
Mass Transport in Mixed Conducting

Perovskite Related Oxides

CYNTHIA K. M. SHAW

A Thesis submitted for the Degree of Doctor of Philosophy of the University

of London and for the Diploma of Imperial College

The Department of Materials,

Imperial College of Science, Technology and Medicine,

Prince Consort Road,

London, SW7 2BP.

August 2001



To my mother and father



Abstract

ABSTRACT

Mixed ionic electronic conducting oxides of the perovskite structure have attracted

great interest in the field of solid oxide electrochemical devices. Their ability to

allow potentially fast oxide ion transport has made them particularly suited for

applications such as Solid Oxide Fuel Cells and Air Separation Membranes. The

driving force in these technologies at present, is to lower the operating temperature

of these systems, thereby making them more commercially viable through the

optimisation of the materials' stability and electrical properties. This study has

focused on the mass transport properties of two mixed transition metal materials, a

Lao.6Sro.4Coo.98Nio.o2038 (LSCN) perovskite and the perovskite related K2NiF4 type

La2Ni1..CoO4+a compounds, with regards to their application in such devices.

The oxygen transport properties of LSCN have been determined using the oxygen

isotope exchange depth profile (IEDP) technique in conjunction with Secondary

Ion Mass Spectrometry (SIMS). The oxygen diffusion and surface exchange data

obtained have enabled the polarisation behaviour of porous LSCN electrodes to be

defined. Composite LSCN-Ceo.9Gdo.iO2. electrodes were investigated, and a

reduction in electrode resistance was determined through the optimised addition of

CGO. The mechanical and chemical stability of LSCN under practical operating

temperatures have been measured and related to long term stability in typical SOFC

assemblies.

The phase stability and the effect of preparation conditions under different

atmospheres on La2NitCoO4+a compounds were examined using high

temperature X-ray diffraction. Fast oxygen uptake at low temperatures was

observed in these studies indicating rapid oxygen diffusion, which was confirmed by

isotope exchange investigations. The oxygen diffusion and surface exchange data

obtained from IEDP-SIMS measurements of La2.Nio. 8Coo.204+8 have enabled

suppositions to be made regarding the reduction process and aided further

interpretation of the defect model for these oxides.
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CHAPTER 1 GENERAL INTRODUCTION

1.1 INTRODUCTION

The history of ceramics stretches back to earliest civilisations, yet the utilisation of

ceramics in the electrical industry is relatively new, taking place only in the past

hundred years. Gradually over the last century, the diverse array of properties such

as magnetic, optical, electronic and ionic conductivities has been discovered. The

development and exploitation of these interesting properties for advanced

technological applications have ensured that the 'electroceramics' industry is a vital

and extremely valuable one.

For most of the past century, the primary uses of ceramics have stemmed from their

insulating and dielectric properties. The first use of ceramics in the electronics

industry dated back to the early 1900's for isolating electrical conductors and

electrical fire elements [1]. Later on, the dielectric properties of ceramics were

exploited after the ferroelectric properties of the perovskite material barium titanate

were reported [2]. This led to the discovery of a whole range of interesting electrical

and magnetic properties in materials with the perovskite structure. Further interest

in perovskites was fuelled in 1986 by the discovery of superconducting properties in

the perovskite related cuprate oxides [3].

One of the more interesting properties of certain electroceramics is their ability to

conduct oxide ions. Probably the best known ionic conductor is yttria-stabi]ised

zirconia [4]. The first application based on this principle of ionic conduction in

ceramics was during the 1890's with the 'Nernst Glower'. A rare earth doped

zirconia was used as a filament that produced white light when raised to high

temperatures and by the passing of current. Present day attention however is

focused on the application of oxide ion conductors in high temperature solid state

electrochetnical devices such as the Solid Oxide Fuel Cell (SOFC) [5], air separation

membranes [6] and electrochemical reactors [7].
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The mechanism of ionic conduction occurs in fluorite oxides because of oxygen

vacancies incorporated in the structure. Another important class of materials that

can also possess high levels of oxygen vacancies, and thereby exhibit high oxide ion

conduction, is the perovskites. Extensive studies have been carried out over the

years to determine the oxygen transport properties in both these classes of oxides.

Other potentially interesting ionic conductors are the oxides with the K2NiF4

structure. These oxides differ from fluorite and perovskite materials in that ionic

conduction is believed to occur via oxygen interstitials, and now they represent a

new class of materials for the study of oxygen transport properties. This work

examines the properties of the perovskite Lao.6Sro.4Coo.98Nio.o2O3.8 and also the

K2NiF4 series of compounds La2Ni1..CoO4+8, with the aim to apply these materials

in solid state electrochemical devices.

1.2 PEROVSKITE STRUCTURE

Perovskites of the general formula ABO3 found their name as a result of their close

crystal structure to the mineral CaTiO3. This mineral was given the name

Perovskite' after the Russian Statesman, Count Perovskii by the geologist Gustav

Rose in the 1830's [8]. It has since been estimated that more than half the earth's

crust consists of minerals with the perovskite structure. There are many different

ternary perovskite compounds of the formula ABO3, for which the A and B cations

can differ greatly in size. The packing of atoms can be considered to form a

derivative of a face centered cubic structure. The large A cation and oxygen, form a

cubic close packed array, whilst the smaller B cation occupies the octahedral sites in

the lattice and has only oxygen as its nearest neighbours. The illustration in Fig. 1.1

shows the A cation occupying the body centre of the cube and possessing twelve-

fold co-ordination, whilst the B cation has six-fold co-ordination.
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Figure ii Ideal cubic perovalcite structure

The perovskite structure may alternatively be regarded as a large framework

consisting of corner sharing B0 6 octahedra with A cauons filling the voids. Each

oxygen atom in an octahedron is shared with another octahedron such that all the

octahedra are linked at the corners to form sheets, resulting in a large three

dimensional network as shown in Fig. 1.2.

Figure 1.2 Extended view of the perovaldte structure as a three dimensional framework of B06

octahedra, with A cations occupying the interstices
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Perovskites can form with various stoichiometries (A mBnO3) with the provision that

electrical neutrality is maintained, i.e. m + n = +6, thus allowing perovskites to be

classified according to the valences of the A and B cations. Oxides of the form

KITaVO3 (1,5), the classic BaITiWO3 (2,4) and LamGamO3 (3,3) are examples of

perovskites that are known to exist. Although there can be many combinations of

A and B cations, the perovskite structure can only form when the criterion for the

ionic radii of A, B and oxygen ions is satisfied. This is defined by the Goldschmidt

tolerance factor, t, which determines the tolerance limits for the perovskite structure

[9],

ra + r0

=	 + r0)

where ra, i, and r0 are the radii of the A and B cations and oxygen ions respectively.

The ideal cubic perovskite structure is obtained when t equals 1. However this

occurs rarely, and only values close to 1 are achieved in practice. The perovskite

structure will only form for values of t, where 0.75 <t < 1 [10]. As the value of t

decreases from 1, the structure deviates from cubic, resulting in rhombohedral or

orthorhombic distortions. At elevated temperatures there is the tendency for a

distorted perovskite structure to adopt a higher symmetry [11].

Not only can perovskites withstand significant distortions to its structure, but they

can also tolerate high degrees of nonstoichiometry on both the A site and oxygen

sublattice. The most extreme example of cation nonstoichiometry is the compound

Re03, which is stable in the absence of A-site cations [12]. The three dimensional

network of ReO6 octahedra exists as for the perovskite structure described in Fig.

1.2, but in this case all the interstices or A sites are empty. For many perovskites

however, anion nonstoichiometry is far more prevalent. Most observed cases report

oxygen deficiency or hypostoichiometry, i.e. ABO3.a. For certain perovskite

compositions, values of 6 may be even greater than 0.5 [13]. However with such

high degrees of nonstoichiometry, new ordered structures such as the

brownmillerite structure can be formed [14]. This A 2B205 (ABO5) structure can be

considered as a highly oxygen deficient perovskite with an ordering of oxygen

vacancies. At sufficiently elevated temperatures, these oxygen vacancies will

disorder [5].

(1.1)
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1.3 K2NIF4 STRUCTURE

Of interest to this study, in addition to the dassic perovskite, is the closely related

K2NiF4 structure. Balz and Plieth [15] were the first to describe the K2NiF4

structure and show its dose relation to the perovskites. Considerable interest in

these materials was initiated in 1986, as a result of a breakthrough in the field of

superconductors by Bednorz and Muller [3], who discovered that a high temperature

superconducting transition of 30K in a La-Ba-Cu oxide could be attained. This

oxide was a mixture of several phases, but critically, the superconducting phase was

identified as a mixed valence copper compound La2..Ba1CuO4.

The ideal K2NiF4 structure is tetragonal and consists of alternating ABO 3 perovskite

and AO rocksalt layers, as illustrated in Fig. 1.3. The A cation possesses 9 fold co-

ordination between the layers, whilst the B cation retains the 6 fold co-ordination

(as for the perovskite). As a consequence of the layered structure, the B06

octahedra are linked only by the equatorial anions.

Figuxe 1.3 K2NiP4 crystal structure
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Compounds of the K2NiF4 structure are generally termed 'Ruddlesden-Popper'

phases after Ruddlesden and Popper [16] who investigated some of the first

compounds with this structure described earlier by Balz and Plieth [15]. This

K2NiF4 phase is described as the first member of the Ruddlesden-Popper series

with the general formula A+1BO3+1. The structures of these compounds consist

of n ABO3 perovskite layers sandwiched between AU rocksalt layers along the

crystallographic c axis. There can be many compounds with any number of 'n'

layers. To deal with the number of combinations is beyond the scope of this study;

only the simplest of the structures, where n = 1, has been investigated.

Similarly to the perovskites, attempts were made to investigate the relationship

between the crystallographic parameters and the size of cations present in oxides of

the K2NiF4 structure. The Goldschmidt tolerance factor, defined for the perovskite

structure, was found to also hold for the tetragonal K2NiF4 structure, but with a

narrower defined tolerance limit of 0.85 < t < 0.99 [17]. By using a 'method of

invariants', Poix [18] was able to propose a relation between the average cation-

oxygen distances of the 9 and 6 fold co-ordinations associated with the A and B

cations respectively and the volume of the tetragonal unit cell,

0.99615V = i3 B +4'A'J	 (1.2)

where A and B are invariant values and V is the volume of unit cell. Besides the

most commonly observed tetragonal K2NiF4 structure, A2B04 oxides with other

distorted tetragonal forms of K2NiF4, orthorhombic and monoclinic structures have

been reported to exist [19,20].

Similarly to the perovskites, K2NiF4 type oxides can also tolerate a wide range of

anion nonstoichiometry. The tendency is for these oxides to be

hyperstoichiometric, i.e. A2B04+8, with values of 8 up to 0.25 quoted [21]. This

oxygen excess is in the form of interstitials, which are accommodated between the

rocksalt layers. K2NiF4 type oxides can also exhibit oxygen hypostoichiometry,

however, where such cases have been observed, it was found that these oxides are

slightly A site cation deficient [22,23].
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1.4 MASS TRANSPORT IN SOLIDS

Solid state diffusion occurs when a system is subject to a chemical or

electrochemical potential gradient and when the diffusing species has sufficient

mobility. In the absence of a concentration gradient however, diffusion occurs by a

random Brownian motion or random walk process with no net flow of mass.

The mass transport process is described by Fick's laws of diffusion [24]. The first

law states that the flux of the diffusing species is proportional to the concentration

gradient and occurs in the direction of decreasing concentration,

J = _Dc.J	 (1.3)

where J is the flux across an interface (number of diffusing species per unit area per

unit time) and dC/dx is the concentration gradient. The constant of

proportionality, denoted by D (cm2s 1), is the diffusion coefficient or diffusivity.

This diffusion parameter is usually a function of temperature. More often though,

the determination of concentration as a function of time is required. This is

described by Fick's second law, which expresses the change in concentration of the

diffusing species at a given distance x with time t,

ôt	 ôx	 2)
	 (1.4)

1.4.1 Crystal Defects

Crystals are not ideal in structure; the perfect crystal can only exist theoretically at

absolute zero. At any real temperature, all crystals contain various imperfections or

defects. The type and number of these defects control the rate at which matter is

transported through a solid, and are therefore responsible for many of the

properties exhibited by ceramics. It is well established that both electronic and ionic

conduction take place because of the presence of defects.

In a crystal, a finite number of defects n will always be present as a means of

reducing the free energy of the system. For the creation of a defect, a certain

amount of energy iH is required, and as a consequence of the large number of sites
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this defect could occupy, this energy change is accompanied by an increase in the

configurational entropy of the crystal. The free energy change EG will thereby

decrease as the energy for defect formation is more than compensated by the gain in

entropy,

iG=nAH—ThS	 (1.5)

As more defects are introduced, the enthalpy term and the associated entropy both

increase, and the free energy continues to decrease. When the defect concentration

is such that the introduction of further defects causes little change in the entropy as

the crystal is already highly disordered, the enthalpy term will continue to increase

and in turn, the free energy increases also. Further defect formation would

therefore not be energetically favoured. A minimum in free energy (Fig. 1.4) occurs

where an equilibrium defect concentration has been achieved.

nH

I	 Free Energy

- Entropy —TiS

Defect Concentration n

Figure 1.4 Changes in energy on introduction of defects into a crystal (from [12])

1.4.2 Point Defects

The defects responsible for the transport of mass and electrical charge are termed

point defects. These point defects are associated with one lattice point and its

immediate vicinity. The principal point defects are illustrated in Fig 1.5. The point

defects that are formed in crystals can be a vacancy, where an ion is absent from its

lattice position; an interstitial, where the ion occupies a site not normally occupied in

the regular lattice; and a foreign ion introduced either as an impurity or a dopant,

with the latter purposely added to adjust the properties of a crystal.
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Self-Interstitial	 Q	 Self Interstitial

0•

.o.o..o Vacancy

0•0•0•0•
Substitutional

__________ Jn)wity
0• .•;.	 Interstitial

Figure 1.5 Point defects in a binaiy oxide

When dealing with ceramics, these point defects usually possess an effective charge.

In order to describe these various point defects, it is essential to use a dearly defined

notation system. The conventional system is the Kröger-Vink notation, which

provides information about the nature of the atomic species, the site it occupies and

the effective electrical charge.

Table 1.1 lists the Kröger-Vink nomendature for the different types of ionic

defects, taking MO (i.e. M2 and 02) as the reference lattice. The effective charge

of an atomic species in Table 1.1 is represented in three ways:

positive effective charge

negative effective charge -

neutral effective charge

Symbol

(IX

ç'1'Jo

M

'7••
V0

o

Definition

Cation on regular lattice site

Oxygen ion on regular lattice site

Cation vacancy

Cation interstitial

Oxygen vacancy

Oxygen interstitial

Table 11 Kroger-Vink nomenclature for ionic defects in a MO lattice
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In an ionic lattice, it is imperative that for any charged defect created, compensation

takes place by the creation of one or more defects of same charge but with opposite

sign, ensuring that the electrical charge neutrality of the crystal is maintained. When

formulating defect reactions, not only should the electrical neutrality be preserved,

but the mass balance and site ratio must also be maintained.

Two types of disorder can be generated in ceramics, Scbottkj and Frenkel disorder.

These are termed int7insic defects as they form at all temperatures above absolute

zero. Schottky disorder is unique to ionic crystals, as both cation and anion

vacancies are created simultaneously. The formation of Schottky disorder involves

the transfer of a cation-anion pair (for a binary compound) from their regular lattice

sites to an external surface, creating a vacancy pair. This reaction may be expressed

as

'o,-vj +v •	(1.6)

where '0' (null) denotes a perfect crystal. The second type of disorder is a Frenkel

defect, where an atom leaves its regular lattice site and occupies an interstitial site.

This can occur for both cations and anions in ionic compounds. It should be noted

that anion Frenkel defects are more commonly referred to as anti-Frenkel. The

creation of Frenkel and anti-Frenkel disorder respectively may be given by the

following,

MV+M	 (1.7)

0	 v+o
	

(1.8)

It has become increasingly clear that simple point defects can often be more

complex. With a random distribution of point defects, a situation whereby two

defects occupy neighbouring sites forming a defect associate or cluster can arise.

These clusters are considered to be defects in their own right. In ionic solids, point

defects have an effective charge and can therefore be attracted to each other due to

Coulombic forces. For example, defect associations can form between a strontium

ion and an oxygen vacancy to give	 } in Lal.1SrCo03 [25]. It has been

reported that these defect associations can order locally over several hundred

Angstroms, forming microdomains [26]. This can have a profound effect on the
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properties of a ceramic, such as oxygen transport, which relies on the disordered

state of a material [27]. In fluorite oxides such as doped ceria and zirconia, these

defect interactions have been found to be significant [28].

In addition to structural point defects, disorder in the electronic structure can also

exist. Using Kroger-Vink notation, a free electron is represented by e', whilst a

missing electron or electron hole is denoted as h. In a perfect crystal at absolute

zero, all electrons would occupy their ground state, or lowest energy configuration.

Electronic disorder arises because at any real temperature, excitation of electrons

into higher energy levels occurs. This intrinsic disorder is given by the reaction

'	 ,	 ,0 -e+h (1.9)

The formation of the aforementioned intrinsic defects (ionic and electronic) is

temperature dependant. The concentrations of these defects are very low at

temperatures well below the melting point of the solid. To increase the levels of

defect concentration, extrinsic defects in the form of dopants are introduced into the

solid. The type and concentration of dopant added to a crystal system can vary

enormously and can therefore be used to tailor specific properties. The defect

models associated with the oxides of interest to this study are discussed in chapter 3.

1.5 MECHANISMS OF DIFFUSION

Lattice diffusion, also referred to as bulk diffusion, takes place through the

movement of point defects. This diffusion process can generally be considered to

occur either directly or indirectly. Direct diffusion refers to a process whereby the

diffusing ion moves into an already vacant next neighbour site. In the indirect

process, a knock-on effect occurs, that is, an ion causes one of its neighbours to

move to another adjacent site, allowing it to occupy the vacant site that has thereby

been created.

27



Chapter 1 - General Introduction

The different types of point defects in ionic solids can give rise to different diffusion

mechanisms:

(i) Vacany Mechanism

When an atom or ion on a normal lattice site jumps into an equivalent vacant lattice

site, the vacancy 'moves' into the site left by the atom. Effectively, the atom and the

vacancy exchanges sites, hence the migration of an ion is always in the opposite

direction to the vacancy.

(ii) Interstilial Mechanism

Interstitial migration is when an atom on an interstitial site moves to an empty

adjacent interstitial site. The diffusion or jump of the interstitial atom may involve a

considerable distortion of the crystal lattice, hence this mechanism would only be

likely when the diffusing atom is much smaller than the atoms in the regular lattice.

(ii:) Interstitia4y Mechanism

If the distortion of the regular lattice is too large for interstitial diffusion to be

favourable, then interstitial atoms may migrate via the interstitialcy mechanism.

This mechanism involves the movement of an interstitial atom onto a normal lattice

site, displacing the atom located on that site into another interstitial position. This

mechanism is sometimes referred to as the indirect interstitial mechanism.

For any of these diffusion processes to occur, an atom must have sufficient energy

to jump from one site tO another. In terms of changes in energy, an atom must go

through a higher energy intermediate stage of structural distortion before reaching

its new lattice site. This process is shown schematically in Fig. 1.6.
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(a)
	 (c)

000 00 000
000 00 000

Figure 1.6 Schematic of atom jump from one lattice site to another (a, b, c) and the corresponding

change in free energy of the lattice

Only atoms which have sufficient energy to surmount the energy bather will be able

to migrate to a new lattice site. The height of this energy bather is the free energy

of migration Gm, which is related to the jump frequency v with which an atom can

hop between lattice sites,

v 
voexp[m—	

(m	 m'expi	 I	 (1.10)
=	 kT ) - v

0
 exp k ) I kT )

where v0 is the vibrational or attempt frequency, and iSm and Mim are the entropy

and enthalpy of migration respectively. By taking the random walk theory of

diffusion into consideration, which states that an atom is able to jump from its

present site to another with equal probability, the diffusion coefficient can be given

by the following expression for a simple cubic lattice,

D Zf(1	 2	 'm"	 'm"lexpi	 I	 (1.11)

	

-- —c)a0v0exp k )
	 kT )6

Here, z is the number of equivalent near neighbour sites, f is the correlation factor

and represents the deviation from randomness in the jumps, (1-c) is the fraction of

unoccupied equivalent sites, and a0 is the distance between sites.

The magnitude of energy, which must be supplied in order to surmount the energy

bather, is termed the activation eneigy. Ion migration is a thermally activated process,

which has been found experimentally to exhibit an Arrhenius type behaviour,
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D=Doexp(EAJ	 (1.12)

where D0 and EA are constants for any given system, and EA is the activation energy

for the diffusion process. Relating equation 1.12 to 1.11, it can be shown that the

pre-exponential term D 0 is given by

D0 = f(1_.c)av0 exP m J 	(1.13)

In addition, comparison of equation 1.12 with 1.11 would also imply that 1Hm

EA. The expressions given above do not account for the influence of the defect

concentration, and may only be considered valid for systems where this

concentration is constant with temperature. In the example of a vacancy diffusion

mechanism, D will be heavily dependent on the number of vacancies, which is itself

dependent upon temperature. As a consequence, the measured activation energy EA

will often include other energy terms such as defect formation and defect

association, in addition to the migration enthalpy iHm.

1.5.1 Diffusion Coefficients

The term 'diffusion coefficient' is all encompassing; therefore in order to have a

clearer understanding of the type of diffusion involved, the diffusing species,

atomistic path, or process is usually specified (e.g. vacancy diffusion, grain boundary

diffusion, tracer diffusion etc.).

The self-diffusion coefficient Dij refers to the random motion of a host lattice

atom. The atom diffuses by a random walk process in the absence of a chemical

potential, resulting in no transfer of mass. The determination of Dff is extremely

difficult however, hence the tracer diffusion coefficient D* is more commonly

measured. In this case, the diffusion of the added isotope, which is chemically

identical to the host lattice, is measured. Tracer ion migration is not completely

random however; successive jumps are correlated to a certain extent, due to the high

probability that the second jump will simply return the ion to its original position

which is not accounted for in D* [29,30]. Thus D* can be related to D by a

correlation factor f,
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(1.14)J.J

Vacancy and interstitial diffusion (D and D respectively) are defect diffusion

coefficients, which refer to the rate of migration of the respective defects through a

crystal lattice. The seif-diffusivity is related to these two diffusion mechanisms by

the following relationships,

D5f = nD -+ D*=fnD	 (1.15)

Duff =n 1 D 1 -^ D*=fnD 1	(1.16)

where n and lii are the site fractions of vacancies and interstitials respectively. For a

dilute solution, f has a value of 0.69 for vacancy diffusion in perovskite oxides [31],

whereas f is equal to 1 in the case of self-diffusion via an interstitial mechanism [30].

1.6 SURFACE EXCHANGE

In addition to the process of bulk diffusion in determining the rate of overall

oxygen transport, is the role of surface exchange. The coefficient of surface

exchange, denoted by k (cms 1), is a measure of the rate at which oxygen is

exchanged between the surrounding gas phase and the oxygen atoms at the solid

surface. Unfortunately, the fundamental equilibrium exchange process is far from

being understood at present and has received considerably less attention than bulk

diffusion processes.

An atomistic expression for k has been proposed by Kilner et aL [32] for a vacancy

exchange mechanism, analogous to the diffusion mechanism,

LS E '\ (—AHE
k=aOm[V]3'vEexP( 

k 
JexP 

kT )	
(1.17)

where a0 is the lattice parameter for a cubic cell and m is the number of oxygen sites

per unit cell. [Vs] is the oxygen vacancy concentration, defrned as the ratio of

number of oxygen vacancies per cm3 to number of oxygen sites per cm 3. The

exchange frequency is denoted by yE, which is the frequency of one atom being

adsorbed onto one vacant site. The entropy ASE and enthalpy .HE are the

associated energy terms for the exchange process. The approach taken is simplistic,

as it assumes that the surface vacancy is the only site involved during the surface
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exchange process, and that the surface is a simple termination of the bulk. It is well

known now that the chemical composition in the bulk can be very different to that

in the surface [33], which would indicate a very different behaviour to that predicted.

A contribution to the surface exchange discussion has been made recently by Maier

[34]. His theoretical approach suggests that the surface exchange coefficients are

inherently different for each measurement technique such as tracer diffusion,

electrical and conductivity relaxation, and are therefore not comparable. It was

proposed that the fundamental kinetics occurring at the gas-solid surface must be

considered to be different for each technique. The conceptional reasoning in

Maier's work goes some way to provide more of a basis for further discussion and

development of a theoretical understanding of the surface exchange mechanism

particular to each reaction. However, there still remains the challenge to reconcile

the experimental observations with any theoretical predictions.

1.7 IONIC AND MIXED CONDUCTION

In an ionic crystal, the migration of ions or point defects in a crystal lattice results in

the transport of charge, as well as the transport of mass. Ion migration under an

applied electric field can be quantified by an ionic conductivity Oj,

ai niqiLi	 (1.18)

where flj is the concentration of ions, qi is the charge of the ion and p. is the

mobility. The mobility i. is defined as the velocity of the species per unit driving

force, and can be related to the diffusion coefficient D by the Nernst-Einstein

relation (equation 1.19),

q1D	
(1.19)

where k is the Boltzmann constant and T is the absolute temperature. By expanding

equation 1.19, the ionic conductivity ai can therefore be directly related to diffusivity

by the following relation,
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There are however ceramic oxides that are capable of both high ionic and electronic

conduction, that is, mixed conduction. These electronic species can contribute

significantly to the overall conductivity, in which case, the total conductivity Ototal is

simply expressed as the sum of all contributing mobile species,

Ototal = E fl cjj .Lj	 (1.21)

It is therefore useful to define a transport (or transference) number tj for the charge

carrier

= a	
(1.22)

total

This transference number is simply the fraction of the conductivity carried by each

charged species. In the case of ionic conductors, t10 1, i.e. the number of

electronic carriers are negligible. These oxides are more commonly referred to as

solid electrolytes. For ceramics where both the ionic and electronic conductivities can

be substantial, these oxides are termed mixed ionic-electronic conductors (MIECs), where

it may be noted that tion + telec = 1.

1.8 SUMMARY

The past few decades have seen great developments and discoveries of the electrical

properties of ceramics. The mixed conducting perovskite, based on the

Laa6Sro.4CoO3.8 compound, has been of particular interest for applications as

electrodes for intermediate temperature Solid Oxide Fuel Cells and as membranes

for pressure driven air separation. Current research on perovskite compounds for

such applications is primarily focused on the optimisation of the properties of these

materials. Very recently, there has been renewed interest in K 2NiF4 type oxides.

Cuprate oxides of the K2NiF4 structure were previously the focus of considerable

interest due to their superconducting properties. The oxygen transport properties

of A2B04+8 oxides are now the target of current new research as the oxygen

interstitial defects have been found to be mobile [35,36].

A basic introduction has been given in this chapter on the perovskite and K2NiF4

structure, the role of crystal defects, and the theory of mass and electrical transport
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in oxides. Chapter 2 describes some of the possible solid state electrochemical

applications and their material requirements. The relevant literature for

Lao.6Sro.4CoO based perovskites and K2NiF4 oxides for such applications are

discussed in chapter 3. The work carried out in this study is described in chapter 4,

whereby the experimental details of the preparation of the ceramic oxides and the

experimental techniques employed are provided. The results obtained and their

discussions are presented in chapters 5 and 6. Overall conclusions and further

possible work are given in the final chapter.
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Chapter 2— Electrochemical Applications

CHAPTER 2 MIXED CONDUCTORS IN SOLID STATE

ELECTRO CHEMICAL APPLICATIONS

The focus of this study is to measure and evaluate the properties of Mixed Ionic

Electronic Conductors (MIEC) for solid state electrochemical applications. The

projected application of such materials would be as oxygen electrodes in Solid

Oxide Fuel Cells (SOFC) and as Ceramic Ion Conducting Membranes (CICM) for

air separators. SOFCs have attracted much interest due to their potential to provide

electricity and heat in a clean and efficient manner. In the light of present day

concerns over the environment, SOFCs offer a potential solution to the depletion

of natural resources for energy production. The separation of oxygen from air using

CICMs is closely related to SOFC technology. The current methods of producing

oxygen are expensive and fairly complicated; CICMs are potentially of great interest

due to their ability to separate oxygen selectively using a simple electrochemical

process.

2.1 SOLID OXIDE FUEL CELL

In 1839, Sir William Grove first showed that hydrogen and oxygen could

electrochemically combine to generate electricity [1]. The next important step was

not until 1899, when Walther Nernst demonstrated that a rare earth doped zirconia

could be used as a filament in lamps (known as the 'Nernst Glower) producing

white light. The combination of these two findings paved the way for ceramic fuel

cells to exist. This 'Solid Oxide Fuel Cell' was first successfully demonstrated by

Baur and Preis in 1937 [2}. However, it has only been during the past few decades,

that active steps have been taken in the development of SOFC devices.

The benefits of developing SOFCs to generate power and electricity, cleanly and

efficiently, makes the prospect of these systems extremely attractive in today's

world, where limiting pollution and finding new environmentally friendly sources of

energy is of paramount importance. SOFCs can be considered to be more energy

efficient, as they are not restricted to the thermal limitations of the Carnot cycle,
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unlike the present systems utilising hydrocarbon fuels. Due to the electrochemical

nature of the fuel cell reaction, the harmful emissions of NO 1 and SO1 associated

with combustion processes are not an issue. By operating at high temperatures, the

waste heat from an SOFC is suitable for use in gas/steam turbines for combined

heat and power (co-generation) systems, thereby increasing the overall efficiency of

the system. These advantages make the development of SOFCs very desirable.

SOFCs can be used to provide large scale Megawatt power for the electric utilities,

down to smaller systems on the Kilowatt scale for domestic heat and power

applications. Much research of late has gone into the optimisation of materials and

fabrication of components for SOFCs. To date, the most advanced test unit is a

100kW SOFC power generation system by Siemens Westinghouse Power Corp.,

which has been in operation for a total of 12,000 hours, providing heat and

electricity to the Dutch National Grid [3]. Siemens Westinghouse has also recenfly

developed a combined pressurised SOFC and micro-turbine generator capable of

delivering 220kW at an efficiency of 55% [4]. As the first ever hybrid system built, it

was demonstrated that it can be operated, however long term tests have yet to be

carried out. In principle, a hybrid SOFC/gas turbine system offers the potential of

fuel to electricity efficiencies of 75-80% [5].

2.1.1 Principle of Operation

The operating principle of a SOFC is shown schematically in Fig. 2.1. A single fuel

cell essentially consists of two electrodes (an anode and a cathode), separated by a

dense oxygen ion conducting electrolyte. Oxygen supplied to the porous MIEC

cathode is adsorbed and dissociated to form oxygen ions 02-, which are then

incorporated into the solid electrolyte. These oxide ions then migrate through the

electrolyte to the anode, where they react with hydrogen to form water. The

electrons liberated at the anode flow via an external path back to the cathode - a

direct electrical current is generated.
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Figure 2.1 Schematic illustrating SOFC operation

The two primary electrode reactions that take place can be expressed as

Anode:
	 H2+O2—H2O+2e

	 (2.2)

The overall cell reaction is obtained by combining equations 2.1 and 2.2, which is

simply the combination of hydrogen and oxygen to produce water vapour,

H2+ !O2H2O
2

The two electrodes have a porous microstructure to aid the transport of gases to

and from the active reaction areas, whereas the electrolyte is fully dense to prevent

the gases permeating and mixing. The electrolyte must also have zero electronic

conductivity, as this would be detrimental to the overall cell efficiency, by providing

a short circuit pathway for the electrons.

2.1.2 Efficiency Losses

The reversible cell voltage for the reaction is given by the Nernst equation,

1/2
RT ____

E=E°-i--ln 2 2

2F	 H2O

where E° is the theoretical open circuit voltage, R is the gas constant, T is absolute

temperature and F is Faraday's constant. When current is drawn from the cell, the

open cell voltage will change in a decreasing manner as the current is increased. The

current-voltage characteristics for a fuel cell are illustrated schematically in Fig. 2.2.

(2.3)

(2.4)
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Figure 2.2 Current-Voltage characteristics for a SOFC

There are several contributions to the drop in potential; these can be divided into

ohmic 'iR' and non-ohmic 'i' resistances, or polarisation losses,

EE°iRla lc 	(2.5)
where i is the current density, R the total internal cell resistance, and i the

polarisation loss at the electrodes (subscripts a and c refer to the anode and cathode

respectively). The ohmic contributions to the loss in efficiency are determined by

the specific resistances of the individual cell components. The non-ohmic

polarisation losses in both electrodes can be divided into two contributions,

activation and concentration polarisation. Activation polarisation is due to the

energy bather that must be overcome before the (electrochemical) reaction can take

place. This loss in cell voltage is the potential required to drive the cell reactions at a

sufficient rate to provide current. When current is drawn, the feed of reactant

species to, and the removal of reaction products from the cell must be continuous.

If either of these two processes is slower than the rate that should be attained on the

basis of the discharge current required, the cell potential is reduced by the amount

(concentration polarisation) needed to drive the reactants and products at the

required rate. As a result of the well-designed systems and electrodes in practical

SOFCs, the concentration polarisation can be neglected for useful current densities

[6].

2.1.3 SOFC Stack Design

To achieve useful voltages from a SOFC, many single cell structures have to be

connected together to form a fuel cell stack. In a stack, the individual cells are
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electrically connected to one another by an interconnect, which links the anode of

one cell to the cathode of another. These stacks in turn are connected to each other

to produce the required power. The power produced by a stack is governed by the

number of cells and the area of the individual cells. Several configurations for the

stacking of cells have been proposed: tubular, planar and the monolithic design. A

summary of the features and fabrication processes relevant to each design have been

discussed in a review by Minh [7].

2.1.3.1 Tubular SOFC

The most developed and advanced design is the tubular stack configuration. The

planar design developed previously by Siemens has now been abandoned in favour

of the tubular design under Siemens Westinghouse. A schematic of a single cell

tube as used by Siemens Westinghouse in the SOFC systems described earlier in

section 2.1, is shown in Fig. 2.3.

Air
Flow

Ele

Fuel Electrode

Figure 2.3 A single tube SOFC configuration (from [8])

In this 'seal-less' design, an extruded, porous, closed end tube made from the air

electrode material acts as a support for the thinly overlaid electrolyte and fuel

electrode layers. These layers are deposited using an Electrochemical Vapour

Deposition (EVD) process. The cells are then electrically connected to one another

by the interconnection in the form of a strip along the active cell length. The cell

operates by feeding air inside the cathode support tube by means of an air injector

tube, whilst the fuel gas flows along the outside of the tube. The fuel is then

electrochemically oxidised and electricity generated. Improvements in the power

output from a cell have been achieved by the progressive increase in the active cell
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length. The major advantage of this design is that no gastight sealing is required to

prevent leakage and mixing of gases, however limiting factors include the relatively

modest volume power densities and the inherently high fabrication costs associated

with the EVD process.

As a further, recent development of SOFC cell geometry, Siemens Westinghouse is

investigating a new design, referred to as a High Power Density Solid Oxide Fuel

Cell (HPD-SOFC) [8]. This design is of a flattened tube, which incorporates ribs

inside the air electrode. In this cell, the advantage of the tubular geometry, which

does not require a high temperature sealant, is retained. The internal rib structure

should reduce the cathode electrode resistance and also act as air channels,

eliminating the need for full length air injector tubes.

2.1.3.2 Planar SOFC

An exploded view of a planar SOFC is illustrated in Fig. 2.4. In this design, the

electrodes and electrolyte are formed as thin plates. The interconnect, commonly

referred to as a bi-polar plate, also serves as the gas separator. The arrangements for

gas flow is achieved through the use of grooves in the dense ceramic or metallic

interconnect. The electrolyte plates are typically fabricated by tape casting [9], and

the electrodes can be deposited onto the electrolytes by a screen printing process

[10]. These are cheap, mass ceramic fabrication processes, and combined with the

flexibility in cell geometry, represent major advantages over the tubular SOFC

design.

CURRENT

FLOW

Figure 2.4 Cross-flow planar SOFC configuration (from [11])
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The main drawback to this design however is the complex high temperature sealant

required at the edges of the flat plate components to prevent the leakage of gases.

These seals must be able to withstand corrosion from both fuel and oxidant gases,

thermal cycling, and accommodate any thermal expansion differences between the

components with which they are in contact. Progress in this SOFC design has been

hindered by the development of such a sealant. Despite this, the planar

configuration is still being pursued, as higher power densities than those associated

with the tubular solid oxide fuel cell can be achieved. Further details on both

tubular and planar SOFCs can be found in reference [12].

2.1.4 Operating Temperatures

The operating temperature of a SOFC is dictated by the choice of materials used in

the device, where generally it is the properties of the electrolyte and interconnect

materials that limit the practical temperature. The drive in SOFC development is

the reduction of the typically high temperatures involved. Operation at elevated

temperatures imposes considerable restrictions on the materials and fabrication

methods that can be used in both the cell and balance of plant. By lowering the

operating temperature, these stringent requirements and the overall cell cost can be

significantly reduced.

Current SOFCs in operation are based on yttria stabilised zirconia (YSZ) solid

electrolytes, where the operating temperature of is limited to — 1000°C. The goal of

reducing the threshold temperature to below —700°C will allow the use of cheap

ferritic stainless steels as bi-polar plates and for the balance of plant [6]. However,

the use of YSZ as the electrolyte is inefficient at this temperature due to the

increased ohmic resistance. This may be overcome by minimising the thickness of

the electrolyte [13], or using alternative materials such as gadolinia doped ceria

(CGO) [14,15], or a LaGaO3 based perovskite [16].
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Generally, two major operating temperature regimes for SOFCs may be defined,

based on the use of YSZ and CGO electrolytes:

() H:gh Temperature SOFC

SOFCs operating in the temperature region >800°C use YSZ as the electrolyte

material. The porous cathode and anode electrodes are made from strontium doped

lanthanum manganate (LSM) and a Ni-YSZ cermet respectively. A LaCrO3 based

material is used for the interconnect. Difficulties have been encountered with

lanthanum chromite materials in terms of fabrication, due its poor sinterability [6,7].

(ii) Intermediate Temperature SOFC (IT-SOFC)

Under development are CGO electrolyte IT-SOFCs that can operate between

500°C and 650°C. As noted previously, operation at these lower temperatures

would allow the use of stainless steel for bi-polar plates and the balance of plant.

The proposed cell would comprise of cathode and anode electrodes of LaCoO3

based and Ni-YSZ or CGO cermet materials respectively.

2.1.5 SOFC Cathode Requirements

It has been estimated that 65% of the total cell resistance in a tubular fuel cell is due

to the cathode polarisation resistance [17]. This resistance rapidly increases as the

operating temperature of any SOFC unit is lowered. As a result, considerable

efforts have gone into improving cathode and fuel cell performance. There are

several requirements that a cathode material must meet [12]:

• High electronic conductivity

• High catalytic activity for molecular oxygen dissociation and reduction

• Chemical compatibility with electrolyte and interconnect

• Minimal difference in thermal expansion coefficient with other cell components

• Sufficiently porous microstructure with good adherence to neighbouring

components

• Chemical stability in highly oxidlising atmosphere

High temperature SOFC cathodes are currently based on the La1..SrMnO3 (LSM)

series. The main concern with these electrodes is the chemical compatibility with

YSZ at elevated temperatures. Formation of insulating phases can result, which
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would lead to the degradation in efficiency of the fuel cell unit. There have been

many reports of the pyrochiore La2Zr2O7 forming at the interface between LSM and

YSZ [18,19]. As an alternative, cathode materials based on a LaCoO3 oxide [20]

have been considered and are currently the subject of numerous investigations. For

IT-SOFCs, a composition containing strontium and iron doping of LaCoO3 is

favoured for application with CGO electrolytes.

2.2 OXYGEN SEPARATION

An important and potentially lucrative application of MIECs is in the field of

oxygen production. The leading current method of oxygen generation is by the

fractional distillation of air at cryogenic temperatures. This process though is suited

only to large scale oxygen production. Pressure swing adsorption and vacuum

swing adsorption are two smaller scale methods of oxygen generation. Both these

processes operate on the principle of preferential adsorption of nitrogen over

oxygen on zeolite materials. The end gas product is enriched in oxygen, but also

contains residual gases present in air. The pressure and vacuum descriptions refer

to the conditions under which nitrogen is desorbed during regeneration of the

saturated zeolite beds. High purity oxygen >95% can be obtained by the cryogenic

distillation of air, whereas a maximum oxygen enrichment of -95% can only be

achieved using adsorption processes [21].

The global market for oxygen has been estimated to be worth over 1 billion per

annum [22]. This is reflected in the numerous and varied applications requiring

oxygen, from the large scale steel industry down to the smaller breathing apparatus

for aerospace and medical applications. Air separators, also known as Ceramic

Oxygen Generators (COGs), based on MIECs are being developed as an alternative

for small scale oxygen production. The separation of oxygen from air can in

principle be achieved cheaply and simply, producing 100% pure oxygen, and have a

physical size advantage over conventional processes [23]. Two approaches have

been developed to achieve this aim - pressure driven and electrically driven air

separation.
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2.2.1 Pressure Driven Air Separation

The simplest membrane concept is that of a pressure driven COG. A dense, gas

tight MIEC membrane is used, whereby oxide ions can migrate selectively through

the membrane under a differential oxygen partial pressure [24] (see Fig. 2.5). At the

high pressure (feed) side of the membrane, dissociation of molecular oxygen occurs

and electrons are gained by the oxygen ions. These ions are then transported

through the membrane under the driving force of the oxygen partial pressure. To

balance the flux of oxygen ions, there is a charge compensating flux of electrons in

the opposing direction. When the oxide ions arrive at the low pressure (permeate)

side, their electrons are released and they recombine to form oxygen molecules.

	

Feed	 2.	 Permeate

	

(Air)
	

(Pure 02)

e

	

High P02	 Low P02

Figure 2.5 MIEC membrane for pressure driven air separation

As the MIEC membrane is able to conduct both oxygen ions and electrons, the

need for electrodes or external circuitry is obviously not required, but clearly high

conductivities of both electronic and ionic carriers are necessary. The rate at which

oxygen can permeate through a membrane is controlled by several factors; these

include temperature, P0 2 gradient, membrane thickness, bulk oxygen diffusivity of

the MIEC material, and the rate at which oxygen is incorporated into and leaves the

ceramic [24]. In Fig. 2.6, a schematic ifiustration of the oxygen flux as a function of

membrane thickness is illustrated. For relatively thick membranes (of the order of

several hundred microns), the oxygen flux is limited by the rate of solid state

diffusion. By reducing the thickness of the membrane, this flux can be increased.

At a critical membrane thickness, characterised by L, the flux becomes controlled

by the surface exchange kinetics, that is, the rate of oxygen incorporation and

release at either side of the membrane. As a result, no further increases in oxygen

flux can be achieved by making the membrane thinner [25].
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Membrane Thickness

Figure 2.6 Oxygen flux variation as a function of membrane thickness

In the bulk diffusion limited regime, Wagner's oxidation relation [26] can be adapted

to give the oxygen flux J (cm 3cnr2s-') through a MIEC membrane,

RT OO2 (p'o'i
in'	 I	 (2.6)

J 4 2 F2 L LP"o2)

where R is the gas constant, T is absolute temperature, F is Faraday's constant, a is

the ionic conductivity, L is thickness of membrane, and P'0 2 and P' '02 are the

partial pressures of oxygen at the feed and permeate sides of the membrane

respectively (P'0 2 > F '02). It can be seen that besides the influence of membrane

thickness, the oxygen flux is proportional to the ionic conductivity of the ceramic

and the partial pressure gradient across the membrane. This relation has been

modified to take into account the rate of molecular oxygen exchange at the surface

of the membrane [27],

RT	 a02-	 P'02 

J4F (L+Lc(p•O)+Lc(p"O)) P't02	
(2.7)

Equation 2.7 includes the restrictions to oxygen permeation through a M]EC

membrane arising from both bulk diffusion and surface exchange in the quantity L

(cm), where

Lc(p•o) =-j- atP'0	 (2.8)

2.2.1.1 Dual Phase Membranes

The concept of the dual phase membrane is identical to that of a mixed conducting

membrane, in that both oxygen ions and electrons can conduct across the
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membrane. The essential difference is that the oxygen ion path is through a purely

ionic conducting phase, whilst the electrons can travel through an electronically

conducting phase [23]. This approach was first proposed by Ma2anec et al. [28].

The electronic conducting phase (e.g. Pd) and the ionic conducting phase (e.g. YSZ)

can be mixed together to form the membrane. A schematic representation of such

a membrane is illustrated in Fig 2.7.

Figure 2.7 Dual phase membrane for pressure driven air separation

2.2.2 Electrically Driven Air Separation

In an electrically driven COG, the dense ceramic membrane is a solid oxide

electrolyte. Porous MIEC electrodes on either side of the membrane are connected

by means of an external circuit as illustrated in Fig. 2.8. When a potential is applied

across the electrolyte, electrons supplied to the cathode by the external circuit allow

the dissociation and reduction of oxygen. The resulting oxygen ions then travel

through the solid electrolyte to the anode where the electrons are released to the

external circuit, and they recombine to produce gaseous oxygen.

Mixed Conducting Electrode

Figure 2.8 Schematic illustration of an electrically driven COG
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This device is similar to the SOFC described in section 2.1.1, but is operated in

reverse so that electricity is used to chemically produce oxygen. Therefore many of

the design and materials issues are common to both technologies. Similarly to

SOFCs, several membrane units have to be connected together to form a stack in

order for sufficient oxygen generation. Both tubular and planar designs, as used for

SOFCs (sections 2.1.3.1 and 2.1.3.2), can be adopted for electrically driven COGs.

As a consequence, issues affecting SOFCs such as gas tight sealing (for the planar

design), thermo-mechanical and chemical stability are therefore also relevant to

electrically driven air separators.

For commercial applications, an oxygen flux of 3.5 cm 3cm 2min-1 should be

deliverable [29]. Since the flux produced in an electrically driven system is directly

proportional to the current flowing through the electrolyte membrane, the

maximum flux attainable is governed by the resistance of the membrane. As a

consequence, this flux may be increased by either raising the potential applied across

the membrane, or by reducing the resistance of the system. The potential that can

be applied is restricted by the choice of solid electrolyte material employed. Too

high a potential can lead to partial reduction of the electrolyte and the formation of

electrons, providing a short circuit across the electrolyte and a loss of efficiency is

incurred [22]. The area specific resistance of a membrane can be defined as Lb

(2cm2), where L is the thickness of membrane and a is the ionic conductivity of the

membrane material (Scm- I). It therefore follows that by reducing the thickness of

the membrane, or using materials with higher conductivities, the resistance of the

system can be minimised. With regards to membrane thickness, mechanical

integrity becomes a serious concern for thicknesses much less than 1OO.A.m. In such

cases, the porous electrode has the additional role of providing a support to the thin

dense electrolyte. Oxygen separation has been demonstrated using solid electrolytes

based on CGO and YSZ [30,31].
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2.3 PARTIAL OXIDATION REACTORS

Although the applications of interest to this study are IT-SOFCs and air separators,

it is of general interest to note another possible application of ceramic membranes,

the production of synthesis gas (syngas CO + H2) from methane. The production

of syngas is an important intermediate process before further conversion to

upgraded value added products. The present day technologies are based on partial

oxidation,

CH4+!O2-*CO+2H2	 (2.9)

and steam reforming,

CH4 + H20 -' CO + 2H2	(2.10)

As a preliminary step in the partial oxidation reaction, oxygen is separated from air

before being supplied to the reaction. The significant cost associated with the

partial oxidation process is that of the oxygen plant [32]. The envisaged

development of this process is the integration of a dense ceramic membrane with a

membrane reactor [33]. In this way, oxygen is separated from air in the MIEC

membrane and fed directly to the inside of the membrane reactor into the

methane/steam mixture in one step. Thus, a major cost benefit is the elimination of

the air separation plant.
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CHAPTER 3 MATERIALS REVIEW

This Chapter is divided into two sections. The first section contains a literature

review of the Lao.6Sro.4Coo.98Nio.o203.a perovskite, with regards to the properties and

defect chemistry. The second part describes the corresponding literature for the

Ruddlesden-Popper phase, La2Ni1..CoO4+8.

3.1 La06Sr04Co098Ni002O: INTRODUCTION

In 1969, the first findings were reported for La1.1SrCoO3 (LSC) as the cathode

electrode for a high temperature SOFC [1]. This prompted much interest and

research into other acceptor doped LaTMO3 (TM = Mn, Cr, Fe, Ni) perovskites with

regards to their electrode and catalytic behaviour [2]. The ability of these materials

to exhibit mixed conduction (i.e. ionic and electronic conduction) was reflected in

their excellent electrochemical properties. The transport of oxygen in the

perovskite bulk and the exchange of oxygen between the gaseous phase and oxide

surface have since been recognised as critical factors for the performance of

applications such as SOFCs [3] and air separation membranes [4]. For acceptor

doped LaCoO3, the oxygen transport properties have readily been established as

being among the highest of all the acceptor doped LaTMO3 perovskites [5].

Attention is briefly drawn here to the (LSCF) series of

compounds. Despite these materials exhibiting poorer oxygen transport properties

than LSC compounds [6], they are currendy more favoured because of their better

chemical and mechanical stabilities under high operating temperatures [7].

The Lao.6Sro.4Coo.98Nio.o203.8 (LSCN) composition was first reported in 1991 to be

favourable as a cathode material due to its low electrode resistance at 'intermediate

temperatures' [8]. More recent investigations into the performance of thin film

SOFCs using LSCN and ceria as a composite cathode yielded promising power

densities at reduced temperatures [9]. Due to the close relation in composition of

Lao.6Sro.4Coo.98Nio.o2O to Lao.6Sro4CoO, the literature review provides a
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background to the end member La1SrCoO 3 (LSC) in addition to published

reports concerning LSCN.

3.1.1 Defect Chemistry of Lai-SrCoO

It was previously alluded to in chapter 1, that the transport properties of a material

can be varied dramatically by the addition of dopants. The properties or behaviour

of perovskite oxides are inextricably linked to the type and concentration of the

defects involved. These defects in turn are heavily dependent on the conditions of

temperature and oxygen partial pressure. In order to understand or elucidate their

properties, attempts have been made to develop defect models, which ifiustrate how

defects are affected by the ambient conditions. The behaviour of acceptor doped

perovskites, in terms of oxygen nonstoichiometry, ionic and electronic conductivity

indicates that the defect chemistry is extremely complex.

In defect chemistry, point defects can be regarded as chemical species within the

bulk crystal and can therefore be considered to obey the laws of mass action. When

dealing with defect equations, it is imperative that in addition to mass balance and

overall charge balance, the site ratio must also be maintained. The defect model

presented here, follows that proposed by Anderson [10]. Taking LaBO 3 as the basis

for the defect model (where B is a transition metal), the intrinsic defects will be

Schottky and electronic disorder. The assumptions are made that the A cation to B

cation ratio is unity and all defects are fully ionised. Schottky disorder can be

considered to be dominant, since Frenkel and anti-Frenkel disorder are less

energetically favourable due to size constraints imposed by the close packed

perovskite lattice. The reactions for intrinsic Schottky and electronic disorder may

be expressed as
PI

'O'* VLa +VB +3Vc'	 (3.1)

'O'—e +h
	

(3.2)

for which the equilibrium constants K and K are given respectively as,
,,,	 ,,,

K =[V][VB][Vfl3	 (3.3)

Ke	 P
	 (3.4)
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The oxygen nonstoichiometry that results from the interaction of gaseous oxygen

with defects in the structure can be described by the following reaction [11]

(3.5)

with the equilibrium constant as

[O][B]2
K0 =	 1/2 ..	 x 2	

(3.6)
P02 [VO][BB]

With the introduction of extrinsic defects such as aliovalent dopants, charge

compensation is required in order to maintain the overall charge neutrality of the

crystal. In the model where the acceptor Sr 2 is substituted for the A-site La 3 ion,

electroneutrality requires that the excess negative charge be compensated either by

the formation of oxygen vacancies (equation 3.7) or by the formation of electronic

defects (equation 3.8).

2SrO_
2°3 >2Sr +20 +V	 (3.7)

2SrO+---0 2 +2B	 2°3 >2Sra +3O +2B	 (3.8)

It can be seen from equation 3.8 that electronic compensation takes place by the

oxidation of the transition metal from the trivalent (+3) state to that of the

tetravalent (+4) state. It is emphasised that the B4 cation can be thought of as an

electron hole (h) localised on a B 3 cation, and equally, an electron (e') localised on

a B3 cation may be written as BB. The electronic charge compensation

mechanism is considered to be prevalent at low temperatures and high oxygen

partial pressures, whilst at high temperatures or low oxygen partial pressures, charge

neutrality is maintained by the formation of oxygen vacancies [12]. In MIEC

materials, both compensation mechanisms can take place to different extents for a

given set of conditions. This mixed compensation regime is described by the

following electroneutrality condition,

[Sr 1 = [Ba] + 2[V' 1	 (3.9)

It is this important feature in MIEC perovskites that has significant consequences

for the nonstoicbiometry, electrical and physical properties of these materials.
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The overall electroneutrality condition for an acceptor doped LaBO 3 perovskite can

be represented as

(3.10)

The defects that dominate will be dependent on conditions of temperature, oxygen

activity, and the concentration of acceptor doping. Anderson [10] has simplified the

defect behaviour described by equation 3.10 into five separate regimes, each

governed by a specific electroneutrality condition. The variation in oxygen

nonstoichiometry, oxygen vacancy concentration and electrical conductivity for each

regime is summarised qualitatively as a function of oxygen partial pressure in Fig.

3.1. It is emphasised that the mixed compensation regime described by equation 3.9

corresponds to regime III of the Brouwer diagram shown.

V	 IV	 III	 II	 I

2[V} =	 p = [Sr J	 .	 p = 3[V]
n=2[Vfl	 p=[Sr]

[Sr]	 —2[v1;•J	 +3[V;]

+8

3
—8

log [Vfl

log a	 e'	 _.fii.j	 h
P02

Figure 3.1 Brouwer diagram depicting the five defect regimes for the acceptor doped LaiSrBO

(adapted from [3,10])

With decreasing oxygen partial pressure, the general trends shown in Fig. 3.1 are of

increased oxygen vacancy concentration and a reduction in p type conductivity.

Not all regimes given in the Brouwer diagram will be exhibited for a given

perovskite. The defect regimes that apply will partly depend on the nature of the B

site cation, temperature and oxygen partial pressure. Experimental measurements of

the oxygen nonstoichiometry and electrical conductivities have demonstrated that

LSC behaves according to regimes II and III of the above qualitative modeL
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Examples of the oxygen nonstoicbiometry behaviour [13] and electrical conductivity

[14] of LSC as a function of oxygen partial pressure are shown in Fig. 3.2.
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Figure 3.2 (a) Oxygen nonstoichiometry (from [13]) and (b) electrical conductivity (from [14]) of
C.

Lao 7Sro 3O at 800°C
A

In Fig. 3.3 the nonstoichiometric behaviour of several perovskites containing

different B site transition metals is illustrated [15,16]. An interesting feature of

Lao.9Sro.lMnO3±6 (LSM) is that it is an example of a perovskite that exhibits oxygen

excess (hyperstoichiometry) associated with regime I. The excess oxygen in LSM is

a means of charge compensation due to the presence of vacancies on both cation

sub-lattices [15]. In the illustrated example of Lao.6Sro.4FeO3, oxygen

nonstoichiometry behaviour consistent with regimes III and IV can be seen.
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Figure 3.3 Oxygen nonstoichiometry of selected Lai..1Sr1BO3±s perovskites. (a) Lao.sSro.iMnO3ts at

1000°C (from [15]); (b) I o4Sro.4FeO at 900°C (from [16]); (c) La07SrojCoO at 850°C (from [16])
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3.1.2 Oxygen Nonstoichiometry

As described in the previous section, the nonstoichiometric behaviour of transition

metal containing perovskite oxides arises because these transition metals are able to

exhibit variable oxidation states. Undoped and acceptor doped lanthanum cobaltate

compositions all exhibit oxygen deficiency (also termed hypostoichiometry). The

extent of this oxygen deficiency is dependent on the presence of dopants and their

concentrations, temperature, and oxygen partial pressure. Both Petrov et aL [17] and

Mi2usaki et al. [13] have measured the oxygen content of different LSC

compositions by means of high temperature thermogravimetric analyses, with both

groups reporting similar trends. The weight losses were recorded as a function of

temperature or oxygen partial pressure, and the oxygen contents quantified by fully

reducing the compounds to the constituent components of La203, SrO, and Co

metal. The data of Mizusaki et aL are shown in Fig. 3.4 below. It can be seen that at

room temperature all compositions were found to be essentially stoichiometric.

From their respective data, the two groups showed that the oxygen deficiency

increases with increasing temperature and strontium level. In addition, it was also

determined that the oxygen deficiency increased as the oxygen partial pressure was

lowered (see Fig. 3.2a).
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Figure 3.4 Oxygen content of LaiSrCo0 as a function of temperature in 1 atm. 02 (from [13])
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Jodometric titration studies by Petrov et aL [14] found that the mean valence of

cobalt increased with strontium doping for values of x < 0.4, and thereafter

decreased with further strontium substitution. These findings were in good

agreement with the earlier studies of LSC byjonker and Van Santen [18]. Mineshiga

et a/. [19] also measured an increase in the mean valence of Co but for values of x <

0.5. These reports may be interpreted or explained by considering the charge

compensating mechanisms in operation when strontium is added. For Sr levels of

<0.4, the principal charge compensation mechanism is the oxidation of Co 3 to

Co4 , whilst in compounds where x > 0.5, the prevailing mechanism is the

formation of oxygen vacancies. Thus, the large oxygen nonstoichiometry (where x

> 0.5) observed at low temperatures in Fig. 3.4, is indicative of the change in the

dominant compensation mechanism.

3.1.3 Crystal Structure

The ideal perovskite structure is one of cubic symmetry; however few perovskite

oxides crystallise in this ideal structure. Undoped LaCoO3 has been shown to adopt

a rhombohedrally distorted symmetry at room temperature [20], with the transition

to a cubic structure occurring at temperatures above 500°C [14]. Crystallographic

studies of LSC by several researchers found that by acceptor doping with strontium,

a reduction in the crystal distortion occurs [14,19,21]. These room temperature

studies agreed that with increasing strontium level, the rhombohedral angle, r 60°

(taken as a measure of the degree of distortion from cubic), decreased almost

linearly such that for x> 0.5, the ideal cubic structure was adopted. An indication

of the structure of a perovskite is given by the Goldschmidt tolerance factor, t. For

ideal cubic symmetry, t is unity (or close to), whilst deviations from cubic result in a

tolerance factor of 0.75 <t < 1 [22]. Since Sr2 is larger than La3 [23], the tolerance

factor is thereby raised to unity as the strontium level is increased.

The temperatures for the transition of LSC from rhombohedral to cubic symmetry

were calculated by Petrov et aL [14] by extrapolation of low temperature

crystallographic data (measured at temperatures below 400K). The calculated

rhombohedral and cubic regimes are ifiustrated in Fig. 3.5 as a function of

temperature and strontium content. As these temperatures have been determined
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from an extrapolation process, large errors may be involved. Nevertheless, the

trend clearly indicates that with increasing strontium content, the temperature at

which the structural transition occurs is lowered.

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

x in La1 SrCoO36

Figure 3.5 Transition temperature from the rhombohedral to cubic structure for LaiSrCoOo in air

(from [14])

3.1.4 Phase Stability

An important criterion that must be fulfilled by a perovskite, either as a cathode

electrode or air separation membrane, is one of phase stability under the operating

conditions of temperature and oxygen partial pressure. One of the main concerns

with LSC compositions in such applications is their poor chemical stability. At

sufficiently high temperatures and under low oxygen partial pressures, the oxygen

content can be reduced sufficiently, such that the compounds dissociate to form

La2O3, SrO, and Co. The reduction of these compounds can proceed via

intermediate phases such as La4Co3Olo, La2C0O4, and CoO [24].

The chemical stability of various LaTMO3 perovskites was reported by Nakamura et

al. [25], whereby the oxygen partial pressures at which the compounds decomposed

in a reducing atmosphere at the fixed temperature of 1000°C were measured. The

reported results are listed in Table 3.1.
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B-Site Metal	 -logio [P02 atm.]

Ni	 0.6

Co	 7

Mn	 15.05

Fe	 16.95

Cr	 >21

Table 3.1 Oxygen partial pressures at which LaTMO 3 perovsldtes decompose (from [25])

The nickel based perovskite LaNiO3 is clearly the least stable of the perovskites

investigated, decomposing in air at 1000°C. Consequently, LaNiO3 is unsuitable for

use as a practical SOFC cathode material. LaCoO3 is the next least stable, down to

a P02 of 10-7atm, which however would still allow for application as cathode

electrodes. The most stable perovskite is lanthanum chromite, which shows no sign

of decomposition at a P02 of 10 21 atm, and is therefore highly favoured for use as

an interconnect material in SOFCs [26]. It is clear from the results in Table 3.1 that

the stability of these perovskites is related to the stability of the B site cation. It is

noted that when acceptor doping is introduced, the oxygen nonstoichiometry

exhibited by these perovskites will increase. This in turn will raise the oxygen partial

pressure at which the material becomes unstable and subsequently decompose [15].

3.1.5 Thermo-mechanical Stability

Under the high temperature operating conditions in solid state electrochemical

devices, an important consideration is the mechanical stability and compatibility of

the materials employed. In SOFC and electrically driven air separation devices, the

electrode is in intimate contact with the electrolyte and interconnect. Therefore it is

imperative that the selected materials used for these components exhibit similar

thermal expansion coefficients, to ensure that any thermal stresses generated during

thermal cycling are kept to a minimum. As a general materials selection process for

such target applications, the electrolyte material is chosen first with reference to the

desired operating temperature, and the other component materials exhibiting similar

thermal expansion behaviour are then selected.
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It has been widely recognised that LaCoO3 perovskites have very poor mechanical

stability at high temperatures, rendering them unsatisfactory for solid state

electrochemical applications. The first tests of LaCoO3 as air electrodes for zirconia

based fuel cells, found that the high thermal expansivity associated with LaCoO3

lead to spalling and cracking of the electrode layer [1]. Ohno et al. [27] reported their

findings for the thermal expansion behaviour of LatSrCoO3 as a function of Sr

content (0 < x < 0.6). Unfortunately, the data for each of the compositions were

measured and analysed within different temperature ranges. However, the general

trend for all compounds was of higher thermal expansion coefficients with

increasing temperature. A more recent evaluation of LSC was reported by Petric et

al. [28], the results of which are illustrated in Fig. 3.6.
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Figure 3.6 Linear thermal expansion coefficients for La i SrCoOi between 30°C and 1000°C in air

The results shown in Fig. 3.6 clearly illustrate a significant increasing trend in

thermal expansion coefficient with strontium site fraction. The lowest thermal

expansivity of 18.5 x 10 K 1 for x = 0.2, is notably higher than those reported for

the typical solid electrolytes. (It is noted that the linear thermal expansion

coefficients of YSZ and CGO are 10.9 x 10 K 1 (50 - 1000°C) [29] and 12.4 x 10-6

K 1 (50 - 800°C) [30] respectively). For this reason, investigations are continuing to

find alternative materials (e.g. LSCF), which offer better thermal expansion

matching with solid electrolyte materials, whilst continuing to exhibit good mixed

conducting properties.
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3.1.6 Electrical Conductivity

Perovskite materials can possess a significant proportion of charged defect species,

which can be increased with the introduction of aliovalent doping. If these defect

species are mobile within the crystal lattice then the material will exhibit electrical

conductivity in the presence of an electrical potential gradient. It is this

phenomenon, which has been of great interest to researchers for investigations into

the properties of perovskite compounds. Various authors have investigated the

electrical conductivity of LSC compounds, with the earliest reports dating from the

1950's [14,18,19,21,27,31]. Despite the many investigations pursued, agreement on

the conduction mechanism in these oxides remains elusive. It is stressed that a

discussion on electrical conduction is beyond the scope of this study, however the

pertinent aspects of the materials' behaviour are highlighted.

The electronic structure of perovskites is determined by the interaction of the

constituent ions in the B-O-B array. Due to the octahedral co-ordination of the B

site transition metal cations, the 3d orbitals are split into the t and eg sub-levels.

Correspondingly, the oxygen 2p orbitals are split into pa and p sub-levels [32]. The

degree of overlap between eg-pa or t-p orbitals determines the conduction

behaviour. For small degrees of overlap, the t and eg electrons remain localised

and the material will show semiconductor behaviour. At or above the critical value

of orbital overlap, the Cg and/or t2g electrons will become collective and the orbitals

are transformed into a and ir bands respectively. Metallic-like conductivity will be

observed if these conductive bands are partially filled.

In Fig. 3.7, the electrical conductivity measurements of LSC as a function of Sr

content and temperature by Mineshiga et al. [19] are illustrated. It can be seen that

both semiconducting and metallic-like behaviour are exhibited by La1-SrCoO3

compounds. For compositions of x < 0.25, the conductivity increases to a

maximum and then decreases; this behaviour is attributed to a transition from

semiconductor to metallic conduction. In samples with x> 0.25, the conductivity

was found to decrease gradu2lly with increasing temperature.

61



Chapter 3 - Materials Review

3000

2500

2000

1500

b
1000

500

0

0	 200	 400	 600	 800	 1000

Temperature [°C]

Figure 3.7 Electrical conductivity of LaiSrCoOa compounds in air (from [19])

The transition from semiconducting to metallic-like behaviour in LSC was also

observed by Petrov et al. [14] and Ohno et aL [27] for Sr dopant levels between x =

0.2 and 0.3. Slightly different results were reported by Mizusaki et al. [33], who

observed the occurrence of the transition to metallic conduction in the range 0.3 <

x < 0.5 from electrical conductivity measurements in 1 atm. 02. This would

indicate the importance of oxygen nonstoichiometry (determined by the oxygen

partial pressure and temperature), in addition to the Sr content and temperature on

the semiconductor-metal transition. The increase in conductivity with x up to x <

0.4 [14,19] may be attributed to the increasing p type charge carrier concentration, as

indicated by iodometry (see section 3.1.2).

The origin of the semiconductor-metal transition in LSC compounds has been

subject to many debates, with little consensus among these speculations. One such

explanation has been given as the increased overlap of the partially filled t2g and eg

levels at elevated temperatures or high strontium contents, such that the electronic

band gap structure changes to a broader conduction band [31]. This treatment has

been dismissed by Mine shiga et al. [19] as it only accounts for the electronic structure

of Co. Based on the proposed LSC band model, the authors suggest that the

transition is attributable to the overlap of the valence band with the broadened band

formed from the introduction of doped states within the band gap. Neither of these

suggestions however have accounted for the significant changes in electronic charge
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carrier concentration with oxygen nonstoichiometry. Stevenson et aL [12] have

stressed that the decreasing conductivity is correlated to the onset of oxygen loss

determined by TGA. Effectively, the temperature at which the maximum in

conductivity occurs, corresponds to the change in charge compensation mechanism

from mainly hole compensation to oxygen vacancy compensation. It is therefore

emphasised that the metallic-like conduction behaviour observed with increasing

temperature is a result of the decreasing charge carrier concentration as vacancies

are formed, and not the changes in mobility, as is the case for true metallic

conduction.

3.1.7 Oxygen Ion Transport

There have been numerous investigations into the oxygen transport properties of

various transition metal containing perovskites, many of which have been reported

in the literature. Table 3.2 offers a summary of only some of the investigations of

LSC and other selected perovskites. The measurement of oxygen ion transport in

perovskites is made difficult due to the mixed conducting behaviour of these

materials, whereby the ionic transference number is significantly less than unity.

This therefore implies that the straightforward electrical measurements typically

carried out cannot be employed without the use of electronic blocking electrodes.

Consequently, the most widely employed technique to measure the transport

properties has been the determination of the oxygen tracer diffusion coefficient D*,

by isotope exchange depth profile (IEDP) in conjunction with Secondary Ion Mass

Spectroscopy (SIMS).

Composition	 Reference

LaCoO3	 34, 35

La1..1SrCoO3	 36, 37, 38, 39, 40, 41, 42, 43, 44, 45

Lai..SrCoi.NiO3	 36

6, 43, 46, 47, 48

La1..1SrMnO3	 43,45

Lai-SrMni.CoO3	43,45

Table 3.2 Summary of oxygen transport in LaCoO3 based perovsldtes and other related perovskite

materials
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The oxygen tracer diffusivities for LSC compounds from reported literature are

reproduced in Fig. 3.8; all values were determined using the IEDP-SIMS technique

with the exception of Lao.6Sro.4Co03, which was measured using gas phase analysis

of the 160/180 ratio.
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Figure 3.8 Oxygen tracer diffusion coefficients for Lai.SrCo0. LaCoO P02 = 45mbar [34]; (a)

Lao.9Sro.iCo0 P02 = 45mbar [44]; (b) Lao.sSro.iCoO P02 = l000mbar [37]; Lao.$Sro.2CoO.o P0 2 =

l000mbar [45]; La0.6Sro.4Co0 P02 = 20mbar [36]; Lao 5Sro 5Co0 P02 = l000mbar [45];

Lao3Sro.7CoO3.o P02 = 200mbar [41]

By examining the compiled data in Fig. 3.8, a clear trend of increasing oxygen

diffusivity with increasing Sr content can be seen. In the case of Lao.9Sro.iCo03,

there appears to be excellent agreement between the high temperature values

reported by Ishigaki et al. [44] and the low temperature data measured by Routbort et

al. [37]. Although both groups employed the same technique, the isotope anneals by

Ishigaki et al. were carried out at an oxygen partial pressure of 45mbar, whereas the

data from Routbort et aL were obtained at the much higher oxygen pressure of

l000mbar. This makes the close agreement between the groups rather remarkable,

as an observable difference in the diffusivity would be expected. Also illustrated in

Fig. 3.8 are the results from Inoue et aL [36] using gas phase analysis for the
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composition Lao.6Sro.4CoO3. There appears to be a conflict between the oxygen

tracer diffusivity for this composition and those for Lao.5Sro.5CoO 3. 6. The reason for

this is unclear but the isotope exchange anneals carried Out by Inoue et al. were at

very low oxygen pressures (20mbar), which would result in a higher oxygen vacancy

concentration, giving rise to larger oxygen diffusivities. Otherwise, the discrepancy

may be due in part to the different measurement techniques employed.

A point of interest was observed by Kilner [49] for a compilation of activation

enthalpy for diffusion for various cobalt based perovskites. It was noted that a

decreasing trend in activation energy occurs as the acceptor dopant level is raised, as

illustrated in Fig. 3.9.

350

N

N

N
N

N
N

N
N

N.

0.0	 0.2	 0.4	 0.6	 0.8

x in La 1 SrCoO3

Figure 3.9 Activation energy of oxygen tracer diffusion for La i.SrCoO. x = 0 [34], x = 0.1 [44], x =

0.2 and 0.4 [45J, x = 0.7 [41]

The experimentally determined activation enthalpy is considered to be the sum of

several energetic processes. These include the enthalpy of vacancy migration and

the enthalpy of generation of free vacancies. It has been found however that for

acceptor doped perovskites, the migration enthalpy does not vary significantly with

composition [44]. Thus, any changes in activation enthalpy with strontium content

must be attributed to the enthalpy of oxygen vacancy generation [45]. This energy is

associated with the changes in the oxygen vacancy concentration arising from the

reduction process,
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O	 V+2e'+!O2	 (3.11)

It may be considered therefore, that the observed decrease in activation energy for

diffusion in LSC reflects the ease with which this process occurs as the Sr dopant

level is raised.

As a final note, the ionic conductivities of Lao.6Sro.4CoO3 and of

Lao.6Sro.4Coo.98Nio.o2O3 were measured by Inoue et al. [36] using the electronic

blocking electrode technique. A comparison of the diffusion coefficients (calculated

using the Nernst-Einstein relation) in Fig. 3.10 shows little difference between these

two compositions. When placed into context with other LSC compositions in Fig.

3.7, these values here fall below those diffusivity values determined for

Lao.5Sro.5CoO3. This trend was anticipated due to the lower strontium content in

these two compositions. It is also evident that the low level addition of nickel does

not enhance, nor impair the oxygen transport kinetics with respect to

Lao.6Sro.4CoO3 composition.
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o La0 6Sr0 4CoO3
-6.5	 o La0 6Sr04Co098Ni002O3

I I 	 I
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Figure 3.10 Diffusion coefficients for Lao.6Sro.4CoO and La . 6Sro.4Coo9sNio.o2O as a function of

temperature
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3.1.8 Electrode Mechanism

Generally, most RETMO3 based perovskites (where RE is a rare earth and TM is a

transition metal) are able to meet most of the requirements for cathode electrode

applications (see chapter 2, section 2.1.5), and have therefore been considered as

potential candidate materials [50,51]. Of the various transition metal elements in

La1.SrTMO3 electrodes on YSZ electrolytes, those perovskites containing cobalt

were found to display the highest oxygen reduction activity [51].

The function of a porous cathode is to facilitate the following overall reaction

0	 ---O2 +	 + 2e'-+ Octro1yte	 (3.12)
2

This reaction is considered to proceed via a series of intermediate bulk and surface

processes. The rate of overall reaction is dependent on gas diffusion, adsorption of

oxygen, oxygen dissociation, diffusion of oxide ions and charge transfer, with any

one or more of these processes as the rate determining step(s). It is considered that

the processes involved may occur as a progression or simultaneously, however a

definitive mechanism for the oxygen reduction reaction remains to be established.

One of the main challenges in SOFC development is the reduction of the high

polarisation associated with the cathode electrode. This polarisation loss is due to

the energy barrier that has to be overcome for the combination of reaction steps

concerned to occur. In order to minimise such losses, the factors that control the

properties of the electrodes must first be ascertained.

The cathode reaction described by equation 3.12 is commonly believed to occur via

one of two mechanisms [52], these are illustrated schematically in Fig. 3.11. The

Triple Phase Boundary (ITB) mechanism has been used to describe the behaviour

of electrodes with little or no ionic conductivity such as noble metals or LSM

perovskites [51,53]. It can be seen that the electrochemical reaction zone in the TPB

mechanism is restricted to the boundary area where the electrode, electrolyte, and

gas phase meet. A more promising approach is the use of a MIEC electrode with

high ionic conductivity, which allows oxygen to pass from the gas phase to the

electrolyte through the whole of the cathode electrode volume. The reaction zone is

therefore broadened and no longer limited to the three phase boundary regions. In
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the case of LSC, which is known to exhibit high ionic conductivities, the cathode

reaction would take place via this Internal Diffusion (ID) mechanism.

Cathode

TPB 11, O, 	TPB

04 4

Electrolyte	 (a)

Electrolyte	 (1))

Figure 3.11 Oxygen reduction at the cathode via (a) Triple Phase Boundary mechanism - pure

electronic conductor, (b) Internal Diffusion mechanism - mixed ionic and electronic conductor

An obvious conclusion arising from consideration of the TPB mechanism is that the

electrode microstructure plays an important role in determining the degree of

electrode polarisation. As the electrochemically active sites are located at the triple

phase boundary points, it is highly desirable to maximise the number of these sites

by having a fine, porous structure. It has been shown that by controlling the

electrode microstructure (i.e. reduced grain size, improved oxide particle -

electrolyte contact), the electrode resistance can be lowered [54,55]. Clearly, the

starting material characteristics and processing conditions have significant influence

on the properties of TPB electrodes [56]. Uchida et al. [57] reported that by

increasing the ionic conductivity of the electrolyte phase, the polarisation loss could

also be reduced. Consideration of equation 3.12 suggests that the incorporation of

oxygen into the electrolyte requires the presence of oxygen vacancies. Thus, with

increased ionic conductivity of the electrolyte phase, which is directly correlated to

the number of mobile oxygen vacancies [32], the rate of transfer of oxide ions from

the TPB into the electrolyte is increased.
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For an ID electrode, the material will possess an appreciable amount of bulk oxygen

ionic conductivity, thereby allowing the reduction of oxygen to take place over the

entire surface of the mixed conducting cathode material, i.e. two phase reaction

zone. Elimination of the third (electrolyte) phase would imply that it is possible to

utilise a dense cathode layer. The feasibility of this concept was first demonstrated

by Chen et al. [58] using thin, densified LSCF electrode layers on zirconia and ceria

electrolytes. The polarisation behaviour of these electrodes was found to compare

favourably to that of porous LSM electrodes. As the ID electrode mechanism is

reliant on the transport of oxygen species through the electrode bulk, it has been

shown that the thickness of the electrode layer has a significant influence on the

electrode resistance [55,59]. In addition to the microstructure and the degree of

ionic conductivity exhibited by the MIEC electrode is the parameter of surface

exchange. The importance of the surface exchange kinetics and its contribution to

the polarisation loss has not been recognised till recently.

A continuum model was proposed by Adler et al. [60] for porous mixed conductors,

which supports an electrode reaction taking place via the internal diffusion

mechanism. This model indicates that for mixed conductors with fast oxygen ion

transport, the impedance is dominated equally by the non-charge transfer processes

of oxygen surface exchange at the electrode/gas interface and solid state oxygen

diffusion in the mixed conducting bulk. The impedances arising from the electronic

charge transfer processes at the interfaces between the current collector! electrode

and electrode/electrolyte are considered to be negligible. The usefulness of this

model is that it provides a quantitative approach for relating the kinetic parameters

of oxygen surface exchange and bulk diffusion to the impedance values. From the

a.c. response of a symmetrical cell (electrode/electrolyte/electrode), the major

contributing impedance to the total electrode impedance is considered to be Zm,

which is a convoluted response of the non-charge transfer processes. This term is

given by

1
(3.13)Zchem = Rchem + J()tchem

where Li and td represent the characteristic resistance and time constants

respectively. Of particular significance is the parameter of 'chemical' resistance
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Rchem (Qcm2), which is related to the surface exchange and bulk diffusion kinetics of

the mixed conducting electrode,

(RT I_________
Rchem	 2F2J(1_s)D*cak	 (3.14)

where t is tortuosity of the electrode, f is the correlation factor, e is porosity of the

electrode, c0 is the number of oxygen sites per unit volume and a is the surface area

of the electrode. With sufficient knowledge of the microstructural parameters and

the oxygen transport properties, R can be estimated and compared directly to

Area Specific Resistance (ASR) values obtained from a.c. impedance measurements.

This model appears to hold for mixed conducting LSC and LSCF materials [61,62],

but was found to break down for LSM. The inability of this model to account for

the behaviour of LSM was ascribed to the small active region 6, which describes the

extension of the reaction zone into the mixed conducting electrode layer from the

electrode/electrolyte interface [60]. Within this active region, the electrode reaction

is regarded to occur over the entire internal surface area of the MIEC. The term, 6,

is related to the bulk diffusion and surface exchange properties of the mixed

conductor by the following relationship,

6= 
/D*(1_E)	

(3.15)
akt

This penetration depth is estimated to be several microns for LSC compounds, but

is considered to be very small (sub-micron) for [SM, as the oxygen diffusion

properties are significantly poorer [60]. The size of this penetration depth for [SM

is much smaller than the average particle size, hence the reaction is effectively

restricted to the 'three phase boundary', and continuum behaviour cannot be

assumed.

Further support for the importance of the surface exchange kinetics has only

recently been realised through studies of dense, thin, [SM [63] and [SC [64]

electrodes. Of considerable significance has been the work of Brichzin et aL [63],

who demonstrated that the resistance of dense [SM electrodes on YSZ electrolytes

was inversely proportional to the square of the electrode diameter. These findings
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clearly emphasise the important role of the MIEC surface and are clearly at odds

with the commonly held belief that this electrode resistance is directly related to the

TPB region.

3.1.8.1 Electrode Performance

For SOFC systems, a target power density of O.5Wcm- 2 for individual cells is often

quoted. Most improvements in fuel cell performance together with the reduction in

operating temperature have been accomplished by using thin film solid electrolytes

to minimise the ohmic losses [65,66,67]. However, these investigations have all

concluded that the area specific resistivity of the cathode has to be significantly

reduced in order to attain the desired power densities. In a SOFC device, the target

electrode ASR should be the order of 0.152cm2 [68]. The various approaches taken

to reduce polarisation losses have included developing new MIEC oxides, adding

small amounts of a noble metal to the cathode (e.g. Pd-LSCF [69], Pt-LSCF [70], Pt-

LSC [71]), and using a dual phase cathode (e.g. LSM-YSZ [72]).

A particularly useful study in the development of new materials was recently carried

out at the Argonne National Laboratory [73], where promising initial results were

obtained for the composition Gdo.8Sro.2CoO3. Electrodes of this material were

found to exhibit an ASR of -0.1Qcm2 at 700°C. This compound is particularly

appealing, as the presence of Gd in the electrode would minimise any probability of

unfavourable chemical reactions with the CGO electrolyte. Other means of

lowering the electrode resistance include adding a noble metal to a mixed

conducting cathode; this approach was first proposed by Watanabe et al. [74] for the

dispersion of Pt catalyst on LSM cathodes. Significant reductions in polarisation

resistance of a third was achieved by adding Pd to LSCF e.g. at 700°C the ASR of

LSCF is 0.15cm2 cf. 0.O5Qcm2 for Pd-LSCF [69]. The enhanced electrode

performance was attributed to the promotion of the dissociation of molecular

oxygen due to the presence of the noble metal at the cathode surface [74].

Unfortunately, the expense of noble metal catalysts would be too detrimental to the

overall cost of a SOFC to warrant serious consideration. Finally, the concept of

using a dual phase or composite electrode for SOFCs is not new - the typical anode

material is a Ni-YSZ cermet. This 'innovation' has been demonstrated to be

71



4

3

ç2

2
1

Cl)

0
0000

-2
0.8

(c)

(b)

(a)

0.9	 1.0	 1.1	 1.2	 1.3	 1.4

Chapter 3— Materials Review

effective for cathodes based on LSM-YSZ [72] and also for the LSCF-ceria system

[75,76]. It is considered that the enhanced performance using a composite electrode

is a result of the increase in the electrochemical reaction area [76], that is, the

effective interfacial contact between the electrode and electrolyte materials is

extended beyond the conventional two dimensional interface. A potential,

additional benefit arising from the use of composites is that the thermal expansion

mismatch between the electrode and electrolyte materials may be minimised.

3.1.8.2 L 6Sr04Co0 NiO Cathode

The interest in the Lao.oSro.4Coo.98Nio.o2038 perovskite stemmed from an

investigation into electrodes for ceria based oxygen sensors operating at low

temperatures [77]. Following on from this work, the area specific resistances of

porous LSCN, LSC and LSM electrodes on samaria doped ceria electrolytes were

reported [8], the results of which are illustrated in Fig. 3.12.

i000rr [K']

Figure 3.12 Arrhenius plot of area specific resistance for mixed conducting perovskite electrodes on

samatia doped ceria electrolyte; (a) La .6Sro. 4Coo.98Nio.o2Oo; (b) La.6Sro.4CoO3; (c) Lao.6Sro.4MnO3

(from [8])

It can be seen from Fig. 3.12 that Lao.6Sro.4Coo.98Nio.o2O exhibited the lowest

electrode resistances of the perovskites investigated. Also apparent from the results

of Eguchi et aL [8] is the improved electrode kinetics of Lao.6Sro.4Coo.98Nio.o203.6

cathodes compared to Lao.6Sro.4CoO3. It appears that the low level addition of
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nickel reduces the electrode resistance particularly towards low temperatures. The

reason behind this enhanced electrode performance is not evident, as the oxygen

transport properties for LSC and LSCN were found to be comparable [36] (see Fig.

3.10). It is speculated that the electrode microstructure may have significant

influence as the electrodes were subject to different preparation conditions.

At Lawrence Berkeley National Laboratory, promising SOFC performances were

demonstrated using a composite cathode based on Lao.6Sro.4Coo.9sNio.o203..6. Power

densities of 0.65Wcnr 2 and 0.3Wcm 2 at 750°C and 650°C respectively were

achieved for a single cell, thin-film CGO electrolyte with a Ni-CGO anode and a

composite LSCN-CGO cathode (50:50 wt% mix) [9,67]. Despite the large thermal

expansion mismatch expected between these two materials, there were no reports or

evidence that cracking or spalling of the electrode layer occurred.
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3.2 La2Ni1 CoO4+5: INTRODUCTION

The earliest investigations into the perokite related K 2NiF4 type oxides were

concentrated on the characterisation of the crystallographic properties. After the

groundbreaking work by Bednorz and Muller [78] in the field of superconductors,

an enormous interest was generated in the electrical and magnetic properties of

these materials. In addition to the superconducting La2CuO4^8 phase, the

properties of La2NiO4+8 have been widely studied over the years; particular interest

in this material has stemmed from its ability to exist over a wider range of oxygen

nonstoichiometry compared to the analogous cuprates. Studies of these oxides have

all demonstrated that the measured properties are extremely sensitive to the oxygen

stoichiometry [79,80,81]. It is emphasised that no evidence of superconductivity has

been observed in the nickelate compositions.

Attention has only very recently been given to the mass transport properties in

La?.NiO4^8 materials, where the oxygen defects of interest are interstitials. Previous

studies of oxygen migration in K2NiF4 type oxides were reported for compounds of

La2.1SrCuOo [82,83,84], where diffusion occurs via oxygen vacancies. The latest

investigations of compounds based on RNiO 4+8 (where RE is a rare earth ion)

have found that the oxygen diffusion and surface exchange properties are

comparable to those obtained from the best perovskites [85,86], making them

potentially attractive for solid state electrochemical devices. Unlike the perovskites,

where alkaline earth dopants are added to enhance the oxygen diffusivity properties,

these RNiO4+o compounds do not contain such dopants. This may be an

advantage, as it has been observed in Lal-1SrCo1-FeO3-8 perovskite electrodes that

an amorphous La- or SrCO3 layer forms over time at elevated temperatures [87].

Due to the lack of published reports concerning LaNi1.CoO4+8 compositions,

literature for the end member La2NiO4^8 is presented, and where possible for

La2CoO4-s-8 also. It is stressed that considerably fewer reports are available with

regards to the properties of La2CoO4+8 compounds.
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3.2.1 Crystal Structure

The earliest publications on La2NiO4+8 reported that the crystal structure was of an

undistorted tetragonal K2NiF4 type symmetry [88,89]. In fact, the crystal symmetry

has subsequently been found to be more complicated than this, depending heavily

on the degree of oxygen hyperstoichiometry. Compounds prepared under typical

high temperature chemical reaction routes in pure oxygen exhibit a maximum

hyperstoichiometry of 8 0.18. Samples with differing degrees of oxygen excess up

to this maximum have been found to exhibit various crystal symmetries. There

remains however, a conflicting opinion over the phase boundaries and the

symmetries involved.

There is good agreement that stoichiometric or near stoichiometric La2NiO4

exhibits a slight orthorhombic distortion of Bmab symmetry at room temperature

[80,90,91]. In the intermediate hyperstoichiometry region of 0.03 < 8 < 0.13, two

orthorhombic phases with similar lattice dimensions have been proposed to coexist:

an oxygen rich Fmmm phase and the nearly stoichiometric Bmab phase [90,91,92].

There are however differing opinions of the crystal structure of compounds with

higher oxygen excess. Dabrowski et al. [90] and Jorgensen et al. [91] reported from

structural refinements of neutron diffraction studies that a small orthorhombic

distortion (Fmmm) occurs where 0.13 S 8 S 0.18. However structural refinements,

also of neutron diffraction data, found that a tetragonal structure (14/mmm

symmetry) was adopted by the single crystal La2NiO4.13 [93], and by polycrystalline

samples where 8 > 0.14 [94]. Rice and Buttrey [95] and Tamura et al. [96] have

presented further complicated phase diagrams of the oxygen content, with multiple

biphasic regions. Evidently, the crystal structure of La2NiO4+8 is strongly affected

by the oxygen stoichiometry, however there is considerable debate over the phase

boundaries and symmetries involved. At high temperatures though, La2NiO4+8 is

expected to adopt the ideal tetragonal K2NiF4 structure, irrespective of oxygen

stoichiometry [95]. This transition from orthorhombic to tetragonal for

stoichiometric La2NiO4 is reported to occur at 500°C [94].

There have been considerably fewer studies carried out on the end member

La2CoO4+8, and correspondingly, detailed characterisations of the structure are
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unavailable. However, the first studies found that La2CoO4+8 exhibited an

orthorhombic distortion of Fmmm symmetry at room temperature [88,97]. Lehuédé

and Daire [98] reported that a structural transition occurred at 385°C for the room

temperature orthorhombic Ot phase to a second orthorhombic 02 phase. Beyond

575°C, the structure was reported as tetragonal in symmetry. Similarly to the

La2NiO4+8 compounds, it appears that two orthorhombic phases may coexist

[99,100].

3.2.2 Oxygen Hyperstoichiometry

La2NiO4+8 compounds prepared using conventional ceramic routes in air typically

exhibit an oxygen excess content of 6 0.14 [101]. By using an electrochemical

oxidation process, B may be increased to 0.25 [102], however the resultant

overoxidised compounds are generally not considered to be the most

thermodynamically stable [101]. To cover the large field of electrochemical oxygen

intercalation is beyond the scope of this study, however the reader is referred to

other texts for details e.g. [102,103,104,105].

The distortion from the ideal tetragonal A 2B04 structure may be considered

qualitatively to arise from the mismatch of the B02 and the A202 layers [106]. The

orthorhombic distortions arising from the misfit of the two layers can be alleviated

via two mechanisms: rotation of the B0 6 octahedra and the addition of excess

oxygen. Perfect matching of the layers is achieved by the incorporation of

interstitial oxygen, preventing the rotation of the B06 octahedra. To stabilise the

tetragonal symmetry, the incorporated interstitial oxygen defects in the La2NiO4+a

lattice was shown Jorgensen et al. [91] to be located within the La202 rocksalt type

layers, as depicted in the expanded cell in Fig. 3.13. The defect site can be seen to

be tetrahedrally co-ordinated by La ions and also by apical oxygen ions.
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Figure 3.13 Expanded La2NiO4 cell without octahedral tilting, illustrating the oxygen interstitial

defect site. Also shown is the outline of the tetrahedral La co-ordination. The interstitial site is also

tetrahedrally co-ordinated by apical oxygen ions (adapted from [95])

In order to maintain electrical neutrality of the crystal, the oxygen interstitial defects

are readily charge compensated by the oxidation of the B site transition metal

cations from their divalent state to that of the trivalent state, as described by the

following defect reaction (expressed using Kroger-Vink notation)

-O2 +2B -O+2B	 (3.16)

The results of chemical analyses on La2NiO4+6 were reported by Demourgues et al.

[102], where it was found that with increasing oxygen hyperstoichiometry, the ratio

of Ni3 /Ni2 increased also. These £ndings would confirm that oxygen interstitials

are electronically charge compensated by hole formation.

In pure oxygen atmospheres, La2NiO4+8 oxides can attain a maximum

hyperstoichiometry of 0.18 [91]. For samples which have been prepared in air, 8 is

reduced to '-'0.14 [101]. Bassat et al. [107] and Boehm et aL [86] have determined the

oxygen content of La2NiO4+6 as a function of temperature in air by means of high

temperature thermogravimetry, with both groups reporting similar findings. In Fig.

3.14, the results of Boehm et aL are reproduced, where it can be seen that the oxygen

loss is perfectly reversible in these oxides.
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Figure 3.14 Oxygen content of La2NiO as function of temperature in air (from [86])

For the analogous cobaltate compounds, Girgsdies and Schöllhom [108] reported

that freshly prepared stoichiometric La2CoO4 stored in air at room temperature

oxidised spontaneously to form La2CoO4.ls over time. It was later demonstrated

using thermogravimetric analysis that this oxidation process proceeded via two

steps: a fast initial oxygen uptake over a period of a few minutes, followed by a slow

oxidation process of several days [109]. This process was noted to be suppressed

however when La2CoO4 was first exposed to a CO 2 atmosphere for several hours.

No discernible changes in weight were observed, and hence it was assumed that

surface carbonates had formed preventing the oxidation process. There appears to

be no other evidence or reports of spontaneous oxidation in other transition metal

containing K2NiF4 type oxides in the literature.

3.2.3 Defect Chemistry of La2.NiO4+o

Given the important role of point defects in the process of mass and electrical

transport, the nature of the defects involved are important to aid understanding of

the behaviour of mixed conducting oxides. In K2NiF4 type oxides, the facile

incorporation of oxygen interstitial defects has been amply demonstrated,

particularly in La2CoO4+8. Recent atomistic simulations have confirmed that the

defect energies associated with intrinsic Schottky and Frenkel disorder are highly

u.nfavourable [110,111]. Hence it is reasonable to condude that the intrinsic defects
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will be anti-Frenkel and electronic disorder. The equations for these defect

reactions may be expressed using Kroger-Vink notation by the following,

(3.17)

'O'—+e ' +h'	 (3.18)

(It is noted however that a partial Schottky disorder involving the creation of La and

oxygen vacancies has been predicted to occur [110,111],
'I,

'O'+ 2VLa +3V	 (3.19)

This has been borne out experimentally, where it was reported that La2.BO

(where B = Ni or Co) can be synthesised with a maximum La deficiency of x 0.15

[100,107]).

Taking La2BO4 as the basis for the defect model (where B is a transition metal), it is

assumed that the intrinsic defects are anti-Frenkel and electronic disorder (equations

3.17 and 3.18 respectively). The assumptions are also made that the La/B ratio is

equal to 2 and that all defects are fully ionised. Under oxidising conditions, oxygen

interstitial defects are incorporated into the crystal structure with charge

compensation taking place via hole formation. Thus, the oxidation reaction that

describes the oxygen nonstoichiometry of the material is given by

-* O + 2B	 (3.20)

with the equilibrium constant expressed as

K0 = [O 
j2p.1/2	 (3.21)

Under reducing conditions, oxygen vacancies will be formed, for which the defect

reaction and the respective equilibrium constant are

Oo +V0	 °2 +2B	 (3.22)

.. 2 1/2
Kred = [V0 ]n P0	(3.23)

From the defect reactions given above, the overall electroneutrality condition can

thus be represented by

2[Vfl+p=2[O]i-n	 (3.24)
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This defect relation may be simplified or regarded as three separate regimes, these

have been summarised in Fig. 3.15. The reduced electroneutrality conditions have

been given for each regime, with the corresponding variation of defects as a

function of oxygen partial pressure. Similarly to the perovskites, the regimes

applicable to a particular La2BO4 composition will be dependent on the nature of

the B site cation, together with the temperature and oxygen partial pressure.

III	 II	 I

2[Vfl=n	 n=p	 2[01]=p

P02

Figure 3.15 Brouwer diagram for La2BO4+o (adapted from [112])

The measurement of 6 from thermogravimetric analysis of La2NiO4+8 as a function

of oxygen fugacity is shown in Fig. 3.16 [113]. The experimental data shows that

La2NiO4+8 behaves as predicted by regimes I and II of the defect model. The

central region in Fig. 3.16 illustrates a strong 1/6 P02 dependence consistent with

regime I. Towards lower oxygen partial pressures a 1/2 power law is depicted in

accordance with regime II. The slight deviation from the 1/6 P0 2 dependence

observed at high oxygen partial pressures was attributed to the interaction of the

point defects (the solution is not considered to be ideal at high P02).
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Figute 3.16 Oxygen nonstoichiometry of La 2NiO4+6 at 1098°C as a function of oxygen fugacity (from

[113])

Most investigations into the defect chemistry of La2BO4+8 oxides have centred on

Cu as the transition metal cation. The reported findings have consistently shown

that the stability range of La2CuO4+8 exists only at the high oxygen partial pressure

side of Fig. 3.15, where electron holes and oxygen interstitials are the major defects

[112,114,115]. In the illustrated example shown in Fig. 3.17, the electrical

conductivity behaviour of La2CuO4+8 consistent with regime I can be seen, for

which a P02 dependence of 1/6 may be determined.

IA

1.2

I.

1.1

E
U	 1.0ri

o.c

0.

0.

Figure 3.17 Electrical conductivity of La2CuO4+o at 900°C (from [115])
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3.2.4 Electrical Conductivity

Since the discovery of superconductivity in La2CuO4^8, the electrical conductivity

properties of these oxides and of the analogous La2NiO4^o compounds have been

of immense interest to researchers, particularly in the low temperature range (J <

300K) [116,117]. Measurements of electrical conductivity at higher temperatures

have received considerably less attention. For those investigations performed at

temperatures above room temperature, the findings have shown that La2NiO4+8

displays semiconducting behaviour in the region of room temperature and above.

The onset of a broad semiconducting to metallic-like transition has consistently

been demonstrated to occur between 500K and 600K, above which the conductivity

was found to decrease [118,119,120]. In Fig. 3.18, this semiconductor-metal

transition as determined by Bassat et al. [107] for La2NiO4+8 is shown.

Temperature [K]

Figure 3.18 Electrical conductivity of La2NiO4+a (6 = 0.16, P02 = O.2atm.) as a function of

temperature (from [107])

It has previously been stressed that the structural and physical properties of K2NiF4

materials are extremely sensitive to the ambient temperature and oxygen partial

pressure. The importance of oxygen nonstoichiometry (defined by temperature and

oxygen partial pressure) on the electrical conductivity has been clearly demonstrated;

it was shown that increases in a were achieved as the oxygen partial pressure was

raised [79].
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The electronic structure of A2B04 materials (like the perovskites) is dictated by the

B-O framework. A model of the electronic structure for La2NiO4^8 was proposed

by Goodenough and co-workers [121,122]. As the basis of this model, it was

proposed that the Ni orbitals are bonded with the O2p orbitals in the basal

plane to form a narrow O*X212 band of strongly correlated itinerant electrons, while

the d 2 orbitals remain localised in this structure. It is considered that both d22

and d 2 electrons are strongly correlated, and consequently the a' 212 and d 2 bands

are split [122,123]. The Fermi level will lie between these two a*x2i2 sub-bands,

leading to the observed semiconducting behaviour below 500K.

Although the transition from a semiconductor to 'metallic-like' behaviour has been

well observed, there are considerable disagreements over the interpretation of the

origin of this transition. The smooth maxima observed in all investigations have

been variously attributed to the change in crystal structure or to the loss of oxygen

from the crystal. With regards to the structural aspects, Goodenough [123] has

proposed that the transition is associated with the change in symmetry from

orthorhombic to tetragonal. The suggestion of a structural transition may be

discounted, as high temperature crystallographic studies of samples with initial

tetragonal symmetry have displayed no changes in symmetry despite exhibiting a

semiconductor to 'metallic-like' transition [81,122,124]. It has been strongly argued

by Odier et al t125] that there is a correlation between the onset of oxygen loss and

the semiconductor-metal transition. At the transition temperature, it was observed

from TGA and gas phase analysis studies that there is a sudden decrease in sample

mass due to the loss of excess oxygen [107,125]. For every oxygen interstitial defect

lost, two electron holes will be annihilated,

2B +0 ' -+-O2 +2B	 (3.25)

Thus, it is considered that the 'metallic-like' conduction behaviour with increasing

temperature simply reflects a decrease in the number of charge carrier concentration

arising from the loss of oxygen.

The effect of Co doping in La2NiO4+8 was reported by Nishiyama et aL [126].

Again, the same semiconducting to 'metallic-like' transition was observed in the
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compounds investigated, as illustrated in Fig. 3.19. The authors have also ascribed

the reduction in conductivity above the transition temperature to the decrease in

carrier concentration, due to the elimination of excess oxygen. With increasing Co

substitution for Ni, it can be seen that the electrical conductivity decreases. This

trend was considered by the authors to be attributable to the increased trapping of

the charge carriers by the Co ions.

200	 400	 600	 800	 1000 1200

Temperature [K]

Figure 3.19 Electrical conductivity of La2Nii.CoO4+o as a function of temperature at P0 2 = O.2atm.

(from [126])

3.2.5 Oxygen Ion Migration

Studies into the oxygen transport properties of K2NiF4 type oxides have been very

limited to date. The initial studies into oxygen migration in these materials were

centred on the superconducting La2-SrCuO compounds exhibiting oxygen

deficiency [82]. Recent investigations into hyperstoichiometric La2NiO4+8

compounds have revealed that diffusion via oxygen interstitials is fast. For this

reason, growing interest is now being expressed in the oxygen diffusion and surface

exchange kinetics of K2NiF4 type oxides exhibiting oxygen excess. The tracer

diffusivities for the various K2NiF4 materials determined from IEDP-SIMS are

shown in Fig. 3.20. The measured diffusivities of Lal.9Sro.1CuO can be seen to be

two to three orders of magnitude lower than those of La2NiO4^8. It is noted that

the values of D* for La2NiO4+8 are comparable to those obtained for the high Sr

content LSC perovskites [41,45] (see Fig. 3.8).
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Figure 3.20 Oxygen tracer diffusion coefficients for K 2N1F4 compounds. A - 1at,Sro.iCu0 P02 =

That [83]; B - La2NiO P02 = 200mbax [85]; C - La2NiO 4. P02 = 200mbar 1861; D Pr2NiO, P02

= 200mbar [86]

The diffusivities for La2NiO4+8 determined by Boehm a aL [86] and Skinner and

Kilner [85] appear to be in good agreement with each other. Boehm a aL reported

that the oxygen nonstoichiometry parameter 8 was —0.14, whereas Skinner and

Kilner quoted a value of 0.24. An oxygen excess of 8 0.24 is somewhat surprising

as the samples were prepared using a standard chemical preparation route in air, and

not the electrochemical oxidation process, which typically yields such high values of

6. It is therefore considered that this value is erroneous and will be nearer that

measured by Boehm a aL In Fig. 3.20, the diffusivities for PrzNiO4+6 are also

shown, and can be seen to be higher than those of La2NiO4+8. It is noted also that

the oxygen hyperstoichiometry is higher for Pr2NiO4+8 (6 = 0.21) compared to

La2NiO4+6. This evidence appears to indicate that oxygen diffusion in these

materials is correlated to the degree of oxygen excess, which is in itself a measure of

the oxygen interstitial concentration.

An important point to stress about compounds of the K2NiF4 structure is their

highly anisotropic nature. It was reported by Opila a aL that almost three orders of

magnitude difference was observed between the diffusivities along the c direction

and in the ab plane of a single crystal La1.9Sro.1CuO (D = 2 x 10.10 cm2s-1 cf. D
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= 3 x 10-13 cm2s' at 500°C) [83]. Therefore it has to be borne in mind that the

measured tracer diffusivity in polycrystalline samples reflect an 'average' over all

crystallographic directions. An atomistic modelling study of oxygen migration in

La2NiO4^a proposed that diffusion occurs via an interstitialcy mechanism in both

the ab plane and c direction [110]. Oxide ion migration is predicted to be facile

within the ab plane, that is, between the rocksalt layers, for which an activation

energy of 0.88eV has been calculated [110]. In the c direction however, a predicted

activation energy value of 3.15eV was given. It has been suggested that this higher

value in the c direction may arise from the association of a Ni3+ ion to the migrating

interstitial, and thus the larger enthalpy reflects the energy required to overcome this

defect association. Unfortunately, there appears to be no diffusivity data available

for single crystal La2NiO4+8 to confirm these predictions. However, in the case of

polycrystalline La2NiO4+8, the activation energy for tracer diffusivity has been

quoted as -'0.5eV and 0.85eV by Boehm et al. [86] and by Skinner and Kilner [85]

respectively. These values, although contrasting, fall between those predicted for

the ab plane and c direction, but are evidently closer to the 0.88eV value estimated

for diffusion within the ab plane. This suggests that oxygen transport in La2NiO4^o

is dominated by diffusion between the rocksalt layers.

3.2.6 Linear Thermal Expansion

For SOFC and electrically driven air separation devices, the electrodes, electrolyte

and interconnect are contacted to one another. Thus, an important criterion to be

fulfilled by all component materials is that they must be thermo-mechanically

compatible. For typical intermediate temperature SOFCs and related devices, the

currently favoured solid electrolyte is CGO, which is reported as having a thermal

expansion coefficient of 12.4 x 10-6 K-' over the temperature range 50 - 800°C [30].

Allowing for a 10% - 15% thermal expansion mismatch, a difference of ± 1.5 -2 x

10-6 K-1 is assumed to be tolerable between CGO and the selected cathode material.

Although limited data exists for K2NiF4 type oxides, it can be seen that the materials

in Table 3.3 exhibit a thermal expansion behaviour that is extremely compatible with

that of CGO. This evidence would make these materials acceptable for

consideration as cathode electrodes.
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Material	 Temperature Range (°C)	 (x 106 K')

La2NiO4+8 [81]	 20-1100	 14-15.5

La2Nio.9FeojO4+8 [127]	 30-800	 12.8 ± 0.3

La2CuO.7Coo3O4+8 [128]	 30-800	 12.6 ± 0.2

Table 3.3 Linear thermal expansion coefficients of K 2NiF4 compounds in air

3.3 CONCLUD ING REMARKS

In this chapter, the literature regarding La1..SrCoO3 and Lao.6Sro.4Coo.9sNio.o2O3

perovskites has been reviewed. The observed physical properties have been shown

to be a result of the highly complex defect chemistry associated with these materials.

From the literature, it is evident that high diffusivities and good electrode properties

are typical of LSC and LSCN perovskites, however these materials are considered to

be unfavourable for high temperature applications as their thermo-mechanical

stability is rather poor. Recent attempts at further enhancing the electrode

properties involving the use of composites may also improve the thermo-

mechanical stability, which would then allow the consideration of these materials in

solid state electrochemical devices.

The literature surrounding La2Ni1..1CoO4+a K2NiF4 type oxides has also been

presented. The crystal structure of these materials is closely related to the

perovskites. Similarly to the mixed conducting perovskites, the complex defect

chemistry is reflected in the measured properties such as oxygen nonstoichiometry,

crystal structure, and mass transport. Based on available reports, it appears that the

oxygen diffusivities in La2NiO4+6 materials are extremely high. Coupled with their

apparent good thermo-mechanical stability, these mixed conducting oxides warrant

further investigation, with the possibility of offering a serious alternative to the

perovskite systems for applications in SOFCs and air separation membranes.
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CHAPTER 4 EXPERIMENTAL: PREPARATION AND

CHARACTERISATI ON TECHNIQUES

4.1 INTRODUCTION

In this chapter, the preparation methods of powders and samples for investigation

by various techniques are described. For the studies on Lao.6Sro.4Coo.9sNio.o2O3

(LSCN) perovskite, samples were prepared using a commercially manufactured

powder (Praxair Specialty Ceramics, Seattle, USA). The La2Ni1..CoO4+8 series of

oxides were produced 'in-house' using the amorphous citrate route. In addition to

powder and sample preparation details, the standard characterisation techniques

employed are also given. The determination of the mass transport properties in

these materials was achieved using the technique of Isotope Exchange Depth

Profile combined with Secondary Ion Mass Spectrometry (IEDP-SIMS), the details

of which have been highlighted in section 4.7.

It is well known that the method of preparation and processing can have significant

effects on the properties of the final sintered ceramic product [1,2]. The preparation

of powders from raw starting materials can sometimes incur the precipitation of

secondary phases. Furthermore, there may also be impurities in the final product,

which have originated from later processing stages such as milling. These impurities

typically precipitate as secondary phases at grain boundaries, and can significantly

affect the desired properties [3]. It has also been shown that the thermal treatment

of both powders and final shaped products can have a profound effect on factors

such as the oxygen content [4]. Thus, the manufacture of specialist refractory

oxides is often a complex process, especially in the case of multi-component oxides.

Furthermore, for any manufactured material, batch variation is inevitable.

All the aforementioned factors have to be borne in mind when preparing uniform

samples, and especially when comparing results from other sources. As a result of

the necessity to make samples that are consistent, it is imperative that the same

preparation conditions are met. Consequently, the results presented in this study
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originated from samples prepared from a single batch of powder for each

composition and all samples experienced identical thermal treatments.

4.2 PREPARATION OF OXIDES

The most conventional method of ceramic powder preparation is via the solid state

reaction route. This method, although simple, is often tedious and time consuming

as it involves repeated grinding or milling of the starting precursors (usually metal

oxides). Repeated calcinations at high temperatures are also required because the

procedure relies on the mixing of ions by solid state diffusion. Consistent, uniform

batches of powder are therefore often difficult to achieve. The variation in results

can also stem from the fact that the abrasive materials used in the milling and

grinding process usually introduces contamination. Moreover, the prolonged high

temperature calcinations promote crystallite growths, which are detrimental to

achieving dense sintered products.

To overcome the limitations of the solid state reaction route, a variety of preparative

routes have been developed to successfully produce homogeneous powders rapidly

and at lower temperatures. The different methods used to produce ceramic oxides

for SOFC applications include freeze-drying [5], sol-gel synthesis [6], combustion

synthesis [7,8,9] and the amorphous citrate process [10,11,12]. The two of these

most widely used are the amorphous citrate process and glycine-nitrate combustion

synthesis. The advantage of the glycine-nitrate combustion process is that it is a

rapid, self-sustaining reaction, producing fine, highly crystalline particles [13].

Although both processes result in the production of fine particle agglomerates,

those agglomerates produced by glycine-nitrate combustion are said to be relatively

csoft [14], which enables them to be broken down easily.
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4.3 La2Ni1 CoO4+6: AMORPHOUS CITRATE PROCESS

The amorphous citrate process requires the addition of a functional molecule to

form complexes with the metal cations in solution; the complex agent in this case is

citric acid. The role of citric acid is to form complexes with the metal cations,

increasing their solubility in water, and to prevent the selective precipitation of ions

as the water evaporates. This ensures the intimate mixing of the cations. On

removal of the solvent, the remaining solid resin or precursor is then calcined to

remove the organic components leaving the desired ceramic powder. In order to

produce the powders in this study, stock solutions of metal nitrates were first

prepared. Approximately 1M solutions of La(NO3)3, Sr(NO3)2, Co(NO3)2 and

Ni(NO3)2 were prepared and their molarity determined using Atomic Absorption

Spectrometry (Perkin Elmer 2380 Double Beam Atomic Absorption Spectrometer)

by Mr. Mike Haddon, Imperial College, London. By knowing the cation content of

each solution, the solutions were then mixed in the appropriate ratios to give the

required stoichiometry.

Compositions of La2Ni1CoO4^8, where x = 0, 0.1, 0.2 and 0.5, were produced by

taking the appropriate volumes of the metal nitrate solutions and mixing them

together with citric acid in a borosilicate glass beaker. An excess of citric acid is

usually added to prevent the spontaneous ignition of the mixture, which can result

in unwanted reaction products. The solutions were heated on a hot plate until the

water had evaporated leaving behind charred, dark brown, solid residues. These

solids were then decomposed at 650°C for 2 hours to remove any remaining organic

material. To form the pure K2NiF4 phase, the resultant products were calcined at

temperatures between 1000°C and 1100°C in air.

4.3.1 Sample Preparation for IEDP-SIMS

Dense pellets for isotope exchange were prepared by first calcining the decomposed

products at 850°C for 2 hours in air. The powders were ground in ethanol using an

automated, agate pesfie and mortar for 1 Smins, and the resulting slurries were then

dried and the powders sieved. The pellets were produced by uniaxially pressing the

powders into discs of 13mm diameter at 75MPa, followed by cold isostatic
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compression at 300MPa. The compacted discs were then sintered under an argon

atmosphere at 1350°C for 8 hours using heating and cooling rates of 300°C/hour.

The measured densities of the pellets using Archimedes' principle were found to be

>95% theoretical value. It should be noted however that for the composition

La2Nio.5Coo. 504+a, pellets of single phase were not successfully achieved.

Figure 4.1 shows a backscattered electron image of the surface of a sintered pellet of

La2NiO4+6. The sample has been polished and subjected to a light anneal at 1000°C

for 1 hour in air. It is clearly evident that the sample is extremely dense. Very small

pores can be seen across the image; these are located at the triple junctions where

the grains meet. From this and also the slight shading of several grains, the average

grain SL2 in this sample is estimated to be between 5 and 10tm.

*

Figure 4.1 SEM micrograph of a sintered and polished pellet of La2NiO4+6

4.3.2 Sample Preparation for Dilatometry

The identical procedure for powder preparation as described for IEDP-SIMS was

used in the preparation of samples (where x = 0, 0.1, 0.2) for dilatometry

measurements. For these measurements, bars, instead of discs, of approximately

20mm in length, and cross sections of 5 x 5mm were pressed. Sintering conditions

of 1350°C for 8 hours in air resulted in measured densities of 95% theoretical.

4.3.3 Electrode Preparation for Impedance Spectroscopy

To yield single phase La2Ni1..CoO4+8 powders for impedance spectrometry

measurements, different calcination temperatures and times were required for each
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composition. In Table 4.1, these conditions have been summarised, and it should

be noted that all calcinations were performed in air.

Composition	 Temperature (°C)	 Time (Hours)

La2NiO4+8	 1000	 5

La2Nio.9Coo.104+8	1050	 2

La2Nio.sCoo.204+6 	 1100	 2

Table 4.1 Calcination conditions for La2NiiCoO4+a in air

For impedance spectroscopy measurements, simple, symmetrical cells are required,

i.e. two electrodes separated by a dense oxygen ion conducting electrolyte. The

electrolyte material of choice in this study was Ceo.9Gdo.1O2- (CGO). The dense,

pre-sintered CGO electrolyte substrates of approximately 10mm diameter and 2mm

thickness were prepared from powder manufactured by Rhône-Poulenc (now

Rhodia). These powders were uniaxially pressed at 75MPa and sintered at 1400°C

for 5 hours, resulting in measured densities of 99% theoretical value. To produce

the porous, symmetrical electrodes, the La2Ni1..CoO4+8 slurries (prepared simply by

ball milling in ethanol for 72 hours) were painted onto both sides of the electrolyte

pellets and then air sintered at 1000°C for 2 hours.

4.4 La06Sr04Co098Ni002O 6: PRAXAIR SPECIALTY CERAMICS

This commercially, manufactured powder was used to prepare samples for all

measurements carried out, namely, IEDP-SIMS, impedance spectroscopy and

dilatometry. The preparation of dense pellets for isotope exchange and bars for

dilatometry, required the powder to be first micro-milled in ethanol for 1 hour,

dried, sieved, uniaxially pressed at 75MPa and finally, cold isostatically pressed at

300MPa. The compacted pellets and bars were then sintered at 1300°C for 8 hours,

using heating and cooling rates of 300°C/hour in air. The densities of the pellets

were measured using the Archimedes' principle of water displacement. It was found

that densities of 98% theoretical density were achieved. An example of the high

97



Chapter 4— Experimental: Preparation & Characterisation Techniques

densities achieved can be seen in Fig. 4.2. The sample pellet has been polished and

subjected to a thermal etch at 1200°C for 1 hour to reveal the details of the

microstructure. The grains and grain boundaries are clearly visible, along with

several large dust particles. It also appears that there are small precipitates at the

grain boundaries; this may indicate the presence of a secondary phase which has

segregated to the grain boundaries. It is estimated that the average grain size is

approximately 10p.m.

Figure 4.2 SEM micrograph of a sintered and etched pellet of LSCN

Similarly to the preparation of La2Ni1..CoO4+8 samples for impedance

spectroscopy characterisation (detailed previously in section 4.3.3), the LSCN

powder was made into a slurry and deposited as porous electrodes on Ceo.9Gdo.lO2

electrolyte substrates. Composite electrodes were also investigated, whereby

LSCN/CGO powders of varying ratios were mixed and ball-milled in ethanol to

form slurries. All LSCN and LSCN/CGO electrodes were sintered onto the dense

electrolytes in air at 900°C for 2 hours.

4.5 SAMPLE CHARACTERISATION

4.5.1 X-Ray Diffraction (XRD) and High Temperature X-Ray Diffraction

(HT-XRD)

X-ray diffraction was carried out on calcined powders and sintered pellets to

determine the phase purity. A Philips 1700 Series automated powder diffractometer

using Cu-Ka radiation with a secondary graphite crystal monochromator was
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employed. Diffraction measurements were made relative to an external silicon

standard. For standard phase determinations, scans were performed between 10 to

700 20, with a step size of 0.04°, and a data collection time of 1 sec. The

compositions were identified using standard Powder Diffraction Files GCPDS [15]).

High temperature XRD analyses of La2Ni1CoO4^8 were carried Out using a

Siemens D5000 powder cliffractometer at the École Nationale Superieure de Chimie

de Lille (ENSCL) by Dr. Rose-Noëlle Vannier. Scans were performed between 10

and 80° 20, with a step size of 0.0146°, with a time of 0.15 second per step. The

XRD scans were recorded in air, every 25°C from room temperature to 750°C on

both heating and cooling.

4.5.1.1 Determination of Lattice Constants

To determine the lattice cell parameters from the X-ray powder diffraction analyses,

the Rietveld refinement method [16] was used. The Rietveld method essentially

allows the extraction of crystal structure information from the position, intensity,

height and width of the reflected peaks from either X-ray or neutron diffraction

data. The Rietveld programmes, FULLPROF [17] and GSAS [18] were used to

extract the unit cell parameters by a least squares refinement of a calculated

diffraction pattern based on a starting model to the observed X-ray powder

diffraction patterns.

4.5.2 Particle Size Analysis

A Low Angle Laser Light Scattering (LALLS) technique [19] was used to measure

the particle size of the powders. Due to the nature of the powders, the values

yielded gave more information about the size of agglomerates, rather than the size

of individual particles. The Malvern Instruments Mastersizer used in this work can

determine particle sizes between the range 0.lp.m and 180tm. The samples are

placed in a liquid suspension, which is then passed through a laser beam. The

degree of light scattered gives an indication of the sizes of particles measured. The

sizes quoted in this study are the median particle size, denoted as Dso.
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4.5.3 Inductively Coupled Plasma - Atomic Emission Spectrometry (ICP-

AES)

The relative concentrations of the metal cations in the commercially prepared LSCN

powder and all La2Ni1..CoO4+8 compositions prepared by the amorphous citrate

route were determined by Inductively Coupled Plasma Spectrometry (ARL358OB

ICP Analyser). All ICP analyses were carried out by Mr. Barry Coles, Imperial

College, London. In ICP spectrometry, the plasma is generated by the coupling of a

radio frequency power to a gas in a torch, via an induction coil wound around the

torch. An electromagnetic field is set up within the torch, which inductively heats

the formed plasma to temperatures exceeding 5000K [20]. A solution of the sample

to be analysed is introduced into the plasma core and the characteristic light

emissions by the excited ions in the plasma yields information about the sample.

4.5.4 Thermogravimetric Analysis (TGA)

The initial oxygen hyperstoichiometry of the La2Ni1..CoO4+8 compositions were

measured by means of thermogravimetric analysis using a STA-780 Series, Stanton

Redcroft Thermal Analyser. Analyses were performed on -25mg of powder in a

H2/N2 atmosphere, with a heating rate of 10°C/mm. Under this reducing

atmosphere, the loss in mass could be used to calculate the degree of oxygen excess

for each composition.

4.5.5 Scanning Electron Microscopy (SEM)

The powder particle morphology and microstructures of fracture surfaces of

samples were examined using scanning electron microscopy (JEOL T220A). All

specimens were gold coated prior to analysis to prevent surface charging.

4.5.6 Dilatometry

The thermal expansion coefficients of commercial LSCN and the La2Ni1-CoO4+6

compositions were measured using a Netzsch Dilatometer 402E. Samples were

prepared as 20mm long bars with plane parallel sides. The linear expansion

behaviour of all samples was measured between room temperature and 900°C in
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static air, using a heating rate of 10°C/mm. The expansion of the alumina

measurement system was compensated for using an alumina standard.

4.6 IMPEDANCE SPECTROSCOPY

A.C. impedance spectroscopy was used to measure the electrode behaviour of the

materials in this study. A short description of the basic theory of ac impedance,

namely, the characteristic impedance response to a small electrical stimulus, is given

here. For a more detailed description of impedance spectroscopy and its theory, the

reader is referred to the following texts [21,22]. In addition, details of the

experimental apparatus are briefly described.

4.6.1 Theory of A.C. Impedance Spectroscopy

Investigations using impedance spectroscopy can yield some useful information

regarding the nature of the electrochemical processes occurring in the electrolyte

and electrodes. The usefulness of this process is that the overall electrical properties

of a material can be separated into their individual component parts [23].

The technique of impedance spectroscopy allows the measurement of a sample's

impedance over a wide range of frequencies, typically 0.01Hz to 10MHz in most

commercial instruments. A small, known sinusoidal voltage is applied across an

electrochemical cell, which then induces a sinusoidal current to flow through the

system. The ratio of applied voltage to the current is the impedance, which varies as

the frequency of the applied voltage changes. The application of the sinusoidal

voltage V and the current response I are given by

V = V0 Siflot
	

(4.1)

I J sin(t+q)
	

(4.2)

where V0 and 1 are the maximum voltage and current values respectively, Co is the

angular frequency, q is the phase angle difference between the perturbation voltage

and current response, and t is time. The ratio of V and I is the impedance, Z.

Impedance may be expressed as polar co-ordinates

z = jZje1P	 (4.3)
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where ZI V0 / 1 or as Cartesian co-ordinates, defined by real and imaginary

components as given by

Z = Z'–iZ"

These real and imaginary components in turn are given by the following

Z'=Zcosq

Z"=Zsinq

with the modulus 
I 
Z 

I 
expressed as,

(4.4)

z =[(Z') +(z")21 " 2	(4.7)

The impedance response can be described in terms of a parallel combination of two

simple electrical components, a resistor and a capacitor. The resistance and

capacitance characteristics of these two components describe the transport and

storage of charge respectively. Thus, the impedance in the measured system may be

expressed as

11.
-= —+ joC
ZR

where R is resistance and C is capacitance. The above equation can be shown to

describe a circle (see Appendix), whereby the circle's radius is R/2 and the centre

can be found at (R/2,0).

A typical, electrochemical cell is constructed, consisting of two symmetrical

electrodes separated by an oxygen ion conducting electrolyte. An idealised

impedance spectrum is shown in Fig 4.3, where the bulk, grain boundary and

electrode are denoted by the subscripts b, gb and e respectively. The analysis of an

electrochemical system using a.c. impedance spectroscopy relies on the fact that the

various processes occurring in the cell can relax at different rates. For sufficiently

different relaxation rates, it is possible to separate the different responses as a

function of frequency. Each relaxation response is described by a semi-circle, the

diameter of which has a real resistance value on the x axis. The time constant or

relaxation time, unique to each process, is defined as

r=RC
	

(4.9)

(4.8)
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increasing
frequency

N

Rgb	 Re

z, ()

Figure 4.3 Ideal a.c. impedance spectrum illustrating the responses due to the electrolyte grain bulk,

electrolyte grain boundary and the electrode

The electrical, equivalent circuit can be constructed to give a similar response to that

obtained in the complex plane. In the ideal case described above, a simple network

of parallel RC elements is used to describe the response. This circuit is shown in

Fig. 4.4.

Figure 4.4 Equivalent circuit for ideal impedance spectrum shown in Fig. 4.3

In practice, it has often been found that the relaxation times for the bulk, grain

boundary and electrode processes are sufficiently different to give individual, well

resolved impedance responses. The perfect semi-circle with its centre on the x axis

at (R/2,0) is seldom obtained however. Often, the semi-circle is depressed below

the real axis at an angle cx. This is normally attributed to inhomogeneities in the

material, leading to a distribution of relaxation times. In Fig. 4.4, the electrode

response was simplified as a parallel RC network. Practically however, the electrode

impedance response is more complex and difficult to analyse due to a number of

reactions occurring, all contributing to the overall electrode impedance. In contrast

to the ideal semi-circle, a severely convoluted response arises as the individual
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reactions can exhibit similar time-dependent behaviour. As a consequence of the

non-ideal RC behaviour, the use of equivalent circuits serve only as a limited guide

[21].

4.6.2 Experimental Apparatus

A.C. impedance spectroscopy measurements were carried out on LSCN,

LSCN/CGO composite and La2Nil..CoO4^8 electrodes as a function of

temperature over the range 500°C to 750°C in air. The electrode responses were

measured using a Solartron 1260 frequency response analyser, with the frequency

varying between 0.01Hz and 1MHz. The amplitude of the applied potential was

5OmV in all cases.

The samples were placed in a specially constructed holder, such that each electrode

was in good contact with a fine platinum mesh. This was achieved by means of a

mechanical contact via a spring loaded assembly. Electrical measurements were

made via platinum wires attached to the platinum meshes. A schematic of the

impedance spectroscopy holder used is illustrated in Fig. 4.5.

Figure 4.5 Schematic of a.c. impedance spectroscopy holder (from [21])
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4.7 ISOTOPE EXCHANGE DEPTH PROFILE AND SECONDARY

ION MASS SPECTROMETRY

The determination of the oxygen transport properties in ionic conducting oxides, to

yield the tracer diffusion coefficient D* and surface exchange coefficient k

parameters, can be performed in several ways. All the approaches involve annealing

a sample in a gaseous medium enriched in the 18Q isotope. The methods of

measurement can rely either on monitoring the changes in l8Q isotopic

concentration in the gas phase during anneal, or by the post anneal determination of

the isotope penetration profile into the solid. The original technique devised was

gas phase analysis, where the enriched gas was monitored using a mass spectrometer

during annealing [24,25]. The main drawback of this technique is that no knowledge

can be gained about the form of the diffusion profile within the solid e.g. the

presence of fast diffusion pathways such as grain boundaries or dislocations. To

overcome this principal drawback, ion beam techniques were developed (known as

Depth Profiling techniques).

4.7.1 Depth Profiling Techniques

Unlike gas phase analysis, the method of Isotope Exchange followed by Depth

Profiling (IEDP) allows the transport of the tracer isotope in the bulk to be

followed accurately. For this approach, a dense solid sample is annealed in a large

volume of 18Q, such that the isotope concentration essentially remains constant for

the duration of anneal. A post-anneal analysis of the isotope penetration profile can

be carried out using either Secondary Ion Mass Spectrometry (SIMS) [26,27] or

Nuclear Reaction Analysis (NRA) [28]. The values of tracer diffusion and surface

exchange can be obtained from the depth profile by regression analysis with the

appropriate solution to the diffusion equation.

In the analysis technique of depth profile SIMS, a high energy focused ion beam is

used to sputter the sample surface. The emission of sputtered 16Q and 180

secondary ions are analysed and collected in a mass spectrometer. A depth

calibration of the sputtered crater has to be performed post analysis by some

measurement means, such as an interferometric microscope or a surface
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profilometer. The advantage of the SIMS technique is that the isotope penetration

profile is obtained easily. The main disadvantage however, is that the sputtered

depth is limited by practical considerations to only a few microns. It is this

technique that has been the most widely used for determining the oxygen transport

properties in ionic and mixed conductors. The remainder of this chapter will

discuss in further detail the IEDP-SIMS methodology and provide a basic

background to SIMS operation. Finally, the process of fitting the experimental data

is discussed with reference to both bulk diffusion and for fast diffusion down grain

boundary pathways.

4.7.2 Preparation of Samples

For isotope exchange and SIMS analysis, it is a prerequisite that samples be of high

density. Where porosity is less than 5%, the ceramic is considered gas-tight [1]. In

samples of low density (<95% theoretical), fast diffusion down open pores can

result, giving highly erroneous values for the oxygen diffusion coefficients. A

polished surface, free of any flaws is also required for the accurate determination of

the surface exchange coefficient. Any roughness or scratches may prevent a correct

measurement of the true surface isotopic concentration, and limit the depth

resolution in SIMS analysis for depth profiles. The preparation of dense pellets of

La2Ni1CoO4+8 and LSCN for isotope exchange was detailed earlier in sections

4.3.1 and 4.4 respectively. As a final preparation procedure for IEDP-SIMS, the

sintered pellets were first ground with successive finer grades of SiC paper, followed

by a polishing procedure using diamond polishing compounds, to give a 114pm

finish. The polished samples were then subjected to an anneal at 1000°C for 1 hour,

in order to remove any stress or sub-surface damage incurred during the grinding

and polishing process.

4.7.3 Isotope Exchange Apparatus and Procedure

The apparatus used for the isotope exchange anneal of samples, is shown in Fig. 4.6.

It is constructed using standard Ultra High Vacuum (UHV) equipment. The sample

to be annealed is placed in a closed-end quartz tube, which is connected to the main

chamber. The appropriate gas, either 1602 (research grade >99.996% purity) or 1802
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(stored in the 1802 reservoirs) can be introduced easily into the system for the

required anneal. After annealing, the system can also be easily evacuated. The exact

concentration of 18Q isotope in the annealing gas is measured by oxidising a piece of

single crystal silicon in the enriched 180 atmosphere and the isotopic fraction in the

oxidised layer determined using SIMS.

Capacitance
Manometer

LJ "Os in
Penning Gauge	 Pirani Gauge	

LI	 Tubular
__ITu

MAIN CHAMBER

Turbo
Pump

Thermocouple

Key

Needle Valve

Gate Vahe

It 
O2lransfer

Pump

'b2Reservirs

Figure 4.6 Schematic of apparatus used for Isotope Exchange Depth Profile anneals

The procedure for oxygen isotope exchange is as follows. A dense polished sample

is loaded into the quartz tube and the main chamber is then evacuated. To carry out

the pre-anneal, the main chamber is first isolated from the turbo pump, and

research grade 1602 is introduced into the chamber to the required pressure. A

preheated furnace is rolled on to the tube and the pre-anneal is carried out for a

duration of 10 times greater than the length of the exchange anneal. This ensures

that the sample is in equilibrium at the required temperature and oxygen partial

pressure, and that any sub-surface polishing damage is removed. At the end of the

pre-anneal, the sample is quenched to room temperature by simply rolling off the

furnace and the chamber is evacuated. To carry out the exchange anneal, the

labelled gas is first pumped into the 1802 transfer pump, before being introduced

into the main chamber to the same pressure as the pre-anneal. The diffusion anneal
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is carried out using the same procedure as for the pre-anneal, after which, the

labelled gas is returned to the reservoirs. A thermocouple is placed in close

proximity to the sample in order for the temperature to be recorded at regular

intervals, enabling the exact temperature-time profile to be obtained for each anneal.

4.7.4 Secondary Ion Mass Spectrometry

SIMS is one of the most sensitive surface analytical techniques, able to detect

elements and isotopes down to the parts per million (ppm) and parts per billion

(ppb) range. Due its outstanding detection limits, the most widely used application

of this technique is in the semiconductor industry for analysing dopant implantation

and detection of impurities in silicon [29].

imary Ion

[	

Sputtered Particle
(+ or - ion or neutral)

Surfce

Collision
Cascade

Implanted Ion

Figure 4.7 Schematic representation of the SIMS sputter process

The basic principle of this technique involves the bombardment of a sample surface

by a high energy beam of primary ions causing emission of secondary ions, and the

subsequent detection and quantification of the emitted species [30,31]. A schematic

representation of the sputter process is illustrated in Fig. 4.7. When a high energy

beam of primary ions bombards a sample surface, the implantation of the primary

ion into the solid surface generates a coffision cascade. The transfer of energy and

momentum to the target atoms can result in the emission of atoms and atom

clusters from the surface. This process is termed 'sputtering'. Most of the ejected

species are neutrals, however a small proportion are either singly or even multiply

charged. By applying a suitable acceleration potential across the sample, the charged

species sputtered from the surface are collected and counted by a mass

spectrometer.
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The SIMS analyses in this study were carried out using an Atomika 6500 Ion

Microprobe, illustrated schematically in Fig. 4.8. Essentially, there are three main

parts: the primary beam column, the main chamber and the secondary ion detection

system.

Primary Ion Source

ELECTRON'
GUN

Primary Beam

Electron Beam

Sample

MAIN
CHAMBER

- - (-PRIMARY BEAM COLUMNII
II
II	 Energy

Filter

	

- —I	 Quadrupole

	

I	 Mass Filter

	

\- _/	 I	 Channeltron

.11	 H
Analysed

Signal

Secondary	
I

Ions SECONDARY ION
DETECTION SYSTEM

Figure 4.8 Schematic representation of the Atomika 6500 SIMS (adapted from [32])

(V	 Primarj Ion Beam

Several primary ion sources can be used in SIMS analyses (e.g. 0 2+, Cs+, Xe+, and

Ar4 ). The choice of primary ion beam is generally dependent on the secondary ion

yield. Typically, the use of 02 primary beams enhances the yield of positive

secondary ions, whereas a Cs' beam enhances negative secondary ion yields. Unlike

the oxygen and caesium beams, inert gas ion beams such as Xe' and Ar+ are used in

order to avoid chemically modifying the bombarded surface. The two beams

available for use on the Atomika 6500 are the Xe' and 02', with a primary ion

energy that can be varied between 1-8kV.
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(ii) Main Chamber

The analysis chamber is maintained under UI-Ill conditions ('-10 9 Torr) in order to

minimise residual gas adsorption on the sample surface and to prevent scattering of

the primary beam. Samples, up to six at a time, can be mounted onto a carousel,

which is introduced into the main chamber via an intermediate transfer chamber.

This set-up allows the transfer chamber to be raised to atmospheric pressure

independently, without affecting the UHV in the main analysis chamber.

(ii:) Seconday Ion Optics (SlO)

This final section is comprised of an energy filter and a quadrupole mass

spectrometer. The SlO aids the transfer of sputtered secondary ions into the

quadrupole, as well as limiting the energy of the secondary ions in order to enhance

the quadrupole's resolution. The sputtered species are ejected with a range of

energies and in all directions. This means that only a fraction of the emitted ions

may actually be collected by the Sb. Once collected, the secondary ions are first

accelerated and focused into an energy filter, which reduces the large energy spread

of the secondary ions. It is essential to have a low energy spread for achieving good

mass resolution in the quadrupole. This however comes at the expense of signal

intensity.

After filtering, the ions are decelerated and focused in parallel down onto the

quadrupole's axis. A quadrupole mass spectrometer consists of four parallel rods,

connected as two pairs. A voltage consisting of a constant d.c. component and an

oscillating r.f. component is applied to one pair of rods, whilst an equal but opposite

voltage is applied to the other pair. The rapid periodic switching of the electric field

causes the ions to oscillate. The majority of the oscillations will be unstable, causing

the ions to strike the rods and are therefore not transmitted. Only ions with a

certain mass to charge ratio (m/z) will follow a stable trajectory of limited

amplitude. By varying the d.c. and r.f. voltages, whilst maintaining a constant ratio

between them, ions of differing m/z ratios can be transmitted. The transmitted

ions are counted by a channeltron electron multiplier and the analysed signal can be

displayed.
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4.7.5 SIMS Analysis

To measure the oxygen transport properties of the materials in this study, two

different modes were operated, depth profiling and line-scanning. The linescan

technique was developed to overcome the limitation of the depth profile technique,

whereby only a few microns could be profiled [33]. The linescan method allows the

measurement of diffusion lengths of several hundred microns, whereas depth

profiling is restricted to 180 profiles up to -10.tm. All analyses on the Atomika

6500 were carried out using an 8kV Xe beam.

4.7.5.1 Depth Profiling

Depth Profiling is the normal mode of SIMS analysis. The ion intensities are

continuously recorded as a function of time when a focused primary ion beam is

rastered over a defined square area on the target material. As mentioned above, this

mode of operation is ideal where 180 diffusion profiles do not exceed beyond

10.tm, i.e. for slow diffusing materials. This method was employed for measuring

the profiles in the LSCN low temperature anneals. The raster scan size was set for

300im x 300pm.

When operating under the depth profile mode, several artefacts can arise, limiting

the accuracy of the results obtained. Care was therefore taken to minimise effects

of ion beam mixing, crater wall effects and crater base roughening. Ion beam

mixing occurs due to the nature of the SIMS process. A mixing zone is created in

the region where primary ions have coffided with the target atoms. During the

collisions between primary ions and target atoms, the atoms in the crystal lattice are

displaced from their original positions. The depth of the mixing zone, which limits

the depth resolution, can be minimised by using primaries with higher atomic mass

or by decreasing the primary ion energy.

Crater wall effects are a result of the Gaussian distribution of an ion beam -

sputtering is not uniform across the beam diameter. This uneven sputtering

manifests itself as sloping crater walls when the beam is raster scanned.

Consequently, the detected secondary ions can originate from many depths, limiting
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the depth resolution. To eliminate the counting of the ions emanating from the

crater walls, an electronic gate system is incorporated in the instrument. This

ensures that data only from a specified central region of the crater is counted (see

Fig. 4.9). The gated area for a raster scan on the Atomika 6500 can be set between

0.4% and 25% of the total sputtered area.

Sample
Surface

Figure 4.9 Schematic diagram illustrating the crater wall effect and the principle of electronic gating

Surface roughness formed at the base of a crater, known as crater base roughening,

can cause a significant loss in depth resolution. It is therefore emphasised that

smooth surfaces are required prior to analysis to keep losses in depth resolution to a

minimum. The reason for this topographical phenomenon is still very much

unknown. For polycrystalline metal samples, it was proposed that preferential

sputtering occurs due to grain orientation [29]. This was discounted for the mixed

conducting oxide LSM, where it was thought that the sputter rate was independent

of grain orientation. Instead, the crater base topography was attributed to pores

broadening and coalescing under ion beam bombardment [34]. This would strongly

suggest that for SIMS depth profiling of ceramics, it is imperative that the samples

are fully dense for good quality analysis.

4.7.5.2 Linescanning

The process of linecanning was developed for fast diffusers where the 180

penetration profile reaches several hundred microns for the shortest practical anneal

times. This technique is schematically illustrated below in Fig. 4.10. The samples

for analysis were prepared by cutting the exchanged pellet perpendicular to the
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original polished surface. The exposed cross-sections were ground and polished in

an identical manner as for the original pellet surface. To obtain the diffusion

profile, the region of interest is first raster cleaned using a high intensity beam to

ensure steady state sputtering conditions. The SIMS line profile is then scanned

using a very fine, focused beam.

EXCHANGE ANNEAL	 SIMS LINESCAN PROFILING

Figure 4.10 Schematic diagram illustrating the linescan technique (from [33])

The need for good quality surfaces has been emphasised throughout; in the case of

linescan analysis, this is particularly so. Any scratches or cracks present on the

exposed surface traversed by the beam can lead to discontinuities in the profile.

Unlike the depth profile technique, lateral resolution not depth resolution is

important for linescanning. In practice, the limit of lateral resolution is determined

by the width of the ion beam, which in turn is a function of beam current. It was

found experimentally for the Atomika 6500, that the lowest beam current of 0.lnA

corresponded to a beam width of -'5m [35]. By assuming that the ion beam has a

Gaussian profile, the Full Width Half Maximum (FWHM) can be used as a measure

of beam diameter. An error in the tracer diffusion coefficient D* is quoted as the

ratio of the FWHM to the diffusion profile length LD, i.e. FWHM/LD. Therefore to

minimise errors as a result of the contribution from the ion beam width, long

diffusion profiles of a few hundred microns are recommended. Typical errors in D*

would be of the order of 10%. When the diffusion lengths are limited and the
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contribution from the ion beam significant, the measured profiles have a notable

distortion, which makes the fitting of the experimental data to the diffusion

equation difficult.

A detailed investigation into the limits of the depth profile and linescan techniques

by De Souza [35], yielded values for the upper and lower limits of LD and D* using

these two techniques. These are summarised below in Table 4.2.

LD, mm (im)	 D* (cm2s-l)	 LD,max (.im)	 D*max (cm2s)

Depth
	

15 x 10-i
	

3x1018	 10
	

5 x 10-°
Profiling

Linescanning
	

50
	

3x10	 1000
	

5 x 10-s

Table 4.2 Summaiy of limiting diffusion lengths for depth profiling and linescanning techniques,

and the corresponding diffusivities

4.7.6 Determination of Diffusion and Surface Exchange Coefficients

From the isotope exchange process, 180 diffusion profiles are generated within the

samples from the surface into the bulk. These profiles can be described by Fick's

second law of diffusion for a semi-infinite medium. A solution to Fick's second law

was proposed by Crank, which is considered valid if the following conditions are

met:

1. The dimension of the sample is much greater than the diffusion length i.e. a

semi-infinite medium.

2. The concentration of 180 in the anneal gas remains constant throughout the

anneal.

3. The rate of exchange across the gas/solid interface is proportional to the

difference between the 18Q isotopic concentrations in the gas Cg and at the

surface C at any given time. This can be expressed as

where D* is the oxygen tracer diffusion coefficient (cm 2s 1), k is the surface

exchange coefficient (cms-i).
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The solution to Fick's second law using these boundary conditions, as given by

Crank [36] is as follows,

C'(x)= C(x)—C = erfc[_x * J_exP(hx+h2D*trfc[ _X 
* +

hJ] (4.11)
C g - Cbg	 2I3	 2Ji5

where C'(x) is the normalised concentration of 18Q at depth x, C(x) is the measured

isotopic concentration at depth x, Cbg is the natural background isotopic

concentration (—O.2%), Cg is the concentration of 180 in the gas phase, t is the time

of anneal (seconds) and h k/D*. The values for D* and k in this work were

calculated using the experimentally determined values for the normalised 18Q

concentration data and applying a non-linear least squares regression fit for the

above solution.

4.7.6.1 Grain Boundary Diffusion

In addition to bulk diffusion, alternate pathways for diffusion exist in polycrystalline

ceramics. These include interconnected pores, dislocations and grain boundaries.

Evidence of fast diffusion paths can be seen as long 'tails' on the diffusion profile,

where the 180 concentration does not return to the natural background isotopic

level. Although it is almost impossible to distinguish between these diffusion paths,

it can be assumed that oxygen diffusion via grain boundaries is the most dominant.

For IEDP-SIMS, diffusion through pores is usually discounted due to the criterion

that samples with >95% density are used, i.e. to ensure closed porosity. As a

consequence of the polycrystalline nature of the samples, it is a fair assumption that

diffusion through grain boundaries will dominate.

When bulk diffusivities are slow, typically of the order <1ft 10 10 cm2s-1 , oxygen

diffusion via grain boundaries has sometimes been found to play an important role

in the overall oxygen transport properties in mixed conducting perovskites [35,37].

Several attempts have been made to develop mathematical models to determine the

grain boundary contribution. All the models view the grain boundary as an

isotropic, planar slab of width 6 (see Fig. 4.11). Within this slab, grain boundary

diffusion Db is considered to be much greater than the bulk diffusion D*, and the

width of the slab is very small compared to other dimensional parameters.
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y
surface _______________

I	 1Grain
o Boundary

Figure 4.11 Schematic illustration of the geometry used to model grain boundary diffusion

The first model to determine the grain boundary contribution was proposed by

Whipple [38]; unfortunately, the approach taken, provided a solution in an integral

form. A few years later, Le Claire [39] proposed an approximate equation based on

Whipple's exact solution which incorporated a second term into the diffusion

equation to account for grain boundary diffusion,

C'(x) = C(x) + Aexp(-Zx6/5)	 (4.12)

where C'(x) is the measured normalised isotopic 180 fraction and C(x) is the bulk

diffusion contribution to the overall transport as defined by equation 4.11. The

parameters of A and Z are the tailing function parameters which are determined by

the fitting of the experimental data to equation 4.12. Le Claire's approximation

allows the grain boundary diffusion product D b 8 to be determined according to

the following,

1	 5

D;b8=O78' 4D
2( ô1nC3

[ t J L 6/5J	 (4.13)

where t is the time of anneal and C is the normalised concentration. The gradient of

the slope of inC against x6/5 is the tailing parameter Z. Le Claire's approximation is

considered a valid approximation within the field (3 2 10 and 	 2 2, where
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The dimensionless parameter [3is a measure of the relative contributions of the bulk

and grain boundary diffusivity, given by

- Db3/6
13- 

(D*2t1I2
(4.15)

An interpretation of the significance of [3 in physical terms is illustrated in Fig. 4.12.

For short anneal times, f3 is large and the grain boundary diffusion contributes

significantly to the overall oxygen transport. When anneal times are long, oxygen

transport in the bulk dominates and [3 is small.

Surface

(a)	 j large	 Q')	 small

Figure 4.12 Physical illustration of dimensionless parameter (from [39])

It should be noted that a further modified solution based on Whipple's solution was

proposed recently by Chung and Wuensch [40]. This solution is applicable where

tails are observed at very shallow depths (-100nm).
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CHAPTER 5
	

THE La06Sr04Co098Ni002O3 PEROVSKITE

5.1 X-RAY DIFFRACTION AND ICP-AES ANALYSIS

X-ray diffraction and ICP analysis were performed on the nominal

Lao.oSro.4Coo.98Nio.o203-8 compound obtained from the commercial suppliers, Praxair

Specialty Ceramics, with the aim to ascertain phase purity and stoichiometric

composition. Figure 5.1 shows the X-ray diffraction data for the cas received'

powder. The diffraction pattern indicates that the powder was of a single phase

perovskite. The peaks in Fig. 5.1 have been indexed with reference to the closely

related Lao.6Sro.4CoO3.8 perovskite OCPDS 36-1393).
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Figure 5.1 XRD pattern of Lao.6Sro.4Coo.gNio.o2Oa

Although evidence of peak splitting is not well resolved in Fig. 5.1, peak broadening

effects at 20 = 41°, 58° and 68° are observed. Peak splitting at these angles are

characteristic of a hexagonal polymorph [1,2], which is typical for La1SrCoO3-8

compounds where x S 0.5. Using the diffraction data, the lattice parameters for

LSCN were obtained using the Rietveld least squares refinement (GSAS), with the

assignment of R3c as the brovQL space group [3]. The lattice constants for

LSCN were determined as a 5.4302(5) A and c = 13.2208(33) A; these values
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were found to accord well with those for Lao.6Sro.4CoO3 8 obtained from lattice

parameter refinements by Mineshige et al. [3].

ICP analysis of the nominal LSCN composition yielded the cation stoichiometries

given in Table 5.1. The stoichiometries were calculated from the raw data, assuming

an oxygen content that is effectively stoichiometric at room temperature. This

assumption is reasonable based on the TGA studies of LSC by Mizusaki et al. [4]. It

appears from the results in Table 5.1, that this composition is slightly A site

deficient.

Cation	 La	 Sr	 Co	 Ni

Stoichiometry	 0.60	 0.36	 0.98	 0.02

Table 5.1 Stoichiometiy of La .6Sro.4Coo.sNio.o2Oo as determined by ICP analysis

5.2 THERMAL EXPANSION BEHAVIOUR

The linear Thermal Expansion Coefficient (TEC), denoted by cx (K 1), is defined by

the following equation

(&i
cc = di - I-

IL0)dT

where L is the length of sample, L is the initial length, and dT is the difference in

temperature. From equation 5.1, it can be seen that this material property describes

the rate of the material's expansion with temperature.

The thermal expansion behaviour of LSCN was determined from dilatometry

measurements over the temperature range of 20°C to 900°C in static air. In Fig. 5.2,

the TECs for LSCN, which have been calculated at each measured temperature

point, is plotted against temperature. An initial rapid expansion of the sample at

low temperatures can be observed, after which cc is seen to be almost constant over

the temperature range 200°C to 550°C. With further increases in temperature, cc

was found to increase again.

(5.1)
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Figure 5.2 Thermal expansion of La.6Sro.4Coo.%Nio.o2Oo

As the temperature is raised, the volume of most ceramic oxides tends to increase

due the increased amplitude of vibration of the constituent ions about their lattice

position. The repulsive forces between these ions change more rapidly with ionic

separation distance than the opposing attractive forces, giving rise to the asymmetry

of the resultant potential energy curve, as ifiustrated schematically in Fig. 5.3. Thus,

when a crystal lattice is heated, the energy of the lattice increases, and therefore the

amplitude of vibrations of the ions between equivalent lattice positions increases

also, i.e. the mean ionic separation is greater. This effect is the observed lattice

expansion.

RepuIsive

Mean Separation
	 ' Separation

Attractive

Figure 5.3 Potential well diagram illustrating the increase in atomic separation with increasing

lattice energy
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At low temperatures, the rapid initial increase in thermal expansion seen in Fig. 5.2

is due to the large thermal lag of the surrounding measurement system, where linear

expansion conditions are not met. Over the temperature range between 200° C and

550°C, the thermal expansion coefficient is seen to be almost constant. The

supplied heat energy over this temperature range is used to raise the vibrational

energy of the ions about their lattice positions and to create ionic defects. The

majority of these defects will be oxygen vacancies. At higher temperatures, the

thermal expansion coefficient can be seen to increase further. This effect may be

attributed to the loss of lattice oxygen, as observed by Mizusaki et aL [4] in TGA

studies of Lal..SrCoO3. As more oxygen ions are removed from the lattice, the

remaining lattice ions are able to relax further, allowing larger vibrational

amplitudes. An additional feature of these perovskite oxides is the so-called

'chemical expansion' [5] as the temperature or oxygen partial pressure is varied. The

adjustment of the oxygen stoichiometry through the removal of oxygen ions from

the lattice incurs an increase in volume. These changes in lattice parameters can

occur independently of the vibrational amplitude of the ions. This chemical

expansion effect can be a significant contributing factor in the expansion behaviour

of perovskite.

For targeted applications such as SOFCs and air separation membranes, it is

imperative that all materials chosen must exhibit reasonably similar dimensional

changes with temperature to minimise stresses and thereby avoid possible

catastrophic failure of a fuel cell stack. In Table 5.2, selected TECs are given for

typical SOFC cathode electrode and electrolyte materials. The TEC for LSCN in

this study compares well to that reported in the literature for Lao.6Sro.4CoO3-. The

higher value measured by Petric et aL [6] in Table 5.2 is due to the larger temperature

range over which cx was calculated. The error of ± 0.1 x 10 K' quoted in this

study was determined from the difference between literature standards for the TEC

of alumina and that measured using an alumina DIN standard.

123



Chapter 5 - Results: La0 6Sr04Co0 98Ni00203

Composition

LaO.6Sro.4C00.98Nio.O203-o

Lao.6Sro.4Co0 [6]

Lao.6Sro.4Coo.2Feo.803 [6]

Lao.8Sro.2Mn03 [7]

Ceo.9Gdo.102 [8]

Zro.85Y0.1 501.925

Temperature Range (°C)

25 - 900

30-1000

30-1000

50-1000

50 - 800

50-1000

cx (x 10-6 K-l)

18.1 ± 0.1

20.5

17.1

11.4

12.4

10.9

Table 5.2 Thermal expansion coefficients (measured in aix) for perovskite and electrolyte materials

There is no quantitative value defined for the difference in thermal expansion

allowed between the cathode and electrolyte materials. From literature reports of

materials operational in a SOFC, such as LSM and YSZ which are currently used in

high temperature fuel cells, typical differences in expansion coefficients of 10% and

15% appear to be tolerable. For LSC electrodes deposited on a zirconia solid

electrolyte, it was reported very early on that spalling or cracking of the electrode

layer occurs when subjected to thermal cycling [10]. The explanation for this is

evident when the thermal expansion behaviour of LSC is compared to that for the

zirconia electrolyte (see Table 5.2). In the case of LSCN and CGO, the thermal

expansion mismatch between these two materials represents a difference of —45%.

For this reason, it is unlikely that LSCN would be used in a SOFC device due to the

mechanically unstable electrode/electrolyte structure in the long term. At present,

the mixed conducting Lao.6Sro.4Coo.2Feo.803-8 (LSCF) compound is more favoured

for application due to its better dimensional stability at high temperatures.

5.3 OXYGEN DIFFUSION AND SURFACE EXCHANGE

Despite the numerous studies in the published literature on the oxygen transport

properties of LSC perovskites, there are no reported measurements for

Lao.6Sro.4Co03- using the isotope exchange depth profile technique. Diffusivity

data for Lao.6Sro.4Co03 have been obtained however using gas phase analysis by

Inoue and co-workers [11]. These authors have also measured the ionic

conductivities of Lao.6Sro.4Co03 and LSCN using the electron-blocking electrode

technique. Determination of ionic conductivity by this technique is limited though,
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as it does not provide a measure of the surface exchange properties of a material. It

therefore seemed a reasonable objective to determine the tracer diffusion and

surface exchange coefficients for LSCN using the IEDP-SIMS method as described

in chapter 4.

5.3.1 Experimental Conditions

All oxygen tracer diffusion and surface exchange coefficients of LSCN were

determined as a function of temperature. The isotope exchanges were carried out at

the nominal oxygen partial pressure of 200mbar. For samples that had been

annealed at temperatures below 500°C, the depth profiling mode in SIMS was used

to obtain the diffusion profiles. Samples annealed at temperatures higher than

500°C had sufficiently long diffusion profiles for linescan analysis to be performed.

All analyses were carried out using an 8kV Xe primary ion beam at normal

incidence. In the depth profiling mode, the ion beam was raster scanned over a

300tm x 300tm area, and the crater depths formed during sputtering were

measured post analysis using a Zygo optical profilometer. During SIMS analysis,

the concentration of the oxygen isotopes in the exchanged samples were counted,

allowing the isotopic fraction 180/(160 + 180) to be determined for each anneal.

The experimentally determined isotopic fractions were then normalised to the

fraction of 180 in the isotope enriched anneal gas, and fitted to the solution given in

equation 4.11, yielding the tracer diffusion and surface exchange coefficients.

5.3.2 SIMS Analysis

The secondary ion mass spectrometry technique allows the detection of different

isotopes and is able to measure and count the intensities of the isotopes chosen for

analysis. An example of the raw data obtained from a depth profile of LSCN is

given in Fig. 5.4. In the depth profile mode, the measured intensities of the

secondary ions are obtained as a function of sputter time.
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Figure 5.4 Recorded intensities oP'0- and uO . as a function of sputter time.

La.oSr4Coo.,sNio.o20 sample annealed at 394°C for 1650s at a P02 of ZOOmba

In order to convert the raw data into a diffusion profile, the depth to which the

intensities are obtained has to be measured. The measurement of the crater depth is

carried out post analysis by means of a surface profilometer. In Figs. 5.5 and 5.6,

examples of a crater prole and the corresponding depth calibration using the Zygo

optical profilometer are shown respectively.

Figure 5.5 SIMS crater of LaSreCoo.sNie.o20.s sample annealed at 469°C for 860s at a P0 2 of

200mbar
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Figure 5.6 Depth profile of crater in Fig. 5.5. The measured crater depth is -4.5iun

In converting the raw data to a diffusion profile of normalised isotopic ratio versus

depth, the assumption is made that the sputter rate is constant. In Fig. 5.7, the

normalised 180 diffusion profile corresponding to the raw data shown in Fig. 5.4 is

illustrated.

0.0	 0.5	 1.0	 1.5	 2.0	 2.5	 3.0

Depth [j.tm]

Figure 5.7180 diffusion profile of Lao.SrCoo.,sNio0.. sample annealed at 394°C for 1650s at a

P02 of 200mbar. D* = 5.2 x 1O1 cm¼' and k = 3.7 x 1O cms-1

A typical 180 diffusion profile determined by SIMS linescanning is shown in Fig.

5.8. Unlike the depth prole mode, the isotope intensities are measured as a

function of depth, thereby eliminating the need for post analysis depth calibration.
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Figure 5.8 Typical	 diffusion profile obtained by SIMS linescanning of La.6Sro.4Coo.sNio.o2Os

annealed at 698°C for 35mins at a P02 of 200mbar. D* = 1.2 x 1O cm2s 1 and k = 8.5 x 1O cms*

The inset shows the difference between experimentally determined values and the fitted data

It is clear that good quality data is obtainable from IEDP experiments using both

depth profiling and linescanning. In addition, the experimental data were found to

fit well to the solutions given for diffusion. A simple indication of the goodness of

fit is shown in the inset of Fig. 5.8, whereby the difference between the

experimental values and those obtained from the diffusion fit is plotted as a

function of depth. For an ideal fit, the difference should minimise about zero.

5.3.3 Temperature Dependence of Tracer Diffusion and Surface Exchange

Coefficients

The bulk oxygen tracer diffusion and surface exchange coefficients for LSCN are

summarised in Table 5.3. It is emphasised that the diffusion coefficients given here

are for bulk diffusion only. A contribution to diffusion via other pathways was

found to be a factor in the iow temperature anneals at 394°C and 469°C, and will be

discussed separately in Section 5.3.4.
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Temperature Diffusion Coefficient, D* Surface Exchange Coefficient, k
(°C)	 (cm2s1)	 (cms1)

394	 5.2 x 10 12	3.7 x 10

469	 3.4 x 10-a	3.2 x 10-8

589	 5.6 x 10-10	5.7 x 10-8

698	 1.2x 108	 8.5x10

Table 5.3 Values of bulk oxygen tracer diffusion and surface exchange coefficients determined from

by IEDP-SIMS for La.6Sro.4Coo.Nio.o2Os

In Figs. 5.9 and 5.10, the bulk diffusion and surface exchange coefficients given in

Table 5.3 have been plotted as a function of inverse temperature. Selected D* and k

values for related La1..SrCoO8 compositions have also been included for

comparison.

:j.

-12 I
0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

l000/T [K}

Figure 5.9 Temperature dependence of the bullc oxygen tracer diffusion coefficient for

L.6SrO.4COO.SNIOO2Oi and other La i.SrCoOi.a compositions. (A) Lao sSrojCoO3.o P02 = l000mbar

[121; (B) LaoSro.4Coo.%Nioo0 P0 2 = 200mbar (this study); (C) Lao.Sro.4Coo.gsNio2O (from ionic

conductivity) [11]; (D) Lao3Sro3CoOi. P02 = l000mbar [121
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0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

1000ff [K']

Figure 5.10 Temperature dependence of the surface exchange coefficient for Lao.6Sro.4Coo.%Nio.o20

and other LaiSrCoOo compositions. (A) Lao.8Sro2Co0 P02 = l000mbar [13]; (B)

Lao.6Sro.4Coo.%Nio.o2O P0z = 200mbar (this study); (C) Lao.sSro5Co0o P02 = l000mbar [13]

For a strontium level of x 0.4 in Lao.6Sro.4Coo.98Nio.o2O3, it was expected that the

diffusion and surface exchange properties for would lie somewhere between those

of Lao.8Sro.2CoO3-a and Lao.sSro.sCoO3-.8 measured by De Souza and Kilner [12]. This

was indeed confirmed, as the comparison of data in Figs. 5.9 and 5.10 show. It

should be noted that the measurements by De Souza and Kilner were performed at

a higher P02 than this study. Also of interest to note in Fig. 5.9, is the very good

agreement of diffusivity values between those obtained in this work by the IEDP-

SIMS technique and those derived from ionic conductivity measurements by Inoue

et al. for Lao.oSro.4Coo.98Nio.0203..8 [11].
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Figure 5.11 Temperature dependence of the oxygen tracer diffusion coefficient of

La0.6Sro.4Coo.%Nio.o2O and other related perovskite compositions. (A) La . 6Sro.4Coo.9gNio.o2Oo P02 =

200mbar (this study); (B) La0.6Sro.4CoojFeo.80 P02 = l000mbar [14]; (C) La .75Sro.2sFe0 P02 =

65mbar [15]; (D) Lao.5Sro.5Mn03±6 Lao 5Sro 5Co0 P02 = l000mbar [12]

In Fig. 5.11, data for Lao.75Sro.25FeO3, Lao.6Sro.4Coo.2Feo.sO3, and Lao 5Sro.5MnO3±6

obtained using tracer techniques are shown for comparison. The perovskites

containing Co clearly exhibit higher tracer diffusion coefficients compared to other

non-Co transition metal perovskites. It is also evident from Fig. 5.11 that the

addition of Fe to LSC, which improves the thermo-mechanical stability of the LSC

compounds (see section 5.2), results in slightly lower diffusivities. This behaviour is

expected, as it has been demonstrated that the oxygen content of LSCF compounds

increases as the level of Fe increases also [16]. Hence, the decrease in cliffusivity

with Fe addition reflects the smaller degree of oxygen deficiency in the LSCF

composition. In Fig. 5.11, it was observed that Lao.sSro.5MnO3±8 exhibits the lowest

diffusivities of all the perovskite compositions. For this reason, the utilisation of the

LSM series as the classic electrode is suited only for high temperature SOFCs, in

order to achieve reasonable oxygen transport properties.
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The gradients of the slopes from the ifiustrated Arrhenius plots give a measure of

the activation energy EA. For LSCN, the activation energy of oxygen diffusion

EA(D*) was found to be 134 ± 12 kJ/mol. Unfortunately, there are no data

available for either LSCN or Lao.6Sro.4CoO3..8 from IEDP experiments for direct

comparison. However, an activation energy of 120 ± 6 kJ/mol for Lai6Sro4CoO3-8

was obtained using gas phase analysis [11], both these values may be considered to

be in good agreement with each other. As the compilation of activation energy of

tracer diffusion for LSC (as determined by IEDP-SIMS) in Fig. 5.12 shows, the

value obtained in this study for LSCN fits well with the predicted trend of

decreasing activation energy as the strontium content is raised.
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Figure 5.12 Activation energy for oxygen tracer diffusion in LaiSrCoO.o. The dotted line is a

guide to the eye. x =0 [17]; x = 0.1 [15]; x = 0.2 [12]; x = 0.4 (La .sSro.4Coo.gsNio.o2O) this study; x =

0.5 [12]; x = 0.7 [18]

(i) Activation Energy for O.xygen Djffusion

As the temperature is raised or the level of Sr doping is increased, the rate of oxygen

diffusion in LSC has been found to increase. Hence, the tracer diffusion coefficient

D* is directly related to the degree of oxygen deficiency and the mobility of the

oxygen vacancies. D* may therefore be expressed in terms of the related vacancy

diffusion coefficient D, and the oxygen deficiency, which is expressed as the ratio

of C, the concentration of oxygen vacancies to the concentration of oxygen ions

CO3

132



Chapter 5 - Results: La06Sr04Co098Ni002O3

D*=fD	 (5.2)vC)

where f is the correlation factor equal to 0.69 for perovskite oxides [15]. Ishigaki et

al. [15] observed that the isothermal values of D were approximately constant for

La1SrTMO3, where TM is a transition metal. This observation was later supported

by De Souza and Kilner [12] in their collation of vacancy diffusion coefficients for

La1..SrTMO3. The latter authors showed that D varied little between 3 x 10

cm2s 1 and 4 x 10 cm2s-1 , which would imply that any variation in D* is due

predominantly to the changes in oxygen deficiency. Using equation 5.2, values of

D can be calculated from tracer diffusion measurements of D* and knowledge of

the vacancy concentration. It is noted that the ratio C/Co can also be expressed in

terms of the nonstoicbiometry parameter 6, where C = 6 and C0 (3-6). Hence,

using the oxygen nonstoichiometry data from Mizusaki et al [4] for Lao.7Sro.3CoO3a,

D for LSCN is estimated as 3 x 10 cm2s 1 at 700°C. This value agrees well with

that of 2 x 10 cm2s 1 by Isbigaki et al. [15] for Lao.9Sro.1CoO38 at the same

temperature.

As D* is dependent on the oxygen vacancy concentration and mobility, it follows

that the activation energy is a measure of the enthalpies for oxygen migration LHM

and oxygen vacancy generation .HG. The experimentally determined activation

energy EA for the diffusion process can therefore be expressed as the sum of these

enthalpies,

EA(D*)=AIIM+LHG	 (5.3)

Vacancy diffusion Dv, like that of oxygen tracer diffusion, is a thermally activated

process,

D = D expI.. RT J	
(5.4)

The activation energy for vacancy diffusion EA(Dv) is equivalent to the oxygen

migration enthalpy AHM, because the motion of an oxide ion to a vacant lattice site

is accompanied by the movement of that oxygen vacancy to the site vacated by the

oxide ion. It was observed that J.HM is almost independent of perovksite

composition, with a value in the range 70 to 90 kJ/mol [15]. This implies that the
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variation in activation energy for D* is correlated primarily to the changes in AHG.

This enthalpy term reflects the energy required to form oxygen vacancies,

-	
RT )	

(5.5)

It was shown in Fig. 5.12, that EA(D*) is heavily dependent on the Sr content. Thus

it may be surmised that the observed decreases in EA(D*) are a result of the

apparent ease with which vacancies are generated as the Sr content is increased.

It is noted however that oxygen vacancy defects may also form complexes, e.g.

}', as proposed by Petrov et al. [1]. These defect associations act as a means

of reducing the number of free oxygen vacancies taking part in the diffusion

process. Thus, a possible third enthalpy term, MIA, the energy required to

overcome defect associations may also play a role in the activation energy for tracer

diffusion. The continued trend of decreasing activation energy seen in Fig. 5.12,

even in compositions with high Sr content where it would be expected that these

defect associations are significant, suggests that E.HA is small or even negligible.

From the literature, an activation energy for ionic conductivity using the blocking-

electrode method for LSCN of lOOkJ/mol was reported [11]; this value is somewhat

lower than those obtained by tracer methods for LSCN and Lao.6Sro.4CoO3-8. A

similar irregularity has also been observed between tracer and conductivity

relaxation measurements of Lao.8Sro,2CoO36 [12,19]. It has been emphasised that

conductivity and permeation measurements can be in error due to fast diffusion

pathways such as cracks or open pores, and blocking-electrode methods can also

often be subject to contributions from electronic and molecular oxygen short

circuits [20]. Thus, any discrepancies in the literature may be subject to any one of

these errors. It may therefore be considered that the IEDP technique allows for

high consistency in D* to be obtained, with the activation energy of diffusion

reflecting all the enthalpy terms for the processes that contribute to the overall

oxygen diffusivity.
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(ii) Activation Energy for Oggen Surface Exchange

The activation energy of surface exchange for LSCN was determined as 86 ± 19

kJ/mol. This value accords well with the predicted trend in EA(k) for LSC as shown

in Fig. 5.13. Similarly to tracer diffusion, the activation energy can be seen to

decrease as the level of strontium content is raised.
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Figure 5.13 Activation energy for oxygen surface exchange in LaiSrCoOo. The dotted line is a

guide to the eye. x = 0.2 [131; x = 0.4 (La .6Sro.4Coo.ssNio.ozO-) this study; x = 0.5 [13]; x = 0.7 [18]

It was noted that for a large number of doped RETMO3 perovskites, the plot of loglo

k versus logio D* yielded linear relationships with similar gradients (O.5) [21]. This

inter-dependency is remarkable in that this relationship holds regardless of

composition. Thus, it is reasonable to conclude from this evidence that k, and by

extension EA(k), is related to the oxygen vacancies and their concentration. It is

considered that the surface exchange coefficient provides a measure of the rate at

which oxygen is exchanged between the gas phase and the solid, according to the

reaction

°2(g) +	 + 2e'44 O
	

(5.6)

The mechanism by which this reaction takes place must proceed via several

intermediate steps, in which molecular oxygen is adsorbed, dissociated and reduced,

before being incorporated into the solid. Boukamp et aL [22] have proposed the

following possible model for the surface exchange reaction,
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Adsorption
	

°2(g) + S ads	 °2,ads
	 (5.7)

Charge Tran.fer
	

°2,ads + e' -+ °2,ads
	 (5.8)

Dissodation
	

°2,ads + e' + S ads	 20ads
	 (5.9)

Charge Tranler
	

°;Js +e'—+O
	

(5.10)

Incorporation
	

OV+O+Sads	 (5.11)

where 'ads' represents an adsorbed species and Sads is a surface adsorption site.

Adler et al. [23] have proposed essentially the same model but with the first charge

transfer step incorporated into the adsorption reaction, and the second charge

transfer step combined with the incorporation reaction (i.e. eqns. 5.7 and 5.8 occur

simultaneously, and likewise for eqns. 5.10 and 5.11). The nature of the surface

adsorption site from the model is not discernible however. De Souza [24] suggests

that the oxygen molecule is adsorbed at a neutral oxygen vacancy, with dissociation

and incorporation occurring only when another surface oxygen vacancy migrates to

the site of the adsorbed species.

Another unknown in the surface exchange reaction is the rate determining step. In

a step wise mechanism, the measured activation energy would reflect the slowest

step. Based on the evidence of the close relationship between the bulk and surface

kinetics, the important role of oxygen vacancies in the surface exchange process is

emphasised. It may therefore be considered that the rate determining factor in the

exchange reaction is the incorporation step (eqn. 5.11), as it requires the presence of

an oxygen vacancy. Hence the experimentally determined activation energy would

reflect this limiting step. This qualitative approach is extremely limited however,

and consequenfly it is not possible to propose which of the steps is rate limiting.

For mixed conducting LSC perovskites, the exact mechanism by which oxygen is

exchanged at the surface remains elusive, with the nature of the adsorption site, and

the rate limiting step subject to continued debates.

5.3.4 Grain Boundary Diffusion

Diffusion along fast pathways of grain boundaries was observed in the LSCN

samples annealed at temperatures below 500°C. The effect of grain boundary
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diffusivity has also been reported in other studies of mixed conducting oxides such

as Lao.9MnOs±o [25], Lao.8Sro.2MnO3±a [24], and Laa6Sro.4Feo.8Coo.2O [14]. In all

cases, including this work (see Table 5.4), grain boundary diffusivity was observed in

ceramics where bulk diffusion was of the order of or less than -'10-" cm2s 1 . Fast

diffusion along open pores has been discounted in previous studies and this work,

as the exchange anneals have been performed on samples of density >95%

theoretical. The treatment of grain boundary diffusion was given previously in

chapter 4, however certain elements will be restated here.

Fast diffusion along grain boundaries is evidenced by a 'tail' to the diffusion profile.

In Fig. 5.14, the tail region of the diffusion profile for the sample annealed at 394°C

(shown previously in Fig. 5.4) is illustrated along with the fit for bulk diffusion and

the fit that takes into account grain boundary diffusion (using equation 4.12).

0.020
0

0.016

0.012

0.008

0.004

0.000

Depth (jim)

Figure 5.14 0 diffusion profile ofL Sr 4Co Ni. 0203.6 annealed at 394°C for 1650s at a P0 2 of

200mbar. The fit for bulk diffusion and for diffusion including grain boundary pathways are also

illustrated

Using the Le Claire relation [26],

1

D8 
= 0785/3 (4D '2I' ô1nC'3

t J 1ôx6/5J	
(5.12)
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values of the grain boundary diffusion product Db 6 were calculated for the

samples exhibiting tails. These values are listed in Table 5.4 along with the

corresponding values of (3. It is reiterated that (3is a dimensionless parameter, and is

a measure of the relative ease of observing grain boundary diffusion (for higher

values of (3, the earlier the diffusion tail is observed),

Temperature CC)	 D* (cm2s1)	 Db8 (cm3s-l)	 (3

394	 5.2x10-12	 1.5x1014	 16

469	 3.4 x 10-fl	1.7 x 10-11	 1394

Table 5.4 Bulk and grain boundary diffusivities for L .sSro.4Coo.%Nio2O. The grain boundary

diffusion products were calculated using the Le Claire relation (eqn. 5.13).

With increasing temperature, it can be seen that the grain boundary diffusion

product Db 8 increases; similar trends have also been observed in studies for other

mixed conducting perovskites [14,24,25]. This would indicate a thermally activated

behaviour for	 6. The f3 factor in Table 5.4 was found to be significantly higher

at 469°C, reflecting the shorter anneal time (860s at 469°C cf. 1650s at 394°C), and

the greater contribution from grain boundary diffusivity at this temperature.

Estimations of the grain boundary diffusion coefficients can be made if a grain

boundary width of the order mm is assumed, as observed for the Lao.9Cao.lCrO3

perovskite using TEM [27]. This then yields values of 10 and 10 cm2s for Db

at 394°C and 469°C respectively. It is clearly evident that the grain boundary

diffusivity in LSCN is several orders of magnitude higher than for bulk diffusion,

which is consistent with the aforementioned studies.

Using high resolution SIMS, Kawada et al. [28] were able to directly observe an

enrichment in 180 along the grain boundaries of Lao.lCao.3CrO3 in their

measurements of bulk and grain boundary diffusion. Earlier attempts by De Sou2a
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[24] to map the oxygen isotopes using the Atomika 6500 at Imperial College were

unable to confirm fast grain boundary diffusion due to the poor lateral resolution of

the instrument. The occurrence of grain boundary diffusion was found to be related

to sample history, in the case of Lao.cSro.4Feo.8Coo.2O [29]. It was shown that

samples of LSCF prepared using powders from different manufacturers exhibited

differing degrees of grain boundary diffusivity. The presence of impurities

(originating from the starting materials or from the manufacturing process) such as

silica can segregate to the grain boundaries [30]. The high sintering temperatures

involved in the preparation of dense ceramics would aid the likelihood of liquid

phase formation [31], which when cooled, forms a glassy phase at the grain

boundaries. The existence of a secondary phase could then have a significant effect

on grain boundary diffusion.

5.4 LSCN AND LSCN-CGO COMPOSITE ELECTRODES

To aid understanding of the oxygen reduction process at a cathode electrode, a

technique that can discriminate between the different processes taking place is

extremely powerful. For such purposes, impedance spectroscopy is particularly

useful. The preparation details of the electrochemical cells investigated using this

technique were described in chapter 4. It is emphasised that the optimisation of the

electrode materials and their microstructures have not been attempted in this work.

Simply, the electrode behaviour of Lao.6Sro.4Coo.98Nio.o2O3 and the effect of CGO

addition to LSCN on the electrode resistance have been investigated as a function

of temperature.

5.4.1 Lao.6Sro.4Coo.9sNio.o2Oo Electrode Morphology

In Fig. 5.15, a scanning electron micrograph of the fractured cross section of a

porous Lao.6Sro.4Coo.9sNio.o203..B electrode sintered onto a dense Ceo.9Gdo.101.9s

electrolyte is shown. From the SEM micrograph, it can be seen that the electrode is

approximately 4m thick with a reasonable degree of porosity. There also appears

to be a good adherence between the porous electrode layer and the dense

electrolyte. The particulate nature of the electrode layer is evident, with some
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agglomeration of the particles occurring as a result of the sintering process. The

CGO electrolyte can be seen to be extremely dense with a large granular structure.

r — -,	 -	 .- -	 -

'p.,.	 :	
Electrode

*	 1
p

Figure 5.15 Fractured cross section of porous La .6Sro.4Coo.%Nio.o2O electrode on dense

Ceo.oGdO.10L95 electrolyte. The electrode was sintered at 900°C for 2 hours in air

Although there are no known reactions between LSC and CGO, it has been

reported that insulating phases can form when ceria is doped with certain additives

(not given in the published literature) [32]. In order to ascertain the presence of any

possible unwanted reaction, equal quantities of LSCN and CGO were ground

together and the intimate mixture calcined at 1000°C for 5 hours in air. The

calcination temperature of 1000°C was chosen, as it was sufficiently higher than the

anticipated operating temperature for such materials. In Fig. 5.16, the XRD data of

the single phase starting powders and the calcined mixture are presented. Under the

chosen calcination conditions, it can be seen that no secondary phases were formed.

This is consistent with £ndings from longer term reactivity tests carried out between

various mixed transition metal La1..SrTMO compounds and CGO [33]; these

tests, which were conducted at the higher temperature of 1200°C, also found no

development of any secondary phases.
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Figure 5.16 XRD data for (a) Ceo.9Gdo. 10195, (b) La 6Sro 4Coo 98Ni0.o2O, (c) 50:50 wt% mix of

Ceo.9Gdo.10L95 after calcination at 1000°C for 5 hours in air

5.4.2 LSCN Electrode Polarisation

The impedance responses of the symmetrical cell LSCN/CGO/LSCN were

recorded at temperatures between 500°C and 800°C in air. The typical electrode

response is illustrated in Fig. 5.17; also given is the frequency range over which the

data was obtained. The shape of the electrode response is similar to that described

as a Warburg impedance response [34].
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Figure 5.17 Impedance electrode response for a symmetrical cell with Lao.6Sro.4Coo.%Nio.o2Os

electrodes and a Ceo.sGdo.1OL9S electrolyte at 535°C in air

To ascribe the possible reaction processes from an impedance spectrum is

notoriously difficult and subject to interpretation. Generally where the impedance

arc is characteristic of a Warburg like response, the electrode is considered to
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operate via an internal diffusion (ID) process, with oxygen ion diffusion through the

bulk electrode material as the rate limiting step [35]. There can be two overpotential

components in an ID electrode response, a dominant arc (at medium frequencies)

and a small high frequency arc (HF), which is frequently overlapped or masked by

the medium frequency (MF) component [36]. Under conditions of low oxygen

partial pressure, a third arc is observed at very low frequencies (LF), indicative of

gas phase diffusion limitation in the pores of the electrode [35,32]. By contrast, for

an electrode such as La1SrMnO3±8, which is considered to operate via a triple

phase boundary mechanism, a single arc is observed [37,38]; however it is stressed

that this impedance response can also be subject to gas phase diffusion limitation at

low oxygen partial pressures. In the example of the LSCN electrode response (Fig.

5.17), a large dominant MF semicircle and a possible, small HF arc may be seen.

This electrode response has also been observed in measurements of porous

Lao.6Sro.4Feo.8Coo.2O3 electrodes [23,39]. The MF arc in an ID electrode response,

is attributable to a concentration polarisation due to the limiting process of oxygen

diffusion to the electrode/electrolyte interface, whilst the HF semicircle is ascribed

to oxygen ion transfer across the electrode/electrolyte interface [39].

From the impedance response, the total electrode resistance is determined from the

difference between the high and low frequency intercepts on the real axis Z (Q).

This polarisation resistance is typically quoted as an Area Specific Resistance (ASR).

In the calculation of ASR (cm'), an adjustment has to be made in order to take

into account the symmetrical cell configuration. (It is also noted that the value of

the ohmic resistance due to the electrolyte response, is the difference between the

real resistance value at the high frequency intercept of the electrode response and

zero). The ASR values for LSCN are illustrated in the form of an Arrhenius plot in

Fig. 5.18. Included in this Arrhenius graph are the results from Eguchi et aL [40]

measured using porous Lao.6Sro.4Coo.98Nio.o203.i electrodes on a Ceo.sSmo.201.9

electrolyte for reference. From the slope of the Arrhenius plot, the activation

energy has been determined as 1.3 ± 0.05eV (or 126 ± 5kJ/mol). It is noted that

this value is remarkably similar to the activation energy of 134 ± 12 kJ/mol for

tracer diffusion from IEDP-SIMS (see section 5.3.3). This evidence would suggest

that the activation energy for the LSCN electrode reaction is related to that for bulk
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oxygen diffusion, corroborating the observation that the limiting step in the internal

diffusion mechanism is diffusion through the electrode bulk [35,37,41].
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Figure 5.18 Area specific resistance of La .6Sro.4Coo.gsNio.o2O as a function of temperature;. this

study; S from Eguchi et aL [40].

When comparing the values for ASR and the corresponding activation energy, there

appears to be a large discrepancy between the results obtained by Eguchi and co-

workers [40] and the findings of this study. The most likely explanation for these

differences lies in the microstructure of the electrodes employed. Unfortunately,

details of the morphology of the electrodes investigated by Eguchi et al. in their

study are unavailable for comparison. It is emphasised that electrode behaviour is

significantly influenced by its microstructure, which in turn is strongly affected by

preparation conditions such as the starting material properties and sintering

temperatures [42]. To minimise the polarisation resistance of an ID electrode, it is

reiterated that the electrocheniical reaction zone (contact area at the

electrode/electrolyte interface) should be maximised, the surface area of electrode

increased, and the electrode thickness minimised. It has been proposed that the

ideal structure for an ID electrode is that of a 'duplex layer electrode' [ 3 1 consisting

of a thin, dense mixed conducting electrode deposited onto an electrolyte surface,

covered by a porous electrode layer. This geometry was found to be effective in the

reduction of ASR for LSCF cathodes on CGO electrolytes [43] and also LSM

electrodes on YSZ [38]. Wailer et aL [44] have also reported that a substantial
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decrease in electrode resistance was observed in LSCF electrodes exhibiting A-site

deficiency, whereby the enhanced electrode performance can be ascribed to the

increased number of oxygen vacancies arising as a means of charge compensation

for this deficiency. It is noted from the ICP analysis in this study (see section 5.1)

that a small A-site deficiency is observed in the LSCN composition, which may in

part be a contributing factor, in addition to the better electrode morphology

employed, to the improved properties.

By taking a macroscopic approach to porous mixed conducting electrodes, Adler et

al. [23] have developed a model ('ALS' model) which proposes that the electrode

impedance is dominated equally by the surface chemical exchange of oxygen and

solid state oxygen diffusion. The typical impedance response (seen in Fig. 5.17)

according to the ALS model is characterised by a chemical resistance (Ri), which

can be calculated from the oxygen tracer diffusion and surface exchange

coefficients, and the appropriate microstructural parameters. Estimates of Rh

(using equation 3.14) for LSCN were made utilising the oxygen transport parameters

determined by isotope exchange measurements described previously in section

5.3.3, and compared to the experimentally measured polarisation resistance (see

Table 5.5). The following values for the microstructural parameters were estimated

or assumed in the calculation of Rh [23,45]:

t (tortuosity) 1.5

c (porosity) 0.3

a (surface area/unit volume) = 30,000 cm2/cm3

Temp (°C)	 D* (cm2s-1)	 k (cms-l)	 Lh (cmZ) ASR (cm2)

469	 I 3.4 x 10-11	 3.2 x 10-8	 24.8	 8

589	 I 5.6 x 10-10	 5.7 x 10-8	 5.3	 0.46

698	 I 1.2 x 108	 8.5 x 10	 0.3	 0.06

Table 5.5 Estimated values of chemical resistance determined from IEDP-SIMS and directly

measured values of polarisation resistance from impedance spectroscopy
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As starting estimates, the values for Rh are within good agreement with the

directly measured ASRs. In all cases, Rh can be seen to be overestimated by a

factor of between 3 and 10. This may be due partly to the estimated values for the

microstructural parameters used in the calculation, and/or the bulk and surface

exchange kinetics. From IEDP-SIMS measurements of LSCN, it was found that

grain boundary diffusion can play a significant role in the oxygen transport

properties. It may be postulated that the low ASR values reflect the influence of

fast diffusion along grain boundaries, which is not accounted for in the ALS model,

but have been found to be active at these low temperatures. It is emphasised that

the ALS model is not expected to accurately predict the electrode behaviour, but it

does provide a useful starting estimate for the ASR values, as well as offering a

qualitative understanding of the impedance values and their relation to the bulk and

surface kinetics.

It was noted previously that the activation energy for polarisation resistance is

almost identical to that determined by isotope exchange for bulk diffusion, and

therefore in view of this, the overall cathode reaction for porous LSCN may be

summarised by the following series of steps:

02 dj[fusion through porous electrode

0.ygen adsorption & dissociation

Suface oygen exchange

0ygen ion d[fusion through electrode

02s) -^ 02(pores)

02 (pores) + 2Sads —' 20ads

2-0 dectrode bulk (5.17)

°ads + 2e +	 -p O 2 electrode surface (5.16)

0.ygen ion tranfer at inteiface 	 J electrode	 '-i electrolyte
	 (5.18)

The proposed rate determining step in this reaction will be oxygen ion diffusion

through the electrode bulk (eqn. 5.17). It is stressed that the reaction pathway

described above is overly simplified; reactions 5.15 and 5.16 are much more

involved and still largely unknown, as discussed previously in section 5.3.3.
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5.4.3 LSCN-CGO Composite Electrode Polarisation

A promising approach taken recently to reduce large cathode polarisation losses has

been the use of composite cathode electrodes. The beneficial effect of adding YSZ

to LSM in lowering polarisation losses has been demonstrated [46,47]. For IT-

SOFCs, the same substantial decreases in electrode resistance were observed for the

addition of CGO to LSCF [48,49]. By employing a composite mix of LSCN and

CGO, it was anticipated that a similar effect would result. Four compositions were

studied with varying ratios of LSCN to CGO (in vol%); i) 72:28, ii) 67:33, iii) 62:38,

and iv) 52:48. The impedance responses obtained at -535°C for each of the

composites investigated are shown in Fig. 5.19. All spectra have been displaced to

the origin for ease of comparison.

In Fig. 5.19, a general trend of increasing electrode resistance can be seen as the

CGO volume fraction is increased. The discrepancy in this trend is for the

electrode where the volume fraction of CGO is equal to 33%. It is also clear that

with increased additions of CGO, there is a pronounced development of the arc at

high frequencies. For pure LSCN electrodes, this HF arc was heavily masked by the

dominant MF response. Where possible, the characteristic relaxation frequency, f,

has been estimated for the HF responses and these are included in Fig. 5.19.
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Figure 5.19 Impedance spectra of LSCN:CGO composites at approximately 535°C in air, (a) 72:28;

(b) 67:33; (c) 62:38; (d) 52:48 (in vol%)
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The capacitance associated with the HF arc, 	 can be calculated using the

following relationship,

Ct= 2itfR
	 (5.19)

where R is the difference between the iow and high frequency intercepts of the

semicircle with the real axis. Capacitances of the order 10 5 Fcm 2 were obtained,

typical of a double-layer capacitance associated with a charge transfer step at the

electrode/electrolyte interface [23,36]. In the composites electrodes with CGO

volume fractions of 28%, 33% and 38%, the capacitances associated with the MF

arc were determined to be of the order mFcm- 2. This capacitance value (-O.003

Fcm-2) was also determined for the pure LSCN electrode, which would imply that

the same diffusion related process is contributing. Hence for the three composite

electrodes 72:28, 67:33 and 62:38, it may be considered that both bulk diffusion and

charge transfer are limiting to different degrees. The composite electrode with a

48% CGO volume fraction was found to exhibit a severely convoluted arc, which

was unlike the other spectra. The corresponding MF arc was found to have an

associated capacitance value of 10 Fcm 2, indicative of a charge transfer step. It is

evident therefore that different mechanisms may be involved in this electrode.

Although it has been attempted here to interpret the composite cathode data, these

efforts have been extremely limited as a result of the convoluted responses. The

considerable overlapping of arcs have been observed in other studies of composite

electrodes, which have prevented interpretation of the processes involved [49,50].

The ASR values for LSCN and composite LSCN-CGO cathodes are shown in Fig.

5.20 as a function of temperature. The target ASR of 0.15cm 2 [51] has been

indicated as a hoiizontal line across the plot in Fig. 5.20. Of all the electrodes

investigated in this work, only the three compositions LSCN, LSCN72:CG028, and

LSCN67:CGO33 have been found to attain this target ASR within the measured

temperature range. It can be seen that a minimum temperature of 635°C is required

in order to reduce the polarisation resistance of the three electrodes to this target

value. This temperature however, is much higher than the projected 500° C

operating temperature for IT-SOFCs. In terms of optimisation of electrode

materials, these compositions do not meet the requirements as they stand.
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Figure 5.20 Arrhenius plot of ASR for porous LSCN and LSCN-CGO composite electrodes

In Figs. 5.21 and 5.22, the ASRs and the activation energies respectively are

illustrated as a function of CGO volume fraction. It appears that the lowest values

of ASR are obtained for the composite with a CGO volume fraction of 33%. This

small reduction in resistance was noted previously in Fig. 5.19 in the comparison of

impedance responses. For composites with volume fractions of CGO greater than

38%, a rapid increase in polarisation resistance is observed.
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Figure 5.21 Area specific resistance of LSCN and LSCN-CGO composites electrodes as a function of

CGO 'volume fraction
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In Fig. 5.22, a dramatic decrease in activation energy for composite electrodes with a

CGO content greater than 33 vol% is clearly evident The activation energy of

—0.8eV determined for the composites with high CGO volume fraction, is noted to

be the typical activation energy for oxygen tracer diffusion in CGO [52]. Figure 5.22

therefore appears to indicate a transition from an activation energy dependence

related to the LSCN phase to one corresponding to the CGO phase.
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Figure 5.22 Activation energy for area specific resistance as a function of CGO volume fraction

It was emphasised previously that for internal diffusion electrodes, the interfacial -

contact area between the electrode and electrolyte should be maximised in order to

reduce polarisation loss. By mixing CGO into the LSCN electrode layer, this is

effectively accomplished, as the electrochemical reaction zone is extended into the

electrode layer, and is therefore no longer restricted to the usual two-dimensional

interface. It is clear however that the improvement in electrode performance is only

observed at the critical volume fraction of 33% CGO. This minimum in electrode

resistance has also been reported by others to be attainable only for a specific

volume fraction of dispersed electrolyte phase, e.g. LSCF-CGO [48,49], LSM-YSZ

[53], and Ag-LSC cermet [54]. Investigations into LSCF-Cei.GdO2-a composites

by Murray and Barnett [49] and by Dusastre and Kilner [48] obtained different

'percolation' limits of 5Owt% and 3Owt% respectively. The reasons for this

discrepancy may be ascribed to the ionic conductivity of CGO and the sizes of the

electrode particles.
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The effect of relative particle size in binary composites was first examined by Kusy

[55]. A relationship was proposed, which allows the prediction of the critical

volume percent of dispersed material, V, required for a contiguous network to be

established,

4,
=1OO[1+(4xJ)]	 (5.20)

where 4, is the packing factor, X is the contact length of dispersed phase around the

'matrix' particle, R is the radius of 'matrix' particle, and Rm is the radius of

'dispersed' particle. The importance of the relative particle sizes may be understood

in terms of particle 'connectivity'. When both phases have similar particle sizes, a

large volume of dispersed phase is required to form connecting pathways. If

however, the dispersed phase has a particle size considerably smaller than the host

matrix, only a reduced volume of dispersed phase is required for connectivity to be

established. This is because these smaller particles are easily packed into the

interstitial regions between the host particles, and as a result, are forced into contact

with one another [56].

The critical volume percent of CGO for the composite system investigated in this

work was estimated using equation 5.20 and the measured particle sizes listed in

Table 5.6. The values of 1.27 and 0.42 for p and X respectively (for a cubic lattice)

[55] were assumed in the calculation, from which a critical volume fraction of 36%

was determined, in order to establish a purely ionic conducting network in the

LSCN-CGO electrode.

Material	 Preparation	 Dso (km)

Ceo.9Gdo.1O1.95	 Wet Ball-milled 72hrs 	 0.58

Lao.6Sro.4Coo.98Nio.o2O	 Wet Ball-milled 72hrs 	 1.37

Table 5.6 Particle size analysis of LSCN and CGO powders

It can be seen experimentally in Figs. 5.21 and 5.22 that the transition in electrode

behaviour occurs somewhere between 33 and 38 vol% CGO, which would agree

with the estimation of the critical volume fraction. The properties of the electrode

151



Chapter 5 - Results: La06Sr04Co0Ni002O3.6

below and above this critical volume fraction or percolation limit are clearly

determined by the constituent LSCN and CGO phases respectively. Where the

transition in properties is observed, the percolation limit may be considered to

represent the point at which 'short circuit' paths for the rate limiting processes are

established. In other words, the rate limiting step of bulk oxygen diffusion in LSCN

is by-passed at the percolation limit through the established network of the CGO

phase (which has a higher ionic conductivity), yielding the minimum in electrode

resistance.

A model to determine the overall electrical properties of a mixed conducting

composite as a function of volume fraction for the constituent phases was proposed

by Wu and Liu [57]. The proposed approach allows the effective conductivity of the

composite to be calculated using the conductivity parameters of the individual

components. Thus, for a three dimensional composite consisting of three randomly

distributed phases, the following relationship is considered to apply,

	

- a1	am - a2	 +_0m -	 =0	 (5.21)Pi	 P2

	

2am +a1	 2am +a2	 2Gm +a3

where am is the conductivity of the composite, Gx (x = 1, 2, or 3) is the conductivity

of each constituent phase, and x is the volume fraction of each phase. It is noted

that the third phase in a porous mixed conducting composite is the gas phase and

therefore the associated conductivity is zero. Solving equation 5.21 for a

Lao.6Sro.4CoO3-Ceo.9Gdo.101.9s composite electrode yields the ionic and electronic

conductivities as a function of CGO volume fraction, as illustrated in Fig. 5.22.

It is observed from this model in Fig. 5.22, that with increasing volume fraction of

CGO, there is an expected increase in ionic conductivity and the corresponding

decrease in electronic conductivity. The percolation transition is more evident for

the electronic conductivity due to the highly contrasting conductivities of the

constituent phases. For both ionic and electronic conductivity, the highest values

are achieved as the degree of porosity is reduced.
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Figure 5.23 (a) Effective ionic conductivity at 700°C, a (CGO) = 0.O7Scnr' [8] and Gj (LSC) =

0.006Scm' [11]; (b) effective electronic conductivity at 700°C, Ge (CGO) = 10' Scm-' [8] ando (LSC)

= 1250 Scm-' [48]; 'p' is the fractional porosity

Using the predicted ionic and electronic conductivities, the total effective electrical

conductivity of the electrode may be determined. This conductivity is referred to as

the ambipolar conductivity, which is expressed as

0amb	
aeoi	 (5.22)

ae •hi

where Oe and Oj are the electronic and ionic conductivities respectively. In Fig. 5.23,

the calculated ambipolar resistivity (where = 1/a) is illustrated for easy

comparison with the measured ASR curves shown in Fig. 5.21. The shapes of the

calculated curves are similar to the experimental results for ASR, and are in good

agreement with those predicted for the LSCF-CGO system [48]. Figure 5.24

indicates that a porosity of between 30% and 40% will yield the experimentally

observed percolation limit of -33% CGO volume fraction. This is not inconsistent

with estimations of porosity from observations using SEM (see Fig. 5.15).
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Figure 5.24 Model of ambipolar resistivity as a function of CGO volume fraction at 700°C

5.5 SUMMARY OF La06Sr04Co098Ni002O PEROVSKITE

The oxygen tracer diffusion and surface exchange properties of

Lao.6Sro.4Coo.9sNio.o2O3 were determined as a function of temperature using the

IEDP-SIMS technique. The values for D* and k were found to correlate well with

tracer measurements performed on other La1..SrCoO36 compounds [12]. In

particular, excellent agreement was found between the tracer diffusion coefficients

obtained in this study and those determined from electron-blocking electrode

measurements on Lao.oSro.4Coo.98Nio.o2O3 [11]. The occurrence of grain boundary

diffusion was also observed in this work for samples annealed at temperatures

below 500°C. The coefficients for grain boundary diffusivity have been estimated

to be several orders of magnitude higher than for bulk diffusion.

The electrode behaviour of Lao.6Sro.4Coo.9gNio.o2O was investigated using a.c.

impedance spectroscopy. The rate limiting step in the electrode reaction has been

proposed as diffusion through the electrode bulk. Pure LSCN electrodes were

found to exhibit low polarisation resistances, however by adding CGO of —33%

volume fraction to LSCN, a further decrease in area specific resistance was

observed. This volume fraction is thought to be close to the percolation limit,
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where connectivity of the CGO phase is established. Thus, it is concluded that

optimisation of the composite mix will yield a further reduction in ASR for a CGO

content at the percolation threshold. It is anticipated also that the use of a

composite LSCN-CGO cathode would minimise the large differential thermal

expansion between these two materials. This thermal expansion mismatch was

determined to be —45% from dilatometry measurements of LSCN.
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CHAPTER 6
	

THE La2Ni1 CoO4+6 SERIES

6.1 X-RAY DIFFRACTION

Examination of the XRD patterns for the synthesised powders with composition

La2Nil.CoO4+B (0 S x S 0.5) indicated that single phase K 2NiF4 type oxides were

successfully achieved. However, the XRD analyses of sintered pellets from these

powders, detected the presence of a secondary phase in the La2Nio.sCo.osO4+8

samples. These samples were found to bi-phasic mixtures of the K 2NiF4 phase and

possibly a La203 phase (JCPDS 5-0602) of preferred orientation. Subsequent

examination of the La2Nio.5Co.o504+8 pellets that had undergone isotopic exchange

reactions revealed that these samples had decomposed, indicative of the hygroscopic

nature of lanthanum oxide. For the other compositions in this series (x = 0, 0.1,

0.2), all sintered samples were found to be phase pure. The X-ray patR11or the

phase pure La2Nio.sCoo.204+8 and for the bi-phasic La2Nio.5Co.osO4^8 pellets are

shown in Fig. 6.1. The K2NiF4 peaks have been indexed closely to that of

La2NiO4+8 with tetragonal 14/mm,,, symmetry (JCPDS 34-314) [1,2].
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Figure 6.1 X-ray diffraction patterns of sintered pellets of composition (a) La2Nio.8CoojO4+6 and (b)

La2Nio3Coo 5O4^6 - * marks presence of impurity peak
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The lattice parameters with compositions x = 0, 0.1 and 0.2 were determined from

Rietveld refinements of powder X-ray diffraction data. The effect of gas

atmosphere, namely argon and air, on the lattice constants was investigated (note: all

samples were annealed at the same temperature of 1350°C). The results obtained

are summarised in Table 6.1. Those values marked with an asterisk were

determined with the assistance of Dr. R-N. Vannier from X-ray diffraction analyses

carried out at the E.N.S.C.L.

Argon	 Air

a (A)	 c (A)	 a (A)	 c (A)

0	 3.8726(3)	 12.6225(13)	 3.8634(1)	 12.6701(7)

0.1	 *3.8719(1)	 *12.5922(4)	 *3.8666(2)	 *12.6434(6)

0.2	 *3.8743(5)	 *12.5890(20)	 3.8698(1)	 12.6362(7)

Table 6.1 Lattice parameters for La2NiiCoO4^o as determined from Rietveld refinement

The most obvious differences between the compositions calcined under the

different atmospheres are the larger c axis and the smaller a axis values for the air

treated samples. It had previously been observed that with increasing 8 in

La2NiO4+8, the c parameter was found to increase also [3]. La2NiO4+8 oxides are

known to readily exhibit oxygen hyperstoichiometry through the incorporation of

oxygen interstitials; the degree of oxygen excess will of course be dependent on the

oxygen partial pressure to which these oxides are exposed. The findings reported

here therefore reflect a greater degree of hyperstoichiometry for the air treated

compounds, as observed by the expansion of the c axis in these samples. The

contraction in the ab plane seen for the air annealed La2NiO4-I-8 may be understood

in terms of the size of the Ni ion in its different oxidation states. In order to

maintain overall charge neutrality when oxygen interstitial defects are incorporated,

a proportion of the nickel ions are oxidised to their +3 state. The higher positive

charge on a Ni3 ion is combined with a smaller ionic radius compared to a Ni 2 ion

[4]. Therefore, as a result of the higher oxygen excess in the air treated phase, there

will correspondingly be a higher concentration of Ni 3 ions, which then leads to the

contraction in the ab plane.
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With increasing cobalt content in the La2Ni1-CoO4+8 series, it was observed that an

expansion in the ab plane occurred, combined with a decreasing c axis. The oxygen

hyperstoichiometry of the air treated compounds was found to increase with Co site

fraction (see section 6.2), thus the reduction in c parameter is clearly not a reflection

of the decrease in oxygen interstitial content. It is perceived that the observed

lattice variation may be explained by the relief of the Jahn-Teller distortion [5],

which in the K2NiF4 structure, results in the elongation of the B06 octahedra along

the c axis [6]. Structural refinements of neutron diffraction data for La2NiO4^8,

where Ni3 (d7, low spin) ions are subject to Jahn-Teller effects, yielded apical and

axial Ni-O distances of 2.243A and 1.934A respectively [7]. In comparison, the

apical and axial Co-O distances in La2CoO4+8 have been determined as 2.034A and

I .944A respectively [8]. For the La2Ni1CoO4+6 compounds, it is expected that

oxidation of Co2 will occur preferentially over Ni2 . Studies of La2CoO4+8 have

shown that incorporation of excess oxygen occurs easily in this compound, as Co2

is readily oxidised to Co3 [9,10]. These Co3 ions are not subject to the Jahn-Teller

distortion, and will therefore relieve the elongated state of the BOo octahedra in

La2Ni1..CoO4+6. This effect has also been reported in La2Cu1.CoO4+8 [11] and

La2..SrMnO4±8 [12], where the copper and manganese ions are subject to such

distortions depending on their oxidation state.

6.1.1 High Temperature X-ray Diffraction

High temperature diffraction analyses were performed at E.N.S.C.L. by Dr. R-N.

Vannier on La2Nio.9Coo.104+8 powders annealed under air and argon atmospheres.

The X-ray çx4±vwere recorded every 25°C during heating and cooling in air. The

a and c lattice constants for both samples are shown as a function of temperature in

Figs. 6.2 and 6.3.
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Figure 6.2 a and c lattice constants for air and argon prepared La 2Nio.9Coo. 104+8 during heating in air
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Figure 6.3 a and c lattice constants for air and argon prepared La2Nio.9Coo.iO4+o during cooling in air

In Fig. 6.2, the pronounced changes in the lattice constants during treatment in air

can be seen for the argon prepared sample. At temperatures above 300°C and

during cooling, the lattice parameters for both the air and argon prepared samples

are effectively identical. As discussed previously, the exposure of these compounds

to a highly oxidlising environment, results in the incorporation of excess oxygen in

the form of interstitials, which leads to the expansion of the c axis, as seen in Fig.

6.2. Correspondingly, oxidation of the transition metal takes place in order to

maintain charge neutrality, which in turn leads to a decrease in a the axis due to the

smaller ionic radius of the TM3 cation.
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For the air prepared oxide, the variation in a parameter is seen to be essentially

linear with temperature, whereas a subtle change in slope at — 300°C is observed for

the c constant during heating. These observations are entirely consistent with those

reported by Odier et al. [3] for La2NiO4+8, where it was noted that a break in the c

parameter occurs at 350°C. The findings reported here have also shown that the

same trend occurs during the cooling cycle, which would indicate that the process

taking place is reversible. The most plausible explanation for this lies with the

changing oxygen hyperstoichiometry; it has been reported that the onset of perfectly

reversible excess oxygen' 'iiLa2NiO4^8 takes place at 300°C [13]. The change in

gradient of the slope may therefore be considered to arise from the competing

processes of lattice contraction due to excess oxygen loss and lattice expansion due

to the raised thermal energy.

From the evidence shown in Figs. 6.2 and 6.3, it is concluded that oxidation of

La2Nio.9Coo.104^8 takes place readily and at low temperatures. These findings are

important, as they indicate that the La2Ni1CoO4+8 pellets prepared for IEDP-

SIMS analyses (sintered under argon atmosphere), are rapidly equilibrated in an

oxidising atmosphere at temperatures above 300°C. During the preparation

procedure of these samples for analyses, the pellets will be equilibrated during the

anneal in air after polishing to remove any sub-surface damage.
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Figure 6.4 X-ray diffraction patterns for La 2Nio.9Coo. 104+6 (agon prepared). The diffraction patterns

were recorded every 25°C to 750°C on heating and cooling

In Fig. 6.4, the X-ray prcdi.s obtained for the argon prepared La2Nio.9Coo.104+8

sample during heating and cooling in air are shown. Importantly, there was no

evidence of any secondary phases developing at high temperatures, illustrating the

thermal stability of the La2Ni1CoO4+8 compounds, at least up to the measured

temperature of 750°C. It has previously been reported that La2NiO4+a is stable in

air up to 1400°C [3]. A magnified view of the 20 region between 54° and 59° from

Fig. 6.4 is shown in Fig. 6.5, and the identical region from the X-ray pctnAor the

air prepared La2Nio.9Coo.104+8 sample is illustrated in Fig. 6.6. Of particular interest

for the sample calcined under argon is the peak at -58.7° corresponding to the

(008) plane. There is a clear shift of this peak to lower angles as the temperature is

raised, which is not evidenced in the corresponding spectra for the air treated

sample.
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increase in interplanar d spacing, which was reflected in the measured large increase

in c constant during heating at low temperatures.

Confirmation of this peak shift was observed from Guinier-Lenne X-ray diffraction

studies, which were performed on La2Ni1CoO4+6 (x = 0.1 and 0.2) compositions

by Prof. P. Conflant at E.N.S.C.L. In Fig. 6.7, the X-ray film for La2Nio.9Coo.104+6

is reproduced; the inset shown is an expanded view of the 54° to 59° 20 region.

The distinct shift of the (008) peak at -58° was also observed for the

La2Nio.sCoo.204+8 sample. The temperature range over which these shifts occurred

was estimated to be between 200°C and 300°C. It should be noted that the rate of

camera travel was 2mm/hour, and the temperature range of measurement was

between 20 and 900°C.

iI	 I

2	 4i	 60

Figure 6.7 Guinier-Lenne diffraction pattern for argon annealed La2Nio.sCoo.104+6. The inset is a

magnified view of the 54-59° 20 range

6.2 CATION AND OXYGEN STOICHIOMETRY

The cation stoichiometries of the synthesised, phase pure La2Ni1.CoO4+8 powders

were determined from ICP atomic emission spectroscopy by Mr. Barry Coles at

Imperial College. The results from the ICP analyses are summarised in Table 6.2.

With the exception of the nominal La2Nio.sCoo.504-I.6 composition, it can be seen

that near cation stoichiometry was achieved for the other compounds.
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Nominal Composition	 Cation ratios

La2NiO4	La2.o1Nio.c

La2Nio.9Coo.104	 La2o2Nio.9oCoo.o9

La2Nio.sCoo.204	 La2.o2Nio.8lCoo.2o

La2Nio.5Coo.504	 La2.o2Nio.soCoo.45

Table 6.2 Composition of La2Nii. CoO4+8 powders as determined by ICP

The oxygen nonstoichiometry of these powders was determined using

thermogravimetric analysis. Each composition was fully reduced to the constituent

La203 and Ni/Co metals, allowing the oxygen hyperstoichiometry to be calculated

based on the assumption that the end products defined an oxygen stoichiometry of

3. The reduction of all samples was observed to proceed via a two stage process, in

agreement with published literature for oxygen rich K2NiF4 type oxides [15,16]. In

the example of the weight loss curve shown in Fig. 6.8, the first of the two

reduction processes can be seen to occur at -'300°C. This first reduction step

results in a stoichiometric compound that is stable between 500°C and 650°C,

followed by decomposition into the La203 and Ni/Co phases at the second step.

X-ray diffraction analyses of the end products were performed in order to confirm

the full reduction of each composition into the constituent phases.

101

100
	 La2NiO

z La2NiO4

__ 99
0

0

98

97

96	
La203 +Ni _:•

95

0	 200	 400	 600	 800	 1000

Temperature [°C]

Figure 6.8 Weight loss curve for LazNiO4+6 heated in flowing 10%H2 in N2
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Figure 6.5 Magnified view of the X-ray p rJa4 for La 2Nio.9Coo.104+a (argon prepared) in the 5459°

20 region

34	 33	 56	 37	 II	 33
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Figure 6.6 Magnified view of the X-ray pi4ta for La2Nio9Coo.104+6 (air prepared) in the 54590 20

region

Bragg's law of diffraction [14] states that

nX=2dsinO (6.1)

where n is an integer, ). is the wavelength of X-ray radiation, d is the interplanar

spacing, and 0 is the angle of incidence. Consideration of Bragg's law for a frxed

wavelength shows that as 0 decreases, the d spacing must therefore increase for a

given integer. Thus, the peak shift to lower angles seen in Fig. 6.5, results in the
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The initial oxygen hyperstoichiometry of each composition is listed in Table 6.3.

The value of 6 = 0.14 for La2NiO4+8 obtained in this study is in excellent agreement

with other reported studies of air treated La2NiO4+6 [17,18,19]. With increasing Co

site fraction, the excess oxygen content can be seen to increase in an almost linear

manner. Due to the paucity of publications of studies concerning La2Ni1CoO4+8,

these findings cannot be confirmed. Strong evidence however has been provided

by Girgsdies and Schöllhorn [9] and by Nemudry et aL [10], that La2CoO4 readily

incorporates excess oxygen at ambient temperature. Both these studies reported an

oxygen hyperstoichiometry of 6 = 0.18, which is higher than 6 = 0.14 attainable for

La2NiO4+8 in air. It has also been reported from atomistic simulation studies of

La2Nio.5Coo.504+8, that Co(III) hole formation is preferred over Ni(III) [20].

Therefore it is assumed that with increasing cobalt content, the increased oxygen

excess is charge compensated by the oxidation of the Co ions.

Composition	 6 (±0.01)

La2NiO4+8	 0.14

La2Nio.9CooiO4^8	 0.16

La2Nio.sCoo.204+8	 0.18

La2Nio.sCoo.504+8	 0.22

Table 6.3 Oxygen excess content 8 for La2Nil.CoO4+6 as determined by TGA

6.3 LINEAR THERMAL EXPANSION

Figure 6.9 illustrates the typical linear thermal expansion behaviour measured for

La2NiO4+6. At low temperatures, a rapid increase in the rate of expansion can be

seen. This behaviour is usually ascribed to the large thermal lag of the surrounding

apparatus used in the experiment, i.e. the measurement system and the sample are

not at thermal equilibrium with each other. At higher temperatures, two

behavioural regions may tentatively be distinguished. Over the lower temperature

range of 300°C up to approximately 700°C, the thermal expansion coefficient

appears to be to slowly decreasing with increasing temperature. At temperatures

higher than -p 700°C, an apparent small increasing trend in TEC may be described.
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Figure 6.9 Linear thermal expansion coefficient for La2NiO4^8 as a function of temperature

It was previously reported that a steady loss of oxygen in La2NiO4+6 occurs at

temperatures above 300°C [13]. From the lattice parameter changes in the c axis, a

break in slope was observed at this same temperature, and has consequently been

assumed to reflect the onset of oxygen loss. It is therefore proposed that the minor

decrease in TEC observed over the temperature range of 300°C and 700°C reflects

the net changes arising from two competing processes, that is, lattice expansion due

to increased thermal energy, and lattice contraction in the c axis as oxygen

interstitials are removed. Essentially, the variation in lattice constants due to the

loss of oxygen is considered to be greater than the increased lattice expansion

arising from the thermal vibrations of the ions. At higher temperatures, the TEC is

seen to increase, albeit gradually. Thermogravimetric studies of La2NiO4^8 have

shown that the oxygen content, although lowered, is still in excess at these

temperatures [19,21]. Thus, the small increase in TEC may be considered to reflect

a greater dominance of thermal lattice expansion over the changing lattice

parameters arising from the loss of interstitial oxygen.

In very real applications such as SOFCs and air separation devices, these mixed

conducting oxides will be in intimate contact with other components. Hence, an

important criterion is the thermo-mechanical compatibility of the materials

employed. Listed in Table 6.4 are the thermal expansion coefficients measured for
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La2Ni1CoO4+8 (x 0, 0.1 and 0.2). For comparison, the TECs reported for other

fuel cell related materials are also given. The TEC values determined in this study

can be seen to be accord well with other reported values for La2NiO4+8. The

addition of Co was found to have little effect on the thermal expansion behaviour.

Composition	 Temperature Range (°C)	 (x 10-6 K-I)

La2Ni1..CoO4+8	 30 - 800	 14.2 - 14.6 (± 0.1)

La2NiO4+8 [3,22]	 20 - 1100	 14— 15.5

Ceo.9Gdo.102-8 [23] 	 50 - 800	 12.4

Lao6Sro.4Coo.2Feo.803.8 [24] 	 30 - 1000	 17.1

Table 6.4 Thermal expansion coefficients for La2Ni1CoO4+o and typical solid electrolyte materials

When comparing the TEC data for La2Nii-CoO4^8 with that for CGO, a

difference of 15% in thermal expansion is observed. This difference represents a

reasonable limit that can be tolerated in a device stack. It is evident also that the

TEC values associated with the K 2NiF4 type oxides are more closely matched with

typical electrolyte materials than the favoured LSCF perovskite. In terms of

thermo-mechanical stability alone, La2NiICoO4+8 compounds would be

considered to be acceptable as potential materials for intermediate temperature solid

state applications.

6.4 OXYGEN DIFFUSION AND SURFACE EXCHANGE

Compounds based on La2NiO4+8 represent an interesting class of materials for

investigation of their oxygen transport properties. Thermogravimetric studies

combined with gas phase analysis found that the exchange of oxygen with the

atmosphere is facile and perfectly reversible [13]. Recent initial studies of the

transport properties have determined that oxygen ion diffusion and surface

exchange in these materials are extremely high [21,25]. The focus of this study was

to compile a set of data for the La2Ni1CoO4+8 series of compounds, and observe

the effect of Co doping on the oxygen transport properties.
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6.4.1 Experimental Conditions

The IEDP-.SIMS technique described in chapter 4 was used to measure the oxygen

tracer diffusion and surface exchange coefficients for La2Nil.CoO4+8 (where x = 0,

0.1, 0.2, 0.5). The transport properties were investigated as a function of

temperature and of oxygen partial pressure. The temperature dependence study was

carried out for ail compositions at the nominal oxygen partial pressure of 200mbar.

The partial pressure anneals were carried out on La2Nio.8Coo.204-4-8 samples at 700°C

and at oxygen partial pressures ranging from 15 to 900mbar. AU exchanged samples

were found to exhibit high rates of diffusivity, thereby requiring SIMS linescanning

analysis. The linescan samples were first subject to a raster clean in order to ensure

steady state sputter conditions, after which a finely focused 8kV Xe beam was

scanned across a sample, perpendicular to the original surface. The 16 and 18

signals corresponding to the oxygen isotopes were counted as a function of depth,

to which the solution for semi-infinite diffusion (equation 4.11) was applied.

6.4.2 SIMS Analysis

Illustrated in Fig. 6.10 is a typical oxygen diffusion profile for a sample of

La2Nio.9Coo.104+8 annealed at 448°C. The diffusion length for this annealed sample

is -250m, which is within the optimum range for linescan analysis. From the

solution to the diffusion equation, values for D* = 2.2 x 10 cm2s 1 and k = 8.4 x

108 cms 1 were obtained. The measured diffusivity at this temperature compares

favourably with that of Ceo.9Gdo.102-8, for which a value of D* x 10 cm2s 1 at

500°C was reported [26].
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Figure 6.10 0 diffusion profile for La2Nio.9Coo.104+6. The sample was annealed at 448°C for 34310s

at a P02 of 200mbar. D* = 2.2 x 10 cm2s and k = 8.4 x 10.0 cms* The inset shows the difference

between experimentally determined values and the fitted data

For each sample, several linescans were performed to determine D* and k values.

However, in order to ascertain the variability of the results, a series of linescan

analyses (12 scans) were carried out along the length of the La2Nio.8Coo.204+8

sample that had been annealed at 562°C. The results are shown in the form of a

statistical plot in Fig. 6.11. This plot summarises the spread of data, and gives an

indication of the range, mean, median, and the first and third quartiles. The open

circles represent the range of the measured data under consideration; the triangular

arrow signifies the mean value; the boxes are determined by the first and third

quartiles (25th and 75th percentiles respectively); and the vertical bar marks the 5th

and 95th percentiles.
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Figure 6.11 Statistical plot summarising the D* and k data for La 2Nio.8Coo.204+6 (annealed at 562°C)

from SIMS linescanning

The range of data for both D* and k can be seen to be fairly large. The mean and

the median appear to coincide for the surface exchange, and the spread of data can

be seen to be fairly even. The spread of diffusivity data appears to be skewed, with

half of the data falling within a very narrow range. The mean value of 9.6 x 10

cm2s-1 clearly does not reflect the fact that more than half the measured data fall

well below this value. It is stressed however that the number of scans carried out is

insufficient for adequate statistical analysis, and a particular bias may therefore

result. For all samples in this work, the mean is quoted for D* and k, and the

experimental uncertainty is taken as 10% of the mean, as a first estimate. It is

considered that the limits defined by this 10% uncertainty will encompass most, if

not all, the measured data failing within the boundaries of the first and third

quartiles.

6.4.3 Temperature Dependence

The oxygen tracer diffusion coefficients for La2Ni1.xCoO4+8 are shown as a

function of inverse temperature in Fig. 6.12. It is evident that the diffusivity is high
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in all the compositions, with La2Nio.sCoo.504+a exhibiting the highest values. It is

reiterated that these La2Nio.sCoo.s04^8 samples were found to be bi-phasic; however

their measurements have been included, to serve only as a trend.
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Figure 6.12 Oxygen tracer diffusion coefficients for La2Nil CoO4+6 as a function of inverse

temperature (P02 = 200mbar)

From the plot in Fig. 6.12, it can be seen that the variations in D' are minor as the

Co site fraction is increased. In fact, the substitution of 1O% Co for Ni appears to

have effected a small decrease in D*. However, with an experimental error of

-40%, this apparent trend may not be considered with any certainty. Investigations

of the oxygen flux through mixed conducting membranes of La2Ni1-BO4-1-8 (where

x = 0 and 0.1; B = Cu, Fe and Co) have also found that substitution with other

transition metals did not strongly influence the oxygen flux [22]. In Fig. 6.13, the

diffusivities of the cobaltate perovskites are compared with those for La2NiO4^8. It

is clearly evident, that the rate of oxygen ion migration is extremely high in these

K2NiF4 type oxides. In the development of devices for operation at 'intermediate'

temperatures, the implications of the higher diffusivities associated 'with La2NiO4+a

oxides are considerable.
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Figure 6.13 Tracer diffusivities of La2NiO4^6 and related perovskites. (A) Lao. 6Sro.4CooiFeo.sOo P02

= l000mbar [27]; (B) La .sSro.4Coo.sNio.o20 P02 = 200mbar (see chapter 5); (C) Lao.sSro.sCo0.o P02

= l000mbar [28]; (D) La2NiO4+o P02 = 200mbar (this study)
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Figure 6.14 Comparison of oxygen tracer diffusion coefficients for La 2NiO4+e. (A) this study (P0 2 =

200mbar); (B) Skinner and Kilner [25] (P0 2 = 200mbar); (C) Boehm eta!. [21](P02 = 200mbar)

Only limited IEDP-SIMS data exists for K2NiF4 type oxides. The most relevant of

these with regards to this study were reported by Boebm et al. [21] and Skinner and

Kilner [25] for La2NiO4+8. The results of this work can be seen to compare
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favourably with these other studies, as shown in Fig 6.14. The set of measurements

performed in this work have yielded lower diffusivities than those reported in the

literature. As the exchanges were all carried out at the same nominal oxygen partial

pressure and the initial oxygen hyperstoichiometry for the different sets of

measurements is considered to be the same, the differences may possibly be

attributed to sample densities. The densities of the pellets used in this study were

98%, which is higher than those reported by Boebm et al. of '94%. In terms of

EA(D*), a value of 0.59eV in this work accords well with that of 0.5eV determined

by Boebm et aL The data reported by Skinner and Kilner [25] can be seen to suffer

from a certain degree of scatter, which has resulted in a contrasting activation

energy of 0.85eV.

In Fig. 6.15, the surface exchange kinetics for La2Ni1-CoO4+a are shown as a

function of inverse temperature. Again, the data for La2Nio.5Coo.s04+a have been

included to illustrate the trend. It is noted particularly that the high values of k are

maintained towards lower temperatures for the Co substituted compounds.
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Figure 6.15 Oxygen surface exchange coefficients for La 2Nil.CoO4+o as a function of inverse

temperature (P02 = 200mbar)
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In the comparison of surface exchange coefficients for La2Ni1CoO4+8 and the

related perovskites, the oxygen surface exchange properties of La2NiO4+8 were

found to be poorer than those for LSCF (see Fig. 6.16). With the addition of cobalt

doping, the exchange kinetics are significantly enhanced, yielding values which

compare favourably with the perovskites containing cobalt.
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Figure 6.16 Surface exchange coefficients of La2Nil. CoO4+a and related perovskites. (A) La2NiO4+6

P0z = 200mbar (this study); (B) Lao. 6Sro.4CooiFeo.8Oo P02 = l000mbar [27]; (C) LazNio.9Coo.104+o

P02 = 200mbar (this study); (D) Lao.sSro.5Co0 P02 = l000mbar [28]
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Figure 6.17 Comparison of surface exchange coefficients for La2NiO4+6. (A) this study (P02 =

200mbar); (B) Skinner and Kilner [25] (P0 2 = 200mbar); (C) Boehm etal. [21](P02 = 200mbar)
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The reported data pertaining to the surface exchange kinetics of La2NiO4+6 are

shown in Fig. 6.17, where clearly good agreement exists between the different sets

of measurements. The value for EA(k) in this work was determined as 1.29eV,

which is somewhat contrasting from those of 1.02eV and 1.61eV obtained by

Boebm at al. [21] and Skinner and Kilner [25] respectively.

6.4.3.1 Oxygen Ion Migration

Early studies of the oxygen transport properties in K2NiF4 type oxides were

reported for La2CuO4+6 and La2.SrCuOs materials [29,30]. For compounds

exhibiting oxygen excess, it was concluded that diffusion occurs via oxygen

interstitials. With the introduction of Sr, large decreases in diffusivity were

observed, and a diffusion mechanism via oxygen vacancies was considered to be

operative in the hypostoichiometric compositions. It is therefore considered that

oxygen ion migration can occur via interstitials and vacancies in K2NiF4 type oxides.

Thus, the measured tracer diffusivity may expressed as

D* Dj[Oj]+Dv[Vc]	 (6.2)

In this work, all the La2Ni1..CoO4+8 compounds of interest exhibited oxygen

hyperstoichiometry, consequenfly, the dominant defect species are oxygen

interstitials. As the level of cobalt content was raised, it was shown that the degree

of oxygen excess increased also. This in turn was reflected by small increases in

tracer diffusivity, a process which was found to be thermally activated. Hence, D*

may be considered to be a measure of the concentration of oxygen interstitials and

their mobility; equation 6.2 is effectively reduced to D = D [0 ' ] to a first

approximation.

In Table 6.5, the Arrhenius parameters obtained for tracer diffusion are

summarised. The errors quoted are the uncertainties associated with the least

squares fit to Arrhenius behaviour. Examination of the data shows a clear trend of

increasing activation energy with higher levels of Co substitution. It is noted that

these values accord well with the estimated EA for oxygen flux in La2Ni1-BO4+o

(where x = 0 and 0.1; B Cu, Fe and Co), for which the range of 55 - 80 kJ/mol

was reported [22].
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Composition	 EA(D*) [kJmol 1]	 Logio D [cm2s-1]

La2NiO4+8	 57 ± 5	 -4.5 ± 0.3

La2Nio.9Coo.104+8 	 61 ± 4	 -4.3 ± 0.2

La2Nio.8Coo.204+8 	 66 ± 3	 3.9 ± 0.2

La2Nio.5Coo.504+8	 71 ± 1	 -3.5 ± 0.04

Table 6.5 Summary of activation energies and pie-exponential factors for oxygen tracer diffusion in

La2NiiCo1O4+o

Consideration of the reduced form of equation 6.2 infers that the experimentally

determined activation energy for tracer diffusion EA(D*) must reflect the enthalpy

associated with interstitial diffusion (MIM) and an oxidation enthalpy (M-I0)

associated with the oxidation of the lattice. Hence, the experimentally determined

activation energy may be expressed as the sum of these enthalpies

EA(D*)_ "M +iH0	(6.3)

Interstitiaiiffusivity D is a thermally activated process

D=Dexp— RT )
	

(6.4)

where D is the pre-exponential term and IHM is the migration enthalpy.

Estimates of the interstitia]iffiision coefficient D can be made using the following

relationship

D.=-11	 fC

where f is the correlation factor specific to a given material, and C 0/Ci is the ratio of

oxygen ion concentration to oxygen interstitial concentration. This ratio can also be

expressed in terms of the nonstoichiometry parameter 6, with C = 8 and C0 4.

Using the nonstoichiometry data from Boebm et al. [21] and the measured tracer

diffusivities in this study, values for D1 in La2NiO4+a have been estimated; the

results are shown in Fig. 6.18 as a function of inverse temperature. It is emphasised

that the correlation factor f, for K 2NiF4 oxides is not known, and has therefore been

assumed as unity in the calculations. Nevertheless, it is expected that reasonable

valeus for D have been obtained. From the slope of the plot of logio D against

I IT, an activation energy for interstitialrjdiffusion, A.HM, was determined as 62

(6.5)
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kJmoF'. This enthalpy value is similar to the migration enthalpies for vacancy

diffusion in perovskites of 70 to 90kJ/mol [31]. It is noted also that the magnitudes

of the vacancy and interstitia1cdiffusivities in perovskites and La2NiO4+o are

comparable. At 700°C, a value of 1 x 10 cm 2s-1 for D in La2NiO4+8 was obtained,

which is not dissimilar to D = 2 x 10-6 cm2s-1 for Lao.9Sro.1CoO36 [31] at the same

temperature. This would imply that mobility of the two defect species are

approximately the same, and any differences in the measured tracer diffusivities

might be attributed to the differing concentrations of their respective oxygen defect

species.
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Figure 6.18 Interstitial diffusion coefficients for La2NiO4+e as a function of inverse temperature

An estimation for the enthalpy of oxidation-reduction reaction, defined as

!02 -01 +2B
	

(6.6)

may be evaluated from the activation energy of oxygen excess from

thermogravimetric analysis. From the nonstoichiometry data of Boehm et aL [21],

an estimate of -5.6kJ/mol for iM-L has been obtained (see Fig. 6.19). The sum of

the enthalpies of migration (62 kJmol-1) and oxidation yields a value of 56.4kJ/mol,

which is in excellent agreement with that determined for EA(D*) of 57kJ/mol. This

result would appear to confirm that the contributing energies to oxygen diffusion in

La2NiO4+8 are the enthalpy of oxidation and the enthalpy of migration.
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Figure 6.19 Oxygen excess of LazNiO4+s in air as a function of temperature (data taken from [211)

6.4.3.2 Oxygen Surface Exchange

The activation energies and the pre-exponential factors for surface exchange in

La2Ni1..CoO4+6 are summarised in Table 5.12. The errors given are those

associated with the least squares fit to Arrhenius behaviour.

Composition	 EA(k) [kJmol- 1]	 Logio k0 [cms1]

La2NiO4+8	 124 ± 4	 -0.1 ± 0.2

La2Nio.9Coo.104+8	 56 ± 8	 -2.9 ± 0.5

La2Nio.sCoo.204+8	 33 ± 10	 -4.2 ± 0.6

La2NiosCoo.504+8	 25 ± 4	 -4.6 ± 0.2

Table 6.6 Summary of activation energies and pre-exponential factors for oxygen surface exchange

in La2NilCoO4+6

Unlike EA(D*), the values for EA(k) can be seen to exhibit a decreasing trend with

increased Co site fraction. It is noted that the values determined for x = 0.2 and 0.5

represent some of the lowest energies measured for surface exchange from the

IEDP-SIMS technique. In Fig. 6.20, the pronounced changes in the activation

energy for k with Co doping can be seen graphically. For the cobalt substituted

compositions, it was found that EA(D*) is greater than the EA(k). This behaviour is

typically observed in perovskite compounds, e.g. La.sSro.sCoO3-8, E A(D*) =
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136kJ/mol cf. EA(k) = 78kJ/mol [32]. By contrast, unsubstituted La2NiO4+8

exhibits an activation energy for surface exchange which is much greater than for

diffusion. This trend however is more distinctive of solid electrolyte materials such

as CGO and YSZ [26].
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Figure 6.20 Activation energies of oxygen tracer diffusion and surface exchange as a function of Co

site fraction in La2Nil.CoO4+8. The illustrated trend lines are a guide to the eye

The fast surface kinetics and low activation energies for the substituted

compositions appear to be related to the presence of Co. Studies of LaBO3

perovskite oxides have observed close relationships between the B site transition

metal cation and catalytic activity [33]. Of those perovskites investigated, LaCoO3

was found to be the most catalytically active. Chemisorption studies of LaBO3 by

KremenIc et al. [34] found that oxygen adsorption was enhanced for LaCoO3; the

total coverage of oxygen on clean surfaces was double for LaC0O3 compared to

LaNiO3. The results from isotope exchange measurements by Sazanov et al. [35]

suggested that the catalytic activity of LaBO3 was determined by the B 3 ions. This

postulation was supported by the differences in activation energy and the rate of

oxygen exchange in NiO and LaNiO3, where the oxidation states of nickel are +2

and +3 respectively. The variations in EA were found to be significant, -168kJ/mol

for NiO cf. -'75kJ/mol for LaNiO3, whilst the rate of exchange was more than

three orders of magnitude slower in NiO. The combination of the findings by

Sazanov et al. [35] and Kremenic et aL [34] may go some way to qualitatively explain

181



Chapter 6— Results: La2Ni1 CoO4^o Series

the differences in the surface exchange properties observed in La2Ni1..CoO4+8. As

noted previously, in La2Ni1-CoxO4+8 oxides, the preferential oxidation of Co is

assumed [20]. Therefore it may be considered that the presence of Co in its +3

valence state promotes the processes of oxygen adsorption and exchange. The

catalysis literature strongly suggests that Ni is not as catalytically active as Co,

particularly when present in its +2 oxidation state.

The oxide surface is recognised to be extremely complicated and it is stressed that

consideration of surface chemical composition and surface morphology are

additional factors that may have significant influence on the exchange properties. It

is well recognised that deviations from bulk stoichiometry at the surface are typical

of all oxides [36]. X-ray photoelectron spectroscopy (XPS) studies of LSC

perovskites by Tabata et al. [37] found that in compounds where the surface was

enriched in Co, an enhancement in the catalytic oxidation of methane was observed.

In addition, atomistic simulations have predicted that oxygen vacancies are likely to

segregate to the surface in LaCoO3 perovskites [38]. It has been well documented

that the presence of these vacancies at the surfaces of transition metal oxides

promote the dissociative adsorption of oxygen [39]. Studies of the Sm1SrCoO3-8

perovskite [40] using Low Energy Ion Scattering (LETS) found that the surface

consists predominantly of A cations (Sm/Sr) and oxygen. If oxygen vacancies are

present at A-O surface, then direct access to the catalytically active B site transition

metal ions in the atomic layers underneath could be provided. XPS studies of

La2NiO4+6 have similarly revealed an enrichment of La and oxygen at the surface

[41]. However, it is considered that the oxygen vacancy concentration is very low in

these oxides. Consequently the reduced presence of Ni ions at the surface coupled

with a low concentration of oxygen vacancies, could partly account for the poor

surface exchange kinetics measured in La2NiO4-4-8.

The exposed surfaces in polycrystaffine oxides will correspond to the most stable,

low energy planes of a crystal. Modelling studies of doped and undoped

stoichiometric La2NiO4 have revealed different surface morphologies, which are

believed to have a strong influence on the exchange process [42]. The most stable

surface was predicted to be the (111) plane shown in Fig. 6.21. With Fe and Cu
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substitution, it was found that there would also be a significant expression of the

(100) face illustrated in Fig. 6.22.

(111)

(a)	 (b)

too O L1 •Nit

Figure 6.21 Surface structure for (111) face of La2NiO4 (from [42]). (a) unrelaxed (plan view) and (b)

relaxed (side view).

Figure 6.22 Surface structure for (100) face of LazNiO 4 (from [42]). (a) unrelaxed (plan view) and (b)

relaxed (side view).

The surface of the (111) face can be seen to be terminated by the B site transition

metal and oxygen ions. Therefore, the presence of cobalt at this surface could

account for the high surface exchange coefficients determined in this study. On the

other hand, XPS measurements found that the La2NiO4^8 surface is enriched in La

and oxygen [41]. This would suggest that the (100) face, which is terminated by La

and 0 ions, dominates. The layered structure of these K 2NiF4 type oxides are

clearly illustrated in both the (111) and (100) planes seen in Figs. 6.21 and 6.22. An

interesting aspect of this observation is that the interstitial sites are visibly exposed
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at these surfaces. Thus, dissociated oxygen ions at the transition metal surface site

will have direct access to the oxygen interstitial sites.

The enhanced surface exchange properties observed with Co doping of La2NiO4^8

oxides undoubtedly remains to be elucidated. In addition, the rate determining step

in the surface exchange reaction is not known. It may be speculated that undoped

La2NiO4+8 may be rate limited by adsorption and dissociation of oxygen based on

the observations of Sazanov et aL [35] and KremenIc et aL [34]. Otherwise, it could

be suggested that the incorporation step is rate limiting. This may be considered to

be due to the slow diffusion of oxygen interstitials away from the surface

regenerating interstitial sites for exchange. Without further extensive investigations,

it is not known to what degree other factors such as surface chemical composition,

surface defects and morphologies have on the exchange kinetics.

6.4.4 Oxygen Partial Pressure Dependence

The oxygen diffusion and surface exchange coefficients in La2Nio.8Coo.204+8 were

obtained as a function of oxygen partial pressure. The D* and k values measured at

700°C are shown in Figs. 6.23 and 6.24 respectively. The dashed line in Fig. 6.23 is

intended only as a guide to the eye.

-6.5

F-

cn -

C.)

*

1
-8.0

m = -0.58 m = +0.32

0

Q

-2.0	 -1.5	 -1.0	 -0.5	 0.0

log 10 P02 [bar]

Figure 6.23 Oxygen partial pressure dependence of D* for LazNio.sCoo.204+s at 700°C. Dashed line is

intended as a guide to the eye
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Figure 6.24 Oxygen partial pressure dependence of k for La 2Nio.8Coo.204+8 at 700°C

As the oxygen partial pressure is reduced, there appears to be a general decreasing

trend for the surface exchange coefficients. A tentative relationship between k and

P02 may be described by the following

kocP0
	

(6.7)

where m is the gradient of the plot of logw k against logio P02. Linear regression

analysis of the data indicates that m is equal to +0.53 ± 0.1. The same decreasing

trend for k as the P02 is successively lowered, has also been observed by Benson

[43] for the LSCF perovskite. In contrast, the tracer diffusivity does not appear to

either increase or decrease in a regular manner; in perovskites, a typical increasing

trend in diffusivity is observed [27,32,44] due to an increase in vacancy concentration

as the P02 is reduced (see Fig. 6.25). The dashed line in Fig. 6.23 could be taken as

an indication of a possible minimum in diffusivity with decreasing P02. It may be

argued however that the spread of the measured diffusivities fall within a range,

such that a single linear dependence may be obtained. Assuming that two regimes

are observed, then the attempted linear fits to the data yield a gradient m of -0.58 ±

0.09 for the negative P02 dependence. Due to the spread of D* data at high P02,

m is able to take any value between +0.3 and +0.9.
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Figure 6.25 Oxygen partial pressure dependence of tracer diffusion in La0.6Sro.4Coo.2Feo.sO at 800°C

(from [43])

(i)	 Oygen Partial Pressure Dpendence of D*

There are unfortunately no oxygen nonstoichiometry data as a function of

temperature or P02 for La2Nio.8Coo.204+6. However, it has been reported that

La2NiO4^8 retains a small degree of oxygen excess (8 ' 0.09) at 700°C in air [19,21].

Therefore, it is reasonable to assume that La2Nio.sCoo.204+o will also be

hyperstoichiometric at this same temperature. The defect reaction which describes

the oxygen nonstoicbiometry of these materials under high P02 regime may be

expressed as,

0 ' +2B	 2BB+!02
KRED	 (6.8)

where KRED is the equilibrium constant for the reaction. As the oxygen partial

pressure is lowered, the oxygen interstitial concentration will decrease and hence

D*, which is proportional to the interstitial concentration, will decrease also. A

positive oxygen partial pressure dependence of D* will therefore be consistent with

a mechanism where interstitial diffusion is dominant. Taking into consideration the

predicted defect Brouwer model for La2NiO4+8 (see Fig. 3.15), the oxygen interstitial

concentration at high P0 2 should exhibit positive dependencies of (P02)"6 and

(P02)'!2 according to regimes I and II respectively. It is evident from the data

shown in Fig. 6.23, that neither of these dependencies can be assumed.
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A similar study of tracer diffusivity as a function of P0 2 in La2NiO4+8 at 800°C

showed no variation when measured over the same partial pressure range as this

work; effectively D* was found to be independent of P0 2 [45]. On the other hand,

Schartman and Honig [46] were able however to demonstrate a power law P02

dependence for the hyperstoichiometry parameter 8 in La2NiO4+8 of +1/6 and also

+1/2 corresponding to regimes I and II of the defect model using

thermogravimetric analysis. The results reported by these authors were obtained

from measurements at temperatures between 1000°C and 1200°C. It was noted

also by the authors, that deviation from a 1/6 power law occurred towards the

highest oxygen partial pressures; the boundary above which this deviation from

linear behaviour took place was observed at 6 = 0.03 for all temperatures. An

implicit assumption in any point defect model is that the solution is ideal. For high

defect concentrations, these defects will interact with one another and an ideal

solution can no longer be assumed [47]. It is therefore considered that the findings

in this work may reflect this, as the measurements were performed at 700°C, where

it is expected that the interstitial concentration is much higher ,flie possible hnut of 6

= 0.03.

If a second behavioural regime (of negative oxygen partial pressure dependence) is

assumed, then it may be considered that the trend of increasing D* with decreasing

P02 reflects a mechanism where vacancy diffusion is dominant. This behaviour is

more commonly observed in perovskite oxides such as LaCo03- [44] and

Lao.sSro.2Mn03±8 [32], (see also Fig. 6.25). Under this regime, the defect reaction

describing the oxygen nonstoichiometry is expressed by the following,

0 +B KID )V +2BB +!02	(6.9)

Hence with decreasing P02, the concentration of oxygen vacancies will rise in

accordance with equation 6.9. In a vacancy mechanism, the measured tracer

diffusivity is directly proportional to the vacancy concentration, and will therefore

increase in the same manner when the oxygen partial pressure is decreased. The

assumption of a vacancy diffusion mechanism would then imply that the measured

tracer diffusion coefficient will be defined by equation 6.2, whereby vacancy and

interstitial diffusion are both contributing. The measured overall diffusivity would
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then be determined by the relative magnitudes of the defect diffusivities. For

example, if the vacancy diffusivity is much greater than interstitial diffusivity, then as

the P02 is lowered it would be expected that the overall diffusivity would increase,

just as the vacancy concentration also increases with decreasing P0 2. Conversely, if

the interstitial diffusivity is greater than vacancy diffusivity, then the overall

diffusivity will decrease in accordance with the reduced concentration of interstitials

as the P02 is lowered. If however the defect diffusivities are comparable, then the

measured diffusivity should first decrease as the interstitial concentration decreases,

and will then increase as the vacancy concentration exceeds the interstitial

concentration. The trend displayed by the tracer diffusivity in Fig. 6.23 would

therefore suggest that vacancy diffusion D is comparable to the interstitial diffusion

D1 in these oxides. However, it is reiterated that vacancy diffusion seems unlikely in

this case, as the oxygen excess in these oxides is very high, and therefore the

concentration of interstitial defects is such that an ideal solution may not be

considered.

(ii) O.cjgen Partial Pressure Dpendence of k

In the process of surface exchange in La2Nio.sCoo.204+8, oxygen is exchanged

between the gaseous state and the solid via interstitial sites (and possibly any oxygen

vacancies that may be present) at the solid surface. Unoccupied interstitial sites

exposed at the surface may themselves be considered as 'pseudo' oxygen vacancies.

A schematic of the oxide surface is shown in Fig. 6.26; this diagram is intended

purely to represent the presence of vacancy and interstitial sites at the surface

available for oxygen exchange. The surface of an oxide is considered to be richly

covered in 02, Of or 0 species [39]. It is proposed that oxygen from this surface

layer is incorporated into the bulk lattice at suitable vacant sites in the solid surface.
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Figure 6.26 Schematic illustration of the oxide surface. The filled dark circles represent metal

caflons and the open circles are 02 or oxide ions. The patterned circles represent oxygen

interstitials. The squares indicate oxygen vacancies.

Understanding of the oxygen surface exchange process for all mixed conducting

oxides has been complicated by the fact that several intermediate steps are involved,

which may occur either as a progression or simultaneously. From the P02

dependence of surface exchange, the species involved and the rate determining step

in a stepwise oxygen reduction process can be elucidated [48]. Drawing on the work

of others, such as Boukamp [48], and Takeda [49], the reduction process is proposed

to take place as follows (in Kröger-Vink notation):

Adsorption	 02 (gas) + Sadi * 02, ads

O2,ads + S2d + 2e' —+ 20ads

0ads +	 + e' —+0 k + Sads

[°2,ads]
PO2[Sads]

II°:ds I
2

[O2,ads I [S ads ]n

I,

[O ][Sads]

K3 = [05][V1]n

(6.10)

(6.11)

(6.12)

where K are the equilibrium constants for the adsorption, dissociation and

incorporation steps. It is pointed out that V 5 , a vacant surface interstitial site, is

not strictly valid in Kroger-Vink notation. This site is considered to be a unique site

for the incorporation reaction and has therefore been included. Determining

reasonable information about the exchange process from the oxygen partial pressure

of each of these steps is complicated by the fact that the nature of the adsorption

site Sacis and its P02 dependence is unknown. It is considered that for adsorption at

interstitial sites, a P02 dependence will be expected. If however Sads is a transition
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metal cation, then its concentration should be independent of P0 2. It is also highly

likely that preferential adsorption will occur depending on the availability of

adsorption sites.

Consideration of the proposed reaction steps allows the following approximate

dependencies for the participating species to be assumed,

Adsorption
	

[°2,adsil P021	(6.13)

Dissociation
	

[0ds] ° ij[02,acis] oc P0
	

(6.14)

Incorporation
	

[°ds] P02'2
	

(6.15)

From the measurement of D* over the partial pressure range, the PU 2 dependence

of 0 and therefore V are not known. However based on predictions for the

bulk concentrations in regime I of the defect model, it will be assumed that 0 and

V will exhibit a dependence of +1/6 and -1/6 respectively. In terms of the

concentration of Sads, the P02 dependence cannot be accurately predicted. For this

discussion, the exponent for the P0 2 dependence is denoted as 'y', and is

considered to be negative if Sads is an interstitial site, as the concentration of vacant

interstitial sites will increase with decreasing P02. Included also in the expressions

for the equilibrium constants is the electron concentration n. In accordance with

regime I of the defect model, this electron concentration will exhibit a +1/6 P02

dependence.

Based on the above assumptions, the reaction rates R of the forward steps for the

exchange mechanism can be expressed as,

Adsorption
	

R1 = KR1[O2,g][Sads] pO xP0
	

(6.16)

Dissociation
	

R2 'KR2[O2,ads1[Sads]1 ocP0 xP0
	

(6.17)

Incorporation
	

R3 = KR3[0SJ[VS]n po xP0	 xPO6
	

(6.18)

where KR are the respective rate constants for the reactions, and y is a negative

value.
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In summary, the P02 dependencies for the reactions are proposed as,

Adsorption
	 Rate 1 oc

	
(6.19)

Dissociation
	 Rate 2 oc 04/3+y	 (6.20)

Incorporation
	 Rate 3 p1I2	 (6.21)

As discussed previously, Sads may exhibit a negative PU 2 dependence, which implies

that the adsorption step 'will have a value less than 1. The experimentally

determined P02 dependence of k for La2Nio.8Coo.204+8 was calculated as +0.53 ±

0.1, which according to this model, is taken to be indicative of a rate limiting step

related to the incorporation reaction of an oxide ion into the bulk.

6.5 ELECTRODE BEHAVIOUR OF La2Ni1CoO4+5

Mixed conducting oxides have been demonstrated to be effective as cathode

electrodes as they exhibit lower polarisation losses compared to conventional

electrodes. Their favourable electrode properties stem from their ability to support

large oxygen fluxes through the electrode bulk. By allowing oxygen to pass from

the gas phase to the electrolyte through the whole of the electrode volume, the

effective current through the electrode is increased, thereby reducing the electrode

resistance. It is therefore clearly desirable to employ materials with both high

oxygen ion and electronic conductivities. The IDEP-SIMS measurements of

La2Ni1-Co04+8 yielded high rates of oxygen diffusion and surface exchange,

making these oxides potentially attractive as cathode electrodes.

The electrode resistance of symmetrical cells of porous La2Ni1.Co04^8 (where x

0, 0.1 and 0.2) electrodes on dense CGO electrolyte disks were measured using

impedance spectroscopy. All electrodes were air sintered at 1000°C for 2 hours. To

ensure that no adverse reactions occurred at high temperature, equal amounts of

electrode and electrolyte powders were ground together to form intimate mixtures

and calcined at 1000°C for 2 hours in air. The products were investigated using

XRD, where it was determined that no secondary phases were yielded. The XRD

pattern for the La2NiO4+8-CGO mix is shown in Fig. 6.27, along with the XRD

spectra for the starting phases.
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Figure 6.27 XRD spectra for La2NiO4+s, Ceo.9Gdo. 10195, and 50:50 wt% mix of La 2NiO4+6 -

Ceo.9Gdo.IOLss after calcination at 1000°C for 2 hours in air

An example of the electrode microstructure of La2NiO4+8 is shown in Fig. 6.28.

The electrode layer can be seen to be -'20tm thick and fairly porous. A good

adherence to the CGO electrolyte appears to have been achieved.

--	 ........

.:	 ...
S	 •	 I.

-	 .	 Electrode

Yk

Layer

-'

Figure 6.28 Fractured cross section of porous La2NiO4+6 electrode on dense CGO electrolyte. The

electrode was sintered at 1000°C for 2 hours in air

6.5.1 La2Ni1-CoO4+a Electrode Polarisation

The electrode behaviour of La2NiO4+6 was found to strongly reflect the calcination

conditions employed in the synthesis of powders. The impedance spectra for

La2NiO4+6 at '-530°C in air are illustrated in Fig. 6.29. It is stressed that the
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notations (A) and (B) refer to calcination conditions of 1150°C for 6 hours, and

1000°C for 5 hours respectively. It should be noted that the SEM micrograph in

Fig. 6.28, shows the cross section of the La2NiO4+8 (B) electrode. The impedance

response of La2NiO4+8 (A), which was calcined at the higher temperature, has

clearly resulted in an electrode impedance of approximately 4 times greater than that

measured for La2NiO4+8 (B).

0 LaNiO (A) - 524°C

• La2NiO4(B)-538°C

00000000000

0

0	 50	 100	 150	 200	 250

z, ()
Figure 6.29 Impedance spectra for LazNiO4+6 calcmed under different conditions. The spectra have

been displaced to the origin

In Fig. 6.30, the area specific resistances for these two electrodes are plotted as a

function of inverse temperature. The ASR values for La2NiO4+8 (B) electrode is

approximately half an order of magnitude lower than those determined for

La2NiO4^6 (A). The origin of these differences in electrode performance is

attributable to the electrode n-iicrostructure, which is in itself related to the original

particle size of the powder and sintering temperature. It has been well reported that

with increased calcination or sinter temperature, a degradation in electrode

performance is observed [50,51]. The poor electrode behaviour is a result of the

particle coarsening process, which reduces the specific surface area of the particles

[47]. According to the conventionally held triple phase boundary view, the

coarsening of particles effectively lowers the number of TPB points and hence a

high polarisation resistance is observed. In view of recent findings which showed

an inverse relationship between the surface area and electrode resistance [52], it is

clear that a reduction in surface area would be highly unfavourable for electrode

performance.
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Figure 6.30 Area specific resistance for porous La2NiO4+o electrodes on dense CGO electrolytes as a

function of inverse temperature

An interesting observation in Fig. 6.30 is the non-linear trend in ASR values above

-'630°C. Activation energies for the area specific resistance have been calculated

from the data in the linear region between 500°C and 630°C, and were found to be

almost identical ('-'0.95eV), indicating the same reaction mechanism is controlling

both electrodes. At temperatures above 630°C, deviation from ideal linear

behaviour is observed to different extents. This deviation is particularly

pronounced for La2Nio.8Coo.204+a (shown in Fig. 6.31), where the ASR values are

comparable with those for La2NiO4+8 (A) at temperatures above 700°C. It is

stressed that no discernible differences were noted in the complex impedance arcs at

these temperatures. From IEDP-SIMS measurements, there was also no evidence

of variations in the diffusion and surface exchange kinetics at this temperature. The

change in the electrode mechanism is considered to be real, however the origin of

this transition is unclear.
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Figure 6.31 Area specific resistance for porous La2Nii.CoO4+e electrodes on CGO electrolytes as a

function of inverse temperature

Consideration of the increased oxygen diffusion and surface exchange coefficients

with increasing Co site fraction in La2Ni1..CoO4+8 would suggest that the electrode

resistance should correspondingly decrease. This effect is not particularly evident in

Fig. 6.31, although La2Nio.sCoo.204+8 does exhibit the lowest ASR values. It is

emphasised though that the electrode powders were calcined at different

temperatures and for differing length of times, as summarised in Table 6.7.

Understanding of the electrode properties is therefore complicated by the fact that it

is difficult to unravel the relative effects of electrode microstructure and the

materials' electrochemical behaviour.

Composition	 I Temperature (°C)	 Time (Hours)

La2NiO4+6 (A)	 1150
	

6

La2NiO4+6 (B)	 1000
	

5

La2Nio.9Coo.104^8	 1050
	

2

La2Nio.sCoo.204+8	 1100
	

2

Table 6.7 Calcination conditions for La2Nii.Co1O4+6
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When comparing the activation energies for ASR for the different electrodes, it can

be seen that there is a trend of decreasing EA with increased Co doping. It is

emphasised that the activation energies for all compositions have been determined

only from the linear region between 500°C and 630°C. Thus, it has been tentatively

assumed that ASR and the corresponding activation energy decreases with increased

Co site fraction. A direct inference from the R1 model by Adler et al. [53] is that

the activation energy for R is the average of the EA values for D* and k, as both

mechanisms are considered to equally dominate the electrode response. For

La2NiO4+8, this assumption is considered to hold as 0.96 ± 0.01eV is the average of

the EA values for D* (0.6eV) and k (1.29eV). This relationship clearly breaks down

however for compounds containing Co. In the example of La2Nio.8Coo.204+8, the

activation energy of diffusion and surface exchange are 0.68eV and 0.34eV

respectively, for which the average is clearly not the experimentally determined

0.9eV for ASR. This value is much higher than either EA(D*) or EA(k), which

would imply that additional processes are rate controffing, although the nature of

these processes is not evident. It has been suggested by Steele [54] that impurity

species present in CGO react with the transition metals of the electrode,

suppressing the surface exchange process, which may account for the discrepancies

in the measured activation energy.

From the model described by Adler et al. [53] for porous mixed conducting oxide

electrodes, the values of Rch were calculated using D* and k from IEDPSIMS

measurements of La2NiO4+8 and La2Nio.sCoo.204+8. In the estimation of Rh given

in Table 6.8, the following microstructural parameters were assumed:

t (tortuosity) = 1.5

E (porosity) = 0.3

a (surface area/unit volume) = 30,000 cm2/cm3

It is stressed that the ASR values given in Table 6.8, are for the La2NiO4+8 (B)

electrode. As a consequence of the high surface exchange coefficients in

La2Nio.8Coo.204+8, the model predicts a much lower Li than those calculated for

La2NiO4+8. It is also evident that the measured ASRs for both electrodes are higher

than the predicted
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Temp (°	 D (cm2s 1)	 k (cms 1) Rh (cm2) ASR (2cmZ)

La2NiO4+8

578	 1 x 10-8	 2 x 10-8	 3.2	 12.2

660	 2.1 x 10-8	 9 x 10-8	 1.2	 4.3

La2Nio.8Coo.204+8

579	 1.1 x 10-8	 6.3 x 10-v	0.6	 26.5

657	 2.3 x 10-8	 9.1 x 10-v	0.4	 11

Table 6.8 Calculated values of Rd from D* and k, and measured values of polarisation resistance

from impedance spectroscopy

The poor performance of these electrodes compared to current perovskites (see

chapter 5) is considered surprising, as the diffusion and surface exchange properties

are enhanced in these La2Ni1CoO4+8 oxides. As previously mentioned, it has been

suggested that there may be inhibiting species associated with the manufactured

CGO, which in the presence of certain transition metals in the electrode suppresses

the surface exchange kinetics [54]. A similar view has also been expressed by Adler

[55], where it was reported that certain dopants in ceria have a strong effect on the

surface exchange properties of a mixed conducting electrode. There is also the

possibility of secondary phase precipitation, which in small amounts is not

detectable by XRD (the detection limit for XRD is approximately 2% [56]).

However, it is believed that the poor electrode morphologies have significantly

limited the surface exchange process, contributing to the large ASRs observed.

In the re-examination of the Rh model, Adler [55] emphasised that this model did

not hold for large or small values of the penetration depth 8 (where 8 <0.7 m and

6> 6 urn). This parameter is related to the oxygen diffusion and surface exchange

kinetics, and is the characteristic length of the active region in the electrode,

(the other symbols have the same meaning as those in the derivation of Rciiem). In

porous LSC and LSCF electrodes, this active region is smaller than the typical

electrode thickness, i.e. semi-infinite electrode thickness is assumed [53]. For
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electrodes with low surface areas however, 6 is large, extending over the whole

electrode thickness. In such cases, the measured electrode resistance is limited only

by surface exchange and hence the equation for Rh is no longer valid.

Estimations of 6 for La2NiO4+8 and La2Nio.sCoo.204+o using the assumed

parameters, yields values of 19m and 7p.m respectively at 660°C. The sizes of

these active electrode regions are larger than the considered limit of validity (-6ji.m)

for the Rh model. Therefore it is surmised that due to the low surface area of

these electrodes, resulting from the high temperatures involved in the preparation

and sintering of electrodes, the surface exchange kinetics are not efficiently utilised.

To overcome the problems associated with the poor particle sizes attained in this

work, other preparative routes such as combustion synthesis [57,58] which produces

very fine, homogeneous particles at lower temperatures should be attempted.

6.5.2 La2NiO4+o - Lao.8Sro.2MnO3-o Composite Electrodes

As a preliminary study into improving the electrode polarisation behaviour of

La2NiO4+6 (LAN), composite electrodes were investigated. Lao.gSro.2MnO3-8

(supplied by Praxair Specialty Ceramics) was chosen as the secondary phase due its

high electronic conductivity. The measured tracer diffusion in LSM from IEDP-

SIMS at 700°C is 3.8 x 10-16 cm2s [28}, which is eight orders of magnitude slower

than D* for La2NiO4+8 at the same temperature. In terms of the surface exchange

coefficients, the value of k for LSM is 1.2 x 10 cms' at 700°C [59], which is

comparable to 2.3 x 10 cms' for La2NiO4-I-8. It is emphasised that the La2NiO4+8

(A) electrode powder was used in this composite study.
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Figure 6.32 Impedance spectra for La 2NiO4+a - Lao.8Sro.zMnO3.o composite electrodes (given as

volume fractions) in air at 550°C
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The impedance spectra for the three composite electrodes investigated are

illustrated in Fig. 6.32. Qualitatively, the shapes of the impedance response are the

same for all electrodes, indicating that the same electrode mechanism is operative.

It can also be seen that with increasing additions of LSM, the electrode impedance

increases also. The beneficial effect of adding LSM to La2NiO4+o is only observed

at temperatures greater than -'600°C and with volume fractions of 27% and 37%, as

shown in Fig. 6.33. These findings would imply the existence of a percolation limit.

Similarly to the La2NilCoO4^8 electrodes, there is an apparent change in ASR

slope at 650°C, indicating the influence on the electrode mechanism from the

La2NiO4+8 phase.

3.0
• La2NiO4(A)

2.5	 LAN73 LSM27
o LAN63:LSM37

	

v LAN53 : LSM47
	

•I

1.1	 1.2	 1.3

1000fF [K']

Figure 6.33 Area specific resistance for porous La 2NiO4+6 and LAN-LSM electrodes on CGO

electrolytes as a function of inverse temperature

In Fig. 6.34 the ASR values are given as a function of LSM content and

temperature. The results show a minimum in ASR at a reduced volume fraction of

LSM, confirming the anticipated presence of a percolation limit. Utilising the

measured median particle sizes of La2NiO4+8 (A) and LSM of 4.7i.m and 1.4.tm

respectively, the critical volume fraction of LSM was estimated using equation 5.20

for a binary composite, as proposed by Kusy [60]. The particle size relationship tor

these two phases predicts that the percolation limit occurs at a 27% volume fraction

of LSM, which accords well with experimental observations. It was noted earlier

that the oxygen diffusion properties of LSM are significantly poorer than for

N
E
C.)

C.)

C.)

C.)

C,)
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La2NiO4+8. It is perceived that the reductions in ASR (where observed) are due to

the surface exchange properties associated with the high specific area of the LSM

phase.
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Figure 6.34 Area specific resistance of LAN and LAN-LSM composites electrodes as a function of

LSM volume fraction

As reported previously in chapter 5, a well defined change in activation energy

occurs at the percolation limit for composite electrodes. This has also been found

for the LAN-LSM system (see Fig. 6.35). The typical 'S' shape curve for ASR and

activation energies as a function of LSM volume fraction is not observed in Figs.

6.34 and 6.35, this however is due simply to insufficient investigations below the

estimated percolation limit of 27% LSM volume fraction.
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Figure 6.35 Activation energy for area specific resistance as a function of LSM volume fraction
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The activation energy for ASR in La2NiO4+6 was determined as 0.96 ± 0.01eV,

which was previously noted to be the average of the activation energies for diffusion

and surface exchange. In contrast, for volume fractions of LSM above the

percolation limit, the activation energies were determined to be between 1.20eV and

1.29eV. These values are consistent with the activation energy for surface exchange

in LSM [28]. In this composite system, the findings appear to imply a transition

from an electrode mechanism that is dominated by solid state oxygen diffusion and

surface exchange in La2NiO4+8, to one which is controlled by the surface chemical

exchange of oxygen with increasing LSM content.

6.6 CONCLUDING REMARKS

X-ray diffraction analyses of La2Ni1CoO4+8 compounds have illustrated the effect

of atmosphere on the lattice constants of these oxides. The findings have showed

that the c axis parameter is extremely sensitive to oxygen stoichiometry, lengthening

as oxygen interstitials are incorporated into the structure. It was also found that

with cobalt substitution for nickel, the Jahn-Teller distortion associated with the

Ni3 ions was reduced. From the lattice parameter variations of La2Nio.9Coo.104+8

prepared under reduced oxygen partial pressure conditions, it was demonstrated that

these oxides take up oxygen readily at low temperatures.

The transport parameters of bulk diffusion and surface exchange of oxygen between

the gaseous phase and solid are two important factors in the performance of devices

such as SOFCs. Isotope exchange measurements of La2Ni1CoO4^8 have yielded

extremely high rates of oxygen diffusion and surface exchange. In most instances,

the bulk and surface kinetics were demonstrated to be faster than the LSC based

perovskites, especially towards lower temperatures. This work has particularly

highlighted the favourable surface exchange kinetics and the extremely low

activation energies of surface exchange in compounds containing Co. It is

considered that these compounds represent a novel class of oxygen diffusing

materials, where the oxygen defects of interest are interstitials. The findings here of

high diffusivity and surface exchange, and their corresponding low activation
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energies compared to conventional oxygen deficient perovskites, are significant for

the development of intermediate temperature solid state electrochemical devices.

A set of values of D* and k has been obtained for La2Nio.sCoo.204+8 as a function of

oxygen partial pressure. Ascertaining the point defect model through the

measurement of D* yielded conflicting results; it is considered that defect

interactions due to the high concentrations may have a significant influence. From

the oxygen partial pressure dependency for surface exchange, an oxygen reduction

mechanism which is rate limited by bulk incorporation was inferred.

Despite the high D* and k properties of these materials, the electrode performance

of these materials were found to be unexpectedly poorer than the analogous

perovskite oxides. It has been shown that the conditions of preparation can have a

detrimental effect on electrode behaviour. This is consistent with previous studies

which have highlighted the influence of electrode morphology on the measured

properties [50,51]. It has also been suggested that surface species associated with

CGO powders may possibly affect the surface exchange properties of these

electrodes [54]. Confirmation of the presence of inhibiting species would require

investigation by a technique such as Infra-Red spectroscopy [61,62]. Enhancement

of the electrode properties was achieved however by the addition of LSM, with the

percolation threshold determined as -27% volume fraction. It is considered that

the reduction in electrode resistance in the composite electrode is attributable to the

surface exchange properties of the LSM phase.

Mixed conducting LSC perovskites, which are currently favoured for application in

SOFCs or air separation devices, are known to suffer from large expansivities with

increasing temperature. This is naturally undesirable in a device stack as the

component materials are in contact with one another. For La2Ni1CoO4^8, the

thermal expansion coefficients were found to be lower than the classic perovskites;

importantly these TEC values were comparable with those for the typical CGO

electrolyte. Hence, it may be considered that these oxides will offer greater stability

in real applications.
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Disregarding the apparently poor electrode performance of La2Ni1..CoO4+8 based

oxides, the oxygen transport properties and the chemical and mechanical stability of

these materials make them potentially attractive for solid state electrochemical

devices. Investigations into mixed conducting oxides of the K2NiF4 structure

exhibiting oxygen excess for these devices, have only recently been instigated.

Obviously further work must be carried out before these materials are considered

seriously for application. It is stressed however that optimisation of compositions

has not been attempted in this work. Thus, a wide scope for further investigations

exists in this field, which may further yield enhanced material properties.
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CHAPTER 7 CONCLUSIONS AND SUGGESTIONS FOR

FURTHER WORK

This thesis has investigated the properties of mixed ionic electronic conducting

oxides for relevant application in solid state electrochemical devices. The work

presented has centred on the Lao.oSro.4Coo.98Nio.o2O3 perovskite, and also the

La2Nii..CoO4^& series of compounds, which adopt a structure that is closely related

to the perovskite. By way of an introduction, the background to oxygen ion

diffusion and surface exchange has been presented, along with an overview of the

crystal structure, nonstoichiometry and mass transport properties of acceptor doped

LaCoO3 perovskites and the K2NiF4 type La2NiO4+8.

(2) Lao.6Sro.4Coo.98Nio.o2O3o

The oxygen tracer diffusion and surface exchange for Lao.6Sro.4Coo.9sNio.o2O3-. were

obtained as a function of temperature, and shown to be in good agreement with

measurements performed on similar acceptor doped perovskites. Fast diffusion

pathways were evidenced in samples where bulk diffusion was found to be slow

(_1O h1 cm2s-1). These diffusion pathways have been ascribed to oxygen diffusion

along grain boundaries. With the recent advent of high resolution SIMS, direct

observations of fast pathways may be evidenced. This technique may provide

detailed information on the nature of these pathways, be they grain boundaries or

other structural defects, which was not possible using the SIMS instrument in this

work.

The electrode behaviour of Lao.6Sro.4Coo.9sNio.o2O was examined as a function of

temperature. The oxygen vacancy concentration and diffusion in this material

appeared to be such, that the oxygen flux was transported from the gas phase to the

electrolyte, through the electrode bulk. The activation energy for the electrode

reaction was comparable to that for oxygen tracer diffusion D* from IEDP-SIMS

measurements, indicating that solid state oxygen diffusion through the electrode

bulk is the rate limiting step. It was shown that the diffusion limitation of LSCN
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electrodes could be minimised through the optimised addition of ionically

conducting ceria to form a composite electrode.

The chemical stability of Lao.oSro.4Coo.98Nio.o203.s, whilst in contact with a ceria

electrolyte, appears to be adequate for application as intermediate temperature

cathode electrodes, as no evidence of reaction products was observed. Despite the

favourable transport and electrode kinetics of LSCN, the application of this material

is unlikely to occur, as the thermal expansivity is extremely high compared to typical

electrolyte materials.

It is possible to consider that further progress in the reduction of the polarisation

loss of LSCN electrodes at low temperatures may be attained through the addition

of fast oxide ion conductors and optimisation of the electrode structure. An

alternative electrolyte material to consider with high ionic conductivity is the

perovskite (where B is a transition metal). For enhanced

electrode performance, it may be envisaged that a functionally graded porous

electrode structure may best utilise the benefit of a binary electrode composition

and also overcome the limitation of poor mechanical stability of the LSCN phase.

(it) L.a2NiiCoO4+o

Homogenous K2NiF4 type phases of composition La2Ni1..CoO4+8 (where x = 0,

0.1, 0.2, 0.5) were synthesised using the standard nitrate/citric acid route. High

temperature X-ray diffraction was performed on La2Nio.9Coo.104+8 annealed under

different oxygen partial pressures. Refinement of data for the sample annealed

under argon atmosphere showed a rapid uptake of oxygen when exposed to air at

temperatures below 300°C. This observation was consistent with those from

Guinier-Lenne diffraction analyses. The measured variations in c lattice constant

were attributable to the changes in oxygen hyperstoichiometry, whilst the variation

in a lattice parameter with increasing addition of Co in La2Ni1CoO4+8 were related

to the relief of the Jahn-Teller effect.

Fully dense bulk samples of single phase La2Ni1CoO4+a compositions were

successfully prepared for IEDP-SIMS measurements, with the exception of the

La2Nio.sCoo.504+8 samples, which were found to be bi-phasic. The values of D* and

k determined for La2NiO4-I-8 were found to be in good agreement with other

measurements on the same composition. With increasing Co site fraction, the
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oxygen diffusion and surface exchange coefficients were found to increase. The

higher diffusivities observed with increasing x were ascribed to the increased oxygen

excess, which is related to the concentration of oxygen interstitial defects.

In order to elucidate the point defect model for these oxides, the tracer diffusivities

for La2Nio.8Coo.204+8 were obtained as a function of oxygen partial pressure.

Reasonable information could not be extracted as the concentration of interstitial

defects was such that a dilute solution could not be assumed. A model has been

proposed to account for the surface exchange reaction in terms of the different

possible rate limiting steps.

The electrode behaviour of La2Ni1..CoO4+8 oxides was determined as a function of

temperature. The surprisingly poor electrode performances observed were

attributed in part to the electrode morphology, which in turn is related to the

starting powder particle size characteristics and sintering temperature. A small

enhancement in LaNiO+a electrode performance at high temperatures was

achieved through the addition of a critical volume fraction of Lao.sSro.2MnO3-8

phase.

To aid further understanding of the strong influence of the Co and Ni ions on the

crystal structure, oxygen nonstoichiometry and surface exchange properties, the

valence states of these ions and their relative concentrations should be determined.

It is perceived that techniques such as iodometric titration and X-ray absorption

near edge structure (XANES) should be employed in order to obtain this

information.

This work has clearly emphasised that knowledge of the oxygen stoichiometry under

the investigation conditions is critical. Due to time constraints, further studies

yielding information regarding the oxygen nonstoichiometry could not be

performed. In particular, evidence of oxygen excess at high temperatures and with

varying P02 should be obtained. It is also believed that support for the proposed

defect model may be possible if the measurements of D* as a function of P02 is

performed at elevated temperatures, in order to reduce the concentration of defects

to a level such that an ideal solution may be assumed.

The high rates of surface exchange achieved in substituted La2NiO4+8 oxides have

clearly illustrated the importance of the presence of Co for the oxygen exchange
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process. By determining the surface chemical composition using X-ray

photoelectron spectroscopy (XPS), interpretation of the surface exchange properties

may be aided.

This work has highlighted the fast diffusion and surface exchange kinetics of the Co

substituted La2NiO4+8 oxides at relatively low temperatures. An interesting aspect

would be the study of the transport properties at even lower temperatures, where it

may be considered that these favourable properties are possibly maintained.

The fast diffusion and surface exchange kinetics obtained from isotope exchange

measurements were found to be at odds with the poor electrode performances of

these oxides. The influence of particle size and sinter temperature has been

emphasised in this work and considerable progress may be made through

optimisation of the powder preparative routes. In order to confirm the possible

presence of any contaminating species inhibiting the surface exchange process, a

technique such as Infra-red spectroscopy should be employed.

This work and the work of others have centred on La2NiO4^8 based compositions.

It is considered that enhanced oxygen transport properties may be achieved through

the optimisation of other rare earth nickelates, such as Pr2NiO4+8, Nd2NiO4+8, and

the analogous cobaltate oxides.
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Appendix

APPENDIX

DERIVATION OF A SEMI-CIRCLE IN A COMPLEX IMPEDANCE

PLANE

In a simple parallel RC circuit, the impedance of the RC element can be represented

by a semi-circle.

Figure Al Simple Parallel RC Circuit

In a.c. impedance spectroscopy, the impedance is given by Z, which comprises the

impedance contributions from the resistor and from the capacitor. Thus the total

impedance in the circuit is given by

1	 1.
-= —+ jcC
ZR

Rearranging this equation for Z gives

Z=
1/R+jC

By rationalising the above equation using the complex conjugate (1 /R - jC), the

following is obtained

Z=_1/R—jwC

1/R2 +c2C2

From complex theory Z = Z-iZ', allowing equation A.3 to be separated into its'

real and imaginary parts

1/R

1/R 2 ^2c

Z"=	
()C

hR 2 +co2C2

(A.3)
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Rearranging equation A.4 gives

22	 1	 1
ü C =--	 (A.6)

RZ' R2

and therefore

/i	 1
()C I---

VRZ' R2

By substituting A.7 into A.5, and rearranging equations A.4 and A.5, the following is

obtained

rz"12	 1	 1
[j ;j =j;-j	 (A.8)

This can be simplified to give

(z")2 + (z')2 - RZ'= 0 (A.9)

By adding R2/4 to both sides to complete the square, the equation for a circle is

given

	

(z')2 _RZt+!—+(Z)2 R	 (A.10)
4	 4

(z'—R/2)2 + (z")2 = (R/2)2	(A.11)

where the radius of the circle is R/2, and the centre is located at (R/2,0).

(A.7)

R/2	 R Z'

Figure £2 Complex plane impedance plot for a parallel RC combination (from [1])

1. C.M.A. Brett, A-M. Oliveira Brett, "Electrochemistry: Principles, Methods and
Applications", Oxford University Press, (1993), p.409.
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