhµh (1.32)

Where σe is the total electronic conductivity (S/m), e/h is the charge of an

electron and hole respectively (C), ne/nh is the number of charge carries and

µe/µh is the mobility of the charge carries (m2/Vs).

The driving force for the transport of ions can be both electronic and chemi-

cal. The Nernst-Einstein relationship (Equation 1.33) relates the diffusivity of a

material to the ionic mobility of the species.

µi =
zieD

kT
(1.33)

Where D is self-diffusivity (m2/s), µi is the mobility of species i (m2/Vs), zie

is the charge of the ion, k is the Boltzmann’s constant (J/K) and T is temperature

(K).

Therefore, ionic conductivity is defined as:

σi =
ciz

2
i e
2D

kT
(1.34)

Where ci is the concentration of anionic sites per unit volume. The total con-

ductivity of a system is simply the summation of each mobile charged species.

Therefore, ionic conductivity of a system can be directly compared to the elec-

tronic conductivity. The fraction of which the total conductivity is ionic (referred

to as the transference number (ti) [23, 24]) can be used to define relevant applica-

tion for the material:

ti =
σi

σTotal
(1.35)

For materials with negligible electronic conductivity (transference number ≈

1) the material would be suitable as an electrolyte material, however, the primary

focus of this thesis are MIEC materials with both ionic and electronic properties.
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1.2.6 Surface Exchange

As detailed in Section 1.1.2 there are multiple possible paths an oxygen ion may

take in order to be reduced and incorporated into the bulk of the material. The

overall rate of exchange of oxygen from the gas phase to the atoms at the surface

of the MIEC may be measured in terms of the surface exchange coefficient ‘k’

(cm/s). A simple expression for k has been derived by Kilner et al. [25]:

k = a0m
− 1
3 [V

••

0 ]
2
3 υEexp

(
−
∆SE
k

)
exp

(
−
∆HE
kT

)
(1.36)

Where a0 is the lattice parameter of the cubic unit cell, m is the number of oxy-

gen sites per unit cell and υE is the frequency of one atom being adsorbed,
[
V ••

O

]
is the bulk concentration of oxygen vacancies, ∆SE and ∆HE are the entropic and

enthalpy quantities for the exchange process.

At risk of over-simplification surface exchange may be generalised into three

stages: Adsorption, Dissociation and Incorporation. Once incorporated the oxygen

ion migrates away from the surface regenerating the surface vacancy leaving it

available for further reactions. At this point in time it is not known where the

molecular oxygen is adsorbed, dissociated or incorporated, nor what is the rate

limiting step. For years it has been assumed the B-site transition metals are the

primary catalytic sites for the oxygen reduction reaction, however, it has been

shown that the surface termination layer tends to be dominated by A-site atoms

[26]. The current model for the ORR assumes that the surface is a direct termina-

tion of the bulk, however, (as will be discussed in detail in Section 2.2) this is very

rarely the case. It is often true that the surface is a meta-stable system dependent

upon temperature, p(O2) and gas stream impurities.

1.2.7 IT-SOFC Mixed Ionic-Electronic Conducting Materials

Generally speaking, the higher the ionic conductivity and electronic conductiv-

ity the better an MIEC material will perform as an SOFC cathode, however, as

outlined at the beginning of Section 1.2 there are a number of properties a ma-

terial must have in order to be considered. The story of the SOFC cathode can

be very briefly summarised by the progression from expensive transition metals
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1.2 it-sofc cathode materials

(ie platinum) to high temperature MIEC materials; then intermediate tempera-

ture MIEC materials. Today, the most widely used material commercially are

perovskite structured oxides [27]. As will be explained throughout Chapter 2

these are the materials that provides the most desirable balance of material prop-

erties. Many alternative MIEC structures are in development [28] but will not be

discussed in detail in this thesis.

The first perovskite cathode material system to be utilised commercially was

La1-xSrxMnO3±δ (LSM). With strontium substitution in the range of 10 - 20% LSM

is predominantly electronic conductor and exhibits catalytic properties similar to

that of platinum [29]. Sr2+ on the A site enhances the electronic conductivity by

oxidising the manganese ion (Equation 1.37), reaching a maximum at approxi-

mately 55 mol% [30] . However, as the system tends to exhibit oxygen excess,

there are no oxygen vacancies and hence a very low ionic conductivity. The ma-

terial therefore behaves as a TPB and cathodic overpotentials become significant

at temperatures below 700°C [31].

La×La +Mn
×
Mn + SrO

LaMnO3←−−−−−→ Sr
′
La +Mn

•

Mn +O×O (1.37)

Originally investigated for their magnetic properties, cobalt containing per-

ovskites such as LaCoO3 were shown to exhibit high catalytic activity due to

a high concentration of conduction electrons at the surface [32, 33]. Again, dop-

ing of Sr2+ on the A site enhances the properties of the material by forming both

oxygen vacancies (Equation 1.38) and electronic species (Equation 1.39); provid-

ing suitable properties over IT-SOFC temperature ranges. The defect structure

of La1-xSrxCoO3-δ (LSC) is complex and a full defect model will be discussed

in Chapter 2. LSC has excellent catalytic properties and ionic conductivity, how-

ever, the large cobalt content significantly increases the Thermal Expansion Co-

efficient (TEC) of the perovskite due to a chemical expansion of the lattice in

response to oxygen loss. When the expansion of the cathode and electrolyte are

significantly different there will be a marked increase in mechanical stresses at the

cathode-electrolyte interface; reducing mechanical stability at operating tempera-

tures significantly. Cobaltite cathodes also react readily with common electrolyte
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1.2 it-sofc cathode materials

materials forming insulating compounds at the interface, reducing overall cell

performance [34].

2SrO
LaCoO3←−−−−−→ 2Sr

′
La + V

••

O + 2O×O (1.38)

2SrO+
1

2
O2 + 2Co

×
Co

LaCoO3←−−−−−→ 2Sr
′
La + 2Co

•

Co + 3O
×
O (1.39)

Attempts to reduce the TEC of LSC without reducing the properties of the

material have included replacing lanthanum on the A site (e.g. Sm1-xSrxCoO3-δ

or Pr1-xSrxCoO3-δ) and using dopants on the B site (e.g. La1-xSrxCo1-yCuyO3-δ)

[35]. Many of these materials have shown promise but have not yet been opti-

mised; either exhibiting poor electronic conductivity, ionic conductivity or chem-

ical stability. The most successful material has been a variant of La1-xSrxCo1-y-

FeyO3-δ (LSCF) where x = 0.4 and y = 0.8. The material exhibits ionic and elec-

tronic conductivities slightly lower than LSC at the same temperatures, however,

increased mechanical and chemical stability across larger partial pressures of oxy-

gen make LSCF a more desirable material practically. This thesis focusses upon

the structural, chemical and kinetic changes of LSCF at operating temperatures

and as material will be discussed in detail in the following chapter.
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2
L I T E R AT U R E R E V I E W

2.1 the lscf system

Original interest in the Lanthanum Cobaltate system dates back to the 1950s

where LaCoO3 and La1-xSrxCoO3-δ were studied for their magnetic and electronic

properties [1, 2, 3, 4]. The La1-xSrxFeO3-δ system was also subject to similar atten-

tion [5], however, it was not until 1969 that these materials were considered as

fuel cell electrode materials [6] given their catalytic properties. Since then, a large

amount of research has been conducted on these materials in an attempt to opti-

mise their properties as an SOFC electrode material [7, 8, 9].

As mentioned in the previous chapter, LSC has a large thermal expansivity

which tends to lead to poor mechanical stability. The first results of LSC co-doped

with iron on the B-site, La1-xSrxCo1-yFeyO3-δ , exhibited slightly lower oxygen dif-

fusivities [10], however, the material exhibited significantly greater mechanical

and chemical stability. The La1-xSrxCo1-yFeyO3-δ system has therefore been stud-

ied in great detail and to this day is still the most commonly used MIEC material

for both academic and industrial applications. For this reason, it was chosen as

the focus of this work and will discussed throughout the following sections.

2.1.1 Defect Chemistry of La1-xSrxCo1-yFeyO3-δ

The perovskite structure can be manipulated to exhibit a wide variety of prop-

erties and as such La1-xSrxCo1-yFeyO3-δ is not a trivial system to define. The

accepted model for La1-xAxBO3±δ was proposed by Steele et al. [11], however,

may only be used to qualitively define the La1-xSrxCo1-yFeyO3-δ defect system. The

model takes into account both intrinsic and extrinsic defects and defines the dom-

inant type of disorder with respect to the oxygen partial pressure.
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2.1 the lscf system

Due to the close-packed nature of the perovskite lattice it first assumed that

the dominant intrinsic structural defects arise through Schottky disorder. Frenkel

interstitial defects are neglected due to atomic size constraints. The Schottky re-

action is therefore:

null = V
′′′
La + V

′′′
B + 3V

••

O (2.1)

Where the equilibrium constant Ks is given by:

Ks =
[
V
′′′
La

][
V
′′′
B

][
V
••

O

]3
(2.2)

The spontaneous generation of electronic defects may be defined by:

null = e
′
+ h

• (2.3)

The equilibrium constant for this reaction if therefore:

Ke = np (2.4)

Assuming electronic defects are localised as valency defects, the formation re-

action may be defined as:

2B
•

B +O×O = 2B×B + V
••

O +
1

2
O2 (2.5)

With a corresponding equilibrium constant:

Kdef =

[
B×B

]2[
V ••

o

]
p (O2)

1
2[

B•B

]2[
O×O

] (2.6)

Extrinsic defects by aliovalent substitution of the A site1 must be compensated

for to maintain charge neutrality. This may be achieved by the generation of oxy-

gen vacancies or oxidation (formation of a hole) of the B site cation2. At low

1 Where the charge of A is 2+
2 As previously show in Equation 1.38 and Equation 1.39

28



2.1 the lscf system

temperatures and high oxygen partial pressures charge compensation is primar-

ily electronic [12]:

2AO+
1

2
O2 + 2B

×
B

LaBO3←−−−−→ 2A
′
La + 2B

•

B + 3O×O (2.7)

As the temperature is increased and/or the partial pressure of oxygen is re-

duced, the charge is compensated by the formation of oxygen vacancies:

2AO
LaBO3←−−−−→ 2A

′
La + V

••

O + 2O×O (2.8)

For a material to be an MIEC both of these mechanisms must be in operation

simultaneously. The overall electroneutrality condition for an MIEC is therefore

defined as:

[
A
′
La

]
+
[
B
′
B

]
+ 3
[
V
′′′
La

]
+ 3
[
V
′′′
B

]
=
[
B
•

B

]
+ 2
[
V
••

O

]
(2.9)

Figure 10 shows the defect model proposed by Anderson [13] and modified by

Steele et al. which simplifies the electronic and defect behaviour into five distinct

regimes, with each regime exhibiting a majority defect type. Experimental data

suggests that LSCF (where A = Sr2+) exists primarily within regime II where the

primary defect system is under typical IT-SOFC operating conditions3 [12]:

[
Sr
′
La

]
= p+ 2

[
V
••

O

]
(2.10)

Depending upon temperature, p(O2) and composition LSCF may also perform

under regime III. This regime increases the material’s electronic conductivity,

however, this increase is linked to a reduction in oxygen vacancy concentration

and thus ionic conductivity. Under typical IT-SOFC operating conditions the pri-

mary determinant of the crystal structure, electronic and ionic properties of LSCF

is the material composition. Tai et al. [14, 15] have performed extensive studies

on the crystallographic properties of the La1-xSrxCo1-yFeyO3-δ system which will

be discussed over the following sections.

3 Temperature range of 600-800°C and p(O2) of 200 mbar
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Figure 10: Brouwer diagram for the La1-xAxBO3±δ system showing defect concentration
as a function of partial pressure. Five distinct regions define the majority defect
type over these ranges. Adapted from [11].

2.1.2 Effect of A-site substitution of La1-xSrxCo0.2Fe0.8O3-δ

The aliovalent substitution of Sr2+ on the La3+ site has been shown to generate

oxygen vacancies and hole generation in the B atoms. As shown in Figure 11

at room temperature low strontium substitution levels (x < 0.2) exhibit an or-

thorhombic crystal structure. From 0.2 < x < 0.8 the structure is a rhombohedral

structure and above x = 0.8 the structure becomes cubic, however, at this point it

begins to lose structural stability. The pseudo-cubic4 lattice parameter was found

to decrease with increasing strontium content [14] despite the ionic radii of stron-

tium (1.44 Å) being greater than that of lanthanum (1.36 Å)[16]. This cell volume

decrease is associated with oxidation of B site atoms (Equation 2.7) that occur to

maintain charge neutrality. According to Pauling’s rules for bond strength [17]

the oxised BIV-O bond will be stronger and shorter than the BIII-O bond. As a re-

sult the BO6 octahedral shrink in size in the presence of B•B
5 and hence contribute

significantly to the overall drop in cell volume.

4 The cubed root of the calculated cell volume rather than actual lattice parameter
5 Ionic radii of FeIII = 0.65 Å, FeIV = 0.59 Å, CoIII = 0.65 Å and CoIV = 0.55 Å
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Figure 11: Pseudo-cubic lattice parameter and orthorhombic-rhombohedral transition
temperatures as a function of Sr content (mol) [14].

At elevated temperatures the LSCF structure, if it is not already, tends to trans-

form into the more stable rhombohedral phase [18]. At x = 0.1 the transition

temperature is approximately 520-580°C whereas at x = 0.2 the transition temper-

ature is reduced to approximately 170-250°C. When the rhombohedral phase is

stable at room temperature Tai et al. demonstrated there was no further crystal-

lographic transition up to 700°C. Wang et al. [19] also demonstrated no further

transition up to 900°C and found similar lattice parameter values for x = 0.4.

Thermal expansion varies slightly (15 ±2× 10−6/°C) with no apparent trend

over 0 < x < 0.8, however, there are additional lattice expansion effects associated

with the loss of lattice oxygen at temperatures above 600°C. Lattice expansion is

believed to be due to the repulsive forces between mutually exposed cations and

the increase in ionic radii of the Fe and Co ions from higher to lower valences to

preserve charge neutrality during the formation of oxygen vacancies. However,

it has been shown that the radius of an oxygen vacancy is smaller than that of

an oxygen atom [20]. The contribution from each effect is currently under inves-

tigation. Zhang et al. [21] noted that the majority of oxygen desorption at high

temperatures occurs from the bulk of the material, therefore, the expansion due

to oxygen desorption increases with Sr content as the intrinsic oxygen vacancy

concentration is greater.
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2.1 the lscf system

2.1.3 Effect of B-site substitution of La0.6Sr0.4Co1-yFeyO3-δ

Substitution of the B site is generally considered to stabilise a particular crys-

tal structure and alter the electronic properties of the material. In the case of

La0.6Sr0.4Co1-yFeyO3-δ the introduction of iron offers the advantage of (i) stabil-

ising the rhombohedral phase, (ii) lowering the TEC of the material to a value

similar to common electrolyte materials and (iii) increasing electronic conduc-

tivity at high temperatures. The La1-xSrxCoO3-δ system has a high TEC value

approximately two times larger than common electrolyte materials [22] and as

such is not a suitable material despite its very high catalytic properties. It is be-

lieved that thermal effects, ionic radii and oxygen vacancy chemical expansivity

all contribute to the TEC of a material. Currently there is debate [23, 24, 25] as

to which has the greatest contribution, however, for the case of LSC it is believed

that the TEC is strongly tied to the oxygen vacancy concentration [26]. The in-

troduction of iron into LSC tends to suppress oxygen vacancy formation as the

binding energy of the Fe-O bond is greater than that of Co-O and as such reduce

the TEC of the material. This also has a pronounced effect upon the electronic

properties of LSCF, however, this will be discussed in the following section.

The introduction of iron also causes the formation of ferroelastic domains

within the microstructure [27]. The main effect of this is upon the mechanical

properties of the material and will be discussed in more detail in Section 2.1.6.

2.1.4 Electronic Properties of La0.6Sr0.4Co0.2Fe0.8O3-δ

The electrical properties of LSCF can be described as both semiconductor-like

and metallic-like. At low temperatures the material behaves like a semi-conductor

as the oxygen 2p - cobalt 3d orbitals do not overlap and exhibit a band energy

gap [28]. However, LSCF is metallic-like as electrical conductivity increases with

temperature. However, LSCF deviates from typical metallic behaviour as carrier

concentrations tend to account for changes in conductivity (rather than carrier

mobility).

As is shown in Figure 12 the electrical conductivity of LSCF has been shown to

rise linearly [14] until it reaches a maximum value (the temperature of the max-

ima is Sr concentration dependent), however, it then decreases as the temperature

is increased further. The rise in electrical conductivity is thought to be generated
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Figure 12: Electronic conductivity with respect to temperature of La1-xSrxCo0.2-
Fe0.8O3-δ for the range of 0 < x < 0.4 [14]

by the disproportionation of the cobalt ions (Equation 2.11) [3]. This has the effect

of introducing additional n and p-type charge carriers into the system, although

the contribution from n-type carriers is low due to the high concentration of

holes.

2Co3+ = Co2+ +Co4+ (2.11)

The drop in conductivity at high temperatures is related to the oxygen va-

cancy concentration of the system due to oxygen desorption. Assuming that both

methods of charge compensation are occurring the charge neutrality equation for

LSCF may be written as:

[
Sr
′
La

]
=
[
B
•

B

]
+ 2
[
V
••

O

]
(2.12)

Therefore, an increase of oxygen vacancy concentration decreases the hole con-

centration by a factor of two in order to retain charge neutrality. In La1-xSrxFeO3-δ

33



2.1 the lscf system

disproportionation of the Fe also introduces n and p-type charge carriers [29],

however, in LSCF Lankhorst et al. [28] suggests that the energy to form the Fe2+

state is too high for charge disproportionation. Therefore this has the effect of

stabilising the Fe4+ state (or
[
Fe•Fe

]
), making metallic oxidation a more preferable

charge compensation mechanism to oxygen vacancy formation.

2.1.5 Oxygen Diffusion and Exchange in La0.6Sr0.4Co0.2Fe0.8O3-δ

Oxygen diffusion may be measured using multiple techniques [30, 31], each ob-

taining different (yet related) parameters such as the chemical diffusion coeffi-

cient (DC) and tracer diffusion coefficient (D*). Chemical diffusion may be related

to self-diffusivity using a thermodynamic enhancements factor (γ):

D∗ = γDC (2.13)

Where γ is defined by:

γ = −
1

2

δlnp(O2)
δln
[
V ••

O

]
 (2.14)

There is not a preferred measurement technique throughout the literature and,

for this reason, care should be taken when comparing DC and D* values.

Oxygen non-stoichiometry is a characteristic of many transition metal oxides.

Generally, the phenomena arises from generation of oxygen vacancies by chang-

ing the oxidation state of the transition metal. As shown previously in this chap-

ter, oxygen vacancy generation in LSCF is also a function of A-site aliovalent

substitution and p(O2). Additionally, there is a strong temperature dependence

for the oxygen content in La0.6Sr0.4Co0.2Fe0.8O3-δ . At room temperature La0.6Sr0.4-

Co0.2Fe0.8O3-δwas found to be slightly oxygen deficient by Tai et al. [14] (δ = 0.05)

and ’essentially’ stoichiometric by Lankhorst et al. [28] (δ ≈ 0.01− 2). Figure 13(a)

shows that oxygen deficiency tends to increase with temperature as the thermal

energy begins to break cation-oxygen bonds. The onset temperature decreases

with increasing Sr content whereas the magnitude of oxygen loss is greater with
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Figure 13: Showing (a) The temperature dependence of oxygen content for La1-xSrx-
Co0.2Fe0.8O3-δ , 0 < x < 0.4, between 200°C and 1200° and (b) the oxygen
non-stoichiometry of La0.6Sr0.4Co0.2Fe0.8O3-δ under increasingly reducing con-
ditions between 650°C and 950°. Adapted from [14, 28], respectively.

increasing Sr content. For La0.6Sr0.4Co0.2Fe0.8O3-δ it is apparent this mass loss oc-

curs at ≈ 600°C.

Figure 13(b) shows reducing the oxygen partial pressures results in a reduc-

tion of total oxygen. By observing Equation 2.7 it can be seen that reducing the

available gaseous oxygen that there will be a reduction in hole concentration and

thus an increase in oxygen vacancy formation to retain charge neutrality. A simi-

lar temperature dependence is observed where the total oxygen loss is greater at

higher temperatures.

Figure 14 shows an Arrhenius plot of tracer-diffusivity and surface exchange

values measured by Benson [32] using the IEDP-SIMS technique (see Section

4.2.1) for information of the IEDP technique). It is clear that, despite the changes

in oxygen stoichiometry over this temperature range, the diffusivity behaviour

of La0.6Sr0.4Co0.2Fe0.8O3-δ appears uncomplicated and retains a single activation

energy at every temperature.

The surface exchange coefficient (also shown in Figure 14), however, exhibits

two distinct activated temperature regions. Above 600°C the activation energy

is 171 kJ/mol, whilst the activation is 61 kJ/mol below 600°C. This transition

suggests a change in rate limiting step in the oxygen reduction and incorporation

reaction. This behaviour has been reported before in La0.6Sr0.4CoO3-δ [33] and

flourite structured materials [34]. For LSCF, surface exchange above 600°C was

found to have a relatively low p(O2) dependence. The activation energy of surface

exchange was also found to be very similar to the value for diffusivity, suggesting
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Figure 14: Temperature dependence of oxygen tracer diffusivity (D*) and surface ex-
change coefficient (k) of La0.6Sr0.4Co0.2Fe0.8O3-δ . Data adapted from [32].

that the rate limiting step of the reaction is due to the incorporation of oxygen

into the bulk [32, 35]. It should also be noted that the transition temperature

is very close to the onset of thermally generated oxygen vacancies. Although

increasing the vacancy concentration has the effect of reducing the number of

holes, dissociation is still relatively facile at this temperature range.

The low temperature regime has a much greater p(O2) dependence and as such

the reduction reaction is assumed to be limited by the adsorption and dissocia-

tion of the O2 molecule. The lower activation energy is thought to be associated

with the dissociation of molecular oxygen into two monoatomic surface species

[32], however, the precise nature of the reduction mechanism is still not known.

2.1.6 Ferroelastic Properties of LSCF

For most perovskite based MIEC materials the electrical properties, oxygen non-

stoichiometry and crystallographic properties are very well characterised. Dis-
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cussion about the mechanical properties of these systems are less prominent [36]

and rarely are they linked to the other properties of the system. However, it has

been shown that the presence of long range defects such as dislocations and twin

planes have a pronounced effects upon the oxygen vacancy concentration and

mobility through a system [37, 38].

Most perovskites undergo a phase transition from a more symmetrical sys-

tem at high temperature phase (i.e. cubic) to a lower symmetry system at lower

temperatures (i.e. rhombohedral), in which some phases may exhibit ferroelas-

tic properties. Ferroelastic properties are defined by a stress-strain hysteresis re-

sponse to an external load. This commonly arises from a ’superstructure’ present

in the material. A superstructure is a crystallographic system with additional

symmetry (observed using diffraction experiments), often caused by long range,

periodic defect ordering within a system. Many common superstructures form

’domains’ within the grains of the material which are separated by domain walls

where the crystallographic relationship between domains tends to define the type

of superstructure. The mechanical hysteresis response arises from domain wall

mobility, enabling increased resistance to strain as they ’rotate’. The existence of

a (ferroelastic) domain structure also gives rise to ferroelectric and ferromagnetic

properties [39, 40], however, these will not be discussed here.

Currently there are few studies characterising superstructures in La0.6Sr0.4Co0.2-

Fe0.8O3-δ , however, the La0.8Ca0.2CoO3-δ (LCC) and La0.5Sr0.5Co0.5Fe0.5O3-δ sys-

tems have been extensively characterised by Vullum et al. [41]. In La0.8Ca0.2CoO3-δ

a phase change induced during cooling after sintering causes spontaneous re-

orientation of the structure, forming a ferroelastic phase. The ferroelastic phase

tends to form ’domains’ or ’twin systems’ where domains are twinned along the

{100} and {110} family of planes. The twin wall width ranges from 50-200 nm

and interestingly the number of grains exhibiting this twin structure increased

over time after the initial sintering; suggesting that the defect-rich structure has a

higher stability at room temperature. La0.5Sr0.5Co0.5Fe0.5O3-δ does not undergo a

phase change (refer back to Figure 11) during cooling. Whilst no standard twin-

ning, however, a doubling of the lattice parameter along the pseudo-cubic (see

Figure 43)
〈
100
〉

directions was observed; suggesting that the presence of a ’twin-

like’ superstructure. It was found that this structure occurred across 90-100% of

the material. The reason this structure is ’twin-like’ is that the material does not

exhibit discreet domain walls. As shown in Figure 15 the domain boundary is
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Figure 15: Deformation twinning caused by the spontaneous reorientation of a crystal
system showing perpendicular twinning between the (001) and (010) pseudo-
cubic planes. Adapted from [41].

shared between domains and the only difference is a rotation in the xy plane

(that is related to the crystallographic angle α). Small, periodic domains of 5-20

nm width are observed with atomic twinning along the (010) and (001) planes

(Figure 15), however, it is unclear precisely why this structure is formed.

Known superstructures in perovskite materials exist due to oxygen vacancy,

cation or charge ordering. For the general formula AxBxO3x-1 periodic oxygen

vacancy ordering can exist for specific values of x [42]. Van Doorn et al. [43]

attributed a superstructure in La0.3Sr0.7CoO3-δ to oxygen vacancy ordering, how-

ever, this required oxygen non-stoichiometry values between ABO2.5 and ABO2.67

which is far below values for La0.6Sr0.4Co0.2Fe0.8O3-δ across the entire temperature

and p(O2) range reported in the literature. Cation ordering may be possible in

LSCF due to the two different B atoms, however, the size difference of Fe and

Co in sixfold coordination is too small for ordering to be likely [16]. Charge or-

dering is a temperature dependent reversible process which usually occurs far

below room temperature. Although there have been no studies related to these
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properties on LSCF, it is unlikely to exhibit charge ordering. Therefore, the peri-

odic domain structure is currently the best model available to describe the LSCF

superstructure although there is still a long way to go to understand its true

nature.

Although a domain structure has a pronounced effect upon the mechanical

properties it has also been shown that the superstructure is related to the ionic

properties of a material. Calleja et al. [37] showed that oxygen vacancies in CaTiO3

tend to affect the mobility of domain walls by effectively ’pinning’ the structure.

Harrison et al. [44] also showed that oxygen vacancies preferentially reside within

the domain walls of Ca1-xSrxTiO3. It is therefore possible that domain walls con-

tain an elevated number of oxygen vacancies, potentially increasing ionic con-

ductivity through these regions. However, there is no direct evidence of this as of

yet.

2.2 sofc degradation

One of the largest problems facing SOFCs is material degradation over time re-

ducing cell performance. Degradation may occur due to several factors but may

be summarised as:

1. Chemical instability of the electrode, electrolyte and interconnect materials

causing secondary phase formation at the electrode surface and electrode-

electrolyte interface.

2. Mechanical instability causing electrode-electrolyte or electrode-interconnect

causing delamination.

As with any system where charge is flowing, good contact between compo-

nents is vital to reduce ohmic resistances. To prevent delamination of components

at operating temperature it is necessary to match TEC between the electrode and

electrolyte. Cell geometry will also influence the overall mechanical stability of a

cell. In general, SOFCs are designed to be planar or tubular and may be anode

or interconnect supported [45]. Tubular fuel cells tend to exhibit higher tolerance

to thermal expansion, whereas current collection in planar cells tends to be more

effective [46]. More recently miniaturisation of cells has offered increased vol-

umetric power density and resistance to thermal cycling [47], however, present
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additional difficulties in cell fabrication. Mechanical stability of a cell is of great

importance, but is not the focus of this work and as such will not be discussed.

Chemical instability can have a significant impact upon the performance of a

cell due to the formation of electronically and/or ionically insulating secondary

phases. If these form at the electrode surface the active area available will be re-

duced and as such increase activation losses. Similarly, formation at the electrode-

electrolyte interface will increase the ohmic losses of a cell. This review will focus

upon degradation at the cathode surface, however, will briefly cover the cathode-

electrolyte interface as material selection and cell design is strongly influenced

by reactions at this interface.

Cathode-electrolyte degrdation: The first SOFC systems utilised the La1-xSrxMnO3±δ

material system (0.1 < x < 0.3) as a cathode and Yttria-stabilised Zirconia (YSZ)

as an electrolyte. At operating temperature (∼1000°C) LaMnO3 reacts with YSZ

to form La2Zr2O7 at the electrode-cathode interface [48]. The introduction of Sr

descreases the reactivity of LSM with YSZ, however, forms SrZrO3 for Sr values

above 30 mol % [49]. It has been shown that degradation caused by LSM-YSZ

secondary phase formation is reversible by switching between fuel cell and elec-

trolysis mode [50], however, direct observation of the reversible reaction has not

yet been achieved. As previously mentioned the LSM system is unsuitable for

operation in an IT-SOFC, thus the move to MIEC materials such as LSCF. Due to

the high Sr content in La0.6Sr0.4Co0.2Fe0.8O3-δ , YSZ is unsuitable as an electrolyte

due to the rapid formation of both La2Zr2O7 and SrZrO3 [51, 52]. Due to the low

cost and availability of YSZ, attempts have been made to mitigate these reactions

by introducing ionically conducting ’interlayers’ between the LSCF and YSZ. In-

terlayers such as Sm0.2Ce0.8O1.9 and Ce0.8 Gd0.2O2-δ (CGO) have been shown to

limit secondar phase formation significantly without detrimental effects to cell

performance [52, 53]. The Ce1-xGdxO
2- x2 (CGO)6 system has also showed promise

as a replacement for YSZ due to its high ionic conductivity and similar TEC to

LSCF. There are also no known chemical reactions between LSCF and CGO [54].

It has been shown that LSCF-CGO composite materials have enhanced surface

exchange coefficients [55, 56] and as such CGO is becoming the preferred elec-

trolyte material for use with LSCF.

6 Sometimes referred to as Gadolinia-doped Ceria (GDC)
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2.2.1 SOFC Cathode Degradation

Degradation at the cathode arises from two main processes: (i) cation segregation

effects causing migration of A-site cations towards the surface and (ii) reaction

with impurity species in the cathode gas stream. Both have the effect of form-

ing insulating secondary phases reducing the active areas for oxygen reduction

and incorporation. The Adler-Lane-Steele model for porous MIEC electrodes [57]

is the generally accepted model for the oxygen incorporation into the bulk of

the system. In order for an oxygen ion to be incorporated into the system it

must first be dissociated and adsorbed onto the surface of the MIEC or MIEC/-

electrolyte. This involves the process of charge transfer and it has been widely

assumed that the transition metals on the B-site are the primary providers of

electrons to facilitate reduction. Clearly then, the state of the surface is of the

utmost importance, however, highly sensitive techniques cannot be operated in-

situ or in-operando. Therefore, much of the literature to this date has been limited

to characterising post-mortem devices or samples. This has made it difficult to

study the complicated mechanisms involved with the oxygen reduction reaction

on MIEC materials and correlate them to kinetic properties such as the surface

exchange coefficient. Degradation has been studied extensively over the years,

however, the literature surround surface properties has only arisen very recently

as a response to improved analysis equipment. As such, there are still large gaps

in knowledge with regards to the true effect of degradation in these materials.

2.2.1.1 Cation Segregation

In binary transition metal alloys surface segregation is phenomena dependent

upon the size and chemical nature of the atoms involved [58]. It was also noted

that segregation is more common than not in these systems. Oxide materials

tend to exhibit similar phenomena [59]. The creation of the surface breaks the

symmetry of the crystal and as such causes changes in the electronic and geomet-

ric properties of the material. Bonds are broken to create the surface and as such

there is a free energy associated to ‘the surface’7. In a system with multiple atoms

the surface free energy of each component will differ in relation to atomic radii

(lattice strain). It therefore follows that the is a preferential surface state in most

7 Surface free energy is intrinsically higher such that spontaneous generation of a surface is less
favourable
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Figure 16: 3D reconstructions of Atomic Force Microscope data showing the surface
roughness effects of Sr segregation in SrTiO3 [62]

materials. For ionic crystals where Schottky disorder dominates a ‘space charge’

region will exist a finite distance from the surface depending upon the defect

system [60]. A space charge region occurs when a specific defect (positive or neg-

ative) has a preferential surface formation energy. An excess of this defect will

form at the surface, forcing the other defect type to form a depth below the sur-

face. The charge distribution causes a dipole region (the space charge ‘layer’) and

this typically provides a strong chemical potential that further drives segregation

[61].

In a simple perovskite system (ABO3) decomposition into the binary oxides

(AO and BO2)8 may occur due to chemical gradients, externally applied fields or

mechanical stress [63]. Szot et al. [62] observed that segregation in SrTiO3 caused

the surface to change from a simple perovskite into a Ruddlesden-Popper (RP)

phase [64] [SrO*(SrTiO3)n] (n = 1) when heated between 800-900°C. At the ele-

vated temperature SrO layers are able to form and the crystal is able to restructure

and form the RP phase. It should be noted that fast diffusion pathways are neces-

sary for this reorganisation to occur. Kubicek et al. [65] have shown more recently

that strontium diffusion along grain boundaries is faster than in the bulk, thus

it is most probable that grain boundaries facilitating fast diffusion of the stron-

tium. As shown in Figure 16(a) the observed crystal reorientation was associated

with a crystallographic shear, causing a significant increase in surface roughness.

SrO secondary phases were also observed to form at the surface as ’droplets’ as

seen in Figure 16(b). These experiments were performed at constant temperature

8 For a 2:4 perovskite
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Figure 17: Showing (a) the stacking of AO and BO2 in a 2:4 perovskite [59] and (b) crystal
charge as a function of plane number, illustrating the periodic charge across
the atomic planes in the bulk and deviation from neutrality near the surface.
Adapted from [66].

and p(O2) and samples were not subjected to an external electrical field or me-

chanical stress. Therefore, the decomposition and segregation of the material was

assumed to be driven by internal electric fields between the bulk and surface.

Strontium segregation has been observed on SOFC relevant perovskite mate-

rials for a number of years [67, 68, 61], however, Harrison [66] was the first to

theoretically explain strontium segregation. In La0.65Sr0.35MnO3 they noted that

the surface charge layer existed due to a distribution of charged A and B atoms at

the surface. In order to neutralise the surface it is possible to modify the valence

of the Mn ions, however, forming an AO or BO2 termination at the surface is an

alternative method to achieve neutralisation. As shown in Figure 17(a) the stack-

ing of a perovskite material is AO followed by BO2. Within the bulk the charge of

a 3:3 perovskite the charge of each AO and BO2 plane is equal and opposite, thus

retaining overall charge neutrality throughout the system [66]. However, towards

the surface, the fraction of La3+ (and
[
V
′′′
La

]
), Sr2+ (and

[
V
′′
Sr

]
), Mn3+ and Mn4+

begins to change within the space charge layer. Figure 17(b) shows the resulting

charge imbalance and thus potential difference between the surface and bulk. The

electronic driving force causes charged La species to move into the bulk, however,

the consequence is that strontium segregates to the surface. This analysis only

takes into account the electronic properties of the system and as such neglects

ionic radii and strain effects.

Multiple segregation studies have been performed on LSC/LSCF [69, 70, 71, 72]

and all report increasing surface strontium concentration over time at elevated
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temperatures. Oh et al. [73] first observed strontium/oxygen based secondary

phase formation on the surface. Interestingly, they showed that the precipitates

grow primarily in the centre of the grain, rather than on (potentially) low energy

sites such as the grain boundaries. Transmission Electron Spectrocopy (TEM) data

showed that the sub surface directly below a precipitate was strontium deficient,

again suggesting that Sr diffusion through the bulk is slow. The following forma-

tion reactions were devised:

Sr
′
La +

1

2
O2 (g) −→ SrO (ppt) + V

′′′
La + 2h

• (2.15)

Sr
′
La +

1

2
O2 (g) +O

×
O −→ SrO2 (ppt) + V

′′′
La + V

••

O (2.16)

Equation 2.15 will be less favourable as any Co/Fe4+ species generated due

to increasing hole concentrations are less stable at high temperature [74]. Con-

sistent with Harrison’s observations in LSM the generation of charged, mobile

lanthanum species appears causes strontium segregation in LSCF. It is also clear

from Equation 2.16 that there will be a p(O2) dependence upon SrO formation.

This is observed by Oh et al. as they annealed LSCF in atmospheres of pure N2,

N2/0.1% O2 and air (20% O2). The quantity and size of precipitates was seen to

increase with oxygen content in the gas stream.

Druce et al. [75] used Low Energy Ion Scattering (LEIS, see Section 4.3.3), a

technique sensitive to the outermost atomic layer, to analyse samples after high

temperature thermal anneals. It was shown that there was an increase of stron-

tium concentration (and thus reduced lanthanum concentration) in samples an-

nealed at temperatures as low as 400°C (where cation mobility is very low). The

sample annealed at 800°C displayed near 100% strontium coverage at the sur-

face. This suggests that strontium segregation is not thermodynamically limited

(at least over IT-SOFC operating temperatures), rather, it will always occur but

at different rates depending on operating conditions (kinetically limited). Harri-

son’s model of strontium segregation neglects cation size, however, Lee et al. [76]

showed that different cation sizes do not prevent A-site segregation, although it

does alter the growth kinetics.

Many surface analysis techniques, such as LEIS, require a high vacuum and

are typically performed at room temperature. Thus the surface state will be very

different during the anneal and analysis. Assuming LSCF behaves in a similar
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fashion to other, albeit un-doped, perovskites (such as SrTiO3 [62]) there is a

possibility that surface reconstruction is occurring at high-temperature, therefore

the fraction of A and B atoms at the surface is not static. This would go some way

to explaining why these material still exhibit catalytic properties at operating

temperatures, despite overwhelming evidence that A-site cation segregation will

always occur. Long term studies show reductions in cell performance, however,

attention to surface properties post-mortem is often neglected [77, 78]. Surface

stability studies and the effect this has on the exchange properties of LSCF has

not yet been fully explored.

2.2.1.2 Cathode Poisoning

Ideally pure gas streams could be used to prevent unwanted chemical reactions

from occuring (poisoning reactions), however, a gas purification system or the

purchase of pure gases tends to be very expensive. Thus, ambient air is commonly

used as the cathodic gas stream as it is an abundant and cost-effective resource.

However, due to the catalytic nature of MIECs, molecular oxygen is not the only

species that may react with the surface. Besides the main components (N2, O2),

ambient air contains geographically and seasonally varying amounts of water

vapour (∼ 1-2 vol.%), carbon dioxide (0.03 vol.%) and trace quantities of CO,

NOX and SO2 [79]. By volume percent the primary impurities are H2O and CO2,

however, trace impurities such as SO2 have been shown to cause degradation

over long periods of time through the formation of SrSO4 and La2O2SO4 at the

surface [80].

Another potential source of degradation is by the presence of volatile species at

IT-SOFC operating temperatures (600-800°C). Of particular concern is the volatil-

ity of chromium species originating from the stainless steel interconnect material.

Chromium poisoning has consistently been observed to degrade cathode mate-

rials containing lanthanum and strontium (forming an insulating SrCrO4 and

La2CrO3 phases) [81, 82]. Tucker et al. [83] investigated the reactions pathways

of volatile chromium species and found that surface diffusion directly from the

interconnect to the cathode contributed more to secondary phase formation than

through the vapour phase. As such, there is a strong temperature dependence

upon the formation of Cr based secondary phases and may potentially be able to

be inhibited at temperatures below 700°C.
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2.2.1.3 Effect of Humidty

The most prominent gas phase impurity is water. At high temperature, the pres-

ence of water has a pronounced effect upon the volatility of reactive species by

facilitating the formation of hydroxide and oxy-hydroxide species [84]. For the

case where volatile chromia species are present, in dry conditions CrO3(g) is the

most abundant vapour species. However, in the presence of relatively low water

vapour pressures (∼1 mbar at 1000°C [84]), CrO2(OH)2(g) becomes thermody-

namically preferable species [85]. The saturation vapour pressure of water in air

at room temperature (22°C) is on the order of 30 mbar [86]. Even in a relatively

dry environment, for the case of chromium species, there is enough water present

change the dominant vapour species. Zhao et al. [82] used electrical conductivity

relaxation9 to measure the chemical surface exchange coefficient (kC) of LSCF

in response to chromium poisoning. They observed significant faster decline in

chemical surface exchange coefficient (kC) in the presence of humidity as com-

pared to dry conditions. The partial pressure of CrO2(OH)2 is approximately 100

times larger than the partial pressure of CrO3 at 750°C [84, 87]. Therefore, it has

been suggested that secondary phase formation is increased due to the greater

quantity of chromium based reactants. Despite this, the thermodynamics for the

formation of CrO2(OH)2 are not well characterised [85].

Humidity in the gas stream has also been shown to cause volatility in silicon

from the quartz sealant material [88]. Silicon poisoning tends to form continuous,

thin (20 nm) layer across the surface rather than individual precipitates which

has a negative effect upon the surface exchange characteristics of LSC [80]. This

phenomenon has not been widely studied, however, has also been implicated as

a degradation mechanism in La0.6Sr0.4Co0.2Fe0.8O3-δ [89].

It has also been suggested that the presence of humidity can increase the rate of

cation segregation. Hjalmarsson et al. [91] observed a rapid decrease in cell per-

formance (using an La0.6Sr0.4CoO3-δ cathode) in a humidified atmosphere com-

pared to dry oxygen. They speculated that absorbed water strongly associates

9 Relaxation experimentation measures a material’s response to rapidly changing an experimental
parameter before returning it back to normal. The response from the beginning to the end of
the cycle is measured. In the case of conductivity relaxation on MIEC materials, the conductivity
of a system is constantly measured when a sudden change in p(O2) is introduced. A transient
conductivity response may be measured and correlated to the diffusivity and surface exchange
properties of the material. As the technique does not retain a constant p(O2) there is a chemical
potential action on the sample, thus the measured values are the chemical diffusivity (DC) and
surface exchange coefficient (kC)
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Figure 18: (a) Oxygen surface exchange and diffusivity properties of YSZ at 600°C show-
ing the increase in surface exchange rate in the presence of 20 mbar p(H2O),
and (b) Coverage of chemisorbed water molecules (θch) with respect to tem-
perature and oxygen exchange rate. Adapted from [90].

with strontium at the surface to form strontium hydroxide (Sr(OH)2) species. This

phase is not stable at high temperature and as such will evaporate or form SrO

[92]. The effect of this is to either deplete the surface strontium concentration

and create a larger chemical potential for the segregation of strontium, or form a

passivating secondary phase.

Whilst secondary phase formation due to humidity has generally been ob-

served to decrease cell performance [91, 93], it has been reported that the pres-

ence of water can increase the surface exchange rate of oxygen. Sakai et al. [90] first

studied this phenomenon in YSZ, seeing a dramatic increase of 500-1000 times at

600°C (See Figure 18(a)). The diffusive properties appeared to be unaffected. It

was found that a layer of chemisorbed water (as hydroxyl groups) molecules was

present on the surface. The following reactions were proposed:

H2O(g)←→ H2Oad (2.17)

1

2
O2(g)←→ Oad (2.18)

H2Oad +Oad + 2e
′ ←→ 2OH

′
ad (2.19)

2OH
′
ad + V

••

O ←→ O×O +H2Oad (2.20)

Enhancement was seen to increase with the partial pressure of water and there-

fore attributed to the total surface coverage of adsorbed species. Figure 18 shows

surface coverage of water molecules as a function of temperature and oxygen
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Figure 19: Showing the temperature dependence of each gas mixture and the regions
which certain exchange paths dominate in (a) LSM and (b) LSCF. Adapted
from [96].

exchange rate. At low temperature (400°C) the surface is 100% covered, however,

there is a steady decrease of surface coverage as the temperature increases. A

material with a greater oxygen exchange rate was seen to release and replenish

the adsorbed species at a faster rate, therefore suggesting that the enhancement

factor will change between materials. Isihara et al. [94] observed a 10 time oxy-

gen exchange enhancement in Ba0.6La0.4CoO3 (BLC), however, Benson et al. [95]

saw only a small enhancement the surface exchange properties of LSCF in the

presence of water and CO2.

As can be seen from Equations 2.17 - 2.20 the presence of water adds an ad-

ditional path for oxygen incorporation. It is generally accepted that the different

adsorption/incorporation reactions are competing with one another, thus, using

labelled molecules (H2

16O, H2

18O), attempts have been made to characterise the

relative reaction rates. Ishihara et al. observed that the formation rate of H2

18O

was significantly faster than 16O18O when both oxygen and water co-existed in

the gas stream. Therefore, when co-existing, incorporation using surface hydroxyl

species tends to be the dominant exchange mechanism. More recently Wachsman

et al. [96] demonstrated the temperature dependence of these reactions on LSM

and LSCF. Figure 19 demonstrates the dominant reactions for pure O2, O2+CO2

and O2+H2O. As can be seen at low temperatures the adsorbed water dominates

the reaction, whereas above 600 °C the reaction is primarily due to the oxygen.

This agrees with the observations seen on YSZ where surface water concentration

drops with temperature, however, characterisation in the same way has not yet

been performed for LSM/LSCF. Also observed by Benson et al. [32, 95], CO2 does
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Popper phase (LNO/LCO) and Double Perovskite (GBCO/PBCO) phase ma-
terials. Adapted from [97].

not appear to significantly influence the oxygen exchange mechanism at IT-SOFC

operating temperatures.

2.3 concluding remarks

La0.6Sr0.4Co0.2Fe0.8O3-δ is a well characterised system from the crystal structure to

performance in device level studies. Temperature and p(O2) dependence is well

understood, and to a certain extent, so are the effect of gas stream impurities.

From a materials properties perspective, however, there are gaps in the literature

surrounding the processes of surface modification due to degradation. Surface

analysis techniques often require highly sensitive equipment and as such com-

promise on ‘realism’ by studying materials under vacuum rather than in-situ or

in-operando. Conversely, the most prevalent device level studies cannot observe
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the surface of a material. Currently there is not a single method to achieve con-

current analysis. As shown in this review the surface of LSCF (and most other

candidate cathode materials) is not the same at room temperature as at operat-

ing temperature, thus it is vital to study it in conditions as close to operating

conditions as possible. More recently, researchers are attempting to study these

materials in more representative environments to ensure that data from different

types of study are comparable, however, it is not an easy task. This work is one

such attempt, and in the proceeding chapters will describe the steps taken to

ensure more realistic analysis of La0.6Sr0.4Co0.2Fe0.8O3-δ .

As is abundantly clear there are many issues surrounding the use of perovskite

materials as SOFC cathodes. La0.6Sr0.4Co0.2Fe0.8O3-δwas chosen for this work due

to its prevalence in industry as well as academia, however, the next generation of

materials are in development exhibiting increased diffusivity, oxygen exchange

rates and chemical stability. Notable systems include ‘Double Perovskite’ (e.g.

GBCO and PBCO) and ‘Ruddlesden-Popper’ (e.g. LNO and LCO) phase mate-

rials. These materials differ from traditional perovskite systems by exhibiting

anisotropic properties. The advantage of this type of ordering translates to en-

hanced diffusive and exchange properties as can be seen in Figure 20. An addi-

tional benefit of these materials is that they often do not rely on A-site cation

substitution to provide the desired materials properties, thus preventing many of

the degradation mechanisms from occurring. At this point in time there are diffi-

culties regarding efficient cell fabrication using these materials and as such have

not yet been commercialised. For more information on these materials systems,

please refer to [97].
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Part II

M AT E R I A L S A N D M E T H O D S

Studying and understanding the surface properties of any material
poses numerous challenges to any researcher. There is not one single
technique that can provide a full description of a material as there
are often compromises that must be made between lateral, depth and
chemical sensitivity. Therefore, numerous techniques must be used.
Observed consistently throughout this work is the importance of high
quality sample preparation and full understanding of any experimen-
tal errors to ensure data is accurately comparable. This section details
the theory and application of each analysis technique and the neces-
sary sample preparation to achieve accurate results.



3
S A M P L E P R E PA R AT I O N

3.1 powder characterisation

La0.6Sr0.4Co0.2Fe0.8O3-δ powder was obtained from the commercial suppler: Prax-

air™ Specialty Ceramics (Seattle, USA). The as-received sample was characterised

for phase purity using X-Ray Diffraction (XRD), phase evolution from room tem-

perature to 1000 °C using High Temperature XRD (HT-XRD) and correct stoi-

chiometry using Inductive Coupled Plasma Atomic Emission Spectrometry (ICP-

AES).

3.1.1 X-Ray Diffraction

When a wave meets an obstacle of comparable length scale it may interact to

cause scattering of the wave. This phenomenon is referred to as ’diffraction’. X-

Ray diffraction is a very common method for analysing the crystallographic prop-

erties of a material as the wavelength of an X-ray is similar to the atomic spac-

ing of most crystal structures. Incident X-rays interact with the electron clouds

within a target material and will interfere as they are scattered from subsequent

crystallographic planes. The condition where the scattered X-rays constructively

interfere is defined by Bragg’s law (Equation 3.1, Figure 21) [1] where n is an

integer, λ is the X-ray wavelength, dhkl is the inter-plane spacing with respect to

the hkl plane, and θ is the angle of incidence of the X-rays. Using equation 3.1

and collecting a diffraction pattern across multiple θ values it is possible to gain
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3.1 powder characterisation

θ 2θ

d
d sinθ

Figure 21: Schematic showing two atomic planes with spacing d and an incident X-ray at
angle θ diffracting under the Bragg condition.

information on other properties of the crystal structure such as the space group

and lattice parameters.

nλ = 2dhklsin(θ) (3.1)

For a completely crystalline material and values of θ which satisfy Equation

3.1 will be explicitly defined. As such an ideal diffraction pattern will contain

a series of sharp peaks at these values. In practice, however, instrumental ef-

fects and defects within samples will cause deviation from the ideal peak shape,

typically in the form of peak broadening and asymmetry. These parameters are

well understood and as such it is possible generate a theoretical diffraction pat-

tern from a relevant structural model. Useful information may be obtained by

refining the input parameters of the generated profile in order to minimise the

difference between itself and experimental data. The most accurate and involved

ab-initio method of structural refinement was developed by Hugo Rietveld [2].

"Rietveld refinement" allows complete characterisation of a material’s crystal

structure, however, once solved and the data is published it may be used as a

starting point for future refinements and phase purity comparisons. A number

of databases exist for this purpose but this work referred to the Inorganic Crystal

Structure Database (ICSD) [3].

"Le Bail refinement" [4] differs from the Reitveld method by including a known

space group and unit cell in its input parameters to generate the theoretical
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3.1 powder characterisation

diffraction pattern. This refinement method contains less structural information,

but is suitable to refine accurate values of the lattice parameters: the primary aim

of using XRD in this work. Combined with data from ICSD [5] Le Bail refine-

ments were carried out using Bruker’s Total Pattern Analysis Solution (TOPAS)

[6].

Sample Preparation: The focus of XRD experiments performed in this work was

to characterise the as-received LSCF powder. No additional processing of the

powder was necessary for either standard XRD or high temperature XRD experi-

ments.

Experimental Regime: In this work three pieces of instrumentation were used. For

room temperature analyses a Panalytical X’Pert Pro MPD and Bruker D2 desktop

instrument were used depending upon availability. Sample powder was required

to be placed into the recess of a ’Silicon Zero Diffraction Plate’. This sample

holder is fabricated from single crystal silicon where the surface has been cleaved

along a high order plane such as the (511) plane [7]. This ensures no background

component from the sample holder between 20 and 120°2θ using a copper x-ray

source. Samples were analysed from 20-80° 2θ using a step size 0.02° 2θ.

High temperature XRD was performed using a Panalytical X’Pert diffractome-

ter with a Bühler HDK 2.4 temperature stage. To prevent reaction with the holder

at high temperature, this equipment employed the use of a thin platinum sheet

rather than a silicon zero diffraction plate. The sample stage within this equip-

ment was slightly convex, thus when the platinum holder was inserted it took on

this curvature. To reduce systematic errors caused by sample height differences,

a small analysis area was necessary using this technique. As such signal intensity

tends to be lower using this technique. Samples were analysed from 20 -80°2θ

using a step size 0.02°2θ at room temperature before heating, 600°C, 1000°C and

room temperature after cooling.
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3.2 sample fabrication

3.1.2 Inductively Coupled Plasma Atomic Emission Spectroscopy

Inductively Couple Plasma Atomic Emission Spectroscopy (ICP-AES) is a tech-

nique use for determining chemical composition of material. With good exper-

imental practice it is possible to achieve parts per billion (ppb) chemical sensi-

tivity. The technique uses a plasma ‘torch’, which is a quartz tube with argon

gas flowing through it. Surrounding the quartz tube is an induction coil. Upon

application of a high power radio frequency (RF) the argon gas is ionised to form

a plasma. Samples, dissolved in a relevant solvent, are injected into the plasma

where the elements are ionised. During this process electrons are gained and lost

frequently, thus emitting photons with characteristic wavelengths. The intensity

of each wavelengths is collected to measure against standard solutions to calcu-

late the concentration of each element in the solution.

Sample Preparation: Samples must be dissolved in a solvent in order to be injected

into the argon plasma. In this work LSCF readily dissolves in nitric acid. The sen-

sitivity of the technique is 1-20 ppm, therefore fairly dilute solutions are required.

In this work 23.5 mg of sample was dissolved in 500ml of dilute nitric acid (50%

nitric acid, 50% distilled water).

A total of 13 standard solutions were required to analyse LSCF. A dilute nitric

acid solution was required to calibrate for the solvent and solutions of known

concentration (5 ppm, 10 ppm and 20 ppm) were required for each element. ICP

standard solutions were available for La, Co and Fe. These were mixed with

dilute nitric acid to achieve the required metal concentrations. However, at the

time of the experiment the ICP standard solution for Sr was unavailable. For this

experiment appropriate weights of SrCO3 were dissolved in dilute nitric acid to

create the strontium standard solutions.

3.2 sample fabrication

Each of the experiments described in Part iii of this work required dense sintered

LSCF samples. No further processing was required of the as-received powder to
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3.2 sample fabrication

consistently produce dense samples of 95 - 97%. The sample geometry required

varied between each analysis technique and as such are detailed throughout Sec-

tion 4, however, each sample was initially pressed, sintered, polished and sec-

tioned identically. Any additional preparation is detailed in the relevant chapters.

3.2.1 Pressing and Sintering

Prior to sintering, a high quality green pellet must be produced. LSCF does not

require additional binding agents and as such the powder was able to be pressed

as received. In order to consistently produce samples, a two stage pressing regime

was followed:

1. As received powder was a uniaxial pressed under a 2 tonne load within a

stainless steel ‘bar’ die (Figure 22a) with dimensions of 3.5 x 25 mm. Due

to the anisotropic dimensions of the die, sufficient powder was required

in order to prevent the samples breaking during the subsequent pressing

stage. 2 grams of powder was found to be sufficient.

2. After uniaxially pressing the powder, samples were isostatically pressed

under 300 MPa of pressure. The isostatic press utilises the compression of

a fluid to ensure isostatic conditions. In order to prevent contamination,

samples were inserted into a flexible plastic container and sealed (Figure

22b). Prior to sealing, the container was evacuated using a scroll pump to

ensure the container wrapped around the sample tightly. This step helps

prevent fluid infiltration and deformation of the sample under pressure.

After pressing, samples were densified by sintering in ambient air. The pressed

green samples were placed into alumina crucibles. To prevent possible reaction

with the crucible a layer of as received LSCF powder lined the base of the crucible.

Samples were sintered at 1250 °C for 8 hours using a 300 °C hour-1 ramp rate. The

cooling rate was nominally the same as the heating rate. Following this whole

regime dense samples of approximately 3.5 x 3.5 x 25 mm dimensions could be

reliably produced.
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3.2 sample fabrication

b. Sealed Samplea. Bar Die

3.5 mm

25 mm

Figure 22: Schematic diagram of (a) the stainless steel bar die and cartoon of a sealed
and (b) evacuated sample prior to isostatic pressing

3.2.2 Density Measurements

Samples produced for isotopic exchange measurements must not contain any

open pores as they act as a short circuit for diffusion. It has been shown that

if the density is greater than 95% of the theoretical density of the material then

open porosity is eliminated [8]. To measure the density of a sintered sample the

Archimedes method was used. This methodology involves measuring the weight

of the sample in air and in a fluid (water in this case) using Equation 3.2 the

experimental density can be calculated:

ρexp =
Mair · ρfluid,t

Mair −Mfluid
(3.2)

Where ρexp is the experimental density, Mair is the mass of the sample mea-

sured in air, Mfluid is the mass of the sample measured in the fluid and ρfluid,t

is the density of the fluid at a given temperature. This value can then be com-

pared to the theoretical density of the material to provide the relative density of

the sample. The theoretical density of a material can be calculated if the crystal

structure and lattice parameters are known. It is described by the total mass of i

species contained within the unit cell, divided by the unit cell’s volume as shown

in Equation 3.3:

ρt =

∑
iNi ·Ai

Vcell ·NA
(3.3)
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Silica slides Sample
Load

180 oC

a. Polishing stub b. Polishing plate c. Sample Removal

Brass stub

Figure 23: Schematic diagram showing (a) the polishing stub with the sample and sil-
ica slides prior to grinding and polishing, (b) the polishing plate and sample
holder with direction of rotation, and (c) removal of the sample by re-heating
the stub.

Where ρt is the theoretical density, Ni is the number of atoms per unit cell of

species i, Ai is the atomic weight of species i, Vcell is the unit cell volume and

NA is Avogadro’s number.

Other experiments presented in this work did not necessarily require a relative

density greater than 95%, however, for consistency, the same sample preparation

was used.

3.2.3 Polishing and Sectioning Regime

All of the experimental techniques presented in this work require ‘mirror finish’

polished samples. Primarily this was done to reveal the material’s internal mi-

crostructure, but to also provide sufficiently flat surfaces to reduce experimental

errors. The effect of surface roughness on each experiment is discussed through-

out Part iii. However, the polishing regime remained constant between experi-

ments and, unless otherwise stated, samples referred to as ‘polished’ will have

been ground and polished using the following method:

1. Sintered samples were adhered to a cylindrical brass stub as can be seen

in Figure 23a. This was achieved by heating the stub to approximately 180

°C on a hot plate and applying a resin onto the surface of the stub. Silica

glass slides cut to an appropriate shape were adhered along each side of
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3.2 sample fabrication

the sample to prevent the sample from rocking during the polishing step1.

Once positioned appropriately the sample was left to cool to room tempera-

ture2 whilst applying a small amount of pressure orthogonal to the surface

to ensure a strong bond (to prevent the sample or silica from coming off

during the polishing step).

2. Once set the samples were ground subsequently at 200 RPM using P600

(∼30 µm particle size), P800 (∼22 µm) and P1200 (∼15 µm) grade silicon

carbide paper until the samples were flush with the silica glass.

3. Samples were then polished at 200 RPM subsequently using diamond sus-

pensions of 9 µm, 3 µm, 1 µm and 1/4 µm particle size. Using a ‘Struers

RotoPol-15 Autopolisher’ a constant 20N of force could be applied during

the polish. Samples were also rotated in a special sample holder to reduce

the effect of a preferential polishing (Figure 23b).

4. Once polished sufficiently, samples were removed from the stub by re-

heating it on a hotplate at 180 °C (Figure 23c). To remove residue from

the resin samples were cleaned subsequently in acetone, isopropanol and

distilled water using an ultrasonicator.

sectioning samples : As previously mentioned the sample geometry for

each experiment varied. To section an as-sintered pellet into the relevant dimen-

sions a low speed diamond saw was used. Samples were adhered to a silica glass

slide in a similar manner to the polishing stub, allowed to cool and then inserted

into the saw. Appropriate sections were cut before removing the glass slide from

the saw (still holding the samples) and re-applying heat to remove them. Samples

were once again cleaned for residual resin using the same cleaning regime.

1 The total height of the stack should be lower than the sample. Each glass slide used in this work
was 1 mm thick. Therefore, three pieces should be layered if the sample has a height of 3.5mm.

2 Quenching would deteriorate the consistency of the resin and reduce the strength of the bond.
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4
I N S T R U M E N TAT I O N A N D E X P E R I M E N TA L T E C H N I Q U E S

As detailed in Part i there are numerous material properties that are required to

produce a SOFC cathode material. Of particular concern throughout this work

is how LSCF surface properties react to ambient atmospheres and what effect

this has on the kinetic properties of the material. The first challenge comes when

defining ’the surface’. The top atomic layer that is in immediate contact with an-

other phase is logically the surface, however the properties of this layer will be

strongly influenced by the atomic layers directly below. Therefore, a more reli-

able definition of the surface applies to approximately 2-10 atomic layers (~0.5-3

nm) [1]. There are numerous techniques that are capable of probing this depth,

however, obtaining sufficient chemical sensitivity, depth resolution and lateral

resolution from one analysis step is currently impossible. Therefore, multiple

techniques must be used to accurately describe the surface properties of a ma-

terial. A summary of common surface sensitive techniques is shown in Figure

24.

Ideally each technique should be able to be carried out in-situ and on the same

analysis area to ensure complementary data is collected. However, most surface

sensitive techniques require a high vacuum environment and using multiple tech-

niques by definition requires samples to be transferred between each piece of

equipment. In this work electron microscopy provided a flexible set of in-situ

and ex-situ analysis regimes which, due to the technique’s high lateral resolution,

meant that subsequent analysis of the same region was easily attained. Due to

restrictions of the ion beam analysis techniques employed, kinetic data (surface

exchange and oxygen self-diffusivity) was only able to be collected ex-situ.

This chapter introduces the theory and practicalities of the techniques used

in this work, any additional sample preparation and the experimental regime

followed to collect data.
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Figure 24: Summary of surface analysis techniques showing approximate depth resolu-
tion and detection range for each technique

4.1 electron microscopy

Electron microscopy is a form of microscopy that utilises a focussed beam of

high energy electrons (1-30 keV) [2] as a source of illumination. Electrons exhibit

properties of both a wave and a particle (referred to as wave-particle duality),

and the associated wavelength of an electron is orders of magnitude shorter than

a photon in the visible light spectrum. Thus, compared to an optical microscope,

significantly smaller details of a sample may be resolved as described by the

Rayleigh criterion [3].

When an electron interacts with a material there are numerous phenomena

which may occur depending upon the beam energy and sample in question. A

general summary of these phenomena can be seen in Figure 25a. The interaction

volume is dependent upon the beam energy. A larger beam energy will increase

the interaction volume, therefore reduce the surface sensitivity of the technique.

A standard Scanning Electron Microscope (SEM) is designed to raster scan the

electron beam in order to generate chemical and morphologic maps/images of

a sample. Most SEM equipment utilises Secondary Electron (SE), Backscattered

Electron (BSE) and characteristic X-Ray interactions to collect information from
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4.1 electron microscopy

the material.

Secondary electrons (<50 eV) are electrons emitted from the sample as a direct result

of inelastic scattering interactions with the incident electron beam. The secondary

electron escape depth is approximately 5-50 nm [4], and consequently, emission

is greatly affected by the incident angle of the beam. As can be seen in Figure 25b

if the incident angle of the electron beam is perpendicular to the sample then the

interaction volume within the material is uniform. If the incident angle increases,

the ’escape’ distance decreases and there will be greater electron emission. Due

to this effect, secondary electron images provide surface topography contrast and

contain no chemical information.

Backscattered electrons (1-30 keV) are electrons elastically scattered by the electron

clouds within the material. These electrons can be differentiated from secondary

electrons as they will retain much of the kinetic energy during the scattering pro-

cess. Atoms with greater a number of electrons (higher Z number) have a larger

scattering cross section, therefore, have a greater probability of producing an elas-

tic collision. Consequently, contrast within a backscattered image is proportional

to the chemical composition or phase of the sample1. Topography (incident an-

gle) will also affect BSE imaging, however, it is less pronounced than in secondary

electron images due to the increased escape depth of backscattered electrons.

Energy-dispersive X-ray spectroscopy (EDX) utilises characteristic X-ray emission

during electron-sample interaction. This phenomenon is observed when an inci-

dent electron beam promotes an electron within the material to a higher energy

state, leaving behind an ’electron hole’. When an electron from a higher energy

state (whether it is the originally excited electron or not) relaxes into this hole, the

energy difference between the two states may be released in the form of an X-ray.

The characteristic energy of this X-ray is directly related to the atomic structure

of the material and as such elemental composition may be identified.

For standard SEM experiments samples must be stable in a vacuum (10
-6 mbar)

and must have sufficient electrical conductivity. If the material is insulating, elec-

1 The precise chemistry of the sample cannot be obtained using BSE. Prior understanding of the
material can provide qualitative analysis of the phases present, however, further analysis is usually
required to characterise the material’s chemistry.
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Figure 25: Schematic of (a) the resulting phenomena generated during an electron-
material interaction and (b) the enhancement of electron emission due to a
change in incidence angle.

trons that do not escape from the material will build up a negative charge layer

at the surface of the material. This will deflect the incident beam and prevent

further data from being collected. It is possible to coat a sample in a thin layer of

a conducting material such as chromium or gold to negate this effect.

The equipment used for standard SEM in this work was a LEO Gemini 1525

FEGSEM. Samples were required to be placed on a stub in order to be inserted

into the machine. Two options were available to adhere samples to the stub: dou-

ble sided adhesive tape or silver paste dissolved in acetone. It was found that

using silver paste to adhere the samples was preferable as it reduced sample

drifting during analysis. Samples did not require any additional processing prior

to SEM analysis as even the as sintered bar is within size restrictions of the equip-

ment, LSCF is stable under a high vacuum and sufficiently conductive to avoid

charging.

4.1.1 High Temperature Environmental Scanning Electron Microscopy

Standard SEM equipment described in the previous section requires the use of

a high vacuum to prevent interference between the electron beam and the detec-

tors. Environmental SEM (ESEM) equipment deviates from a standard SEM by

utilising specialised electron detectors and a differential pumping process. Both

of these steps enable the generation of a localised gaseous environment without
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4.1 electron microscopy

Table 1: Approximate values for the mean free path of a particle under different pressures
[6]

Vacuum Range Pressure (mbar) Mean Free Path

Ambient 1013 68 nm

Low Vacuum 300 - 1 0.1 - 100 µm

Medium Vacuum 1 - 10
-3

0.1 - 100 mm

High Vacuum 10
-3 - 10

-7
10 cm - 1 km

hindering concurrent SE and BSE analysis [5].

Gaseous Detection: As can be seen in Table 1 the mean free path of an electron in

a high vacuum is sufficiently long such that it is unlikely to interact with another

species either from source to sample or sample to detector. In a low vacuum

this is no longer the case; there will be multiple interactions at both stages. It

is therefore vital to control the pressure along the beam trajectory to prevent

significant scattering of the beam. This is achieved by using a series of pressure

limiting apertures (PLA) to create a differential pumping system (Figure 26a).

Differential pumping allows the chamber pressure to remain relatively high (10’s

mbar) whilst limiting effects on the incident beam. Although scattering will still

occur along the whole column the PLAs prevent most of these scattered electrons

from ever reaching the sample. The primary region where scattering will affect

the beam focus is between the final PLA and the sample, therefore the working

distance is kept as short as possible.

The effect of scattering the beam can be seen in Figure 26b. In a standard SEM

under a high vacuum the beam undergoes minimal scattering. As pressure in-

creases there will be partial scattering of the beam until the pressure reaches the

point where there is complete scattering of the beam. In the partial scattering

regime, it can be seen that the beam predominantly retains a Gaussian shape ex-

cept for a ’skirt’ at the base of the profile. Scattering is a discrete process, not a

continuous one. Each interaction an electron has with a particle has a probability

of scattering. If it does not scatter it will continue along its original trajectory.

Therefore, electrons can be separated as either scattered or un-scattered compo-

nents (the distribution of which depends on the pressure of the system/number

of collisions before hitting the sample). The scattered component forms the ’skirt’
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Figure 26: Schematic of (a) the differential pumping system of an ESEM, (b) the effect of
scattering on the incident beam profile and (c) electron cascade amplification
process.

of the profile and can simply be subtracted from the total count of un-scattered

electrons. The width and intensity of the skirt will affect the resolution of the

ESEM but is generally low enough that it only contributes to background noise

[7].

Once a secondary or backscattered electron leaves the sample it is accelerated

towards the relevant detector. During this stage the electrons have the chance of

colliding with the gas, causing ionisation. The ionisation process generates more

electrons and consequently starts a chain reaction which amplifies the electron

signal. Commonly referred to as an ’electron cascade’ this can be seen in Figure

26c.

When working with High-Temperature ESEM (HT-ESEM) there are additional

considerations that must be considered, including accurate temperature measure-

ment, compensation for thermally generated electrons and measurement of the lo-

cal gas pressure. The following literature discusses in-depth the afore mentioned

issues regarding HT-ESEM [8, 9, 10, 11, 12, 13, 14], however, the equipment used

in this work was set-up appropriately by the technician in charge.

Sample preparation: The HT-ESEM heating stage used in this work had a limited

analysis region and as such restricted sample size. Samples dimensions were

required to be 1 x 1 x 1 mm. Prior to analysis in the HT-ESEM samples were pre-

pared appropriately and analysed using EBSD (see Section 4.1.2 for full details).
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Experimental Regime: The following work was carried out at the Institut de chimie

séparative de marcoule [15] using a Quanta 200 ESEM FEG SEM under the kind

supervision of Dr. Renaud Podor2. Sintered and polished samples were heated

from room temperature to 1000 °C with a 300 °C/hour heating rate. Upon reach-

ing 1000 °C samples were annealed isothermally for one hour. This heating

regime was carried out under 4 different gaseous environments: 3 mbar Pure

O2, 3 mbar Pure H2O, 3 mbar Ambient Air and a Vacuum of 10
-6 mbar.

During the anneal process each sample was observed in SE mode to observe

morphological changes at the surface. Images were taken approximately every

5 - 10 seconds to provide a timeline of images and allow particle growth rates

to be calculated. Upon the end of the isothermal anneal the detection mode was

switched from SE to BSE and phase maps were collected.

In order to collected EDX maps the chamber had to be cooled and vented in

order to insert the appropriate detector. It should therefore be noted that EDX

data collected from a sample using this equipment was at room temperature and

samples will have been exposed to ambient air.

4.1.2 Electron Backscattered Diffraction

Electron Backscattered Diffraction (EBSD) is a technique that provides quanti-

tative microstructural information about a material’s crystallography; primarily

grain size, grain orientation, texture and phase identity. The technique utilises

scattered electrons diffracting under the Bragg condition (Equation 3.1 in Section

3.1.1) to form a electron backscattered pattern (EBSP). EBSPs are representative

of crystallographic orientation and may be indexed if the crystal structure and

experimental setup is well defined. Due to the use of electrons it is possible to

obtain high lateral resolution crystallographic maps of a material.

Compared to standard SEM experiments, EBSD requires a unique experimen-

tal setup. Although EBSD utilises the same illumination source, the beam inci-

dence angle must be set at a specific shallow angle (usually around 20°) and

the electrons are detected in a different manner. The detector, or ’EBSD camera’,

is essentially a digital camera (charge-coupled device, CCD) behind a phosphor

screen. The phosphor screen converts impinging electrons into light suitable for

the CCD and builds the EBSP image.

2 http://www.icsm.fr/podor_fr.html
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Figure 27: Schematic of (a) the formation of Kikuchi bands from electron diffraction and
(b) the Gnomonic projection of an EBSD pattern onto the EBSD camera

An EBSP image is a collection of ’Kikuchi Bands’ [16]. As can be seen in Figure

27a diffracted electrons may be scattered in many different directions leading to

a diffuse scattering situation in three dimensions. However, electrons that have

scattered under the Bragg condition have a characteristic Bragg angle. Therefore,

there is preferential scattering at these angles and consequently will appear more

intense or ’brighter’ on the EBSP. Due to the diffuse nature of the electron scatter-

ing process this may occur in either direction from the crystal plane, as shown in

Figure 27a. This process causes the formation of ’Kikuchi band’. The centre of the

band is the direct projection of the diffracted plane (hkl) and as such may be in-

dexed if the EBSP band edges are sufficiently defined. As electrons are diffracted

in three dimensions the diffracted beam creates a spherical representation of the

crystal structure, therefore the crystal orientation may also be calculated from

the EBSP. Typical CCD detectors have flat detection surfaces and as such EBSPs

are Gnomonic projections3. This is geometrically accounted for in most modern

EBSD software.

Forescattered Electron Imaging: The equipment utilised for this work was a Zeiss

Auriga FIB-SEM with a Bruker ’e-Flash’ EBSD detector [17]. This detector has an

additional imaging mode that utilises ’forescattered electrons’ (FSE) to provide

qualitative orientation contrast (OC). As can be seen in Figure 27b there are three

FSE detectors, corresponding to a red, green and blue (RGB) detection channel

respectively, at the base of the phosphor screen. Electrons that are scattered for-

3 https://en.wikipedia.org/wiki/Gnomonic_projection

78



4.1 electron microscopy

Sample Flush

Weights

Screw to hold stub

Stub

Silica Suspension

Figure 28: Showing a schematic of the sample holder and equipment setup for colloidal
silica polishing.

ward may be collected by these detectors to provide an image with RBG contrast

defined by the EBSP. This imaging mode is highly sensitive to Z number, surface

topography and crystal orientation. This imaging mode is commonly utilised to

scan an area prior to EBSD analysis in order to locate sites of crystallographic

interest.

Sample preparation: EBSD is a technique that is highly sensitive to surface rough-

ness and surface quality. As such, an additional polishing step using a colloidal

silica suspension was required after the standard protocol defined in Section

3.2.3.Before removing samples from the brass stub, the stub was inserted into

a holder ensuring that the surface of the samples was flush with the holder. A so-

lution of 30% water and 70% colloidal silica was placed into a Buehler ’Vibromet

2’ vibratory polisher with a cloth pad at the base of the solution. Approximately

200g of weight was added to the holder before it was submerged into the col-

loidal silica and the vibromat turned on. A schematic of the experimental setup is

shown in Figure 28. To achieve a sufficiently smooth surface finish LSCF samples

were polished for at least 24 hours. After polishing, silica residue and hydrocar-

bons on the surface were removed by cleaning samples subsequently in acetone,

isopropanol and distilled water using an ultrasonicator.

Experimental regime: EBSD analysis was carried out on two sets of samples: sam-

ples to be analysed in the HT-ESEM and samples to characterise the twin struc-
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4.1 electron microscopy

Table 2: EBSD analysis settings used for both the HT-ESEM and twin analysis.

Setting HT-ESEM Twin Analysis

Working Distance (mm) 19.4 16.1

Beam Energy (keV) 20 20

Exposure Time (ms) 33 90

EBSD map area (µm2) 60.4×45.3 13.4×10

Step Size (nm) 100 100

EBSP Resolution (px2) 400×300 400×300

ture seen in LSCF. Both sets of samples were freshly sintered and polished with

no prior heat treatment.

HT-ESEM samples were marked using a diamond tipped scribe. Using the FSE

imaging mode, a region of interest (suitably far away from the scratch) was found

on each sample. Then, using SE imaging mode sequential images of decreasing

magnification were taken in order to locate the same area when using HT-ESEM.

After enough images were collected, the original area was re-focussed and EBSD

analysis was run using the settings detailed in Table 2. These are not the optimal

EBSD settings, however, it allows high lateral resolution map capture in a reason-

able acquisition time. The goal was to measure a significant number of grains to

provide representative texture of the material.

Samples analysed for Chapter 7 did not require a mark to be made on the

surface. A region of interest was found using FSE imaging and EBSD analysis

was run using the settings detailed in Table 2. The chosen analysis area and step

size was smaller for this analysis as it was necessary to resolved finer features of

the microstructure.

4.1.3 Auger Electron Spectroscopy

As can be seen in Figure 25 auger electron emission occurs very close to the sur-

face (approximately 2 - 10 atomic layers) [1] . Incident electrons hitting the sample

have a probability to displace core electrons from an atom creating a hole. Elec-

trons from outer shells may then relax into the hole. During the relaxation process

an X-ray may be emitted, but there is also a chance another outer shell electron is

emitted from the atom (leaving it doubly ionised). Electrons that are emitted are
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4.2 diffusion measurements

referred to as ‘Auger Electrons’. The mean free path of inelastic scattering pro-

cesses ensures that only electrons very close to the surface of the sample escape,

thus ensuring surface sensitivity of the technique. The energy of Auger electrons

is characteristic of the orbital transition energy, therefore, electrons emitted in

this process provide chemical information of the surface. In this work Auger elec-

tron maps were collected by Dr. Nikolai Tsvetkov at the Massachusetts Institute

of Technology (MIT). AES provided elemental mapping of nano-scale features

observed on samples annealed in the HT-ESEM.

4.2 diffusion measurements

In order to compare the rate of oxygen exchange to the morphological and chem-

ical changes observed using electron microscopy, Isotopic Exchange (IE) exper-

iments were performed. One of the primary features of the experiment is that

it eliminates chemical diffusion effects by using dry, high purity oxygen gases.

However, it is common for an SOFC to utilise ambient air as a cathode gas stream

due to cost considerations. Ambient air contains a number of active, oxygen con-

taining, species that will have an effect on the surface exchange of a material.

With this in mind the ’Back Exchange’ technique was developed to measure the

overall effect these impurity gases may have on the surface exchange of the ma-

terial. This work was done in collaboration with Dr Samuel Cooper. This work

focusses upon the development of the experimental procedure and implications

of the material’s response, whilst how to analyse the data is discussed in de-

tail in Dr Cooper’s thesis [18]. Samples for both techniques were analysed using

Secondary Ion Mass Spectrometry (SIMS) which is discussed in Section 4.3.

4.2.1 Isotopic Exchange

Isotopic Exchange (IE), as developed by Kilner et al. [19], utilises isotopic oxygen

as a tracer in order to measure both oxygen self-diffusivity and surface exchange

rate of oxide materials. As shown in Table 3 the natural abundance of the 17O and
18O isotopes is significantly lower than 16O, therefore, changes in the isotopic ratio

will be apparent even if they are small. The isotopic exchange technique utilises

thermal anneals in oxygen atmospheres enriched with 17O or 18O in order to
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face roughness of a sample affects the shape of the diffusion front.

introduce tracer diffusion profiles that may be measured using a form of mass

spectrometry (SIMS in this case). It is more common for 18O to be used as a tracer

as 17O has a very similar mass4 to the hydroxyl species 16O1H. This species may

exist within the residual vacuum of the SIMS equipment, therefore, it is possible

it may cause interference when measuring the 17 amu signal. A mass resolution

of greater than 6000 is required to differentiate the two peaks. Although possible

with the equipment utilised in this work, 18O was used as the tracer isotope for

simplicity.

The Isotopic exchange technique relies upon the assumption that the isotopic

tracer acts identically to the naturally abundant isotope. Although different by 2

amu, the difference in behaviour between 18O and 16O is considered negligible.

The technique also relies upon the introduction of diffusion profiles where the

diffusion front is constant, as shown in Figure 29 (inset). To achieve this the tech-

nique requires high quality samples and rigorous experimental protocols. The

primary factors that may alter the diffusion front are sample density and surface

4 Actual mass differs by 0.01 amu [20]

82



4.2 diffusion measurements

Table 3: Atomic mass and natural abundance for the three stable oxygen isotopes [22].

Isotope Atomic Mass (amu) Natural Abundance (%)
16O 15.995 99.762

17O 16.999 0.038

18O 17.999 0.200

roughness. If a sample is insufficiently dense it will contain open porosity and

allow gas phase transport within material. This process is significantly faster than

solid state diffusion and as such will increase the apparent diffusion surround-

ing the pore. Roughness effects are closely associated with variations in surface

exchange coefficient [21]. An increase in roughness corresponds to an equivalent

increase in surface area and, consequently, surface exchange coefficient. This is

due to a larger number of sites available for oxygen exchange. Roughness also

has an influence upon SIMS analysis, however, this is discussed in Section 4.3

and Chapter 9.

As detailed in Figure 30 the experimental protocol for isotopic exchange in-

volves two thermal anneals. The first ’Pre-anneal’ is performed using research

grade 16O (99.999%) at the desired temperature, T, and partial pressure of oxy-

gen, p(O2). This step is carried out in order to equilibrate the number of oxygen

vacancies (and therefore the self-diffusivity of the material), but also alleviate

mechanical damage induced by the polishing process. The pre-anneal step is gen-

erally carried out for 3-10 times longer than the exchange time in order to ensure

the stoichiometric region is significantly longer than the desired exchange pro-

file. The second ’Exchange anneal’ involves replacing the 16O environment with

isotopically enriched 18O then annealing at the same temperature and partial

pressure of oxygen. During this step the tracer diffusion profile is introduced.

In order to prevent chemical effects during both anneals, considerable effort is

put into ensuring impurities in the gas stream are low. As mentioned previously,

research grade 16O directly from the gas cylinder is used for the pre-anneal step.

For the exchange step, 99.9% pure5 isotopically enriched oxygen is used. This gas

is stored in a reservoir containing a molecular sieve (type 5A6). This system has

two main functions: firstly, due to the high cost of isotopically enriched oxygen

5 This value should not be confused with the ’18O gas concentration’, or, isotopic fraction in the gas
phase

6 https://en.wikipedia.org/wiki/Molecular_sieve
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4.2 diffusion measurements

using a molecular sieve makes it possible to recover the gas after an experiment7.

Secondly, the zeolite material that comprises the sieve has a high affinity for

water, keeping the gas dry over multiple recoveries. Before any atmosphere is

introduced into the system, turbo-molecular pumps are necessary to evacuate

the sample chamber to a high vacuum (<10
-7 mbar). This further helps prevent

impurities from entering the anneal atmosphere.

As will be discussed in Chapter 9 the most significant experimental errors as-

sociated with the IE technique occur during SIMS analysis, however, the primary

causes of uncertainty during the IE technique are involved with calculation of

anneal time and accurate temperature measurement. As can be seen in Figure

29 the thermocouple sits below the sample holder by approximately 5 mm. With

the sample sitting in the holder vertically the discrepancy between the top of

the sample and the thermocouple will be in the range of 10-20 mm depending

upon the precise geometry of the sample. Inside a typical furnace there is a re-

gion of uniform temperature known as a ’hotzone’. If the sample is outside of

the hotzone the will be a temperature gradient across the sample. In this work

the hotzone of the furnace was found to be 25 mm with a temperature variation

of ±1 °C, therefore, samples were heated uniformly. If a sample is sufficiently

resistant to thermal shock, application and removal of the furnace from samples

may be done quickly in order to minimise heating and cooling times. Due to

the thermally activated nature of the processes involved the rate of diffusion and

oxygen exchange will differ during heating and cooling. A commonly accepted

method for correcting for heating and cooling is described by Killoran [23] if the

activation energy for diffusion is known. One method of reducing this error is

to have an isothermal anneal region significantly longer than the heating and

cooling steps, reducing their effect upon the corrected anneal time. It is generally

accepted that the minimum time (regardless of diffusion length) an anneal may

take is approximately 15 minutes [24]. For this work LSCF is sufficiently resis-

tant to thermal shock that quenching the sample after an anneal was possible.

The temperature profiles were corrected for using the Killoran method with an

activation energy of 1.861 eV (taken from [25])

Prior to annealing the exchange time must be calculated. This is determined

by the capabilities of the SIMS equipment and the diffusivity of the material.

7 Cooling the reservoir with liquid nitrogen will reduce the chamber pressure and allow flow of gas
back into the reservoir
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Figure 30: Typical temperature/time profiles for a forward exchange using a 1000°C pre-
anneal step, (b) a standard forward exchange and (c) back exchange experi-
ment.

Diffusion length, LD, is a measure of how far the tracer has diffused into the

material. Diffusion length is related to the diffusivity of a material using Equation

4.1:

LD = n
√
DT ,Pte (4.1)

Where D(T,P) is diffusivity at a given temperature and p(O2), n is an integer

(commonly n = 2) and te is total anneal time. Although analysis of any diffusion

length is theoretically possible, there are practical considerations that must be

made related to what SIMS analysis modes are available to the researcher. These

will be discussed in more detail in Section 4.3.2, however, generally speaking

there are two regimes available: ’depth profiling’ and ’line scanning’. Both modes

of analysis have practical upper and lower measurable diffusion lengths. The ex-
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Table 4: Summary of practical diffusion length limts for depth profile and linescan anal-
ysis modes (using a single region).

Depth Profile (µm) Linescan (µm)

Minimum diffusion length 0.1 10

Maximum diffusion length 5 300

perimental diffusion length must be within one of these two length ranges. For

depth profiles the minimum measurable diffusion length is approximately 0.1

µm, and the maximum is determined by the point at which the sputter-induced

roughness at base of the crater reduces depth resolution (typically around 5 µm)

[26]. The minimum diffusion length for line scanning is determined by the lateral

resolution of the SIMS instrument, however, a practical minimum is 10 µm [24].

The maximum value depends on the capabilities of the SIMS instrument. Some

modern SIMS instruments have the ability to ’stitch’ together multiple analy-

sis regions, making the maximum measurable diffusion length theoretically any

length. However, for the equipment used in this work to measure line scans, max-

imum area for a single analysis was 500 µm. Therefore, as analyses must reach

the background level, a practical definition for the maximum diffusion length us-

ing a single analysis region may be taken as 300 µm. A summary is presented in

Table 4.

To analysis isotopic exchange data (discussed in Section 4.3.2), the isotopic

ratio of the enriched gas must be known. Due to the recovery process of the

enriched gas, the ratio of gas will steadily decrease over time as gas impurities

are introduced and gases leak from the system. Attached to the main chamber

is a leak valve in parallel to a Residual Gas Analyser (RGA). The RGA enables

quick analysis of the concentration of the gas species, however, a more accurate

method is to oxidise a piece of silicon. The oxide layer formed on the silicon may

be analysed using SIMS to calculate the precise isotopic ratio of the enriched gas.

Sample Preparation: In order to minimise experimental errors that may arise from

porosity and roughness effects, dense polished samples were fabricated as de-

scribed in section 3.2. Samples were sectioned to 3.5 x 3.5 x 8 mm in order to

fit into the sample holder (see Figure 29b). No further processing was required

prior to performing the experiment. Depending upon the experimental regime
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Figure 31: Schematic diagrams showing the tracer isotope profiles using (a) labelled im-

purity species, (b) the saturated exchange technique and (c) a typical ’Back
Exchange’ experiment.

samples may require additional preparation before SIMS analysis. The details of

this are discussed in Section 4.3 and Chapter 9.

Experimental Regime: Numerous experiments with different anneal temperatures

and times were performed during this work. The process for using the equipment

may be found at Appendix A.1, however, all experiments in this work samples

were exposed to a p(O2) of 200 mbar to simulate the partial pressure of oxygen

in ambient air.

4.2.2 Back Exchange

The isotopic exchange technique deliberately utilises pure gases to eliminate

chemical effects caused by other oxygen containing gas species. As discussed

in Chapter 2, however, it is clear that these gases have a profound effect upon

the surface chemistry and therefore the exchange properties of the material. In

collaboration with Dr Sam Cooper the ’Back Exchange’ technique was developed

as a cost effective extension to the IE technique that enabled the use of any gas

environment.

As shown in Figure 31 there are a number of methods that could be employed

to study the effect oxygen containing impurities such as NO, CO and CO2. Firstly,

using ’labelled’ versions of these species (i.e. C18O or C18O2) could be used to

identify the exchange contribution from the impurity. However, high purity la-

belled gases have a high cost attached to them and consequently would also

require additional recovery equipment in order to use them efficiently. Secondly,

87



4.2 diffusion measurements

it is also possible to ’saturate’ a sample with a tracer such that the effective back-

ground level of the tracer becomes elevated. Therefore annealing in an environ-

ment with a low concentration of the tracer (such as ambient air or research grade
16O) will introduce an inverse diffusion profile which can be analysed using the

same method as the standard IE technique. The main issue with this approach

is that the time required to fully saturate8 a sample will be very high (on the

order of days to weeks). From a practical viewpoint this is undesirable, however,

as has been discussed throughout Chapter 2, many candidate cathode materials

are meta-stable and will degrade significantly during such a long anneal time.

This is perhaps a suitable approach for long term degradation studies, but it is

less useful for fundamental studies of material properties. Finally, there is the

’Back Exchange’ technique. This utilises an additional anneal step after a stan-

dard diffusion profile has already been introduced (referred to as the ’Forward

exchange’ from this point). This second anneal will change the shape of the mea-

sured profile and, given knowledge of the original diffusion profile, the extent

to which the profile changes will be characterised by a diffusion and surface ex-

change coefficient. This may be carried out in any environment, provided this

atmosphere contains the same partial pressure of oxygen and is annealed at the

same temperature as the forward exchange.

The experimental framework discussed in Chapter 8 was first developed in this

work. Concurrently, the mathematics of the back-exchange solution and profile

fitting method was completed by Dr Cooper [18]. The primary goal of this work

was to develop the technique and fully understand systematic errors.

Sample Preparation: No additional processing between the forward and back-exchange

was required. However, back-exchange anneals were carried out as soon as pos-

sible after the forward exchange to minimise systematic errors.

Experimental Regime: The back-exchange anneal is simply an additional exchange

step, see Figure 30. Theoretically this step may be carried out in any furnace

that can control the atmosphere, however, for consistency, the isotopic exchange

equipment was used. When using 16O for the back-exchange environment, the

rig was setup as in Section 4.2.1. For ambient air anneals the same procedure

was followed, but no pump down step was necessary prior to the anneal. In

8 Such that the background level is linear and equal to the isotopic ratio in the gas
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this work only pure 16O and ambient air back-exchanges were performed. The

back-exchange anneal time was chosen to be half that of the forward exchange to

exaggerate the influence of the back-exchange step [18].

4.3 ion beam analysis

The analysis techniques described previously utilised electrons as their primary

illumination source. The unique property of electron microscopy is its very high

lateral resolution, however, this often comes at a cost of lower chemical sensitiv-

ity, depth resolution and the inability to distinguish isotopes. Ion beam analysis

techniques commonly exhibit high chemical sensitivity (<1 ppm) and depth reso-

lution (1-10 nm), making them very suitable for chemical analysis of the surface.

There are numerous techniques available [1], however, this work predominantly

employed Secondary Ion Mass Spectrometry (SIMS) and Low Energy Ion Scatter-

ing (LEIS). These techniques were used to characterise the chemical nature of the

surface and detect the isotopic changes to study the exchange properties of LSCF.
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4.3 ion beam analysis

4.3.1 Secondary Ion Mass Spectrometry (SIMS)

SIMS involves the bombardment of the sample with high energy primary ions

(0.5-40 keV). The energy of the impact is transferred into the material which

causes a series of ‘billiard-ball-like’ collisions to occur beneath the surface of

the material. Some collisions will dissipate their energy by entering deeper into

the material and causing ion beam induced mixing, however, some are likely to

return to the surface and result in the expulsion of electrons, atoms or clusters

of atoms. The point of emission is generally within 10 nm of the original impact

and particles have significantly lower energy than the primary ion (~20 eV); as a

result, the majority of emission originates from the top two atomic layers of the

material. Some of these species may be ionised during this process. Secondary

ions emitted in this manner may be collected by a simple detector for imaging, or

separated in accordance to their mass to charge ratio using a mass spectrometer.

The destructive process of secondary ion formation is commonly referred to as

‘sputtering’ and is shown schematically in Figure 32.

The extent to which the surface is altered is used to define two distinct modes

of SIMS operation: static and dynamic SIMS. In dynamic SIMS, material is sput-

tered by the primary ion beam and secondary ions are measured concurrently

as a function depth. In static SIMS, significantly lower ion beam doses are used,

such that statistically each ion impact impinges a region that has received no

previous ion beam damage. The ‘Static Limit’ defines this dose and it is widely

accepted that (for inorganic materials) this value is 10
13 particles/cm2 [1]. SIMS

is considered surface sensitive in the static regime.

Secondary ion yield is defined by the following equation:

Ims = Ipymα
±θmη (4.2)

Where Ims is the secondary ion current (yield) of species m, Ip is the primary

ion flux, ym is the sputter yield, α± is the ionisation probability of the charged

particle (positive or negative), θm is the fractional concentration of species m in

the surface layer and η is the transmission factor describing the ion extraction effi-

ciency of the analysis system. However, absolute quantification of secondary ion

signal is not simple. Ionisation probability (α) is dependent upon the electronic

characteristics of the sample. Therefore, there will be contributions not only from
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Figure 33: Schematic of a quadrupole mass analyser showing (a) the stable and unstable
ion trajectories and (b) a cross section of the rods with applied voltages.

the measured species but also the surrounding matrix of atoms (referred to as

‘matrix effects’). Using standard materials enables the quantification of the data,

however, producing these is a complex and time consuming process. For the pur-

pose of this work, relative quantification of the oxygen isotopic fraction was used

to measure tracer diffusion profiles. Oxygen isotopes are chemically identical,

therefore both species’ will have the same α term. Secondary ion yield is there-

fore proportional for each isotope and isotopic ratio (16O/18O) may be extracted

directly from the SIMS data. As can be seen from Equation 4.2 the sputter rate

will be proportional to primary ion current. As such the depth resolution of the

SIMS analysis will be dependent upon this value.

Two SIMS instruments were used in this work. The primary differences be-

tween the two instruments are their operational mode (static or dynamic) and

detection mechanism. Both systems offered unique advantages and are discussed

in the following sections.

4.3.1.1 Quadrupole SIMS

One system was equipped with a ‘Hiden EQS’ quadrupole mass analyser and run

under dynamic conditions. A quadrupole mass analyser utilises a combination

of DC and oscillating radio frequency bias applied to four parallel rods as shown

in Figure 33. The DC and AC bias applied to the rods is equal and opposite.

This rapid, periodic switching of the field causes the trajectory of ions entering

the analyser to oscillate. Most ions are sent into unstable oscillations and will

eventually hit the rods. Ions with a certain mass to charge ratio (m/z) will follow
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a stable trajectory and be detected. By varying the DC and AC bias different mass

to charge ratios may be selected. The relationship between mass resolution and

ion transmission is discussed in more detail here: [27, 1]. Quadrupole detector

systems may only detect one mass to charge ratio at any instance. As such, the

total mass range of an experiment may be reduced to increase detection rates of

specific species.

This system utilised a Gallium (Ga+) Focussed Ion Beam (FIB) source. This

primary ion beam, operated at 30 keV, enabled analysis with a very high lateral

resolution (<5 nm). The primary ion current was able to be varied between 0.001-

20 nA. The equipment also contained a secondary electron detector and as such

SIMS images and SE images were able to be correlated very quickly. Due to the

high current density available the ‘FIB-SIMS’ technique was primarily used to

perform depth profiles.

4.3.1.2 Time-of-Flight SIMS (ToF-SIMS)

Another system employed a ’Time of Flight’ (ToF) mass analyser. The principle of

detection differs from quadrupole mass analysers. Extracted secondary ions are

decelerated and reflected by an electrostatic mirror. They are then accelerated with

a defined electric field. This gives each ion approximately the same kinetic energy.

After acceleration they are then allowed to drift in a field free space towards the

detector over a known distance. According to the equation for kinetic energy,

heavier masses will take longer to reach the detector. Thus, the mass to charge

ratio may be calculated from the ’time of flight’ of the ion. This process is shown

schematically in Figure 34a. The primary advantage of this detection mechanism

is that it allows simultaneous measurement of all mass to charge ratios.

Due to the nature of ToF detection, very short controlled pulses of primary

ions are used for two reasons: to prevent detector saturation and increase mass

resolution [28]. Ions reflected by the electrostatic mirror will contain a Gaussian

distribution of kinetic energies. Therefore, using short primary ion pulses reduces

the absolute number of secondary ions and will increase peak definition in the

resulting spectra (therefore mass resolution). The intensity and pulse length may

be altered in order to select the desired secondary ion yield to mass resolution

ratio. Equipment used in this study, TOF-SIMS5 (ION-TOF GmbH, Münster, Ger-

many), contains two methods of generating pulses. The first sends an ~20 ns

pulse of ions through a condenser in order to ‘bunch’ the ions together such that
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Figure 34: (a) A schematic of the TOF-SIMS5 equipment including both ion guns and

’electrostatic mirror’ and (b) a schematic diagram illustrating the main beam
modes.

the overall ion pulse duration is shorter (~0.6 ns) and the ion current is increased.

This mode provides the greatest mass resolution and secondary ion count, but

offers reduced lateral resolution. The second is to modulate a long pulse (~100 ns)

to ‘chop’ multiple short pulses (~1 ns each) out of a larger ion packet [29]. This

mode exhibits a reduced secondary ion yield (per pulse) and lower mass resolu-

tion (due to the generation of multiple peaks), however, is vital when studying

species with very high ionisation rates. These two modes are schematically shown

in Figure 34b and are referred to as ‘High Current Bunched Mode’ (HCBM) and

‘Burst Alignment’ (BA) respectively according to the ION-TOF nomenclature. It

should also be noted that due to the high numbers of counts associated with the

ToF-SIMS technique, Poisson statistics are employed to correct for detector dead

time effects [29]. The effect this has on the analysis is discussed fully in Chapter

9.

ToF-SIMS is fundamentally a static SIMS instrument, utilising a dual beam

setup to create a distinct analysis and sputter step. Interlacing the beams makes it

possible to operate this technique in a pseudo-dynamic analysis regime (the result

of which is discussed in more detail in Chapter 9). The analysis beam is a Bi+

Liquid Metal Ion Gun (LMIG) operated at a very low current (0.3 pA) to ensure

ion dose is kept below the static limit. The sputter beam was able to be selected

depending upon the application. Used in this work was a caesium (Cs+) thermal
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ionisation source (~150 nA primary ion current) and an argon (Ar+) gas cluster

source (~600 nA primary ion current).

ToF-SIMS measurements were primarily performed to analyse ‘line-scan’ sam-

ples using burst alignment mode and a caesium sputter beam. Caesium has been

widely shown to enhance the emission of negative species during sputtering.

This beam source acts to sputter the material as well as enhance the oxygen sig-

nal [30, 31]. Due to this, when studying LSCF burst alignment mode is necessary

to minimise counting errors and preventing detector saturation from occurring.

Analysis areas of 300x300 - 500x500 µm2 were used depending on the diffusion

length of the sample. To avoid analysing the edge of the crater formed during the

sputter step, the diameter of the sputter beam should aim to be approximately

400-500 µm larger than the analysis beam (see Figure 36). In-depth discussion of

the systematic errors of this type of analysis are discussed over Chapter 8 and 9.

4.3.2 Analysis of Diffusion Data

As mentioned in Section 4.2.1 the desired diffusion length will determine the

sample preparation and subsequent SIMS analysis route. Both forward and back-

exchanges from the same sample set will have approximately the same diffusion

length, therefore may be analysed using the same method. However, data treat-

ment differs due to the differences in profile shape. In “The Mathematics of Dif-

fusion” [32], Crank solves Fick’s second law of diffusion for a series of boundary

conditions. Forward exchanges may be fit to the analytical solution of ‘diffusion

in a semi-infinite medium’ [19] as shown in Equation 4.3:

C ′(x, t) =
C(x, t) −Cbg
Cg −Cbg

= erfc

(
x

2
√
D∗t

)
−

[
exp

(
k∗x

D∗
+
k∗2t

D∗

)
× erfc

(
x√
D∗t

+ k∗
√

t

D∗

)]
(4.3)

Where C ′(x, t) is the isotopic fraction at a given position, x, and time, t, nor-

malised to the isotopic fraction in the annealing gas (Cg) and background iso-

topic fraction (Cbg), D∗ is the tracer self-diffusivity and k∗ is the tracer surface

exchange coefficient. It is assumed the tracer self-diffusivity and surface exchange

coefficient is approximately the same as 16O.
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Figure 35: Illustrative examples of a forward exchange profile and a back-exchange pro-
file showing the ‘effective’ inverted diffusion profile during the back-exchange.

Back exchanges are more complicated to analyse as they are defined by 4 pa-

rameters: D1, k1, D2 and k2 representing the forward and back-exchange respec-

tively. For the special case where the diffusion and surface exchange coefficients

are constant in the two exchange steps (D1=D2, k1=k2), the profile can be shown

to be the difference between two single step profiles (see Figure 35), however, in

all other cases a finite-difference scheme was used to model this two step diffu-

sion process. The full analytical solution and numerical method may be found in

S. J. Cooper’s thesis [18]. Forward and back diffusion profiles were constructed

from depth profile or line-scan SIMS analysis using the methodology described

in the following Sections.

4.3.2.1 Depth Profiles

If the diffusion length is below a few micrometres, a SIMS depth profile is the

most suitable analysis method as it provides the depth resolution required to re-

solve the diffusion profile. After each sputter step the isotopic fraction (averaged

across the whole analysis area) is measured. This provides a plot of isotopic frac-

tion against sputter time that may then be plotted to produce the diffusion profile.

Measurement of the sputter crater depth (detailed in Section 4.4.1) must then be

performed to provide a plot of isotopic fraction against depth. This profile may

then be fit to Equation 4.3 to extract values of D* and k*.
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Figure 36: Schematic of a standard sputter crater and its relation to the diffusion profile
showing analysis and sputter areas when depth profiling with ToF-SIMS.

SIMS analysis relies upon achieving a constant sputter rate, therefore, consid-

erations must be made when choosing the dimensions of a depth profile analysis.

The aspect ratio between sputter depth and crater width should not exceed ap-

proximately 10 to ensure constant secondary ion yield. If the crater becomes very

deep, secondary ions may not escape from the crater and as such the ion count

will drop. Another consideration during a depth profile is the roughness that may

be induced at the base of the sputter crater. Sputter rate is related to the incident

angle [33] (in a similar manner to electrons - see Figure 25), thus as the crater

is sputtered, high angle topographical features will steadily be enhanced. At a

certain point the roughness will cause noticeable uncertainty as what the actual

analysis depth is at any point. Therefore, to reduce systematic errors, the crater

aspect ratio and sputter time should be calibrated to the sample and equipment

available.

Sample Preparation: As SIMS is a destructive technique, any relevant analysed used

to study the effect of the thermal anneal were performed before depth profile. For

SIMS depth profiles it is advisable to clean samples using the standard three step

cleaning protocol immediately before placing samples into the SIMS. Doing so
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aims to remove as many contaminants from the surface in order to obtain accu-

rate isotopic fractions from the first few data points of the depth profile. Sputter

cleaning using the SIMS sputter beam is also an option, however, is very likely to

remove a small region of the diffusion profile at the surface.

Experimental Regime: In this work depth profiles were primarily collected using

the FIB-SIMS due to the technique’s high current density (and hence sputter rate).

Analysis areas used was 10x10 µm2. The ToF-SIMS is deliberately designed to pro-

vide high depth resolution and in general is impractical when trying to analyse

diffusion profiles longer than 1 µm. Using the Argon cluster sputter beam it is

possible to depth profile 10s of microns. However, as will be discussed in Chap-

ter 9, accurate results are only really attainable if the ToF system is equipped

with Extended Dynamic Range (EDR) equipment to allow Selective Attenuation

of Secondary Ions (SASI) [34]. Forward and back-exchange samples with a dif-

fusion length of approximately 3 µm were prepared at Imperial, then analysed

by Dr. Helena Tellez and Dr. John Druce at the International Institute for Carbon-

Neutral Energy Research (I2CNER), Kyushu University. The same TOF-SIMS5

equipment was used, however, their equipment is equipped with the EDR sys-

tem.

4.3.2.2 Line Scans

As mentioned previously the lower limit of an anneal in the IE technique is ap-

proximately 15 minutes. This limit exists to reduce systematic errors in tempera-

ture measurement. For materials with sufficiently high self-diffusivity at a given

temperature, the lower time limit may still introduce a diffusion profile with a

diffusion length well above the depth profile range. It is therefore more practical

to increase the anneal time and introduce a diffusion profile with diffusion length

suitable for line-scan analysis (see Table 4).

As shown in Figure 37 a line scan profile must be collected from a face per-

pendicular to the original exchange surface. A SIMS ‘image’ is collected by raster

scanning at regular and known intervals across the analysis area. Each interval,

or pixel, builds up the SIMS image. The pixels perpendicular to the original sur-

face represent the diffusion profile. Thus, applying a ‘line scan’ to these pixels a

diffusion profile may be constructed. To reduce experimental noise an average is

taken from every line scan across the analysis area.
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Adhesive Polish
Ion Beam Linescan

Figure 37: A schematic diagram showing sample preparation for linescan samples show-
ing the resulting diffusion profile from a line-scan.

The technique avoids some of the problems associated with depth profiling.

At each depth, every pixel of the image should be identical (ignoring defects

that may exist in the sample), therefore depth uncertainty cause by sputter crater

roughness may be disregarded. Sputter cleaning of the sample is also made pos-

sible due to this reason. However, there are significant experimental errors asso-

ciated with the first few data points of the diffusion profile. This is discussed in

depth in Chapter 9.

Sample Preparation: Prior to line-scan analysis it is vital to perform any relevant

analyses used to study the effect of the thermal anneal as the original exchange

surface is heavily modified during line-scan sample preparation. Once ready,

samples must be polished on a face perpendicular to the original exchange sur-

face . As will be discussed fully in Chapter 9, prior to polishing it is necessary to

adhere the original exchange surface to another sample. This is usually another

sample to be analysed in the SIMS, however, as long as it is the same material,

approximately the same geometry and has the same surface finish, any sample

may be used. Once adhered, a side perpendicular to the original exchange surface

must be polished using the standard polishing regime. In this stage it is vital to

remove enough material such that the diffusion front from this face is completely

removed. The amount of material required to be removed should be calculated

from the diffusion length of the forward exchange.

Upon removal of the stub there is often resin residue. This must be cleaned

using the appropriate solvents. Care was taken to ensure minimal modifications

were made to prevent removal of the adhesive between the two samples.

Experimental Regime: In this work diffusion lengths ranging from 100-250 µm were

introduced during isotopic exchanges. Line scans were performed on these sam-
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Figure 38: Schematic of the ‘tulip’ detector employed in the qtac100 showing beam inci-
dent angle and ion detection. The inset shows a schematic of the scattering
process and a typical peak shape.

ples using ToF-SIMS with a Bi+ analysis beam in burst alignment mode and Cs+

sputter beam. Depending upon the diffusion length of the sample, analysis areas

of 300x300 µm or 500x500 µm were used. Appropriate sputter areas were choses

based upon the analysis area. The analysis and sputter beam were interlaced

during analysis.

4.3.3 Low Energy Ion Scatting (LEIS)

LEIS is an analytical tool that enables compositional analysis of the outermost

atomic layer. A sample is bombarded with low energy (0.5-10 keV) noble gas ions

(He+, Ne+ or Ar+) at an incident angle α. As shown in the inset of Figure 38,

binary collisions between the incident ion (m1,E0) and the sample cause some

ions to be backscattered with an angle θ. The relatioship between the initial en-
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ergy and detected energy (Ef) enables calculation of the target atom’s mass from

energy and momentum conservation if the detection angle (θd) is known:

Ef =

cosθd ±
√(

m2

m1

)2
− sin2θd

1+ m2

m1


2

.E0 (4.4)

The technique is highly surface sensitive due to the use of noble gas primary

ions. As described in Section 4.1 and 4.3 incident species will have an associated

interaction volume. Noble gas ions are very readily neutralised, thus, each subse-

quent collision within the sample will have a high probability that an incident ion

is neutralised (and therefore undetected). For this reason, binary peaks in a LEIS

spectra are considered to represent the top atomic layer of the material and are

thus unaffected by matrix effects. There is a chance, however, that incident ions

do re-emerge after penetrating further into the material after lose some energy

due to inelastic interactions. These ions appear as ‘background’ and ‘tail’ compo-

nents on binary peaks. Therefore, LEIS is considered to be ‘generally free’ from

matrix effects [35]. In order for spectra to be defined as ‘surface spectra’, the ion

dose must be below the static limit. Due to the low probability of backscattered

particles, surface sensitivity often must be balanced with the signal to noise ratio.

For further reading on the fundamentals of the LEIS technique, please refer to:

[36].

The integral of the spectra can be used to quantify the elements detected dur-

ing an analysis. Absolute quantification requires well defined standard scattering

intensities, however, fabrication and analysis of said standards was beyond the

scope of this work. From a single spectra the surface composition was able to

be calculated from the fraction of each element. This was achieved through peak

fitting of the spectra. As mentioned, binary peaks also contain background com-

ponents due to sub-surface interactions. In a pure material each interaction will

lose the same amount of energy, thus the background is linear and dependent

only on the number of collisions. For materials with multiple elements the en-

ergy lost during these interactions will have a distribution depending upon the

structure of the material. For simplicity it is assumed background components

are also linear in multi-component materials.
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Due to the sensitivity of the technique there are numerous issues regarding

the analysis of polycrystalline bulk materials, including surface roughness and

surface contamination. Significant roughness (whether this be from surface fin-

ish or secondary phase formation) causes ‘shadowing’ of scattered ions [37, 38].

These effects result in signal reduction and as such induce errors associated with

compositional analysis. Small quantities of surface contamination are capable of

‘blocking’ the analysis beam from probing the sample, resulting in significant or

total signal loss. It is therefore vital to clean the surface of the sample thoroughly

prior to analysis.

The equipment used in this work was an ION-TOF qtac100. This equipment pro-

vides 3000 times greater sensitivity than conventional ion scattering spectrome-

ters [39] by collecting ions at all azimuthal angles (shown in Figure 38). Therefore,

high signal to noise ratio surface spectra could be collected using this lab equip-

ment. Similar to the TOF-SIMS5, the qtac100 is also equipped with a dual anal-

ysis/sputter beam setup; enabling LEIS depth profiling. In this regime surface

sensitivity is lost due to sputtering of the material and beam mixing effects, how-

ever, LEIS depth profiles offer two main advantages over SIMS analysis. Firstly,

binary scattering is unaffected by matrix effects, therefore, atomic composition

(of cations in particular) as a function of depth is more easily determined. Sec-

ondly, as the analysis step does not rely on sputtering, it is not necessary to wait

for a steady state sputter regime [40].

In this work samples were analysed using both He+ (3 keV) and Ne+ (5 keV)

primary ion beams. Helium ‘survey’ spectra were collected to qualitatively de-

fine the ‘cleanliness’ of the surface by detecting common contaminates such as

sodium, chlorine, potassium and magnesium. Cobalt and iron binary peaks can-

not be resolved using He+ and as such are not suitable to quantify cation compo-

sition. To do so, Ne+ spectra are necessary.

Sample Preparation: In this work LEIS analysis was carried out on exchanged sam-

ples. Modification/cleaning of the surface was generally undesirable as to probe

the true nature of the surface. As such samples were transferred from the IE

equipment to the LEIS as quickly as possible to prevent the use of a standard

clean using solvents. Care was taken to not touch the analysis surface. Due to

the fact samples were transferred through ambient conditions small quantities of

common contaminants were inevitable. The qtac100 used in this work was setup
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with an ‘oxygen plasma cleaning equipment’9 to remove many of these contam-

inants from the surface. Once sparked, the oxygen plasma is directed towards

the sample. By the time it reaches the sample surface, all of the ionic species will

have recombined to form atomic oxygen. This gas phase will react with many

of the hydrocarbon contaminants on the surface to form gaseous species. These

are then removed by the vacuum. Approximately 30 minutes of ‘oxygen cleaning’

was required per sample.

Experimental Regime: Each sample was analysed using the same method. After

cleaning, 3 keV He+ survey spectra were collected. The beam raster area was

large (1x1 mm) to improve signal to noise ratio and remain within the static limit.

On a fresh area of the sample 5 keV Ne+ surface spectra were collected. After

collection, using another fresh sample area, LEIS depth profiles were performed.

The sputter beam used was a 1 keV Ar+ gas cluster source with a raster area of

1.5x1.5 mm. Depth profiles were run until the composition reached stoichiometry.

Beam currents and sputter times are quoted next to the relevant data.

4.4 topography measurments

For both electron and ion beam techniques, edge effects tend to introduce system-

atic errors. Therefore, defining surface roughness and topography is an equally

important part of surface analysis. In this work, two methods of topography

measurement were employed. For macro-scale features White Light Interferom-

etry (WLI) provided sufficient lateral and depth resolution, however, to resolve

micro and nano scale features Atomic Force Microscopy (AFM) was required.

4.4.1 White Light Interferometry

White Light Interferometry is a non-contact optical method of generating a 3D

representation of surface topography. The equipment used in this work was a

Zygo New View 200 and is schematically show in Figure 39. White light is passed

through a Mirau objective lens10. This lens splits the light such that one portion

of the light is directed towards the sample and the other towards a reference

9 Hydrogen plasma was also available
10 https://en.wikipedia.org/wiki/Mirau_interferometer
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Figure 39: Schematic diagram of the optics of a white light interferometer and an exam-
ple interference pattern.

material. After reflection from an in-focus sample, light from both the sample

and reference path are recombined and directed towards a CCD camera. Changes

in sample path length cause reflected light to be ‘out of phase’ with the light

from the reference path. Constructive and destructive interference between the

two wave fronts results in an image with light and dark regions defined by the

sample path length. The reference sample is adjusted using an internal motor

to ‘scan’ over a height range to change the focal plane. This is then analysed by

the accompanying software, MetroPro11, and is able to construct a 3D data set

with a maximum depth resolution of 1-2 nm (depending upon the objective lens

and analysis method). Defining the objective lens also allows calculation of the

analysis area.

The technique relies upon the reflectivity of a sample being above 5% [41] to

reduce signal noise and increase repeatability. Reflectivity in this case refers to

specular reflection from a flat surface. The optical limit of reflected angles that

will be accepted is defined by the numerical aperture of the objective lens. As

analysis is associated with flat samples, changes in reflected angle are often asso-

ciated with sample defects or edges. Here these will be referred to as ‘sample tilt’.

Table 5 shows the numerical aperture for the objective lenses used in this work

and their associated maximum sample tilt. Above the maximum tilt angle light

11 It should be noted the algorithms to do are not detailed by the manufacturer
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Table 5: Associated properties of the 10x and 50x object lenses used in this work - data
from the Zygo documentation [43].

Objective Lens x10 x50

Working Distance 7.4 mm 3.4 mm

Numerical Aperature 0.3 0.55

Maximum Sample Tilt 7.5° 33.4°

Depth Resolution 5 nm 3 nm

cannot be collected and consequently cause erroneous values in these regions

[42].

Sample Preparation: Many MIEC electrode materials have a relatively low elec-

tronic conductivity at room temperature. Although the precise reflectivity of

LSCF is not known, polished samples exhibit a ‘mirror finish’, clearly indicat-

ing they are above the lower reflectivity limit. Therefore, no further processing

was required.

Experimental Regime: In this work WLI was used to measure the crater depth of

SIMS depth profiles and characterise systematic errors associated with line-scan

analyses. Generally, the features of interest were small enough to fit into the field

of vision of the 50x objective lens. However, in order to locate the desired feature

and ensure the sample was flat the 10x object lens was used first. Once located

and set-up, the lens could be switched with the 50x object lens to perform the

analysis.

For some features, the aspect ratio was high and as such the equipment could

not measure the middle of the feature due to a lack of light escaping from it.

The MetroPro software has a ‘stich’ mode that allows two concurrent analyses to

be stitched together to solve this. One analysis is run as normal, but the second

intensifies the illumination source to increase the probability of light escaping

from the feature. Pixels that saturate the detector in the second scan are discarded

and the two analyses are combined to form a single data-set.
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4.4.2 Atomic Force Microscopy

In order to study nano scale topographical features, Atomic force microscopy

was used. The technique uses a sharp probe on a cantilever that is raster scanned

parallel to the surface. When the tip gets close to the surface of the sample small

contact forces12 are observed. These cause deflection of the cantilever that may

be measured to provide topographical information. The probe may be operated

in constant force or tapping mode. In constant force (or constant height) mode

the probe cantilever height is adjusted to ensure a constant force at the probe-

sample interface. This mode has the highest accuracy when measuring surface

topography, however, can cause mechanical damage to the sample surface and

is prone to probe damage if the sample contains large defects (such as pores).

To reduce the rate of energy dissipation by the probe ‘tapping’ mode oscillates

the cantilever at high frequency such that it makes intermittent contact with the

surface. As the surface is not constantly measured, the lateral resolution of this

mode is lower, however, aids in preventing sample and probe damage. Addition-

ally, as the probe is oscillating, phase images may be collected. The response to

the probe is mechanical in nature, therefore, the elastic modulus of the sample

will define the energy dissipated upon contact with the sample. If the surface of

the sample contains heterogeneity, the cantilever will fall slightly out of phase

when travelling between the different regions. Thus, contrast in a phase map al-

lows characterisation of surface chemistry.

Sample Preparation: AFM was also performed primarily on exchange samples. The

technique is highly sensitive to topographical changes. Significant roughness may

cause damage to the probe. For this work no additional sample preparation was

required for polished and exchanged samples.

Experimental Regime: In this work a Bruker Innova AFM was used to perform ex-

periments. Samples polished and exchanged (or simply annealed) were analysed

in tapping mode. The lateral resolution of the technique is dependent upon the

total analysis area and pixel count. In this work pixel count was kept at 512x512

px whilst analysis area was varied between 1 - 10 µm2. The analysis area is quoted

with the relevant data.

12 Including van der Waals forces, capillary forces and electrostatic forces
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Part III

R E S U LT S A N D D I S C U S S I O N

The data presented throughout the following chapters builds a story
of the LSCF surface and ideally should be read in the order presented.
Initial data from characterisation experiments were used to setup the
framework for the subsequent experiments. It was observed that the
LSCF surface reacted differently when heat treated in dry and ambi-
ent environments. Systematic experimentation in-situ provided funda-
mental understanding of the LSCF surface reaction after exposure to
these different environments. This data enabled comparison between
the evolution of the LSCF surface and ex-situ kinetic data.



5
P O W D E R A N D S A M P L E C H A R A C T E R I S AT I O N

In this chapter, results of the techniques used to characterise as-received LSCF

powder are presented. Phase purity of the power was verified using X-ray diffrac-

tion and chemical stoichiometry was determined using ICP. Of particular inter-

est to this work was surface modification due to high temperature thermal an-

neals in ambient air atmospheres. Prior to the experiments discussed throughout

Chapters 6 - 9, high-temperature x-ray diffraction was performed to determine

if the powder underwent a phase change when heated from room temperature

to 1000°C. Additionally, initial ex-situ observations of surface modification over

this temperature range were studied using SEM. The data presented from this

initial data will provide the relevant context for the experiments discussed in the

proceeding chapters.

5.1 powder characterisation

5.1.1 X-Ray Diffraction

Although sold by a reputable supplier, it was necessary to ascertain the true na-

ture of the as-received powder. XRD was performed in order to ensure the pow-

der did in-fact represent single phase La0.6Sr0.4Co0.2Fe0.8O3-δ . The experimentally

observed diffraction pattern collected from the as-received powder is shown in

Figure 40. The characteristic peak positions of La0.6Sr0.4Co0.2Fe0.8O3-δ as calcu-

lated by Itoh and Nakayama [1] are shown as ticks below the pattern. It can be

seen that there is good agreement between observed peak positions and the ex-

pected reflections of LSCF. This suggests that the as-received powder is single

phase La0.6Sr0.4Co0.2Fe0.8O3-δ . Overlaying the data is a solid line representing the

Le Bail refinement. Starting parameters for the fit were also taken from Itoh and
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5.1 powder characterisation

Table 6: Crystallographic data presented by Itoh and Nakayama [1] and experimentally
calculated from the Le Bail refinement.

Parameter Itoh and Nakayama This work

Space Group R3c R3c

a = b (Å) 5.529 5.484

c (Å) 3.5248 3.4869

α = β 90° 90°

γ 120° 120°

Unit Cell Volume (Å3) 358.1 351.3

Theoretical Density (g/cm3) 6.20 6.32

Nakayama and are shown in Table 6. As can be seen by a residual plot below the

spectra there is good agreement between the fit and experimental data, therefore

the calculated lattice parameters for the as-received powder, shown in Table 6, are

reliable. The powder used in this work compares closely to the literature data.

Over the course of this work the LSCF powder was stored in a sealed container

at room temperature in an ambient air environment. After two years the powder

was re-analysed to ensure the material had not changed. A comparison of the

powder diffraction patterns between the as-received and two year old powder is

shown in Figure 41. The patterns display the same primary reflection peaks, sug-

gesting that the powder did not undergo any alterations during storage. Differ-

ences in background and peak intensity may be attributed to the use of different

equipment for each scan.

5.1.1.1 High Temperature X-ray Diffraction

In order to understand experimental results taken at high temperature it was nec-

essary to understand if the material underwent crystallographic transformations.

Tai et al. [2] showed that La0.6Sr0.4Co0.2Fe0.8O3-δ displays a rhombohedral struc-

ture from room temperature to 600 °C, however, there is a lack of data above this

temperature in the literature. Figure 42 shows the diffraction patterns collected at

room temperature (before and after heating), 600 and 1000 °C. The patterns have

been offset to allow comparison. As the samples were heated the patterns begin

to shift to the left. This decrease in the Bragg diffraction angle is due to thermal

expansion of the lattice spacing (d), however, as can be seen from the spectra as a
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5.1 powder characterisation
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Figure 40: Showing the observed powder x-ray diffraction pattern for the as-received
LSCF, the associated Le Bail fit and residual showing the difference between
the two data sets.
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Figure 41: Comparison of diffraction patterns for the as-received powder and after two
years of storage.
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Figure 42: Showing the diffraction pattern taken at room temperature before heat treat-
ment, at 600°C, 1000°C and after cooling back to room temperature. The inset
shows the lattice parameter change during heating.

whole the primary reflections have not changed. Each pattern was also fit using

a Le Bail refinement to calculate the magnitude of the observed lattice expansion.

The inset of Figure 42 shows that the lattice parameters increased linearly with

respect to temperature, but also relaxed back to the same value upon cooling. The

total expansion was seen to be approximately 2% in both the a/b and c directions.

It is therefore clear that La0.6Sr0.4Co0.2Fe0.8O3-δ does not undergo a bulk phase

transformation when heated to 1000°C. However, if a comparison is made be-

tween the spectra taken before and after heating, small differences in peak width

and intensity may be observed. Peak narrowing is generally indicative of an in-

crease in crystallite size or material strain [3] and greater peak intensity is indica-

tive of increased crystallinity. It is therefore probable that the powder underwent

a small degree of sintering during the analysis. As discussed in Chapter 2 the

surface of LSCF is not stable, therefore, observed changes in spectra may also be

influenced by these transient effects. However, the penetration depth of x-rays in

a standard XRD experiment is on the order of tens of microns [4], well above the

reported surface feature size [5]. Grazing-Angle XRD may be used to increase
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Figure 43: Representation of a Trigonal, or rhombohedrally-centred hexagonal, unit cell.

the depth resolution of the technique to the nanometer scale [6], however, in this

work alternative techniques with greater lateral resolution were utilised.

5.1.1.2 Theoretical Density

In order to calculate the density of sintered samples the theoretical density of the

material must be known. La0.6Sr0.4Co0.2Fe0.8O3-δ has a rhombohedral primitive

unit cell, however, it is common to represent the Bravais lattice as a Trigonal, or

rhombohedrally-centred hexagonal cell, due to the symmetry of the system [7].

This is shown schematically in Figure 43. In a rhombohedral unit cell the lattice

parameters are related as follows: a = b = c and α = β = γ, however, as a hexagonal

system the unit cell is now defined by a = b, c and α = β = 90°, γ = 120°. It also

follows that the cell volume and number of atoms will be greater than that of the

primitive unit cell. For a detailed description of the rhombohedral to hexagonal

conversion please refer to: [8]. For the case of La0.6Sr0.4Co0.2Fe0.8O3-δ there are 6

repetitions of the primitive rhombohedral cell contained within hexagonal unit

cell [1]. Table 6 details the lattice parameters calculated from the Le Bail refine-

ment and therefore, using Equation 3.3, the theoretical density of the as-received

LSCF powder was calculated to be 6.32 g/cm3. This shows strong agreement with

the literature value.
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5.2 inductively coupled plasma atomic emission spectroscopy

Samples sintered throughout this work were measured using the Archimedes

principle. The principle measures the weight of a sample in air and water. The

buoyancy force that water exerts upon the sample accounts for difference in mea-

sured weight. The technique assumes that samples are fully dense and that the

surface is fully wetted by the water. However, LSCF pellets are likely to contain

a degree of closed porosity and/or small pores at the surface that may prevent

wetting due to surface tension effects. The air trapped within these pores will

not be replaced by the water and will artificially increase the buoyancy force,

consequently reducing the measured weight of the sample. To aid in wetting the

surface samples were placed in boiling water to increase the flow rate of the water,

however, closed porosity could not be corrected for.

To ensure closed porosity was not causing significant errors, density measure-

ments using the Archimedes principle were compared to simple geometric den-

sity measurements1. The discrepancy between the two density measurements was

on average 1 - 2%, thus it is believed that effect of closed porosity was negligible.

Samples fabricated using the regime described in Section 3.2 consistently exhib-

ited a relative density between 95 - 97%. For the remainder of this work it may

be assumed that sintered samples were sufficiently dense.

5.2 inductively coupled plasma atomic emission spectroscopy

The results from XRD have showed that the sample is single phase La0.6Sr0.4-

Co0.2Fe0.8O3-δ , however, they do not indicate the stoichiometry of the material.

In order to determine the stoichiometry ICP-AES was used. The ICP-AES tech-

nique requires experimental comparison to accurate standards in order to quan-

tify the elemental composition. The linear relationship between photon emission

and concentration for each element is shown in Figure 44. In this work experimen-

tal standards for lanthanum, cobalt and iron were produced using Sigma-Aldrich

ICP single element standard solutions [9]. These elements were diluted in nitric

acid to 1, 5, 10 and 20 ppm using weight measurements. A strontium ICP stan-

dard solutions was not available and as such was produced manually by diluting

solid SrCO3 in nitric acid. Weight measurements were again used to produce di-

lute the solutions, however, the quantity of SrCO3 required was close to the mass

1 The sample dimensions were measured using a Vernier calliper to measure the volume. Density
could then be measured from the measured mass. This technique is not preferred as it assumes a
perfect sample geometry, ignoring surface roughness.
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Figure 44: ICP experimental standard results showing the linear relationship of photon
intensity against concentration.

Table 7: A comparison between the theoretical and experimentally calculated cation stoi-
chiometry.

Method La Sr Co Fe

Theoretical 60 40 20 80

ICP-AES 57.4 42.6 15.9 84.1

resolution limit of the balance. As can be seen in Figure 44 the Sr standard con-

tains a small degree of error due to the difficulty of weight measurement. Despite

this, the calculated stoichiometry shows good agreement to the theoretical values

as shown in Table 7.

5.3 initial surface characterisation

As described in Section 4.2.1 the IEDP technique enables measurement of the sur-

face exchange coefficient and self-diffusivity of an oxide material. Prior to recent

work on the surface evolution of perovskite materials, much of the diffusion data
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5.3 initial surface characterisation

Figure 45: Secondary electron SEM image of (a) polished LSCF surface annealed in ’stag-
nant air’ at 900°C for 50 hours [5] and (b) the LSCF surface after an initial
exchange experiment showing secondary phase particle growth and thermal
etching of the surface.

measured using IEDP contained an additional high temperature anneal before

the standard exchange procedure described in Section 4.2.1. It was shown that

mechanical damage induced by polishing enhanced self-diffusivity and surface

exchange properties in single crystal Al2O3 [10], so it was assumed this was also

true for perovskite MEICs. Therefore, a 1000°C thermal anneal was commonly

performed in order to remove sub-surface mechanical strain (refer back to Figure

30). It was assumed that the anneal renewed the surface and sub-surface to a

low energy ’standard’ state. Initial exchanges performed in this work employed

the use of this ’damage reducing’ 1000°C anneal as the effect upon the LSCF sur-

face was not yet well documented at the beginning of this work. As discussed

in Chapter 2 more recent research has been performed on perovskite material

surface properties and it is been widely reported that A site dopant segregation

occurs in many potential MEIC materials. Therefore, after the initial experiments

detailed in this section, the high temperature anneal was no longer performed.

In late 2012
2 Oh et al. [5] first reported that La0.6Sr0.4Co0.2Fe0.8O3-δ forms sub-

micron secondary phase particles during high temperature thermal anneals in

oxygen containing environments. Figure 45(a) shows a representative SEM mi-

crograph of what they observed from a sample annealed at 900°C for 50 hours.

Small crystallographic Sr containing secondary phase particles may be seen to be

periodically coating the surface. These particles appear to form in the centre of

the grain, with minor growth on the grain boundaries (or other long order defects

at the surface). Figure 45(b) shows secondary electron SEM images of the LSCF

2 Coinciding with the beginning of this work
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Temperature (oC)

Time (hours)

Oh et al.
Initial Exchange
Experiments

1000
900

650

Figure 46: Schematic temperature-time profiles representing Oh et al. [5] and initial ex-
change experiments carried out in this work.

surface after initial isotopic exchange experiments that included the ’damage re-

ducing’ anneal step. Large, crystallographic secondary phase formation is very

apparent, rather than small particles periodically coating the surface. A high pro-

portion of the particles appear to have grown on the grain boundaries, however,

some appear to remain in the centre of the grain.

The primary differences between each experiment were the anneal temper-

ature, total anneal time and anneal atmosphere. Schematic representations of

temperature-time profiles are shown in Figure 46. Oh et al. annealed polished and

freshly sintered samples isothermally at 900°C for 50-100 hours using ’stagnant

air’, N2 and N2/0.1% O2. Whereas, in this work, initial exchange experiments

performed were annealed using research grade 99.999% pure oxygen. Polished

samples were first annealed at 1000 °C for 1 hour prior to performing the stan-

dard exchange regime. The total anneal time was dependent upon the exchange

temperature but was in the range of 24-36 hours. Comparison of this data sug-

gests that all three parameters (temperature, time and atmosphere) influence the

nature of secondary phase growth, however, cannot be decoupled from this alone.

The effect of the particles on the exchange properties of the material were tested

using FIB-SIMS. Due to the long pre-anneal step particles are likely to exist prior

to the exchange in 18O, therefore, it was possible to assess the exchange properties

of the particles using the high spatial resolution of the FIB-SIMS. Figure 47 shows

FIB-SIMS elemental maps collected on a sample exposed to a standard IEDP

experiment. Figure 47(a) shows an elemental map of 16O and Figure 47(b) shows
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5.3 initial surface characterisation

Figure 47: FIB-SIMS elemental maps for (a) 16O and (b) 18O showing that strontium-
based particles prevent the oxygen exchange reaction from occurring directly
underneath them. It should be noted that the 16O map was collected after the
18O map. As this is a quadrupole system, the particles were likely removed
during collection of the 18O map and thus do not appear strongly on the 16O
image.

an elemental map of 18O. As can be seen, an assortment of black ‘dots’ may be

seen in the 18O image indicating a deficiency of this isotope. The dots appear

to pattern grain boundaries and scratches induced by polishing, therefore, it is

sensible to assume that they are strontium-based particles grown during 16O pre-

anneal step3. This result clearly shows that the particles completely block the

oxygen reduction reaction and surface exchange process.

In addition to initial IEDP experiments, polished samples were annealed in am-

bient air at 900°C for 50 hours in a box furnace, as shown in Figure 48. Sub-micron

particles that may be seen on the micrograph appear to be distributed randomly

across the surface and do not display consistent crystallographic features. There-

fore, these particles are not secondary phase growth but are contaminants from

the environment. It can also be seen that there is a roughening effect upon the

surface, the degree of which differs from grain to grain, suggesting a crystallo-

graphic orientation effect upon the surface evolution of LSCF.

The results of this experiment appear to differ from Oh et al. due to the use

of ’stagnant’ and ’ambient’ air. Stagnant air suggests a static environment using

compressed synthetic air, whereas, ambient air implies a flowing gas environ-

3 The FIB-SIMS is equipment with a quadrupole detector. Due to the size of the particles, after one
round of collection, the particles had been sputtered away. It was not possible to analysed the
same area, however, an additional analysis in positive mode confirmed the surface was covered in
strontium-based particles.
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5.4 conclusion

Figure 48: Showing an SEM micrograph of the LSCF after a 50 hour anneal in ambient
air.

ment using air from the atmosphere. Synthetic air is commonly dried to prevent

the condensation of water within the gas cylinder, therefore the relative humidity

of synthetic air is typically much lower than ambient air. As discussed in Chapter

2 water has a notable effect upon the exchange properties of LSCF, thus it follows

that the surface will react with the H2O molecule differently than pure oxygen.

5.4 conclusion

Powder characterisation experiments have proven that the LSCF powder used

throughout this work is single phase La0.6Sr0.4Co0.2Fe0.8O3-δ . Additionally HT-

XRD confirmed that LSCF remains as a rhombohedral structure up to 1000°C.

Experiments performed at the beginning of this work have shown that LSCF sur-

faces react very different under the influence of anneal temperature, anneal time

and anneal atmosphere. The initial experiments detailed here were not systematic

studies and as such the effect of each parameter was not able to be decoupled.

However, these initial observations provided the hypothesis to plan the experi-

ments presented in Chapters 6-9.
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6
S U R FA C E E V O L U T I O N A N D D E G R A D AT I O N I N H U M I D
AT M O S P H E R E S

In this chapter the investigation into the influence of high temperature thermal

anneals in ambient air is presented. In-situ HT-ESEM experiments were per-

formed in atmospheres of pure O2, pure H2O ambient air and a high vacuum.

Secondary electron images at high magnification were collected during the heat-

ing phase (and isotherm) to directly observe microstructural modifications in-

duced by the anneal regime. Backscattered images were collected post-anneal

and correlated with AES elemental maps to characterise the chemical nature of

any observed degradation features. LEIS surface spectra were collected to quan-

tify cation ratios of the outermost atomic layer and LEIS depth profiles were

performed to study changes occurring at the sub surface.

6.1 high-temperature environmental sem

As has been discussed and demonstrated in the previous chapter, La0.6Sr0.4Co0.2-

Fe0.8O3-δ surfaces are influenced by different species within the atmosphere, how-

ever, the growth of secondary phases on the surface had not yet been observed

in-situ. Prior to this work HT-ESEM had never been used to observe SOFC cath-

ode materials, therefore initial experiments were performed to test the suitability

of the technique. Initial experiments directly observed the growth of secondary

phases particles in response to a pure oxygen environment. After successful ini-

tial results, further experiments were performed to study the response of the

LSCF surface in different gas environments. Full details of the technique may be

referred to in Section 4.1.1, however, for convenience, a reminder of the experi-

mental regime will be given: samples were annealed from room temperature (RT)

to 1000°C at a heating rate 300°C/hr under 3 mbar of pure O2, pure H2O, ambient
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6.1 high-temperature environmental sem

Table 8: Temperature conversion table for HT-ESEM videos. Values in brackets represent
the set temperature (seen on the HT-ESEM micrographs) when the actual tem-
perature was 1000 °C.

Set
Temperature (°C)

Actual Temperature (°C)
O2 H2O Ambient Air Vacuum

100 70 143 - -

200 260 310 320 327

300 440 422 447 416

400 599 537 573 511

500 744 647 684 626

600 890 754 793 774

700 (679) 1000 860 900 877

800 - 962 1000 960

900 - (828) 1000 - (877) 1000

air and a 10
-6 mbar vacuum. It should be noted that videos associated with the

data sets presented in this thesis are provided as supplementary material. They

will be referred to as ’Video X’ in the text and correspond to a video file with

the same file name1. As discussed previously, the thermocouple used to measure

the stage temperature was independent of the HT-ESEM software, thus Table 8

must be used to correlate the set temperature (that seen on the HT-ESEM micro-

graphs) to the actual temperature of the stage. Image analysis was performed

using ‘ImageJ’ [1] and details of the functions are discussed in Section 6.1.5.

6.1.1 Pure O2

Initial ‘proof of concept’ experiments were performed in pure oxygen to ensure

the HT-ESEM technique could provide the desired data. Direct observation of

SrO-based secondary phase formation was observed. EDX analysis confirmed

that these particles contained strontium, however, the chemical sensitivity of tech-

nique was insufficient to determine if the particles were the oxide, hydroxide or

carbonate. Evidence in the literature suggests that in the presence of only pure

oxygen the SrO phase will form. Therefore, this assumption was made. Video 6.1

1 Also included is the portable executable file ‘VLCPortable.exe’. This may be found in ‘Supplemen-
taryMaterial/VLC/VLCportable.exe’ and used to open the video files if the computer in question
is incapable.
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6.1 high-temperature environmental sem

Figure 49: Showing (a) the surface prior to any noticeable surface modification and (b)
the final image collected showing secondary phase precipitation after the an-
neal in pure oxygen.

represents an LSCF sample annealed under 3 mbar pure O2 at 5000x magnifica-

tion. Video 6.2 is the same experiment taken with a magnification of 10000x. For

a quick reference, Figure 49 shows micrographs of the surface prior to any no-

ticeable surface modification and at the end of the experiment. Figure 50 shows

the particle growth and percent particle coverage with respect to time. Similar to

Oh et al. [2] crystallographic particle growth occurs in the centre of the grains,

however, in this work much of growth also appears on the grain boundaries.

From room temperature to approximately 550°C the surface appears to remain

stable. Slightly above 550°C a small amount of particle growth can be seen on

‘triple point’ (between three grains) grain boundaries. These particles grow for

approximately 15 minutes during heating from 550-650°C before appearing to

dissolve or evaporate. It is assumed these particles are strontium based, however,

experimentation was not stopped to confirm this. As shown in Figure 51 a ‘ring’

(characterised by a change in contrast) may be seen growing from the centre of

the primary cluster of particles. It is difficult to establish the nature of this con-

trast change due to resolution limits of the HT-ESEM. Two possible explanations

are: (i) particles smaller than the spot size of the beam are growing or (ii) sub-

surface reconstruction is causing channelling of the electron beam. Previous work

has suggested that the segregation of strontium in perovskite materials causes

the sub-surface to reconstruct into the Ruddlesden-Popper phase [3]. This phase

has an anisotropic crystal structure that could account for channelling contrast,

however, as the sample is heated further it is observed that the ‘ring’ disappears
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Figure 50: Showing average particle area and percent coverage with respect to time and
temperature for an initial sample annealed in pure oxygen.

Figure 51: Showing the initial growth in pure oxygen between 550-650°C.

and the material surface appears homogenous once again. It is possible that con-

tinued strontium segregation at an elevated temperature may have enabled the

sub-surface to revert back to a simple perovskite, however, without further analy-

sis of the sub-surface using a technique sensitive to crystallography at the atomic

scale (i.e. TEM) this cannot be confirmed. Small particles may be seen growing

around the primary particle cluster at the triple point. They appear to decrease

in size as a function of distance from the primary precipitate. The growth of the

’ring’ could therefore be attributed to un-resolved (out of focus) particles smaller

than the beam spot size. The subsequent reduction in ‘ring’ size would there-

fore most likely be explained by heterogeneous particle agglomeration (Ostwald

ripening [4]) due to further increases in temperature. Unfortunately, the origin of

this observation could not be established in this work.
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6.1 high-temperature environmental sem

Immediately after this initial behaviour, thermal etching of the grain bound-

aries may be observed, followed by the onset of wide spread particle growth at

∼725°C. Growth is rapid for 30 minutes between 725-800°C before the particles

appear to stabilise in size and quantity. Growth after 800°C is slow, but increas-

ing at a constant rate. This is interesting as strontium segregation (or diffusion of

strontium) is an activated process, thus occurs at a rate at higher temperatures.

Therefore, you would not expect a reduction in growth rate. As particle size was

measured by image analysis, values are only the 2D projection of a 3D particle2.

It does not take into account particle growth out of the image plane and as such

three-dimensional agglomeration may explain the change in growth rate. The re-

sult suggests that the surface transport of strontium is the dominant mechanism

facilitating particle growth as, if either the gas phase or bulk diffusion was the

main strontium source, then a constant growth rate should have been observed.

As strontium is leaving the surfce to form Sr-based particles it is likely that

the near-surface is strontium (or more specficially, A-site) deficient. Due to a

drop in measured ASR it has been suggested by Hansen et al. that heavily A-site

deficienct LSCF ((La0.6Sr0.4)0.85Co0.2Fe0.8O3-δ) results in a reduction of strontium

segregation [5]. To retain charge neutrality A-site deficiency will be compensated

by the formation of oxygen vacancies (Equation 6.1) and, in the presence of an

oxygen partial pressure, oxygen incorporation will also cause the disproportion-

ation of the B atoms by generating holes (Equation 6.2). It has been shown [6, 7]

that A-site deficiency alters the crystal structure, electronic and ionic conductiv-

ity, however, the thermodynamic stability of these phases have not been fully

investigated. It may be speculated that, as a result of strontium segregation, the

immediate and near surface is in a more stable A-site deficient state. Therefore,

there would be a reduction in the formation of strontium-based particles and

thus the observed reduction in particle growth rate.

A-siteDeficiency :Sr
′
La +O

×
O ↔ V

′′′
La + V

••

O + SrO (6.1)

Oxygen Incorporation :
1

2
O2 + V

••

O ↔ O×O + 2h
• (6.2)

Overall Reaction :
1

2
O2 + Sr

′
La ↔ V

′′′
La + 2h

•
+ SrO (6.3)

2 For this reason growth rates have not been quantified. The data does, however, provide excellent
comparative data for secondary phase surface coverage.
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6.1 high-temperature environmental sem

Figure 52: Showing directional trends of particle growth along polishing induced me-
chanical damage.

As shown in Figure 52 particles appear to grow along ‘lines’ that span across

multiple grains. The lines are artefacts of the polishing process (hence their direc-

tionality), but may be more generally described as ‘mechanical damage’. Below

the surface it is probable that a dislocation network is produced, which may in-

fluence the localised segregation rate. There is still dispute over the effect of a

strained lattice on the diffusivity of anions and cations [8], however, this result

suggests that either there is enhanced segregation within the dislocation or that

the damaged surface acts as a heterogeneous nucleation site for the particles. This

will be discussed further throughout this chapter and the proceeding chapter.
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6.1 high-temperature environmental sem

6.1.2 Pure H2O

Other than N2 and O2, water vapour is typically the most prevalent component

of ambient air and as such was studied over other components such as CO2 or

impurities such as SO2. Similar to observations in pure oxygen, secondary phase

precipitation is seen, however, the rate and quantity of particle growth far exceeds

that of pure oxygen. Video 6.3 represents an LSCF sample annealed under 3 mbar

pure H2O at 5000x magnification. Video 6.4 is the same experiment taken with

a magnification of 10000x. For a quick reference, Figure 53 shows micrographs

of the surface prior to any noticeable surface modification and at the end of the

experiment. Figure 54 shows the particle growth and percent particle coverage

with respect to time.

At approximately 850°C particles initially begin to form on the grain bound-

aries and soon after are seen to grow in the centre of the grains. Growth is rapid

and over ten times the number of particles form as compared to the pure oxygen

environment (see Figure 55). Above 950°C agglomeration of the particles may

be clearly seen3. There appears to be no correlation between agglomeration and

particle location (particles agglomerate in the centre of the grains and on the

grain boundaries). During the 1000°C isotherm the particles continue to grow

and there appears to be no halt to particle agglomeration. Although the exper-

iment was stopped after the hour isotherm, it is reasonable to suggest that the

surface coverage may reach 100% given enough time.

Figure 56 shows a micrograph at 950 °C where particle number is at a max-

imum (before agglomeration) where several grain patterning may be observed.

Grain A shows homogenous particle distribution and growth across the grain

surface, grains B and C show triangular shaped particles that appear to aligned

along a particular direction, grain D shows rod shaped particles also aligned

along a particular direction and grain E shows homogenous growth where the

average particle size is larger than that of grain A. The shape of the particles

observed in grains B - D suggests an epitaxial relationship with the underlying

grain as SrO has a cubic structure. Rotated such that the (111) plane is parallel to

the surface the particle would appear pyramidal (and thus triangluar to the HT-

ESEM image). Figure 57 shows that the onset of particle growth rate in grains

3 A drop in % coverage is compensated for by an increase in particle size.
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6.1 high-temperature environmental sem

Figure 53: Showing (a) the surface prior to any noticeable surface modification and (b)
the final image collected showing secondary phase precipitation after the an-
neal in pure water.
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Figure 54: Showing average particle area and percent coverage with respect to time and
temperature for a sample annealed in pure water.
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Figure 55: Comparing number of particles seen to grown in pure oxygen, pure water and
ambient air as they were heated from RT-1000 °C.

Figure 56: Showing a micrograph of LSCF heating in pure water where multiple grains
show different particle growth patterns.
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Figure 57: Growth rate of grains A & E and grain B - D respectively.

A and E4 is observed at approximately 850°C. Growth is then rapid before ag-

glomeration is seen at 950°C and during 1000°C isotherm. Grains B-D, however,

exhibit reduced particle growth and agglomeration rate. From this data it was as-

sumed that the microstructure of the underlying grain was the primary influence

on the observed differences in particle growth, however, this topic is discussed

further in Chapter 7.

Additionally, it may be seen that immediately surrounding the grain bound-

aries there is a region devoid of any particles. Oh et al. [2] observed a similar

effect, however, did not comment upon it. For grains with a homogenous growth

pattern (grains A and E) the ‘denuded’ region without particles may be seen to

be 150 ±25 nm in width. For grains exhibiting directional triangular/rod shaped

growth (grain B-D) the region is 350 ± 250 nm in diameter. Again, there is a clear

difference in growth behaviour between the two grain types. Particle size appears

to increase with the denuded width, implying that Ostwald ripening is occurring,

albeit at different rates between the grains.

Additional Observations 1: After the experiment was completed other areas of the

sample were observed. Figure 58(a) shows a low magnification (250x) image of

the surface immediately after the 1000°C isotherm (the temperature and atmo-

sphere was retained). It is apparent that around the scratch used to locate areas

there is a region depleted of particles. Figure 58(b) shows a magnified image of

the highlighted region. As can be seen, particle growth and agglomeration has oc-

curred within the depleted region, however, particle number and size is notably

lower. Interestingly, the surface of the scratch is completely covered by Sr-based

precipitation. Backscattered electron imaging (see figure inset) was used to con-

4 Particle growth rate of grain A approximately matched that of grain E
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6.1 high-temperature environmental sem

Figure 58: Showing the positioning scratch on the sample at (a) 250x magnification and
(b) at 2500x magnification. The inset in (b) shows a backscattered electron
image confirming that the phase covering the scratch differs to that of the
bulk material.

firm the phase covering the scratch was different to the bulk and EDX was used

to confirm this was a Sr-based phase.

Due to the brittle nature of the material, stresses induced by applying the

scratch will have caused a degree of cracking. Figure 59 shows cracking at the

surface post anneal. Along the cracks there is an increased number of particles

similar to the observations of grain boundaries (the size is difficult to ascertain

from top-down SEM images). Despite this, the quantity of cracks appears to be

insufficient to explain the presence of a large depleted region5. Although not di-

rectly confirmed by this data, the large depleted region is most likely explained

by sub-surface cracks increasing the free surface area for particle agglomeration.

The results presented in this section suggest that secondary phase growth is

preferable on disordered regions on the surface. However, particles are still seen

growing in (defect free) grain centres. Long range disorder (such as dislocations)

is relatively uncommon in brittle materials such as LSCF, however, it is clear that

the mechanical properties of the system will influence the degradation rate. Chap-

ter 7 will discussed this relationship in more detail.

Additional Observations 2: Figure 60(a) shows a secondary electron image of the

sample where two particles with differing contrast may be seen. Overlaid is a

backscattered image of the same region also showing a change in contrast. The

5 Agglomeration of the particles hindered observation of cracks post anneal. However, such extreme
behaviour was not expected and as such cracks were not searched for prior to the anneal.
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6.1 high-temperature environmental sem

Figure 59: Showing cracking due to the scratch and preferential agglomeration across
these features

contrast difference suggests that these particles are different phases, however, the

precise nature could not easily be confirmed due to the fact that the particles are

small (on the order of a few hundred nm) and predominantly covered by the

larger particles. EDX confirmed that the larger white particle is Sr-based (Figure

60(b)), however, the lateral resolution of the equipment was insufficient to char-

acterise the smaller (black) particle. AES was performed (see Section 6.2.1) and

ascertained that every observable particles was strontium based. Therefore, this

result suggests that both SrO and Sr(OH)2 are formed in the presence of water

vapour.
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Figure 60: Showing (a) a micrograph of LSCF annealed in water where Sr-based particles
are observed as well as an additional (black) phase in both SE and BSE (inset)
mode, and (b) EDX image confirming the large white particles are strontium
based.

6.1.3 Ambient Air

Both pure O2 and H2O are not representative of a typical SOFC cathode gas

stream. Ambient air is the preferable cathodic gas stream despite the presence of

many impurities (see Section 2.2.1). The behaviour of the LSCF surface is similar

to the previous regimes in that secondary phase precipitation is seen, however,

the rate and quantity of particle growth is more similar to the pure oxygen regime.

Video 6.5 represents an LSCF sample annealed under 3 mbar ambient air at 5000x

magnification. Video 6.6 is the same experiment taken with a magnification of

10000x. For a quick reference, Figure 61 shows micrographs of the surface prior

to any noticeable surface modification and at the end of the experiment. Figure

62 shows the particle growth and percent particle coverage with respect to time.

The sample annealed in ambient air shows no growth until 950°C at which

point a large number of particles form at approximately the same time. Figure 62

suggests instantaneous growth of a large number of particles, however, the time

resolution of the image series was insufficient to ascertain initial particle growth

patterns. After approximately 15 minutes, over the temperature range 950-1000°C,

particle number and size increases as particles begin to agglomerate. The first

thing to note about this data set is that the onset of secondary phase growth

occurs at approximately 1000°C above the pure oxygen and water experiments.

This would suggest the surface is more stable under ambient air, however, the

effect of each gaseous species cannot be decoupled from this data.
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Figure 61: Showing (a) the surface prior to any noticeable surface modification and (b)
the final image collected showing secondary phase precipitation after the an-
neal in ambient air.
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Figure 62: Showing average particle area and percent coverage with respect to time and
temperature for a sample annealed in ambient air.
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Gas analysis of the ambient air used in this experiment could not be per-

formed during this experiment. As such, it has been assumed that typical ratios

of gaseous species were present during the experiment (refer to Section 2.2.1.2).

As discussed by Wachsman et al. [9] it has been shown that the surface of LSCF

reacts with O2, H2O and CO2 at different rates depending upon the temperature.

Similar materials also show dependence upon these gases [10]. The partial pres-

sure and the energy required to dissociate and adsorb these oxygen containing

gas species has been used to explain the change to surface exchange rate, however,

the role of each species in material degradation is currently unknown.

At temperatures below 500°C, Sr(OH)2 will form preferentially in the presence

of water. Above this temperature the strontium hydroxide begins to decompose

into SrO and SrCO3. In the presence of carbon containing gas species, surface car-

bonation (from gas phase decomposition) results in the reduction of SrO at the

surface, ultimately promoting SrCO3 formation. Between 500-800°C the percent-

age surface carbonation is dependent upon the temperature and partial pressure

of gaseous carbon containing species. Above 800°C SrO is the stable phase [11].

Therefore, prior to particle growth, surface species should be primarily Sr(OH)2

and SrCO3. Only above 800°C will they begin to decompose into SrO. This may

explain the delay in observable particle growth6. This also suggests that particle

agglomeration is hindered by the presence of surface carbonation. Studies have

shown that iron and cobalt containing materials react with strontium carbonate

to form additional secondary phases [12, 13, 14], however, the presence of these

phases could not be confirmed in this work.

6.1.4 Vacuum

Using typical fabrication and operational methods a SOCF cathode should not

experience a high temperature anneal under a high vacuum. However, since the

self-diffusivity of oxygen has a p(O2) dependence, the effect of a reducing envi-

ronment was also of interest. Therefore, referring back to Figure 10, the sample

will be in regime V where the material begins to release oxygen and become

highly oxygen deficient. Video 6.7 represents an LSCF sample annealed 10
-6 mbar

high vacuum at 5000x magnification. Video 6.8 is the same experiment taken with

6 Of course, this experiment is limited by the electron imaging mode. Chemical changes could not
be measured in-situ.
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a magnification of 10000x. For a quick reference, Figure 63 shows micrographs

of the surface prior to any noticeable surface modification and at the end of the

experiment. Figure 64 shows the particle growth and percent particle coverage

with respect to time.

It should first be noted that the HT-ESEM detector used in this experiment was

optimised to perform in a gaseous environment. Replacing it with a detector op-

timised for a vacuum was not possible. As a result, to ability to focus the image

was reduced due to low electron detection counts (a lack of an ’electron cascade’

caused by the ionisation of gas particles - see Section 4.1.1). At low temperatures

very few electrons were detected, however, as the temperature increased ther-

mally generated electrons increased image quality. Observable contrast was still

low even at 1000°C. Reducing the scan rate of the image increased imaged qual-

ity, however, was impractical to use when taking an image series as each image

took a few minutes to collect. As such only the final image (after the isotherm)

was taken at the reduced scan rate and is shown in Figure 63(b). Errors in Figure

64 are therefore significant, however, the general trend may still be observed.

Under a vacuum particle growth does not occur until approximately 1000°C.

Particles were confirmed to be strontium based using EDX. Growth is seen to

occur on both the grain boundaries and the centre of the grains. Similar to the ob-

servations seen in the pure water experiment, some grains exhibit a homogenous

particle distribution, whereas others appear to show evidence of epitaxial growth.

Agglomeration is more prevalent on particles at triple points grain boundaries,

however, some particles within the grains may be seen to agglomerate. The chem-

ical potential resulting from the reducing environment causes the material to

lose of oxygen. Given that the concentration of adsorbed oxygen from the envi-

ronment is very low it must be the case that oxygen released from the material

reacts with segregated strontium to form particles.

An interesting observation may be seen in Video 7 and Figure 65. In this mi-

crograph an instance of polishing damage running across multiple grains may be

observed, however, in contrast to previous observations there does not appear to

be preferential particle growth. This is unusual as the reduced surface free energy

change associated with of disordered regions tends to promote heterogeneous nu-

cleation. In an oxidising environment adsorbed, particle growth was observed to

grow preferentially on these regions, however, in a reducing environment this is

not observed. This implies that surface transport of ionic species is inhibited by
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Figure 63: Showing (a) the surface prior to any noticeable surface modification and (b)
the final image collected showing secondary phase precipitation after the an-
neal in a vacuum (10

-6 mbar).
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Figure 64: Showing average particle area and percent coverage with respect to time and
temperature for a sample annealed in a vacuum (10

-6 mbar).

139



6.1 high-temperature environmental sem

Figure 65: Showing polishing induced mechanical damage without preferential particle
growth in a reducing environment.

Figure 66: Showing (a) the original image, (b) the image after edge detection and (c) and
conversion into a binary image.

the reducing environment and in a reducing environment the supply of ions is

dependent upon where it reaches the surface of the material.

6.1.5 Image Analysis Technique

Particle growth was measured using the default edge detection methodology in

ImageJ [1]. The software uses a Canny-Deriche [15, 16] algorithm to perform edge

analysis. An edge may be defined as a region where there is a large change in

contrast over a defined range of pixels7. The algorithm uses a multi-step approach

to find strong edges:

1. Apply a Gaussian filter [18] to ‘smooth’ the image. This has the effect of

reducing adjacent pixel contrast and thus reduces background noise (or

remove weak edges). All edges are smoothed equally and as such some can

be lost in this process, however, for the sake of particle analysis the benefit

of noise reduction outweighs the loss of some edges.

2. Pixel contrast gradients are calculated for both the X and Y axes.

7 For example, the Sobel uses a 3x3 kernel[17]
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6.2 the surface and sub-surface

3. A double threshold (high and low) is applied to bin weak edges that were

not removed by the Gaussian filter and confirm possible edges.

4. Finalise edges by suppressing relatively weak edges not connected to a

strong edge (isolated edges assumed to be noise).

After edge detection, remaining noise was removed by converting to a binary

image (only black and white pixels). The threshold level was determined manu-

ally but generally fell within the range of 120-150 grayscale. Some edges are lost

during this process, but may be re-added manually with relative ease. Once in

binary form, particle analysis was performed using the default settings for par-

ticle analysis [1]. Figure 66 shows the progression of the image prior to particle

analysis.

Errors estimation is difficult to define as error is a cumulative for each particle.

This is strongly dependent upon the particle geometry and image quality of each

frame and thus cannot be automated easily. The primary source of error is the

uncertainty in edge position in relation to the pixel resolution of the image. The

error will be greater using a lower magnification (using the same pixel resolution)

and it may be seen that the lateral error of a pixel is ±25 nm and ±12.5 nm at

5000 and 10,000x magnification, respectively. For these reasons, data presented

from image analysis in this work is primarily qualitative, however, trends may be

observed and data may be correlated readily against the temperature and time

profiles for each experiment.

6.2 the surface and sub-surface

The previous section has shown the differences in particle growth with respect

to pure oxygen, pure water, ambient air and a vacuum. The in-situ image series

collected using the HT-ESEM clearly show growth patterns, however, the tech-

nique has limited chemical sensitivity, depth resolution and could not resolve

three dimensional properties of the particles. A series of techniques were per-

formed ex-situ to further characterise observed modifications of the surface. AES

was performed by Dr. Nikolai Svetkov at the Massachusetts Institute of Technol-

ogy (MIT) in order to characterise individual particles. Surface LEIS spectra were

collected to analyse surface termination of the material post anneal. LEIS depth

profiles were used to study the sub-surface and AFM was performed to provide

141



6.2 the surface and sub-surface

Figure 67: Showing AES spot analysis position at the (1) particle and (2) the grain surface
for (a) pure oxygen, (b) pure water and (c) a vacuum.

topographical data of the particles and grain surface. The goal of this work was

to study LSCF in ’realistic’ conditions, therefore, samples annealed in ambient air

were the focus of further analysis. However, as a large portion of the literature to

date has used pure oxygen to anneal samples, comparisons were made between

pure oxygen and ambient air where possible.

6.2.1 Surface Chemistry

6.2.1.1 Auger Electron Spectroscopy

Samples annealed in the HT-ESEM were analysed using AES. Figure 67 shows

spot analysis positions for samples annealed in pure oxygen, pure water and a

vacuum where spot (1) refers to a particle and spot (2) the grain surface. Table

9 shows the relative elemental composition for each point. As can be seen, the

composition of the particles is predominantly strontium based, however, other

elements are detected as the interaction volume of the electron beam extends

into the bulk of the material. The composition of the particles is approximately

equal for samples annealed in pure oxygen and a vacuum. This suggests that the

particle size ’out of the image plane’ is similar. Particles annealed in pure water

display a greater strontium content, however, as the particle is larger there will

be reduced electron beam interaction in the bulk. Interestingly, the composition

of the grain surface for each sample is approximately equal.

Figure 68 shows spot analysis of the sample annealed in ambient air. AES

analysis was performed on particles in the centre of the grain and on the grain

boundaries. As can be seen from Table 10 this data confirms that these particles

are strontium based and that the composition matches the values found for the

other anneal environments. Once again, this suggests the particle size is compa-
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Table 9: Table of values corresponding to the AES spot analysis seen in Figure 67.

Figure Point
La

(At. %)
Sr

(At. %)
Co

(At. %)
Fe

(At. %)

Pure O2

(1) Particle 8.0 89 1.0 2.0

(2) Grain 17 75 2.0 6.0

Pure H2O (1) Particle 6.0 91 1.0 2.0

(2) Grain 17 75 1.0 7.0

Vacuum (1) Particle 10 85 2.0 3.0

(2) Grain 17 78 2.0 3.0

Figure 68: Showing (a) spot analysis position in an ’unsegregated’ grain surface and ’seg-
regated’ grain surface, (b) a crystallographic particle in the centre of the grain
and (c) a crystallographic particle on a grain boundary.

rable to the particles observed in pure oxygen and a vacuum. Figure 68(a) shows

analysis of the grain surface for grains with different degrees of particle agglom-

eration. At point (1) the surface of the grain appears to be unmodified, whereas at

point (2) there is a contrast difference that is typical of particle growth. Secondary

electron contrast may also be due to surface roughness, however, the strontium

content is greater in the segregated region implying that this contrast change is

due to particle growth. This result is further evidence that the transport of stron-

tium and oxygen species across the surface results in the agglomeration of the

strontium-based particles.

6.2.1.2 Low Energy Ion Scattering

AES has a high depth resolution, however, as can be seen in Table 9 and 10 the

electron beam is still interacting with the bulk material below the surface. Due to

the use of noble gas primary ions, LEIS probes the outermost atomic layer (refer to

Section 4.3.3). Figure 69 shows LSCF surface spectra taken using a 3 keV helium
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Table 10: Table of values corresponding to the AES spot analysis seen in Figure 68.

Figure Point
La

(At. %)
Sr

(At. %)
Co

(At. %)
Fe

(At. %)

(a) (1) ’Unsegregated’ 19 71 2.0 8.0

(2) ’Segregated’ 11 84 1.0 4.0

(b) (1) Particle 10 85 1.0 4.0

(2) Grain 22 70 2.0 6.0

(c) (1) Particle 8.0 88 1.0 3.0

(2) Grain 23 67 2.0 8.0

primary ion beam. The vertical dotted lines show the onset scattering energy of

each surface atom. These are followed by primary scattering peaks for each el-

ement. Using helium as a primary ion it may be seen that peak separation is

poor between lanthanum and strontium. Additionally, cobalt and iron have very

similar masses and as such their scattering peaks overlap completely. This makes

quantification of LSCF cation ratios difficult using a helium spectrum, however,

the purpose of using helium was to ’survey’ the surface and assess the cleanli-

ness of the sample8. If the sample contains significant contamination the primary

scattering peaks will be attenuated by an unknown factor, thus causing system-

atic errors. A large degree of contamination often results in a substantial loss of

signal. Small peaks were detected for sodium, magnesium and potassium9, how-

ever, the primary peaks are still well defined. Thus the samples were considered

to be clean.

Even from the helium spectra it is clear that the sample annealed in ambient air

shows significantly greater levels of strontium at the surface. In-fact, consistent

with the observations of Druce et al. [19], there is almost complete depletion of

lanthanum, cobalt and iron at the surface.

In order to quantify this effect 5 keV neon spectrum were required. Figure 70

shows LSCF surface spectra annealed in pure oxygen and ambient air. LEIS spec-

tra are plots of scattering intensity against detected energy. Therefore, the area

under the peak represents the number of ions scattered by an element. Scattering

8 If the incident ion is heavier than the target ion, no scattering will occur. Using the billiard ball
analogy, if a heavier ball hits a small ball it will simply push the smaller ball and continue moving
in the same direction. Helium is the lightest noble gas, thus can detect the largest number of target
atoms.

9 Common contamination from handling the sample.
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Figure 69: LEIS 3keV Helium survey spectra for a LSCF samples annealed in pure oxygen
and ambient air.

peaks are the combination of a Gaussian primary peak from ions scattered at the

surface, combined with an ’in-depth’ background signal from inelastic collisions

as primary ions penetrating the material. In a pure material the background ‘in-

depth’ signal will be flat as each interaction below the surface results in identical

energy loss, however, a polycrystalline material with numerous elements will pro-

duce complicated background signals. To simplify the fitting procedure in such a

material each element is assigned as either a Gaussian peak (at the onset energy)

or Gaussian peak with a flat background. This makes the assumption that the

ion beam interacts with each element in isolation (as if it were a pure element).

This is of course far from the truth, however, it is a non-trivial problem to model

a multi-component polycrystalline system. Background signal at low energies is

characteristic of sputtered material and may be modelled by an exponential de-

cay function. Surface Lab 6 by ION-TOF was used to fit the data and Figure 71

shows the fit for a neon spectra collected in this work. Integrated intensity cation

ratios were calculated from the fit of each element and are shown in Table 11.

LEIS data is strongly influenced by the presence of particles on the surface.

The LEIS beam spot size is on the order of tens of microns, meaning that a LEIS

spectrum represents the average composition across the surface (individual par-

ticles cannot be resolved). As mentioned previously, topographical effects will

cause attenuation of the scattered signal, however, the presence of particles will
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Figure 70: LEIS 5keV neon spectra for LSCF samples annealed at 650°C in 200 mbar pure
oxygen and ambient air.
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Figure 71: Showing an as polished LSCF surface spectra collected using a 5 keV neon
primary ion beam with the peak fitting (dash-dot lines) superimposed onto
the data.
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Table 11: Cation ratio at the surface for LSCF samples annealed in pure oxygen and am-
bient air.

Environment La (At. %) Sr (At. %) Co (At. %) Fe (At. %)

Pure Oxygen 17.9 ±1 59.9 ±1 5.4 ±1 16.8 ±1
Ambient Air 1.9 ±1 90.5 ±1 1.5 ±1 6.1 ±1

prevent the ‘material surface’ from being probed. Therefore, any enhanced stron-

tium signal must be the product of the strontium particles at the surface. The

sample annealed in ambient air displays a significantly greater concentration of

strontium and respective decrease in the other elements, however, the sample

annealed in pure oxygen exhibits a lower strontium content at the surface. HT-

ESEM data suggests that % of surface covered by particles is approximately equal

(∼17%) for pure oxygen and ambient air, thus the excess strontium must exist on

the grain surface.

AES observed that the grain composition was constant between each environ-

ment. This may be true of a few nanometres into the material, however, the LEIS

data suggests that the immediate surface contains a larger proportion of stron-

tium when the samples were annealed in ambient air. In the presence of water

vapour, adsorbed hydroxyl species tend to cover the surface. The formation of

strontium hydroxide is more preferable in this case and it is clear from the HT-

ESEM result (in pure water) that particle growth under that condition is facile.

Therefore, it is suggested that strontium hydroxide molecules form at the grain

surface in equilibrium with the concentration of adsorbed hydroxyl species and

remain adsorbed species (rather than volatile) at high temperature.

LEIS Depth Profiles: It is known that adsorbed water (or OH- molecules) enhances

the oxygen exchange rate of perovskite material [20], however, it may only be

speculated that bulk strontium segregation rates are also enhanced [21]. The AES

data has suggested that there is no enhancement as the ‘sub-surface’ composition

was constant across experimental conditions experiments. Figure 72(a) and 72(b)

show LEIS depth profiles of the samples annealed in pure oxygen and ambient

air, respectively. Samples were sputtered until cation counts became constant. It

was assumed that at this point the ‘bulk’ stoichiometry had been reached and

thus atomic ratios for each cation could be calculated relative to the ‘bulk’ value.
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Figure 72: LEIS depth profiles of a sample (a) annealed in pure oxygen and (b) in ambient
air.

Each sputter step was fit using the same protocol as described above and sub-

sequently plotted as a function of ion dose. Due to very short sputter depths (a

few nanometres) white light interferometry was unsuitable to measure the depth

of the sputter crater, therefore, sputter depth has been estimated based upon the

sputter rate of LSCF and the ion dose.

As can be seen from both profiles the sub surface is enhanced in strontium

and deficient in lanthanum over approximately 4 nm of depth. It may be seen

that the concentration of B site cations is enhanced slightly within this region.

The cause for this is unknown, however, it very likely a response to the loss of

strontium. Care should be taken, however, when interpretation this result. Each

sputter step induces ‘mixing’ as a result of ballistic effects. The region affected

by mixing is dependent upon the ion beam energy and incident angle. As such,

during a depth profile, small changes seen in the integrated cation ratios may

contain this error.

6.2.2 Surface Topography

6.2.2.1 Atomic Force Microscopy

Using HT-ESEM it was possible to analyse particle area. Atomic force microscopy

was performed to characterise particle size and shape, but also the roughness of

the grain surface. Surface roughness may be defined using multiple different met-

rics, however, in this work surface roughness was defined using the Root Mean
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As Polished
RMS Roughness = 1.5 ± 0.5 nm

Surface Contamination
(ie. dust particles)

Polishing Scratches

Figure 73: Showing an AFM topography map of an as polished LSCF sample taken with
a 20x20 µm scan area using 512x512 px.

Square (RMS) in order to minimise errors induced by particles on the surface.

RMS is the square root of the arithmetic mean of the squares of a set of numbers;

as defined by Equation 6.4:

RMS =

√√√√ 1

n

n∑
i=1

x2i (6.4)

AFM data was analysed using the open source software Gwyddion [22]. Areas

of interest could be defined to selectively analyse the RMS roughness value across

the AFM image.

Figure 73 shows the surface of an as-polished sample. The RMS roughness was

found to fall in the range of 1-2 nm showing that the polishing process produced

very flat surfaces, however, shallow (15 nm) scratches were consistently observed

across multiple samples. Small particles may be observed on the surface, however,

these may be attributed to unavoidable atmospheric contamination such as dust

particles.

Figure 75 shows the surface topography of a sample annealed in pure oxygen.

As can be seen a large number of particles may be seen covering the surface in

the centre of grain and on the scratches induced during polishing. The surface

remains mostly flat and as such grain boundaries cannot be seen, except for

the case where the grain has been ‘pulled out’ from the material during the

thermal anneal. Average particle height was calculated to be 31.6±0.5 nm. It may
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Figure 74: Showing edge ‘smoothing’ as a result of the AFM tip radius.

be seen that there are two grain roughness patterns (indicated by (1) and (2) in

Figure 75). The RMS roughness of grain type 1 was seen to match that of the as-

polished sample, however, grain type 2 displayed an increased RMS roughness

where the maximum and minimum roughness were further apart. As observed

in Section 6.1.2 grains exhibited differing particle growth patterns, therefore this

result corroborates that grain orientation has an effect upon particle growth and

surface modification.

Figure 76 shows a high resolution AFM topography map of the same sam-

ple (using 3x3 µm scan area). The higher lateral resolution shows differences in

grain roughness more clearly, however, both grain roughness and particles ap-

pear smooth rather than crystallographic. This is due to the tip radius of the

AFM and ‘half-cone’ angle as shown in Figure 74 and was unavoidable with the

equipment available for this work. RMS roughness between grains 1 and 2 is seen

to vary due to the faceting of the surface as a result of the thermal anneal.

Figure 77 and 78 shows a sample annealed in ambient air taken using a 10x10

µm and 5x5 µm scan area, respectively. Both display a different surface topog-

raphy to the sample annealed in pure oxygen. The grain surface is exhibited a

RMS roughness around 3 times greater than that of the rough grain 2 on sample

annealed in pure oxygen. Average particle height was found to be 556±0.5 nm.

Multiple grains should be visible in a 10x10 µm image, however, grain bound-
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Grain Pullout

Pure O
2

(1) RMS Roughness = 1.5 ± 0.5 nm
(2) RMS Roughness = 3.0 ± 0.5 nm

Figure 75: Showing an AFM topography map of a sample annealed in pure oxygen taken
with a 10x10 µm scan area using 512x512 px with two grains exhibiting differ-
ing RMS roughness values.

Pure O
2

(1) RMS Roughness = 1.5 ± 0.5 nm
(2) RMS Roughness = 2.5 ± 0.2 nm

(2)
(1)

Figure 76: Showing an AFM topography map of a sample annealed in pure oxygen taken
with a 3x3 µm scan area using 512x512 px with two grains exhibiting differing
RMS roughness values.
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Ambient Air

RMS Roughness = 6.0 ± 2 nm

Figure 77: Showing an AFM topography map of a sample annealed in ambient air taken
with a 10x10 µm scan area using 512x512 px.

Ambient Air

RMS Roughness = 6.0 ± 2 nm

Figure 78: Showing an AFM topography map of a sample annealed in ambient air taken
with a 5x5 µm scan area using 512x512 px.
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Figure 79: SEM micrograph of an LSCF sample annealed in ambient air at 800°C showing
surface corrosion and particle growth.

aries cannot be discerned. Figure 79 shows an SEM image of a different sample

annealed at 800°C in ambient air for a separate experiment. The micrograph corre-

lates strongly to the AFM data despite not being from the same sample. As can be

seen, particle growth appears pyramidal and tends to grow preferentially along

polishing scratches. Corrosion of the LSCF surface has been observed in the pres-

ence of CO2 [23]. Tan et al. observed similar surface roughening effects, however,

also reported characteristic carbon phases (such as La2O2CO3) which cannot be

seen in Figure 79. Tan et al. used pure CO2 or Helium/CO2 gas mixtures, however,

ambient air contains water vapour. The effect of a combined O2/CO2/H2O gas

mixture has not been studied extensively and as such surface corrosion cannot be

confirmed. An additional explanation might be crystallographic reconstruction

into a new phase, however, further TEM work would be necessary to confirm

this.
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6.3 summary and conclusions

This chapter has detailed the chemical and physical surface modifications that

occurred during thermal anneals in four different environments. HT-ESEM was

used to analyse the particle growth rate and patterning in a pure oxygen, pure

water, ambient air and vacuum environment. Strontium based particles were ob-

served to grow in each environment, however, the growth onset temperature, ag-

glomeration behaviour and surface coverage of the particles varied. In pure oxy-

gen it was seen that particles grew from 750-800°C and reached a surface coverage

of 17%. In pure water rapid particle growth occurred from 850-1000°C reaching

a maximum surface coverage of 40%. During the 1000°C isotherm the particles

were seen to agglomerate readily and form very large particles. Although the ex-

periment was stopped after an approximately 1 hour isotherm the data suggests

that agglomeration would continue until the whole surface was covered. The

result for ambient air is similar to that of pure oxygen, however, the onset tem-

perature of particle growth is 1000°C. It is suggested that the delayed growth is

due to the decomposition of Sr(OH)2 and SrCO3 phases in SrO that have formed

below 800°C. In a vacuum, strontium-based particles are also observed to grow,

however, the low partial pressure of oxygen in the atmosphere appears to inhibit

surface transport of oxygen and thus particle agglomeration is limited.

Surface chemical analysis was performed using AES and LEIS. Both technique

confirmed that the particles observed were all strontium based particles. Sam-

ples annealed in environments that contained water vapour (such as ambient air)

exhibited a greater surface concentration of strontium, suggesting that the stron-

tium segregation rate is enhanced by the presence of water vapour. LEIS depth

profiles showed that the sub-surface was strontium deficient as a result of segre-

gation. A minor enhancement of B-site cations was also seen in the sub-surface,

however, this is most likely due to relative increase in atomic fraction as the A-site

strontium segregates.

AFM also showed that grain roughness is greater when the environment con-

tains water vapour. Previous work [23] has shown that the surface of La0.6Sr0.4-

Co0.2Fe0.8O3-δ tends to corrode in the presence of CO2 and form characteristic

faceting of the grain surface. It would appear that this is also observed in this

work.
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6.3 summary and conclusions

The mechanical properties and crystallography was shown to influence par-

ticle growth. The results presented here suggest that long range defects such

as damage induced during polishing and grain boundaries act as preferential

heterogeneous nucleation sites. Long range defects may also influence the self-

diffusivity of the material, however, there is no evidence to suggest this from the

data presented. It is clear that the sub-surface influences the degradation of LSCF,

however, this is discussed in more detail in Chapter 7.

155



B I B L I O G R A P H Y

[1] Michael D. Abràmoff, Paulo J. Magalhães, and Sunanda J. Ram. Image
processing with imageJ. Biophotonics International, 11(7):36–41, 2004. ISSN
10818693. doi: 10.1117/1.3589100.

[2] Dongjo Oh, Danijel Gostovic, and Eric D. Wachsman. Mechanism of
La0.6Sr0.4Co0.2Fe0.8O3 cathode degradation. Journal of Materials Research,
27(15):1992–1999, jul 2012. ISSN 0884-2914. doi: 10.1557/jmr.2012.222. URL
http://www.journals.cambridge.org/abstract{_}S0884291412002221.

[3] K Szot and W Speier. Surfaces of reduced and oxidized SrTiO3 from atomic
force microscopy. Physical Review B, 60(8):5909, 1999. ISSN 0163-1829. doi:
10.1103/PhysRevB.60.5909.

[4] Wilhelm Ostwald. Lehrbuch der allgemeinen Chemie, volume 2. W. Engelmann,
1886.

[5] K. K. Hansen and K. Vels Hansen. A-site deficient (La0.6Sr0.4)1-
sFe0.8Co0.2O3-δ perovskites as SOFC cathodes. Solid State Ionics, 178(23-24):
1379–1384, 2007. ISSN 01672738. doi: 10.1016/j.ssi.2007.07.012.

[6] G. Ch Kostogloudis and Ch Ftikos. Properties of A-site-deficient
La0.6Sr0.4Co0.2Fe0.8O3-??-based perovskite oxides. Solid State Ionics, 126

(1):143–151, 1999. ISSN 01672738. doi: 10.1016/S0167-2738(99)00230-1.

[7] D. Waller, J.A. Lane, J.A. Kilner, and B.C.H. Steele. The structure of
and reaction of A-site deficient La0.6Sr0.4-xCo0.2Fe0.8O3-δ perovskites.
Materials Letters, 27(4-5):225–228, 1996. ISSN 0167577X. doi: 10.1016/
0167-577X(95)00289-8. URL http://www.sciencedirect.com/science/

article/pii/0167577X95002898.

[8] George F Harrington. Oxygen Ion Transport and Dopant Segregation in Strained
Oxide Thin Films. PhD thesis, Imperial College London, 2015.

[9] Eric D Wachsman, Yi-lin Huang, Christopher Pellegrinelli, Joshua A Taillon,
and Lourdes G Salamanca-Riba. Towards a Fundamental Understanding of
the Cathode Degradation Mechanisms. ECS Transactions, 61(1):47–56, 2014.
ISSN 19386737. doi: 10.1149/06101.0047ecst. URL http://ecst.ecsdl.org/

content/61/1/47.abstract.

[10] Mirko Arnold, Haihui Wang, and Armin Feldhoff. Influence of CO2 on the
oxygen permeation performance and the microstructure of perovskite-type
(Ba0.5Sr0.5)(Co0.8Fe0.2)O3-?? membranes. Journal of Membrane Science, 293

(1-2):44–52, 2007. ISSN 03767388. doi: 10.1016/j.memsci.2007.01.032.

[11] D. R. Glasson. Reactivity of lime and related oxides. Production of Stron-
tium oxide. Journal of Applied Chemistry, 8(12):793–797, 1958. ISSN 00218871.
doi: 10.1002/jctb.5010081204. URL http://doi.wiley.com/10.1002/jctb.

5010081204.

156

http://www.journals.cambridge.org/abstract{_}S0884291412002221
http://www.sciencedirect.com/science/article/pii/0167577X95002898
http://www.sciencedirect.com/science/article/pii/0167577X95002898
http://ecst.ecsdl.org/content/61/1/47.abstract
http://ecst.ecsdl.org/content/61/1/47.abstract
http://doi.wiley.com/10.1002/jctb.5010081204
http://doi.wiley.com/10.1002/jctb.5010081204


Bibliography

[12] S. J. Conway, J. A. Greig, and G. M. Thomas. Comparison of lanthanum
oxide and strontium-modified lanthanum oxide catalysts for the oxidative
coupling of methane. Applied Catalysis A, General, 86(2):199–212, 1992. ISSN
0926860X. doi: 10.1016/0926-860X(92)85148-5.

[13] K. Omata, N. Nukui, T. Hottai, Y. Showa, and M. Yamada. Strontium car-
bonate supported cobalt catalyst for dry reforming of methane under pres-
sure. Catalysis Communications, 5(12):755–758, 2004. ISSN 15667367. doi:
10.1016/j.catcom.2004.09.012.

[14] T Brown and By J Beretka. Studies on the Reaction Between Stronticm Car-
bonate and Iron ( Iii ) Oxide. (Iii):237–242, 1971.

[15] J Canny. A computational approach to edge detection. IEEE transactions on
pattern analysis and machine intelligence, 8(6):679–698, 1986. ISSN 0162-8828.
doi: 10.1109/TPAMI.1986.4767851.

[16] Rachid Deriche. Using Canny’s criteria to derive a recursively implemented
optimal edge detector. International Journal of Computer Vision, 1(2):167–187,
1987. ISSN 09205691. doi: 10.1007/BF00123164.

[17] D Ziou and Salvatore Tabbone. Edge detection techniques - An overview.
International Journal of Pattern Recognition and Image Analysis, 8(4):1–41, 1998.
ISSN 10546618.

[18] Richard A. Haddad and Ali N. Akansu. A class of fast Gaussian binomial fil-
ters for speech and image processing. IEEE Transactions on Signal Processing,
39(3):723–727, 1991. ISSN 1053587X. doi: 10.1109/78.80892.

[19] John Druce, Tatsumi Ishihara, and John Kilner. Surface composition of per-
ovskite type materials studied by Low Energy Ion Scattering (LEIS). Solid
State Ionics, 262:893–896, 2014. ISSN 01672738. doi: 10.1016/j.ssi.2013.09.010.
URL http://dx.doi.org/10.1016/j.ssi.2013.09.010.

[20] Natsuko Sakai, Katsuhiko Yamaji, Teruhisa Horita, Yue Ping Xiong, Haruo
Kishimoto, and Harumi Yokokawa. Effect of Water on Oxygen Transport
Properties on Electrolyte Surface in SOFCs. Journal of The Electrochemical
Society, 150(6):A689, 2003. ISSN 00134651. doi: 10.1149/1.1568938.

[21] Per Hjalmarsson, Martin S??gaard, and Mogens Mogensen. Electrochemical
performance and degradation of (La0.6Sr0.4)0.99CoO3 - ?? as porous SOFC-
cathode. Solid State Ionics, 179(27-32):1422–1426, 2008. ISSN 01672738. doi:
10.1016/j.ssi.2007.11.010.
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7
C RY S TA L L O G R A P H I C E F F E C T U P O N D E G R A D AT I O N

In the previous chapter, Sr-based particle growth was observed to vary from

grain to grain where the shape of certain particles suggested that the growth

was influenced by the underlying grain crystallography. Prior to annealing in the

HT-ESEM, Electron Back-Scattered Diffraction (EBSD) was performed in order

to characterise the crystal orientation for each grain. The same area could then

be observed during an anneal in the HT-ESEM, allowing direct comparison be-

tween particle growth and crystal orientation. The size and quantity of particle

growth observed during the pure water anneal enabled the greatest clarity for

comparison between the two data sets.

In addition, twinning was observed in a large proportion of the material and

believed to influence the particle growth of the material. Potential habit planes

(plane shared by two domains) were able to be determined for the twin structure,

however, a ‘pseudo-symmetry’ problem was observed due to the trigonal crystal

structure of La0.6Sr0.4Co0.2Fe0.8O3-δ . This chapter also details the methodology

used to deconvolute EBSD data.

7.1 pseudo-symmetry of lscf

7.1.1 Definition of Pseudo-Symmetry

Analysing EBSD data is multi-step process, however, it may be performed rela-

tively quickly using modern analysis hardware and software. In this work the Es-

pirt 2.0 software by Bruker [1] was used. As detailed in Section 4.1.2 EBSD grain

orientation maps were collected for the samples to be analysed in the HT-ESEM

and for the twin habit plane analysis. To obtain information from the experimen-

tally collected EBSPs, the software must locate the central trace of each Kikuchi
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7.1 pseudo-symmetry of lscf

band using a ‘Hough transform’ [2]. If the EBSP pattern quality is high1 it is

then possible to index the system by comparing the experimental bands to ’sim-

ulated’ Bragg-diffracting planes (reflector planes or ‘reflectors’) generated from a

reference structure chosen by the user. If there is good correlation between the ex-

perimental Kikuchi bands and reference planes the crystallographic orientation

may then be determined by calculating the planar angles between the detected

bands and sample geometry.

In the case of La0.6Sr0.4Co0.2Fe0.8O3-δ , the Trigonal Bravais lattice (Figure 80(a))

is a complex crystal structure comprised of multiple rhombohedral unit cells

and, as discussed in Section 2.1.6, a large percentage of the grains form twins.

Translations of the crystal structure due to twinning generally correspond to very

subtle shifts in EBSP features (such as minor changes in band contrast or position

[3]). As a result, ‘weak’ reflections are commonly ignored or miss-matched by the

automatic indexing process in the EBSD software, causing what is referred to as a

‘Pesduo-symmetry’ problem. Figure 80(b) shows an EBSD grain orientation map

of an LSCF sample indexed using the trigonal phase. The Red, Green and Blue

(RGB) colour space corresponds to the crystallographic direction normal to the

viewing plane. The colour space is defined with respect to the inverse pole figure

between common directions (see the legend in Figure 80(b)). As can be seen, in

a pseudo-symmetry problem, every grain contains randomly distributed, abrupt,

changes in crystal orientation which makes data difficult to interpret. A common

method for solving this problem is to analyse the system using a simpler crystal

structure and correlate common reflectors in order to construct a reference data

set for the complex crystal structure.

7.1.2 Pseudo-Symmetry Correction in LSCF

In order to analyse the EBSD data for LSCF it was first necessary to index the

system using a simplified crystal structure. This may be performed as many of

the symmetry elements in the more symmetric (ie. BCC) phase are also found in

the less symmetric (ie. LSCF) phase. Figure 81 shows a experimentally collected

EBSP for LSCF using a ferritic Body Centred Cubic (BCC) cell crystal structure to

index the EBSPs. The green lines represent the ’simulated’ bands when using a

BCC structure to index the system. As can be seen, multiple reflectors are shared

1 Where the band contrast is high.
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7.1 pseudo-symmetry of lscf

Figure 80: Showing (a) the trigonal crystal structure of La0.6Sr0.4Co0.2Fe0.8O3-δ (wherea
= b, c, α = β = 90° and γ = 120°) and (b) the corresponding EBSD grain ori-
entation map (where z-axis is out of plane) of La0.6Sr0.4Co0.2Fe0.8O3-δwith a
pseudo-symmetry problem.

between the BCC and trigonal phase, however, some higher order reflectors are

absent from the indexing processes (indicated by the white arrows). This may

arise because they are simply absent from the BCC index lookup table2, how-

ever, it is more likely that the reduced symmetry of the LSCF structure results

in a higher number of reflectors. Figure 82 shows a comparison between (a) the

experimental EBSP, (b) the simulated BCC diffraction pattern and (c) the simu-

lated diffraction pattern for the trigonal LSCF phase. Again, differences may be

observed in reflector width and intensity, however, many similar reflectors may

be observed in both diffraction patterns.

Figure 83 shows the effect of re-indexing using the BCC phase. The simpler

structure enables a clearer representation of each grain’s crystal orientation, how-

ever, the trigonal system contains multiple rhombohedral unit cells. Thus, mul-

tiple equivalent orientations of the measured diffraction pattern will necessarily

exist. Therefore, BCC indexing cannot be used to confirm crystallographic orien-

tation as the different variants cannot be distinguished. As mentioned, however,

this ultimately may be negated by re-analysing the sample using the trigonal

phase with the BCC indexing as a reference.

2 Typically, not every reflector is indexed in order to speed up the computational analysis.
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7.2 twinning in lscf

Figure 81: Showing experimentally collected EBSP of LSCF (trigonal phase). The green
lines represent the expected position of the Kikuchi bands based on a BCC
crystal structure and the white lines show missing high-order reflectors absent
from the indexing.

7.2 twinning in lscf

Vullem et al. [4] observed that the percentage of grains containing a ‘twin-like’ do-

main structure in La0.5Sr0.5Co0.5Fe0.5O3-δ was close to 100%. They suggested that

’traditional’ twinning did not exist (in that a shared habit plane was not observed),

however, very small (5-20 nm) periodic monoclinic domains sat side by side with

a ’stress-free planar domain wall’. Figure 84 confirms that a domain structure also

exists in La0.6Sr0.4Co0.2Fe0.8O3-δ . In agreement with the observations of Vullem et

al., a large proportion of the grains show evidence of a ‘twin-like’ structure, how-

ever, contrary to their findings La0.6Sr0.4Co0.2Fe0.8O3-δ appears to exhibit more tra-

ditional twinning. Large domains approximately 1-3 µm in width were observed

across multiple grains. In both images some grains exhibit high contrast between

domains, however, it is difficult to distinguish the domains in other grains. In or-

der to increase the clarity of the domains Figure 85 was generated from the EBSPs

after conversion to Rodrigues-Frank space [5, 6]. The ‘Rodrigues rotation formula’

is an efficient algorithm for rotating a vector with respect to a given axis and an-
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7.2 twinning in lscf

Original Pattern BCC Trigonal

Figure 82: Showing the similarities between the experimentally measured electron
diffraction pattern, simulated diffraction pattern for a simple ferrite BCC crys-
tal and LSCF trigonal crystal at the same crystal orientation.

Figure 83: Showing the effect of simplifying the indexing process from a trigonal phase
to a BCC phase.

gle of rotation. In this work the rotation of the crystal from a reference vector (the

plane normal of a grain) could be calculated and assigned a corresponding RGB

change where the angle rotation from the x,y and z axis corresponded to change

in R,G and B, respectively3. Each grain is treated separately (as most are likely to

exhibit a different plane normal) therefore the contrast is non-comparable across

the image, however, the twinning is significantly clearer across all of the grains.

Notably, some grains appear to contain two twin orientations. This is clearly

observed in the top left grain of Figure 85. Huang et al. [7] observed a microstruc-

ture similar to that presented here and noted that the domains reacted to exter-

nal stresses by switching orientation. Therefore, it is possible that strain effects

induced during sintering or polishing may have begun to rotate the domains.

However, this result might also suggest that multiple twin habit planes might

exist within the system. It is clear from the previous chapter that the growth na-

ture of Sr-based particles is affected by the underlying crystallography, however,

3 This work was completed in collaboration with by Dr Aimo Winkelmann (Bruker Nano GmbH).
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7.2 twinning in lscf

it is unknown whether the mechanical properties of the system influence the seg-

regation rate of the material or offer alternate nucleation sites on the material

surface.

7.2.1 Twinning Habit Plane

In order to correlate the HT-ESEM data with the crystal orientation the habit

plane must be found. To confirm that a domain structure and therefore twinning

was actually being observed, two EBSPs were collected from adjacent domains.

Figure 86 shows the microstructure and the domains from which the EBSPs were

taken. The greyscale intensity of both EBSPs was normalised to allow the image

of domain 1 to be subtracted from domain 2. As can be seen from the difference

map the primary reflectors are very similar, however, they have been slightly

shifted and expanded due to the superstructure of the LSCF phase. The distor-

tion is characteristic of a switch along a particular crystallographic axis and thus

confirms that twinned domains are present.

The EBSD grain orientation maps presented so far have shown the orienta-

tion of the z-axis direction with respect to the viewing plane. For simplicity, the

viewing plane was chosen to be the (100) plane and thus the crystallographic

orientation from each EBSP may be plotted on a standard stereographic projec-

tion4. The distribution of directions on a stereogram is referred to as the ‘texture’

of the material and may be used to provide an overview of the distribution of

crystallographic orientations within a system. It is often necessary to correlate

texture with respect to multiple planes in order to define the crystallographic

relationships within a system. A ’pole figure’ is the general name given to a stere-

ographic projection where viewing plane may be chosen.

In order to calculate the twin habit plane a simple stereographic analysis may

be performed comparing the habit plane direction and texture observed on spe-

cific pole figures5. In Figure 84 and 85 the viewing plane is defined by a crys-

tallographic plane. If it is assumed that the viewing plane is the (100) plane,

a ’standard’ stereographic projection may be used. Under this regime a ’trace’

made along a twin plane (see Figure 87(a)) may be directly correlated to a ro-

tation in the x-y plane. The trace direction then defines a direction parallel to

4 Of course the grain orientation map with respect to x and y may be used if an appropriate rotation
of the stereogram is made.

5 Only the knowledge of how stereographic plots are constructed is necessary here.
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3 µm

(a) (b)

Figure 84: Showing (a) a forescattered electron image of La0.6Sr0.4Co0.2Fe0.8O3-δ and (b)
an image constructure from the EBSPs. The contrast in both images is represen-
tative of orientational differences and thus isoloated regions confirms domains
and twinning.

Figure 85: Image generated from the EBSPs after conversion to Rodrigues-Frank space
where the shift in RGB from white represents a rotation of the crystal. Each
grain is treated separately, therefore the colour contrast is non-comparable
across the image.
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Domain 1

Domain 2

Domain 2 - Domain 1

Figure 86: Showing the experimental EBSPs from two different domains within the same
grain. The greyscale intensity was normalised then the pattern of domain 1

was subtracted from domain 2 to produce a difference image.

the habit plane. As shown in Figure 87(b), by extending this trace to the great

circle through the centre of the stereogram a plane perpendicular and aligned

to the trace direction is defined. The only degree of freedom for this plane is a

rotation around the trace direction. The construction plane (blue) may therefore

be used to define any perpendicular plane (yellow) as the intersection with the

stereogram must be contained along the bi-sector of the original trace. In the case

where the construction plane is orthogonal to the viewing plane (Figure 87(c)) the

perpendicular plane is therefore represented by two points at great circle along

the bi-sector. However, if the construction plane contains a degree of rotation,

the intersection with the stereogram will be shifted along the bi-sector accord-

ingly (Figure 87(d)). The relationship continues to hold when the viewing plane

is changed as shown in Figure 87(e) (although the trace direction and thus the

intersection positions on the stereogram may change). Therefore, it is possible to

use this analysis method to define planes that are parallel to the trace direction

and, by inference, potentially the habit plane of the twinned domains.

Ideally an image reconstructed using the EBSPs should be used to measure

the trace direction. However, it should be noted that the electron beam may shift

during the analysis, causing distortions in the reconstructed image that may re-

sult in trace misorientation. Use of a forescattered or SE image alleviates image

distortion, however, orientation information contained within the image must be

considered and aligned appropriately6.

6 Matching the shape of the grains is usually enough to align two images sufficiently.
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Figure 87: Schematic of (a) an isometric view of a grain containing twinning (from Figure
85) where the viewing plane is perpendicular to the surface of the material, (b)
the rotational degree of freedom of the plane constructed by the trace, (c) the
same plot with the perpendicular plane (yellow) defined by the trace, (d) the
grain rotated around the trace direction and the corresponding plane orien-
tation and equatorial interaction (note that this is perpendicular to the trace
direction) and (e) the plane in its original orientation but with the viewing
plane rotated.
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Figure 88: Showing the twin structure and associated texture on pole figures of the {100},
{110} and {111} family of planes. The trace of the twin plane and bi-sector
(dotted line) has been overlaid across the pole figures. The crosses on the pole
figures represent the crystal orientation of a pixel within the selected grain.

In order to narrow the search for potential planes, the BCC indexed EBSD map

was used initially. Figure 88 shows the texture for the grain highlighted where

the black crosses on the pole figures represent the stereographic intersections

(and thus the grain orientation). Along each stereogram the trace (solid arrow)

and bi-sector (dotted line) have been overlaid on the {100}, {110} and {111} pole

figures. As can be seen the {100} and {110} contain a plane that is perpendicular

to the trace. This observation agrees with Vullem et al. [4] when considering a

pseudo-cubic structure, however, further analysis is required when considering

the trigonal system.

As can be seen from Figure 89 the {100}BCC family is equivalent to the (010) and

(120) (or (120) plane) in the trigonal system. Due to the different space group, the

(110) plane cannot be directly translated, however, the intersection between the

(110) and (120) plane has threefold rotational symmetry around the z-axis [8].

As a result, these planes appear equivalent at specific orientations such that this

analysis method cannot distinguish which plane is dominant. Figure 90 shows

the same analysis as in Figure 88, however, the EBSD map has been indexed

using the trigonal LSCF phase. In this particular grain only the {110} and {120}

family of planes are contained along the bisector. In the grain to the left (Figure

91) the reverse is true where only the {001} is contained along the bi-sector.

This result suggests that two habit planes co-exist, corroborating the specu-

lation made earlier in this chapter. Once again observing the top left grain in

Figure 85 it can be seen that the twin domains are orientated in two directions,
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(100)

(010) (110)

(120)
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(110)
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BCC Trigonal

Figure 89: Showing a sterographic projection of the EBSP and unit cell along the z-axis
for both the BCC and trigonal crystal structure. Equivalent planes between the
two structures gave been indicated.

approximately orthogonal to one another7. Bi-sector analysis confirms that both

potential twin habit planes are contained within this grain, however, it is unclear

from this analysis the precise nature of the twin plane at each orientation. From

Figure 85 it can be seen that the interface between the two domain orientations

is not fully coherent. There appears to be a disordered region at interface due to

the presence of a change in orientation (colour change on the image), suggesting

that this interface is not a shared habit plane. Therefore, it would appear that the

observed twinning is a result of two distinct twin orientations within the same

grain. As can be seen in Figure 89, the {001} and {120} planes are orthogonal

7 Beam drift and surface roughness effects the image will distorted the image slightly. As a result,
measuring the image for the angular difference will contain some error.
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Figure 90: Showing the twin structure and associated texture on pole figures of the {001},
{110} and {120} family of planes for the grain outlined. The trace of the twin
plane and bi-sector (dotted line) has been overlaid across the pole figures. The
crosses on the pole figures represent the crystal orientation of a pixel within
the selected grain.

Figure 91: Showing the twin structure and associated texture on pole figures of the {001},
{110} and {120} family of planes for the grain outlined. The trace of the twin
plane and bi-sector (dotted line) has been overlaid across the pole figures. The
crosses on the pole figures represent the crystal orientation of a pixel within
the selected grain.

to one another, therefore, this results suggests that these are the dominant twin

habit planes (rather than the {110}).

7.3 effect of domains on particle growth

As mentioned, the sample analysed using the HT-ESEM was analysed by EBSD

prior to annealing. Figure 92 shows the forescattered electron image and grain ori-

entation map indexed using the BCC cell. The area analysed using the HT-ESEM

has been outlined. Figure 93 shows an HT-ESEM taken during the analysis at the

point where particles have grown but have not begun to agglomerate. The EBSD
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7.3 effect of domains on particle growth

map has been overlaid on the HT-ESEM image as accurately as possible8 in or-

der to compare grain orientation to the observed particle growth. The different

growth behaviour is seen to be different from grain to grain, however, consistent

between the same grain orientations (represented by the same colours). Grains

labelled 1 and 2 (dark blue) display the characteristic pyramidal growth along

a specific direction within the grain. Grain 3 and 4 (light blue) also display di-

rectional growth, however, the particles appear smaller, ’rod like’ and greater in

quantity. Grain 5 (purple) shows a homogenous distribution of rounded particles.

Grain 6 (red) similarly shows a homogenous distribution of the rounded parti-

cles, however, they appear larger and reduced in quantity. The RGB colour space

is representative of the grain orientation. Therefore, it is clear that grains 1 & 2

and 3 & 4 share similar orientations, whereas, grain 5 and 6 are orientated at a

notably different angle.

As shown previously, twinning may be observed in the forescattered electron

image. However, due to the large analysis area a compromise in lateral resolution

was required in order to reduce the analysis time. As a result, the low resolution

of the forescattered image makes it difficult to resolve the domain structure in

some grains. A direct comparison of the BCC EBSD map, trigonal EBSD map

and forescattered electron image for grains 1-6 is shown in Figure 94. It is clear

that in grain 1 the twin orientation aligns with the observed particle growth,

however, the afore mentioned low resolution prevents direct correlation for grains

2-4. Instead the particle growth direction was used. Interestingly, grain 5 shows

distinct signs of twinning in the forescattered image, however, growth on the

surface appears homogenous and unaffected by the underlying crystallography.

As shown previously, twinning may be observed in the forescattered electron

image. However, due to the large analysis area a compromise in lateral resolution

was required in order to reduce the analysis time. As a result of the low image res-

olution twinning in some grains cannot be resolved. A direct comparison of the

BCC EBSD map, trigonal EBSD map and forescattered electron image for grains

1-6 is shown in Figure 94. It is clear that in grain 1 the twin orientation aligns

with the observed particle growth, however, the afore mentioned low resolution

prevents correlation for grains 2-4. Interestingly, grain 5 shows distinct signs of

twinning in the forescattered image, however, growth on the surface appears ho-

8 Again, beam drift during analysis will account for the apparent distortion in grain size and posi-
tion.
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7.3 effect of domains on particle growth

Figure 92: Showing (a) a forscattered electron image of a polished sample prior to the
thermal anneal in the HT-ESEM and (b) the EBSD orientation map indexed
using a simple BCC unit cell. Both images show the area analysed during the
pure water HT-ESEM analysis.

1

2

3

4

5

6

Figure 93: Showing a frame of the sample annealed in pure water (Video 3) prior to
the particle agglomeration. The EBSD map shown in Figure 92(b) has been
overlaid on top of the SE image. Discrepancies between the two images are
to the low resolution of the EBSD orientation map in comparison to the SE
image.
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Figure 94: Showing the HT-ESEM/BCC EBSD map, forescattered electron image and trig-
onal EBSD map. The low resolution of the forescattered image prevents obser-
vation of twin orientations within some grains.
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Figure 95: Showing the bi-sector analysis and trigonal crystal orientation for the different
pixel colours found within grains 1 and 2.

mogenous and unaffected by the underlying crystallography.

Grains 1 and 2: After indexing using the trigonal phase, similarities between grains

1 & 2 and grains 3 & 4 were also observed. As can be seen in Figure 94 each grain

contains a randomly distributed set of crystallographic orientations due to the

pseudo-symmetry problem. As such it is difficult to establish precisely which

orientation is truly representative of the grain. It can be seen that the domains in

the forescattered image are approximately aligned with the particle growth in the

HT-ESEM image (see Figure 94), therefore it was assumed that the particles were

aligned to the twin habit plane. Due to the low resolution of the forescattered
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Figure 96: Showing the bi-sector analysis and trigonal crystal orientation for the different
pixel colours found within grains 3. As seen in the analysis of grains 1 & 2,
grains 3 & 4 are equivalent but orientated slightly differently.

image the HT-ESEM image was ultimately used to determine the trace direction.

Using an image from a separate system is likely to cause some misorientation

error, however, alignment of the grain shape was carried out to minimise this

effect.

Specific pixels may be observed on the EBSD grain orientation map where

the orientation of the pixel is represented by black crosses (or ’texture marks’)

on the pole figures. Multiple texture marks represent symmetric equivalencies

within the system. Figure 95 shows the bi-sector analysis and crystallographic

orientation for the green and red pixels found in grain 1. The green pixel has a

crystallographic orientation where the [001] direction is pointing almost directly

out of the page. In this situation it may be determined that the habit plane is par-

allel to the trace, however, a second pole figure must be used in order to calculate

the correct orientation of the x-y plane. The software used in this work was able

to run this process automatically and produce a three-dimensional reconstruc-

tion of the crystallographic orientation (shown to the right of the pole figures). In

the green pixel the {001} lies directly along a bi-sector, however, in the red pixel
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7.3 effect of domains on particle growth

the {110} and {120} bi-sector lies approximately 10° away from the texture mark.

Therefore, the results show that this grain contains {001} type twinning. This ob-

servation is corroborated by the observation that [100] direction and (001) plane

matches the trace direction (see the crystallographic reconstruction for the green

pixel in Figure 95).

The results for Grain 2 are reversed in terms of pixel colour, however, present

the same result. It would appear that {001} twin habit plane (when the the z-axis

is orientated along the [001] direction) has a direct effect upon the particle growth.

The alignment of the particles shows preferential sites for growth or nucleation

and the pyramidal shape of the particles suggests they have grown epitaxially.

It is also possible that disorder contained within domain walls could causes an

increase in strontium diffusion rate, however, it is not possible to make this dis-

tinction from these analyses.

Grains 3 and 4: The ’colour scheme’ (and thus crystal orientation) of grains 3 & 4 is

very similar to that of grains 1 & 2. As can be seen from Figure 96 the green and

red pixel share the same characteristics to that observed in grain 2. Both the {110}

and {120} planes lie approximately along the bi-sector, however, in both cases the

texture mark is misorientated by approximately 2°. As the misorientation is low,

it may be assumed that there was a discrepancy between the HT-ESEM image

and EBSD data. In the red pixel, the trace direction can be seen to match the

{001} plane and as such may be assumed to behave in a similar manner to grain

1 & 2. The primary difference is that the [001] is tilted slightly off centre. This

change in orientation will alter the termination of the twin plane at the surface

of the material and change the effective width of the twin at the surface. Figure

97 shows schematically how the domain width of the twinned region may be

reduced as the angle between the habit plane and surface plane changes. As can

be seen in Figure 94 the particles on the surface of grains 3 & 4 appear to have

formed in a directional manner, however, the particles appear smaller and closer

together than in grains 1 & 2. This observation would suggest that the reduction

in effective domain width also affects the particle distribution at the surface.

It should be noted that a third pixel colour (yellow) is observed in grains 3 & 4.

Neither habit plane is contained along the bi-sector, however, the trace along the

crystal reconstruction agrees with the [100] in agreement with the previous anal-

ysis. It is unclear what the significance of this crystal orientation is in comparison

175



7.3 effect of domains on particle growth

θ

T
o
p

 V
ie

w
S

id
e
 V

ie
w

(1
0

0
)

(1
0

0
)

Figure 97: Showing a schematic of {001} type twinning where the twin habit plane is
orthogonal to the surface or orientated at an angle θ. If the twin habit plane
not orthogonal the effective ‘width’ of the twinning is reduced at the surface.

to the red or green pixels.

Grains 5 and 6: Observing the forescattered image of grain 5 in Figure 94 it is

clear that twinning exists within the grain, however, the homogenous growth

pattern of the particles suggests that, at this orientation, the twinning plane does

not influence particle growth. The trigonal EBSD map shows that a single crystal

orientation (red pixel) is dominant within the grain, however, bi-sector analysis

(using the forescattered image to produce the trace) shows that neither the {001}

or {120} habit planes were possible within this grain. Without the presence of

{001} twinning it can be seen that the particles do not exhibit directional growth

across the grain surface, however, the discrepancy between bi-sector analysis and

the forescattered image makes it difficult to provide an explanation for this type

of growth. As such, further investigation is required. Figure 98 shows the grain

orientation within the dominant pixel for both grain 5 (red) and 6 (purple). As can

be seen, this orientation is similar to that of grains 1-4. As mentioned previously,

the particles in grain 6 appear greater in size and more spread out compared

to grain 5. As can be seen in Figure 98, the orientation around the x-y plane

is approximately equal, however, grain 6 has a greater rotation around the x-

z plane. Given that a rotation around the x-z was seen to modify the particle
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Figure 98: Showing the crystallographic orientation of the trigonal unit cell for the domi-
nant pixel colour found in grains 5 and 6.

growth pattern between grains 1 & 2 and 3 & 4 it is possible that a similar effect

is being observed in grains 5 & 6.

7.4 summary and conclusions

This chapter has investigated effect of crystallographic orientation had on the

growth of Sr-based particles using direct comparison of EBSD and HT-ESEM

data. In agreement with the literature, a large percentage of the material was ob-

served to contain twinning and initial comparison between the data suggested

that particle growth was consistent with observable domain walls. In order to

determine the twin plane, bi-sector analysis was carried out, however, due to

the complicated nature of the trigonal system a pseudo-symmetry problem was

observed whilst trying to index the LSCF system. By simplifying the indexing

process using a ferritic BCC structure, a reference analysis was able to be pro-

duced to guide analysis when using trigonal indexing. {001} and {110} twinning

was confirmed as potential habit planes in the BCC structure and therefore rele-

vant planes to analyse using trigonal indexing. It was shown that {001} and {110}
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7.4 summary and conclusions

were also potential twin planes in the trigonal system, however, the symmetry of

the trigonal structure meant that the {110} was equivalent to the {120} and {120}

planes. Bi-sector analysis simply infers which planes may be habit planes and as

such could not be used to distinguish between the planes. However, it was ob-

served that, within a single grain, two orthogonal twin planes exist. This suggests

that the primary twin planes are the {001} and {120}/{120}. The existence of two

twin planes and their interaction requires further investigation.

Direct comparison between the EBSD and HT-ESEM data showed that {001}

type twinning influences particle growth when the trigonal z-axis was aligned

to the [100] direction. If the unit cell is rotated around the x-z plane the effective

width of the twin domains will be reduced. Smaller, tightly packed particles were

observed to form on these grains, therefore, it would appear there is a direct

correlation between the termination of domain walls at the surface and particle

formation.

Particles exhibiting homogenous particle growth appeared to be influenced by

the underlying crystallography as an increase in particle size (and corresponding

reduction in quantity) was correlated to a rotation around the x-z plane. Bi-sector

analysis showed that neither of the potential habit planes were present in those

particular grains, however, twinning was observed in the forescattered image.

This dichotomy made it difficult to determine the cause of homogenous particle

growth.

It is still unknown what mechanisms are occurring at the surface, however, it

is clear that twinned material and the crystallographic orientation of the grains

will affect surface properties. The results presented in this chapter suggest that

twinning either: (a) enhances diffusion rates within the domain structure or (b)

that the termination of the domain walls act as heterogeneous nucleation sites.

Given the high activation energy of cation diffusion, the latter is more probable,

however, at this point this is up for debate.
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8
B A C K E X C H A N G E T E C H N I Q U E D E V E L O P M E N T

In this chapter, the experimental development process of the novel ‘Back-Exchange’

technique is detailed. An extension to the well-established IEDP technique, back-

exchange adds an additional anneal step in order to measure the self-diffusivity

and surface exchange coefficient of a material in any gas environment (contain-

ing the same p(O2) as the initial exchange). Although capable of measuring

both parameters, the primary focus of the technique was to measure changes

in surface exchange coefficient. This work was completed in conjunction with Dr

Sam Cooper who developed the analytical and numerical modelling methods for

analysing back-exchange data. A short summary will be presented here, however,

for the full details behind the analytical and numerical method please refer to [1].

8.1 back-exchange theory

Crank’s semi-infinite solution to the diffusion equation has been used for many

years to analyse experimental diffusion data. The additional anneal step com-

plicates the solution as there is a change to the surface boundary condition in

between anneals. Cooper has proven that an analytical solution exists for the

case where D1 = D2 and k1 = k2 . This solution was used to validate the finite-

difference numerical model used to fit experimental data.

Using the validated numerical method, a wide range of idealised back-exchange

curves could be generated in order to predict optimal experimental conditions. A

back-exchange consists of 6 parameters: D1,k1, t1 of the forward exchange and

D2,k2, t2 of the back-exchange. For the sake of clarity, tracer diffusion and surface

coefficients will be referred to without the * sign in this chapter. Figure 99 shows

a plot of all possible back-exchange curves by varying the key metrics: k2/k1
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Figure 99: Plot containing normalised back-exchange profiles across the full range of pos-
sible exchange time ratios, where D is constant for both exchanges. A family
of curves is shown at 7 values of the time ratio, θ. Each family is generated
by varying the ratio of effective surface exchange coefficients, k2/k1. The max-
imum depth of the turning point is shown for each family, as well as the
maximum surface concentration. To account for variation in k1, all profiles
have been normalised with respect to the surface concentration found in the
θ = 0 case. Recreated with permission from [1].

ratio (λ) and exchange time ratio (t2/ (t1 + t2))1. To minimise fit uncertainty, an

ideal back-exchange curve should exhibit a large surface isotopic fraction range

and a well-defined peak2. As can be seen, an exchange time ratio of between 0.33

(t1/2 = t2) and 0.5 (t1 = t2) offers the ideal experimentation range.

It is important to note that there is an upper limit for the measurement of

k values due to the asymptotic behaviour of the diffusion equation. The metric

’h’ is often used to define the relationship between surface exchange and self-

diffusivity is:

h = k/D (8.1)

1 Assuming a constant D1 = D2 as the material bulk should remain unchanged during both anneal
steps.

2 Well defined in this case is related to the peak position into the material. If the peak is close to
the surface the definition of the initial ‘downturn’ of the curve will be poor and thus increase
uncertainty of k2.
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Figure 100: Surface isotopic fraction against h
√
Dt for a single value of D.

The ’surface’ may be defined where x = 0, therefore, Equation 4.3 may be

simplified to:

C ′(0) =
C(0) −Cbg
Cg −Cbg

= 1− exp
(
h2Dt

)
erfc

[
h
√
Dt
]

(8.2)

Figure 100 shows a plot of surface concentration against h
√
Dt for standard

exchanges with a constant D value. As h increases (therefore k) it can be seen

that surface concentration increases, but, tends towards an asymptote. When k

is high it can be seen that the equivalent surface concentration will lie along

the horizontal asymptote. Interpretation of data then becomes difficult as small

differences in surface concentration could represent significant changes in k. As

will be discussed in Chapter 9 it is often the case that the first few points of a

line-scan measurement often contain the highest uncertainty, further reducing the

accuracy of k measurement. Most materials tend not to have very high h values,

however, in the presence of water vapour surface exchange may be enhanced

causing an effective increase in h. For the back-exchange step the same limitation
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Figure 101: Showing schematic temperature-time profiles for the validation experiment
where (a) is a standard forward exchange, (b) is the back-exchange using
pure oxygen and (c) is the back-exchange using ambient air.

exists, and as such Cooper has suggested that a maximum measurable change

between k1 and k2 is approximately 100 times [1].

8.2 experimental development

8.2.1 Experimental Validation

To validate the technique experimentally, a pair of experiments were necessary.

Multiple samples were exchanged at the same time using the standard IEDP

technique. One sample was left ‘as-exchanged’ and the second was treated to a

back-exchange using pure oxygen. If each of theD and k values across both exper-

iments were equal it would show that the technique and analysis methodology
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could be used to observe changes in k2. A third sample (exchange at the same

time as the first two) was back-exchanged in ambient air to demonstrate that

technique can provide data in alternate environments. The k2 value in the third

experiment was compared to the that of the pure, dry, oxygen back-exchange.

Figure 101 shows idealised temperature-time profiles of these experiments.

Samples were exchanged at 650°C as this is representative of an IT-SOFC

operating temperature. The chosen exchange time for both forward and back-

exchange was 1.5 hours (θ = 0.5) in order to provide a convenient diffusion length

for line-scan analysis (∼100 µm). A 1.5 hour timer was started as the furnace was

placed over the sample. When the timer finished the furnace was removed. The

activation energy for diffusion in La0.6Sr0.4Co0.2Fe0.8O3-δ at 650°C was taken to

be 1.9 eV from [2] which resulted in a ’corrected’ anneal time of 1.38 hours. The

gas concentration was calculated to be 85% from both an oxidised piece of sili-

con and RGA analysis. The back exchange in ambient air was performed in an

air-conditioned laboratory room (with no windows) where room temperature

was 26°C and relative humidity at 30% (∼10 mbar p(H2O)). A relatively long

pre-anneal was applied to the samples. The reasons for this will be discussed

in Section 8.2.2. Samples were analysed using a ToF-SIMS 5 instrument in burst-

alignment mode with a 300x300 px analysis area.

Figure 102, 103 and 104 show the measured diffusion profiles for the forward

exchange, back-exchange in pure O2 and back-exchange in ambient air respec-

tively. Each Figure shows the D and k fit parameters for the experiment and are

summarised in Table 12. Each fit exhibits very high ‘goodness of fit’, however,

it is clear that there is a degree of noise in each diffusion profile. Next to each

diffusion profile is an uncertainty contour map representing a range of potential

fitting parameter values. For the forward exchange D and k are the only vari-

ables, however, for the back-exchanges k1 and k2 are compared for a single D

value (where D1 = D2 is assumed). As can be seen from each contour map an

‘area’ within the D-k and k1-k2 plane offers identical goodness of fit for each dif-

fusion profile. A range of fit parameters therefore satisfy the data, and as a result

diffusion profiles are more accurately represented by a ‘band’ rather than a single

line of best fit. Figure 105 shows a schematic representation of diffusion profile

‘bands’. Methodology for generating ‘band’ plots has been shown by Cooper [1],

however, the contour plots already enable error quantification and as such were

not necessary here.
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Figure 102: Showing (a) the forward exchange diffusion profile for the validation and (b)
uncertainty contour map in D and k as a result of data noise.
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Figure 103: Showing (a) the back-exchange diffusion profile for the validation and (b)
uncertainty contour map in k1 and k2 as a result of data noise.
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Figure 104: Showing (a) the back-exchange diffusion profile for the validation and (b)
uncertainty contour map in k1 and k2 as a result of data noise.
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Table 12: Cation ratio at the surface for LSCF samples annealed in pure oxygen and am-
bient air.

Experiment
D1

(10-9cm2s-1)
k1

(10-7cm s-1)
D2

(10-9cm2s-1)
k2

(10-7cm s-1)
R2

Forward
Exchange

2.1 ±0.2 2.3 ±0.2 — — 0.998

Back
Exchange
(Pure O2)

2.5 1.6 ±0.1 2.5 3.4 ±0.3 0.999

Back
Exchange
(Ambient)

2. 2.5 ±0.2 2.3 8.4±0.2 0.999

Forward Exchange Back-Exchange Pure O
2

Back-Exchange Ambient Air

Figure 105: Schematic of uncertainty ‘bands’ when fitting both forward and back-
exchange diffusion profiles.

Self-diffusivity values show good correlation across the samples, however, k1

values (and k2 for the pure oxygen back exchange) disagree by a factor of 2

in some cases. Uncertainty in k measurement is in the region of 0.2-0.3 cms−1,

therefore such differences cannot be explained by data treatment. For the back-

exchange in ambient air k2 was found to be 3-4 times larger than the dry oxygen

cases, displaying the capability of the technique. However, further investigation

was required in order to address the discrepancy of k1 values.

8.2.2 State of the Surface

Until this point it has been assumed that the surface state between forward and

back exchange is identical. However, as has been shown (in the literature and the

previous chapters) the surface of many common perovskite materials is readily
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8.2 experimental development

modified at temperatures as low as 400°C [3]. Degradation processes are kinet-

ically limited, as such the state of the surface is highly dependent upon anneal

time. Therefore, the surface will not be identical at the beginning of the forward

and back-exchange. Two solutions were proposed to normalise the surface state:

1. Remove the ‘pre-anneal’ and apply a short polishing step after the forward

exchange in order to return the surface to an ‘as-polished’ state. Both ex-

changes would therefore be performed on an ‘as-polished’ surface.

2. Increase the pre-anneal time in an attempt to ‘stabilise’ the surface such that

the forward exchange has a relatively insignificant effect upon the state of

the surface.

8.2.2.1 Removing the Pre-Anneal step

The pre-anneal step is used as part of the IEDP technique to equilibrate the oxy-

gen vacancy concentration in the sample for a desired temperature and p(O2).

The sintering protocol in this work involved an 8 hour 1250°C anneal. At this

temperature La0.6Sr0.4Co0.2Fe0.8O3-δ is highly oxygen deficient, however, as the

sample is cooled it will begin to recover oxygen. At 800°C the oxygen content

nears stoichiometry [4]. Between 800°C and 1250°C the self-diffusivity is high,

thus, given enough time, much of the bulk should have an oxygen content close

to stoichiometry. Samples in this work were cooled at 300°C/hour, therefore it

may be assumed that a large percentage of the bulk is near stoichiometry.

As diffusion slows at around 600°C a concentration gradient of oxygen vacan-

cies will form over approximately the first few hundred micrometres of material.
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Polishing rate = 0.45 m / min

Figure 106: Showing the indent depth with respect to polishing time. The polishing rate
was found to be 0.45 µmmin−1.
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Typically, over 1 mm of material is removed during the polishing process so it is

safe to assume that the surface of an ‘as-polished’ sample is representative of the

near-stoichiometric bulk.

As the surface does not roughen significantly at temperatures below 800°C it

was assumed that a short polish after the forward exchange step could be per-

formed to return the surface to an ‘as-polished’ state. To characterise this, two

polished samples were exchanged at the same time at 650°C for 1.38 hours (cor-

rected anneal time) without a pre-anneal step. After exchange, an indent was

impressed into the surface of one sample using Vickers hardness testing equip-

ment. The depth of the indent was measured using WLI and the surface rough-

ness measured by AFM. The sample with the indent was then subjected to a 1

minute polish using 1/4 micron diamond suspension, holding the sample to the

polishing plate by hand. Once complete, the sample was re-analysed using WLI

and AFM to assess the change in surface roughness and measure the polishing

rate. This process was repeated two more times (the same indent was measured

each time). The depth of the indent before and after each polishing step may be

seen in Figure 106. The polishing rate was found to be 0.45 µm min−1.

Figure 107-110 show AFM topography maps for the sample prior to polishing

and after 1, 2 and 3 minutes polishing, respectively. The polishing process can

be seen to increase surface roughness by approximately 3.6 times and appears to

deposit large amount of material on the surface (and in porosity). It cannot be

confirmed if this is polishing residue or damage caused to the sample surface.

After topographical analysis was complete, the sample with the indent was

back-exchanged in a pure oxygen environment for 0.85 hours (corrected anneal

time). Both samples were then analysed using the line-scan method. Figure 111

and 112 show the diffusion profiles and uncertainty contour maps for the for-

ward exchange and back-exchange, respectively. Again, D shows good correla-

tion between experiments, however, k values are not as expected. The polishing

step removes material; therefore, the original diffusion profile was shifted by ap-

proximately 2 µm at the beginning of the back-exchange. The effective surface

concentration for this step was thus lower. A drop in effective k1 was expected,

however, a larger k1 value is observed. The k2 value is also larger and different to

k1. D, k1 and k2 are all coupled parameters, therefore the removal of material re-

sults in an effective decrease in D as the profile is shifted towards the surface. The

fitting algorithm cannot account for this and thus compensates by increasing sur-
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Post Exchange (0 min polish)
RMS Roughness = 1.5 ± 0.5 nm

Small quantity
of Sr-based particles

Figure 107: Showing an AFM topographic map of the sample surface immediately after
a standard exchange at 650°C.

 

1 min polish
RMS Roughness = 5.5 ± 0.8 nm

Directional Roughness

Surface particles

Figure 108: Showing an AFM topographic map of the sample surface after 1 minute of
hand polishing using 1/4 micron diamond suspension.
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2 min polish
RMS Roughness = 5.4 ± 0.4 nm

Material in pores

Surface particles

Directional Roughness

Figure 109: Showing an AFM topographic map of the sample surface after 2 minutes of
hand polishing using 1/4 micron diamond suspension.

 

3 min polish
RMS Roughness = 5.4 ± 0.4 nm

Directional Roughness Surface particles

Figure 110: Showing an AFM topographic map of the sample surface after 3 minutes of
hand polishing using 1/4 micron diamond suspension.
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Figure 111: Showing (a) the forward exchange diffusion profile for a sample that has not
been exposed to a ‘pre-anneal’ step, and (b) uncertainty contour map in D
and k as a result of data noise.
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Figure 112: Showing (a) the back exchange diffusion profile after 3 minutes of polishing
and (b) uncertainty contour map in k1 and k2 as a result of data noise.

face exchange values. It is clear that significant systematic errors were introduced

by an intermediary polishing step and, as such, the practice was discontinued.

8.2.2.2 Increasing Pre-Anneal time

By now it should be strongly evident that the surface of La0.6Sr0.4Co0.2Fe0.8O3-δ is

not stable. Strontium segregation is unavoidable, however, the rate of growth is

connected to the anneal temperature, anneal time and the state of the surface.

As shown in Chapter 6, the presence of pure oxygen causes the formation and

agglomeration of Sr-based (SrO) particles. Once particles are formed, heteroge-

neous agglomeration appears to be the preferential behaviour of surface stron-
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Figure 113: Showing the surface of a polished LSCF sample annealed at 650°C for (a) 20

hours and (b) 40 hours.

tium. Therefore, the rate of surface coverage due to particles slows dramatically

as they agglomerate in three dimensions. Sub-surface depletion of strontium (and

thus strontium concentration at the grain surface) varies depending upon the seg-

regation rate, however, this has been shown to only affect the first few nanometres

of the material; well below the desired diffusion length. The following assump-

tions could therefore be made:

1. In a pure oxygen atmosphere, once particles are formed, the percentage of

coverage remains approximately constant for a long period of time.

2. During this time the effect strontium segregation (both through particle

formation and reduction of transition metal B atoms at the surface) has on

the oxygen exchange rate is homogenous.

3. The strontium content of the immediate grain surface only affects the first

few nanometres of diffusion.

Video 8.9 (see Supplementary Material) shows a polished sample annealed in

the HT-ESEM under a 600°C isotherm for 24 hours. Interestingly, no particle

growth occurs during this time. Figure 113(a) shows a sample that has undergone

a 20 hour anneal at 650°C. As can be seen particle growth has occurred in a

similar manner as in Chapter 6, thus the thermally activated strontium diffusion

is increased significantly somewhere between these temperatures. Figure 113(b)

shows the same sample annealed for an additional 20 hours. The percent coverage

of particles is almost identical, proving that the surface state may be normalised

somewhat using a long pre-anneal step. Of course, at temperatures greater than

650°C the rate of strontium segregation will be greater and as a result increase
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8.3 summary and conclusions

the rate of surface modification. Further investigation is required at temperatures

above 650°C.

8.3 summary and conclusions

This section has shown that back-exchanges may be performed to measure the

oxygen exchange rate in any gas environment containing 200 mbar of oxygen.

However, it is clear that definition and normalisation of the surface state is of

great importance. For a material where the surface is not stable this is a non-

trivial problem. Figure 114 shows multiple sets of back-exchange experiments

performed at 650°C. Each set contained a forward exchange, back-exchange in

pure oxygen and back-exchange in ambient air3. Corresponding D, k1 and k2

values may be seen in Table 13. D was assumed to be constant between forward

and back-exchanges.

Figure 114 shows that variation in D values is small, therefore bulk diffusivity

is largely unaffected by the presence of gas phase impurities. Within each set k2

values from the back-exchange in ambient air were larger than k1 and k2 in pure

oxygen, further showing that the technique is capable of measuring exchange rate

enhancement. However, values of k1 both between and within data sets show

large variation. The technique should show identical values of k1 (and k2 in

pure oxygen), however, some are observed to increase and others decrease. There

appears to be no specific trend, therefore individual differences between each

sample are the most probably cause of the observed variation.

As has been discussed, the surface state prior to the back exchange will strongly

affect the consistency of the data within a set. However, it is not enough to explain

variance between sets. No sample is identical, and even sections from the same sin-

tered sample may have significant microstructural differences depending on the

quality of sample processing. For example, changes in the average grain size due

to poorly pressed green pellets will affect the volume of grain boundaries and

consequently the rate of strontium segregation. It is clear that ensuring experi-

mental consistency is essential to the back-exchange technique and will require

further thought in order to be applied to any material. Please see Chapter 10 for

discussion of this.

3 Back-exchanges performed in ambient air were performed in the same air conditioned room at
room temperature and approximately 30-40% relative humidity
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Figure 114: Showing D, k1 and k2 values for back-exchange sample sets.

Table 13: D, k1 and k2 values for back-exchange sample sets.

Experiment
D

(10-9cm2s-1)
k1

(10-7cm s-1)
k2

(10-7cm s-1)
θ Gas

1

2 2.6 ±0.1 N/A 0.5 O2

2.3 1.4 ±0.2 4.2 ±0.2 0.5 O2

1.8 1.4 ±0.1 6.3 ±0.1 0.5 Air

2

2 2.3 ±0.1 N/A 0.5 O2

2.5 1.6 ±0.1 3.5 ±0.1 0.5 O2

2.3 2.5 ±0.2 8.4 ±0.2 0.5 Air

3

1.9 3.5 ±0.2 N/A 0.38 O2

2.4 1.9 ±0.2 2.4 ±0.2 0.38 O2

2.4 2 ±0.1 2.4 ±0.1 0.38 Air

4

1.8 2.2 ±0.1 N/A 0.38 O2

2 4 ±0.2 3.5 ±0.1 0.38 O2

2.5 2.5 ±0.2 20 ±0.2 0.38 Air

5

2.4 3.1 ±0.1 N/A 0.38 O2

2.4 2.4 ±0.2 4 ±0.1 0.38 O2

1.8 5 ±0.1 6 ±0.2 0.38 Air
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9
T O F - S I M S E R R O R A N A LY S I S

The previous chapter outlined the methodology behind ‘back-exchange’ and po-

tential sources of systematic error explicitly for experimentation on La0.6Sr0.4-

Co0.2Fe0.8O3-δ . However, errors associated with ToF-SIMS data collection and

analysis are applicable to any sample. Due to the demand of ’fast diffuser’ ma-

terials, the line-scan technique will continue to remain relevant and thus under-

standing how errors can affect the measured materials properties is essential.

Non-linearity at the sample edge is the cause of numerous systematic errors and

can significantly alter isotopic ratio measurements if not carefully considered. De-

spite this, surface error has largely been ignored by the literature. This chapter

attempts to quantify errors associated with line-scan analysis using ToF-SIMS

and propose methodology to minimise them.

9.1 line-scan surface error

9.1.1 The Poisson Problem

Most ToF-SIMS equipment employ single count ion detectors. This means that

upon detection of an ion the detector cannot respond for a period of time as the

electronic properties of the detector recover. The time it takes for the detector to

recover is referred to as detector ‘dead time’. The dead time of a detector varies

per-instrument and also changes over time as the detector degrades through use.

According to the SIMS equation (Equation 4.2), secondary ion yield is propor-

tional to the primary ion flux. However, above a certain secondary ion yield, mul-

tiple secondary ions will impinge the detector within the dead time. This results

in a percentage of the secondary ion pulse being ‘missed’ and result in a drop
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Figure 115: A plot of measured and corrected secondary ion yield per pulse against pri-
mary ion per pulse. Recreated from [1].

of secondary ion counts. Figure 115 shows how dead time causes a reduction in

secondary ion signal as primary ion flux increases if left uncorrected.

A characteristic, and generally very useful, feature of ToF detection is the simul-

taneous detection of all mass to charge ratios as it guarantees each ion species

was collected from the same mixing region. Consequently, it is very common for

secondary ion yield to be close to or well above the threshold where dead time

effects are present1, therefore a form of correction is necessary. Stephan et al. [1]

have discussed that the most practical approach to correcting secondary ion yield

is to apply Poisson statistics2. Equation 9.1 shows the suggested correction for a

single count detector. Figure 115 also shows how the correction may be used to

ensure a linear relationship between secondary ion yield and primary ions per

pulse.

Icorr = −Nln

(
1−

Iex

N

)
(9.1)

Where Icorr is the corrected counts, Iex is the experimental data in counts and

N is the number of shots (primary ion pulses) per pixel.

1 This is particularly true when measuring oxygen as it is very readily ionised.
2 This correction method is employed by the ION-TOF SurfaceLab 6 software used in this work.
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Figure 116: Showing a schematic of (a) the effect edge rounding has on the ion beam
and (b) the effect of non-orthogonal surfaces and (c) the sputter rate of each
component of La0.6Sr0.4Co0.2Fe0.8O3-δwith respect to incidence angle.

As can be seen from Equation 9.1 the correction simply modifies the measured

ion yield by a factor rather than applying a correction associated with the exact

detector dead time. The correction factor is an exponential term which will mod-

ify the experimentally detected ion count. Therefore, larger ion counts will be

increased by a factor greater than smaller ion counts. This implies that at the to-

tal secondary ion yield remains constant such that every ion species is corrected

proportionally. This has a large implication for isotopic measurements as only

where the concentration of each isotopic species is equal will they be corrected

uniformly. For 18O/16O isotopic measurements Langer-Hansel et al. [2] found that

the ’Poisson correction factor’ (the difference between an uncorrected signal and

corrected signal count) should not exceed 3.5 and that and that this is optimised

by approximately 1 ion pulse (shot) per pixel.

9.1.2 Geometric Effects

For a flat sample, a depth profile is generally unaffected by geometric effects un-

til the roughness of the sputter crater increases. However, the line-scan technique

requires analysis at the edge of a sample. In an ideal world the two polishing

steps used in the line-scan method (Section 4.3.2, [3]) would produce perfectly

flat, orthogonal surfaces; however, in reality there will always be a degree of

edge rounding and angular mismatch (Figure 116(a) and (b), respectively). The

curvature of the rounded edge results in an uncertainty of analysis height (yerr

shown in Figure 116) related to the radius of curvature and spot size of the ion

beam. Angular miss-match will cause an effective extension of the surface (xerr
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9.1 line-scan surface error

shown in Figure 116). As the diffusion profile is orthogonal to the original ex-

change surface, the line-scan technique suffers less from uncertainty with regard

to the instaneous sputter depth. Each pixel comprising the ion image theoreti-

cally contains the same isotopic fraction regardless of its depth into the material.

Multiple sputter steps are therefore necessary in order to improve the statistics

of the diffusion profile. However, uncertainty when defining the surface position

within the ion image may have significant effects on the diffusion profile due to

the exponential nature of the diffusion profile. The first few points are asymptotic

and thus tend to have the large concentration gradient. Accurate analysis of these

points is therefore essential when measuring the surface exchange coefficient.

An additional consequence of surface unevenness is that sputter yield is in-

fluenced by the angle of incidence. Figure 116(c) shows secondary ion yield of

La0.6Sr0.4Co0.2Fe0.8O3-δwith respect to incident angle as a result of a 20 keV Bi+

primary ion beam (calculated using the Stopping Range In Matter, SRIM, soft-

ware [4]). As is shown, sputter rate increases with incident angle reaching a max-

imum at 80°; after which there is a decrease in sputter yield as incident ions begin

to arrive at a glancing angle. It is clear that direct modification to the secondary

ion yield will occur over a rounded edge of a sample.

Interaction of the primary ion beam and geometric unevenness will directly af-

fect the rate of secondary ion generation, however, it may also affect ion extraction.

In this work a TOF-SIMS5 (ION-TOF GmbH, Münster, Germany) instrument was

used to the collect SIMS ion images. The extractor lens (set at a constant height

of 1 mm) applies an electric field with a constant potential towards the sample

surface to collect sputtered ions. Edge geometry changes the angle subtended

between the electric field direction and sample surface, consequently varying the

rate of ion extraction.

Measuring the contribution each geometric effect has on the detected quan-

tity of secondary ions is a non-trivial problem, however, total ion count may be

assumed to represent the net modification of secondary ion yield.

9.1.3 Analysis Orientation

The incident angle of the analysis and sputter beam are set at 45° in the ToF-SIMS5

equipment. As a result, edges appear differently to the ion beam depending upon

if the incident beam direction is parallel or perpendicular. Figure 117(a) shows
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Figure 117: Showing (a) a schematic of an ion beam at an incident angle of 45° parallel
to the sample edge and (b) a schematic of the ion beam at an incident angle
of 45° perpendicular to the sample edge.

the beam interaction with the sample edge when the beam direction is parallel

to the edge. As can be seen secondary ion yield will be a function of the beam

spot size, radius of curvature of the edge and position along the edge. Modelling

this system is non-trivial and beyond the scope of this work, however, it is clear

to see that minimisation of the edge will reduce systematic errors.

Curvature will affect the beam in a similar manner when the sample edge is

perpendicular to the incident beam, however, depending upon the radius of cur-

vature, the beam will ’miss’ a portion of the surface of one sample; beginning

to probe the other sample below the analysis plane. Sputter yield will be altered

over the curvature as the incident angle changes, however, of particular concern

is that the ion image will be shifted in the direction of the ’missed’ sample. There-

fore, an increase in lateral uncertainty is also present in this analysis regime.

Figure 118 shows a comparison of samples prepared using method (3) (detailed

in Section 9.2) where the incident analysis beam was parallel and perpendicular

to the sample edges (achieved by simply rotating the analysis stage). The region

of non-linear ion count is seen to increase by approximately 2-3 µm, however, the

location of the sample edges cannot be confirmed from the ion images due to the

uncertainty of the edge positions.

9.1.4 Effect on Isotope Ratio

Theoretically, whatever causes a change in sputter yield, the sputter rate of iso-

topes (such as 16O and 18O) will increase or decrease proportionally as they are

chemically identical3. However, it is the absolute number of the secondary ion

3 The influence of the mass difference between isotopic species is generally considered to be negligi-
ble.

200



9.2 surface error quantification

0 20 40 60 80 100 120 140 160 180 200

 Parallel
 Perpendicular

x ( m)

In
te

ns
ity

 (a
rb

. u
ni

ts)

Figure 118: A comparison of the total ion line-scan profiles for the sample prepared using
method (3) (detailed in Section 9.2). The profiles have been normalised and
offset for comparison. A false change in non-linear ion count may be seen in
the sample aligned perpendicular to the incident ion beam.

count that will be corrected by Equation 9.1. Therefore, unless the isotopic frac-

tion was equal before correction, the isotopic ratio will be altered by applying a

Poisson correction. Figure 119 shows a back-exchange diffusion profile of a sam-

ple analysed with significant variation in total ion counts near the surface. As

can be seen the isotopic ratio (and definition of the diffusion profile) is heavily

altered by the correction. Understanding and minimising this error is vital for

both standard and back-exchange line-scan analyses.

9.2 surface error quantification

It is clear that unevenness of the sample edge must be minimised in order to

define the ‘surface uncertainty’ of a diffusion profile. The ideal edge is no edge at

all (for this reason standard depth profiles avoid these geometric errors), however,

an edge at the sample surface is unavoidable using the line-scan technique.

A relatively simple approach was taken in order to minimise, and ideally re-

move, the effect of edges during the SIMS analysis. As shown in Figure 120, two

samples were joined using a liquid-based adhesive where the gap between the

samples was completely filled. The pair of samples were then polished to remove
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Figure 119: Showing (a) a false colour image of the 18O signal and (b) the back-exchange
curves for both the corrected and un-corrected data. Total ion counts (arbi-
trary units) are overlaid over both figures.

Polish

PolishAdhesive

(a) (b) (c)

Figure 120: Showing (a) two samples adhered together using a liquid-based adhesive, (b)
the sample after polishing away the excess adhesive from the surface and (c)
further polishing to remove the edges of the sample.

any excess adhesive and the remaining curvature of the surface. In theory this

process would leave a planar analysis surface and a sharp sample edge.

To show the significance of correct sample preparation and SIMS analysis, three

experiments were performed. Five polished LSCF samples were subsequently

prepared using the following methodology:

1. A face orthogonal to the original polished surface of one sample was ground

and polished using the standard polishing regime. This sample was mounted

alone in the SIMS holder such that there was no material beyond the sample

edge.

2. Two samples were ground and polished using the same method above as

in (1). The recently polished surfaces were then attached together using a

liquid-based adhesive. Pressure was applied to ensure the gap was com-

pletely filled and the surfaces were aligned as accurately as possible. Ex-

cess adhesive on the surface was cleaned using appropriate solvents. The

attached samples were mounted in the SIMS holder together.
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Table 14: Analysis and sputter beam settings used to analyse the samples prepared using
methods (1)-(3).

Setting Bi+ Cs+

Energy (keV) 20 2

Current (nA) 0.0003 100

Beam Mode
Burst Alignment

(7 pulses)
—

Raster Area 500x500 750x750

Pixels 512x512 —

Interlacing Non-interlaced —

3. Two polished samples were exchanged for 1.5 hours at 650 °C. One sample

was then back exchanged in a O2/H2O environment for 0.75 hours. The

original polished surface of two samples were attached together using a

liquid-based adhesive prior to the second polishing step. The samples were

polished together at the same time. After polishing, no further cleaning of

the surface was required. Samples were also mounted together in the SIMS

holder.

The first experiment was set-up to demonstrate the significance of performing

a ToF-SIMS analysis on a sample with a free edge. Ideally, the adhesive join would

create a planar surface between samples in method (2) and (3); however, the sol-

vent used to clean the surface in method (2) could not be prevented from etching

away the adhesive in the gap and the polymeric adhesive exhibits a different

polishing rate to the LSCF. As such, non-planar surfaces were expected. Samples

were then analysed in the ToF-SIMS using the settings presented in Table 14.

Figure 121(a)-(c) shows false colour images of the samples prepared and anal-

ysed using methodology (1)-(3), respectively. Overlain are line-scan profiles of

the total ion counts (averaged parallel to sample surface(s)) to show the size of

the non-linear total ion count region for each sample preparation method. As

can be seen the sample with a free edge has a very large non-linear ion count

region of approximately 200 µm. The samples adhered after the second polish-

ing step displayed a non-linear ion count region of approximately 50-75 µm per

sample. A peak may be seen on the left-hand sample due to adhesive residue

unable to be removed by the solvent cleaning step. Figure 121(c) shows that the
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Figure 121: Showing false colour images of La0.6Sr0.4Co0.2Fe0.8O3-δ total ion images (ion
counts per pixel). The samples were mounted with (a) no sample at the edge,
(b) samples adhered together after the second polish step and (c) samples
glued together before the second polishing step. A total ion ‘line-scan’ is
overlaid across the image. Ion counts (arbitrary units) have been normalised
to the final data point of (a) to compare the relative ‘depth’ of the gap between
samples. Ion images were rotated by 90° to aid in comparison with the total
ion count.

samples adhered prior to the polishing step display a non-linear ion count region

significantly smaller than the previous methods.

Isolating the total effect of each geometric effect is difficult due to the compli-

cated interaction between a Gaussian shaped ion beam and the curved surface

edge. Figure 122 and 123 show the surface topography of the samples adhered

using method (2) and (3). The primary difference between the two methods is

the z-axis miss-match between the analysis plane. As can be seen, the analysis

plane of the samples prepared using method (2) are offset by approximately 18

µm, whereas, the samples prepared using method (3) appear to have a maximum

offset of approximately 200 nm. The quality of the join could not be assessed for

method (2) as, in addition to a planar offset, one sample extends over the lower

sample by approximately 8 µm. Even after tilting the stage to compensate for

the angular miss-match, the height difference was too great to resolve features

close to the edge of the both samples (the de-focussed region due to the height

difference obscured sample edges).

As can be seen from Figure 123 the gap between the samples prepared using

method (3) varies. At some points the two surfaces are in direct contact and

the gap size varies from approximately 1-5 µm in width. Figure 124 shows a

direct comparison between a line-scan of the total ion count and the average

topographic profile across the gap4. The large aspect ratio at the base of the gap

4 This was produced in the same way as an ion image line-scan. Pixels, perpendicular to the sample
edge, were averaged to produce a single profile.
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Figure 122: Showing a false colour WLI image of the gap between samples prepared
using method (2). The ’overhang’ between samples may be seen from the
linescan profiles (below).

-4 µm

1 µm

0 150

105

0

y 
(µ

m
)

x (µm)

Figure 123: Showing a false colour WLI image of the gap between samples prepared
using method (3). As can be seen the gap is non-uniform and in some places
the samples are directly in contact. Representative profiles have been taken
from a region where the samples are touching, a large gap and a small gap.

205



9.2 surface error quantification

5.5 µm 4 µm

Figure 124: A direct comparison between the total ion and topographic line-scan profiles
showing the non-linear ion count region to be between approximately 4-5.5
µm. The profiles have been normalised to the final data point and aligned to
the minima of each profile.

will prevent secondary ions from escaping, therefore it has been assumed that

the minimum secondary ion count is (on average) at the centre, and therefore

bottom, of the recess. Consequently, the profiles have been aligned to the minima

of each profile. The profiles were then normalised to the final data point as the

linear region of the ion image and topography are effectively equivalent. The non-

linear ion count region of each sample could then be estimated to be between 4

and 5.5 µm per sample.

With a reasonable value for the non-linear ion count region it is then possible

to assess potential error in measured self-diffusivity and surface exchange val-

ues. Using the measured non-linear ion count region and alignment of the total

ion image the data point corresponding to the true edge of the sample could

be located. With this, the completed diffusion profile could then be constructed

with the erroneous data points included. To date, line-scan profiles throughout

literature neglect to define how they have calculated the ‘surface point’ within

presumably present non-linear ion count regions of a line-scan profile. As a re-

sult the D and k values presented may have a large degree of error depending

upon how the data was treated. If only a line-scan profile was collected, it may be

assumed that the data within the non-linear ion count region was either excluded

and extrapolated for.
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(a) (b)

Figure 125: Showing the effect of extrapolating or ignoring the non-linear ion count
region of the diffusion profile for (a) a forward exchange and (b) a back-
exchange. The linear region indicated on the graphs only applies to the ex-
trapolated curve.

To investigate the effect exclusion and extrapolation has on the self-diffusivity

and exchange coefficient, a forward and back-exchange diffusion profile was anal-

ysed by excluding or extrapolating for the non-linear ion count region. Figure 125

shows a comparison of the measured diffusion profiles for the sample prepared

using method (3) (D was held constant for the back-exchange). Table 15 shows

the comparative self-diffusivity and surface exchange coefficients with the per-

centage difference between the excluded and extrapolated values indicated in

brackets. Simply observing shift in the profiles it is clear to see that by exclud-

ing the non-linear ion count regions, values of D and k will be reduced. The

self-diffusivity for both exchanges is relatively unaffected by the shift, however,

the shift in surface concentration has a strong effect on k values. The forward

exchange saw k1 increase by 54% between the two methods of data treatment.

Between the surface and the peak of a back-exchange curve, k1 and k2 strongly

influence the surface concentration and peak position. By excluding the non-

linear ion count data, the peak position is shifted by a relatively large amount

and a correspondingly large change in k2 of 315% may observed in this partic-

ular data set. Excluding the data is unsuitable and as such must be considered

when analysing both forward and back-diffusion profiles. Extrapolation is possi-

ble, however, assumes that the surface and sub-surface of the material behaves

identically to the bulk. Depending on the sample in question, this may be an

unsuitable method of analysis.
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9.3 summary and conclusions

Table 15: Cation ratio at the surface for LSCF samples annealed in pure oxygen and am-
bient air. Where Exc. = excluded data and Extp. = extrapolated data.

Sample

D
(Exc.)
(10-10

cm2s-1)

D
(Extp.)
(10-10

cm2s-1)

k1
(Exc.)

(10-8 cm
s-1)

k1
(Extp.)

(10-8 cm
s-1)

k2
(Exc.)

(10-8 cm
s-1)

k2
(Extp.)

(10-8 cm
s-1)

FEx 5.4
6.8

(25%)
1.7

2.6
(54%)

— —

BEx 7.7 8.3 (8%) 0.9
1.1

(22%)
84

349

(315%)

Chater [5] suggested that in addition to a line-scan the first ‘few micrometres’ of

the diffusion profile must be measured by depth profiling the original exchange

surface prior to the line-scan. The two data sets may then be combined in order to

provide ‘complete’ diffusion profile with a high degree of certainty over the first

few data points. However, the non-linear ion count region must be well defined

in order to locate the true surface position of the line-scan profile; thus enabling

the two profiles to be combined accurately5.

9.3 summary and conclusions

High oxygen self-diffusivity is a desirable materials property for the next gener-

ation of MIEC materials, thus, the line-scan technique will continue to be remain

a relevant technique. Additionally, the prevalence of using ToF-SIMS to measure

isotopic ratio is on the rise. To date, errors due to both sample preparation and

data treatment has been largely ignored by the literature, however, this chapter

has shown that it is essential to understand and define the non-linear ion count

region of the sample to provide an accurate diffusion profile. Sample preparation

is key in achieving a small non-linear ion count region. The methodology of ad-

hering two samples together prior to the second polishing step has been shown

to reduce the non-linear ion count region to approximately 5 µm or less, however,

this length scale is still sufficient to alter surface exchange coefficient values for

forward and back-exchanges. As suggested by Chater [5] a depth profile of the

5 The depth profile cannot be performed after adhering the samples, thus the non-linear count region
of the samples must be estimated. Multiple samples were fabricated throughout this work and the
non-linear ion count region ranged from approximately 4-7 µm. It is therefore sensible to depth
profile within this depth range.
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9.3 summary and conclusions

original exchange surface should be performed prior to line-scan analysis in or-

der to obtain accurate data from the first few points of the diffusion profile within

a line-scan. The depth required for this step must extend beyond the non-linear

ion count region, however, this must be estimated as the samples cannot be depth

profiled once adhered together.
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10
C O N C L U S I O N S A N D F U T U R E W O R K

This thesis has presented work analysing surface exchange and surface microstruc-

tural properties of the La0.6Sr0.4Co0.2Fe0.8O3-δmaterial system after exposure to

ambient air atmospheres. Microstructural changes were observed in-situ using

High-Temperature Environmental Scanning Electron Microscopy (HT-ESEM) and

correlated directly to the domain structure observed using Electron Backscattered

Diffraction (EBSD). Exchange properties in ambient air were assessed using the

novel ’Back-Exchange’ technique and it was shown that the presence of common

oxygen containing contaminant species such as CO, CO2, H2O, SO2 and NOx

affect the oxygen exchange rate.

10.1 conclusions

Microstructural Observations: Microstructural changes were observed under four

different atmospheres: pure oxygen, pure water, ambient air and a vacuum (re-

ducing environment). In all atmospheres particles were observed to grow on the

surface of the sample. The onset temperature and rate of growth varied between

atmospheres, however, a number of common observations were made: (a) only

strontium-based particles were observed, (b) particles were seen to grow both on

the grain boundaries and the centre of the grain, (c) defects such as scratches in-

duced during polishing were preferable nucleation sites and (d) particles would

agglomerate above a particular temperature in each atmosphere.

In the pure oxygen regime particle growth occurred from 750-800°C with a sur-

face coverage of approximately 17%. Under pure water particle growth is rapid

from 850-1000°C reaching a maximum surface coverage of approximately 40%.

Agglomeration occurs above 1000°C and very large particles were formed. Al-

though the experiment was stopped after only a couple of hours, it would appear
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10.1 conclusions

that the surface would eventually be covered completely by the agglomeration of

the strontium-based particles. Under ambient air the onset of particle growth did

not occur until 1000°C and was seen to cover approximately 17% of the surface.

The delayed growth was attributed to the gradual decomposition of Sr(OH)2 and

SrCO3 formed due to presence of CO2 and H2O. Under a vacuum particle growth

was observed, however, oxygen lost as a result of the chemical potential gener-

ated by the reducing environment was the source of oxygen for particle formation

(rather than the atmosphere). Interestingly, particle growth behaviour was similar

to that seen in ambient air. It was also observed that a defect induced by polishing

did not contain any particles, thus, it would appear that without the presence of

an oxygen containing atmosphere the surface transport of strontium is inhibited

due to the low concentration of oxygen ions adhered to the surface. Mechanical

damage often forms dislocations within the bulk of the material and it is often the

case that dislocation networks exhibit enhanced transport properties due to the

presence of additional point defects. It has been shown that diffusion of strontium

is enhanced within grain boundaries of perovskite materials [1], therefore, it may

be speculated that mechanical damage may also exhibit a similar enhancement.

However, this cannot be determined from the data in this work.

La0.6Sr0.4Co0.2Fe0.8O3-δ readily forms twin domains. Direct comparison between

the HT-ESEM and EBSD data showed that the twin structure affects particle

growth as particles were seen to grow along twin habit planes. It was observed

that two twin habit planes co-exist within La0.6Sr0.4Co0.2Fe0.8O3-δ : the (001) and

(120) plane in the trigonal phase. Bi-sector analysis showed that the (001) habit

plane influences the location of particle growth and agglomeration on the sur-

face of each grain. It was unclear whether the (120) had any effect upon particle

growth. At one particular grain orientation neither habit plane appeared to affect

particle growth as a homogenous distribution of particles on the grain surface

was observed. Due to the pseudo-symmetry problem it was not possible to ac-

curately define each grain’s orientation, therefore, comparison between the HT-

ESEM and EBSD data required fitting the most appropriate result. As discussed

below, further work is required to confirm these results.

Exchange Rate Analysis: To date, much of the experimentation regarding oxygen

surface exchange properties has been performed in pure oxygen atmospheres

in order to isolate the effect of oxygen, however, real SOFC systems aim to use
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ambient air as a cathode gas stream in order to reduce costs. As such, the back-

exchange technique was developed in order to quantify surface exchange rates

in any gas environment. This thesis presented the initial experimental work per-

formed using the technique in conjunction with the numerical methods in Dr. S.

Cooper’s thesis. The validity of the technique was demonstrated by a series of

three experiments: (a) a standard forward exchange, (b) back-exchange in pure

oxygen and (c) back-exchange in ambient air. The exchange rate was observed to

be approximately equal ’in’ and ’out’ during the pure oxygen back-exchange and

an enhancement of the oxygen exchange rate was observed during the ambient

air back-exchange. This result shows that the technique may be used to distin-

guish changes in exchange rate. However, discrepancies between k1 values were

observed over multiple samples, suggests that accurate sample preparation and

analysis is required to discern small changes in k values.

Materials with relatively high self-diffusivity values are often required to be

analysed using the ’line-scan’ methodology. This work discussed the errors asso-

ciated with this technique with respect to analysis using ToF-SIMS and Poisson

correction. It was shown that with good sample preparation the errors associated

with the surface could be limited to approximately 5µm or below, however, it is

of the opinion of the author that it is still necessary to perform a depth profile

for the first few microns in order to produce an ’accurate’ or ’complete’ diffusion

profile.

10.2 mechanistic conclusions

In this thesis: (1) HT-ESEM has shown that strontium-based particle growth in

La0.6Sr0.4Co0.2Fe0.8O3-δ occurs in many environments, (2) HT-ESEM in combina-

tion with EBSD has shown that particle growth and agglomeration is influenced

by the underlying microstructure and (3) SIMS based experiments have shown

that particles ‘block’ the catalytically active surface of the material and themselves

do not facilitate the reduction of oxygen.

It is known that particle formation is limited kinetically rather than thermody-

namically [2], however, the mechanisms for particle growth have yet to be fully

defined in the literature. The data presented in this work cannot be used to explic-

itly explain the mechanisms that are occurring at the surface of LSCF, however,
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Figure 126: Schematic of the proposed particle formation process. The numbers in the
figure may be related to the corresponding process described in the text.

as shown in Figure 126, the following process for particle formation may be sug-

gested:

1. Strontium segregates to the surface.

2. Once at the surface the strontium forms a monolayer as shown by LEIS data
in this work and by Druce et al. [2].

3. Over time, sufficient strontium reaches the surface to form strontium-based
particles as shown by Oh et al. [3] and the HT-ESEM data in this work.

4. Nucleation occurs preferentially at grain boundaries as shown in the HT-
ESEM data due to the increased strontium segregation rate (greater Sr2+

diffusivity).

5. Mechanically induced defects may also act as a heterogeneous nucleation
sites if surface transport of Sr2+ and O2- species is facile.

6. Agglomeration occurs due to surface transport of the strontium1.

This generalised process describes what was observed, however, specific mech-

anisms may be speculated from the data in this work and the literature. Stron-

tium ions segregate as a reaction to a charge difference between the surface and

the bulk [4] and tend to form charge neutral Sr-O layers at the surface. Due to

the presence of a strontium concentration gradient and other elements it is not

strictly a ‘monolayer’ that forms, however, it may be considered analogous. As

the concentration of Sr2+ species increase it is believed that the monolayer begins

to ‘saturate’ and forms SrO particles in order to compensate.

1 It should be noted that the HT-ESEM data shows agglomeration occurs more rapidly in the pres-
ences of oxygen-containing gaseous species, thus it may be speculated that the monolayer facilitates
surface transport of strontium.
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In pure oxygen the particle formation process should not deviate from the

generalised process and it may be assumed that SrO or SrO2 [5] particles form

directly. However, in the presence of water vapour and/or CO2 the particle for-

mation process is more complicated. In previous work, it has been shown that the

dissociation of H2O and CO2 occurs at a different rate to O2. In this work, it was

seen that particle growth rate varied depending upon the atmosphere and it is

believed to be associated with the formation of additional phases on the surface

of the material prior to particle formation.

LEIS surface spectra has shown that as anneal time and temperature increase

the only cation remaining at the surface is strontium, therefore, it may be as-

sumed that a monolayer of a strontium-based phase is formed at the surface. In

the presence of water, it has been proposed that chemisorbed hydroxyl groups

sit on the surface of the material [6], therefore, segregating strontium will react

to form Sr(OH)2. In pure oxygen particle growth was observed at approximately

700°C, however, in pure water particle growth was not observed until approxi-

mately 850°C. Sr(OH)2 is stable below 800°C, therefore, it may be speculated that

particle growth only occurs after the decomposition of Sr(OH)2 into SrO:

Sr(OH)2 ⇀↽ SrO+H2O(g) (10.1)

The mechanisms by which the SrO decomposition product grows into a par-

ticle cannot be determined from this work, however, it can be speculated that

particles will only grow as SrO (or SrO2) and not as Sr(OH)2. An ’outer layer’

at particle-environment interface may form Sr(OH)2 in equilibrium with the gas

phase, however, at high temperature it is likely to decompose readily and con-

tinue SrO particle growth.

In an ambient air environment a similar observation was made, however it is

suggested that the surface monolayer would be comprised of both Sr(OH)2 and

SrCO3

2. In the presence of H2O and CO2 the Sr(OH)2 phase is thermodynam-

ically stable below 400°C. From 400-800°C the Sr(CO)3 phase is the stable and

above 800° the SrO phase is stable. Therefore, above 800°C, a similar behaviour is

observed where the phases comprising the monolayer decompose and form stron-

tium based-particles. In ambient air the onset of particle growth was delayed to

2 It is possible that a hydroxyl-carbonate phase exists, however, there is currently no evidence to
suggest this.
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950°C, suggesting that the energy cost of Sr(CO)3 decomposition is greater than

that of Sr(OH)2.

From the experiments performed here it is unclear if pure Sr(OH)2 and SrCO3

particles would form if annealed at lower temperature in pure H2O or CO2 en-

vironments. As these processes are kinetically limited it is suggested that SrO

particles will still form as described above, however, at a lower rate.

In a vacuum (reducing environment) the process is similar, however, the low

supply of oxygen appears to prevent surface transport of strontium due to low

agglomeration rates of the particles. This would suggest that the formation of the

monolayer influences the surface transport rate of strontium. The high agglom-

eration rate seen in pure water corroborates this hypothesis, however, further

investigation is required to confirm this.

10.3 future work

The work performed in this thesis is the first instance of using both HT-ESEM

and back-exchange for the analysis of a SOFC cathode material. Careful consid-

eration has been carried out to ensure the data collected from each technique

was accurate, however, this limited the time available to explore additional exper-

iments.

Firstly, the back-exchange technique requires refinement in order to validate

small changes in k values. The observed variation in k1 is believed to be attributed

to minor microstructural differences between samples. Therefore, the validation

experiment must be repeated, taking extra care to characterise each step during

sample preparation to ensure that the surface of each sample is effectively identi-

cal. It would also be preferable to introduce diffusion profiles short enough to be

analysed with a depth profiles in order to eliminate errors due to the line-scan

technique.

The overarching aim of this thesis was to expand current experimentation tech-

niques by using experimental conditions more representative of a real SOFC.

Therefore, it would be interesting to repeat the same studies whilst applying

an electrical bias across the sample as it is currently unknown what effect an

electrical bias has on the microstructural degradation of these materials.

Finally, to confirm which twin planes are present within each grain, Transmis-

sion Electron Microscopy (TEM) should be performed. The resolution capable by
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this technique allows the observation of individual atoms and thus the stacking

of a system. A FIB-section taken across twin domains from multiple grains may

be used to quantify the precise habit plane in each grain. Given the small amount

of material removed it would then be possible to re-analyse the same sample in

the HT-ESEM to confirm or rebut the results discussed with the EBSD data.
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A
A P P E N D I X

a.1 isotopic exchange methodology

1. It is good practice to leave the equipment under vacuum in between experi-
ments/users. Therefore, the first step is to introduce a gas (16O or Nitrogen
depending on the setup) to raise the experimental chamber to ambient pres-
sure.

2. The quartz tube is then removed and samples placed into the sample holder.

3. Using a fresh copper seal, the quartz tube is then re-attached to the flange
and tightened to create an air tight seal.

4. The low pressure gauge must be turned off to prevent damage under expo-
sure to pressures above its operating limit.

5. At this point the attached nitrogen cylinder should be opened to fill the gas
line, then closed once the pressure is stable.

6. The pumping system must now be turned off and sufficient time should be
left such that the turbomolecular pump rotation is below 10 Hz.

7. The gate valve of a system may now be opened.

8. The pumping system may now be turned on again.

9. When the rotation of the turbomolecular pump reaches 450 Hz the low
pressure gauge may be turned on again1.

10. It is necessary to wait until the pressure of the system is below 2 x 10
-7

mbar.

11. When the pressure has dropped sufficiently the gate valve may be closed.

12. The relevant gas now may be introduced. For the pre-anneal step this will
be 16O.

13. The data collection must be set up and set to record. In this work the soft-
ware collected the chamber pressure and thermocouple temperature every
2 seconds.

1 To ensure the high vacuum will spark
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14. The furnace may now be lowered over quartz tube such that the sample is
in the hotzone. This was considered t = 0 for the experimental anneal time.

15. Once the desired anneal time has finished the furnace is lifted off the quartz
tube and the sample is allowed to cool to room temperature.

16. Data collection may now be stopped.

17. Steps 4 - 11 must now be repeated in order to pump the system.

18. Steps 12 - 15 may now be repeated, however, the enriched gas must be
introduced to the sample chamber.

19. Upon completion the leak valve is opened and the RGA is turned on.
Masses 16, 18, 32, 34 and 36 are measured until there is linear measure-
ment is achieved.

20. Once the RGA data has been collected the leak vale may be closed and the
RGA turned off.

21. To recover the enriched gas, the reservoir must be enveloped in liquid ni-
trogen.

22. When the pressure of the reservoir is below 1 mbar the reservoir valve may
be opened to recover the gas.

23. Step may is repeated to increase the chamber pressure once again.

24. The quartz tube is then removed and samples may be removed.

25. If another sample is to be exchanged the process is started again.

26. If not, steps 4 - 11 are repeated to pump the system.
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