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Abstract

Cobalt-based oxides with perovskite-related structures are important candidate
cathode materials for the next generation solid oxide fuel cells (SOFCs) because of their
good catalytic properties and high values of electronic and ionic conductivity. The aim of
the work described in the thesis is to investigate oxygen transport in Sr3YCo4010.5 (SYC,
the so-called 314 phase) and double perovskites LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd)
with combination of theoretical and experimental methods.

The oxygen transport properties of Sr3YCo040105 were studied by three different
techniques. Molecular dynamics simulations (MD) predicted an isotropic character of
oxygen diffusion with an activation energy of 1.56 eV in the temperature range of 1000 —
1400 K. Values of tracer oxygen diffusion, D", and the surface exchange coefficient, K,
were measured as a function of temperature (500 — 900 °C) with isotope exchange depth
profiling combined with secondary ion mass spectrometry (IEDP/SIMS). Chemical oxygen
diffusion coefficients, Dciem, and chemical surface exchange rates, kciem, were obtained
from electrical conductivity relaxation experiments (ECR). Good agreement of the results
obtained by different techniques was confirmed after application of thermodynamic factors
to the ECR data. Electrochemical performance of symmetrical cells with Ceo.oGdo.101.95
(GDC) as electrolyte (SYC/GDC/SYC) in the temperature range 620 — 770 °C was
evaluated.

Double perovskites LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd) were studied by
combination of ECR, thermogravimetric analysis (TGA) and dilatometry. It was found that

size of rare earth element (REE) has strong influence on electrochemical and mechanical

vii



properties of the samples. In case of La and Pr-containing compounds, fast degradation of
the surface kinetics during ECR experiments at high oxygen partial pressure was associated
with surface segregation. ECR measurements at low pO> switches were performed for La,
Pr and Gd-containing samples to avoid large deviation from chemical equilibrium during
experiments. For SmBaCoFeOs:s it was found that a linear model for the exchange kinetics
works in a larger pogl) / pogz) interval.

The effect of A-cation ordering in LaBaCoFeOs+s on oxygen transport properties
was investigated. Oxygen diffusion was found to be slower in ordered structure, due to the

influence of ordering in A-cation sublattice on anion ordering.
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Chapter 1. Introduction

1.1. Objective

The objective of this research is to investigate oxygen diffusion properties in mixed
ionic-electronic compounds (MIEC) by different methods: electrical conductivity
relaxation (ECR), isotope exchange depth profiling (IEDP) and molecular dynamic
simulations (MD). It includes:

1. Study of oxygen diffusion transport in the perovskite-related compound
S1r3YCo04010.5 with ECR, IEDP and MD and a comparison of the results.

2. ECR study of double perovskites LnBaCoFeOs:s (Ln = La, Pr, Gd and Sm).

3. Determination of the thermal expansion coefficients (TEC) by dilatometry.

1.2. Scope of the thesis

Chapter 1 focuses on the general background for oxygen transport in mixed ionic-
electronic compounds. The application of MIEC oxides, diffusional transport, surface
exchange reactions and defect chemistry are described in brief. The principles of the
oxygen diffusion process described using a binary compound as an example.

Chapter 2 summarizes the theoretical background and analysis of the electrical
conductivity relaxation (ECR) and isotope exchange depth profiling (IEDP) experiments
with a linear surface exchange model. Sample requirements for ECR and IEDP
experiments are discussed.

Chapter 3 describes the investigation of the oxygen diffusion in the perovskite-

related compound Sr3YCo4010.5 with two ex situ methods (ECR and IEDP) and with one
1



computational method (MD). Determination of the thermodynamic factor, which
represents the dependence of the oxygen content of the compound on the oxygen partial
pressure in the surroundings and temperature by thermogravimetric analysis (TGA) and
iodometric titration is included. Oxygen diffusion coefficients obtained by all three
methods are compared. Electrochemical performance of symmetrical cells Sr3YCo04O10.5 /
Ce0.9Gdo.101.95 / Sr3YC040105 s investigated by AC Impedance spectroscopy.

In Chapter 4, an ECR study of double perovskites LnBaCoFeOs+s (Ln = La, Pr, Gd
and Sm) is described. Thermodynamic factors for all four compounds were determined by
thermogravimetric analysis (TGA). Syntheses and characterization of LaBaCoFeOs:s,
compounds crystalizing in cubic and tetragonal space groups, are described. The
dependence of oxygen diffusion coefficients and surface exchange rates on crystal structure
and ionic size of the rare earth element (REE) is studied.

Chapter 5 is focused on investigation of thermal expansion of perovskite-related
compound Sr3YCo040105 and double perovskites LnBaCoFeOs-+s (Ln = La, Pr, Gd and Sm).

The behavior of the thermal expansion coefficients (TECs) is discussed.

1.3. Background

Mixed ionic-electronic compounds with perovskite structure (ABO3), such as
acceptor-doped systems LaCoOs and LaFeOs [1], are of great interest due to the possibility
of their use in applications that require separation of oxygen from air or other oxygen-
containing gas mixtures in variety of devices: oxygen separation membranes, electrodes of

solid oxide fuel cells (SOFCs) and catalytic reactors [2-4].



The present research is focused on further understanding and determination of
oxygen transport properties in these oxides.

In recent years, techniques such as isotope exchange depth profiling combined with
secondary ion mass spectrometry (IEDP/SIMS) [5-6], oxygen permeation experiments
[7-12], mass or electrical relaxation experiments and AC Impedance spectroscopy [13]
have been used to study the fundamentals of the oxygen transport properties in variety of
different perovskite and perovskite-related mixed ionic-electronic oxides. In particular,
bulk diffusion coefficients and surface exchange rates have been investigated using these
techniques, and relationship between materials properties and performance has been
studied. In this work, three of these techniques, isotope exchange depth profiling combined
with secondary ion mass spectrometry, electrical conductivity relaxation and molecular
dynamic simulations have been used to study several MIEC oxides. The techniques will be
described in details in following chapters. Here, the general background for oxygen
transport in MIEC oxides will be introduced. The defect chemistry, surface exchange

reactions and diffusional transport concepts in MIEC will be described.

1.4. Defect chemistry

Perovskites are a large group of compounds with closely related crystal structures,
which have taken their name from the natural mineral CaTiO3. The general formula is
ABX3, in which A and B are cations, and X is usually oxygen or fluorine. The oxide
perovskites (ABO;) have a wide variety of electrical and magnetic properties, which make
them interesting for different applications such as reforming of natural gas, solid oxide fuel

cells (SOFCs), oxygen permeable membranes (OPM), oxidation catalysis, oxygen sensors

3



and others.

The point defect chemistry of ABO3 perovskites explains the origins of the ionic
and electronic conductivities, which, generally, are independent in crystalline materials
[14]. The ionic one is mainly related to the crystal structure, which should provide a
continuous pathway for ions movement, while the electronic conductivity is determined by
the electronic bandgap, and depends more on the individual properties of the ions in the
compound.

The ideal perovskite structure can be described as consisting of corner-sharing BOg
octahedra with the large A-cation occupying the body center, 12-coordinated by oxygen

atoms position. The cubic perovskite structure is illustrated in Figure 1.1.

® @ _6
o'
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Figure 1.1. Ideal perovskite structure.




Rotation or tilting of the BOs octahedra, or displacement of the cations, will give
rise to a lower symmetry typically corresponding to tetragonal, orthorhombic or
rhombohedral structures. The unit cell volume will also increase. The possibility for a
ternary oxide to crystallize in the perovskite structure can be predicted using the

Goldschmidt tolerance factor (¢) [15]

_ ratro
V2(rp+r0)

(Equation 1.1)
where r; denotes the ionic radius of the given ion.

Geometrically, values of tolerance factor close to one (¢ = 1) is required for an ideal
cubic perovskite structure, comprising only a few oxides. For ¢ slightly less than 1, the BOs
octahedra is rotated about the (111) axis, giving rise to a rhombohedral unit cell. For
smaller ¢, the octahedra tilt about (001) and (110), resulting in the orthorhombic structure
[16]. Generally, the ABO3 perovskite structure is stable between 0.75 << 1.06 [17]. For
the other values of ¢, formation of nonperovskite structures will be favorable. Due to the
fact that a wide range of tolerance factor allows formation of perovskite structures, a
significant fraction of dopant, usually a divalent cation (D), can be introduced into the A
site. That leads to another important parameter for the crystal symmetry — nonstoichiometry
arising from cation deficiency or oxygen deficiency. Oxygen deficiency will lead to
formation of oxygen vacancies (V) in the structure, that are effectively positive with
respect to the lattice. Cation deficiency may occur, for example, when the B cation is a
multivalent transition metal, and may lead to the formation of electronic defects, such as

electron holes. The electron holes can be trapped at the cation or can migrate freely through

the structure. These two kinds of defects are the basis for ionic, V,, and electronic, h',



conductivities.
Considering partial substitution of La in LaFeOs3 by Sr, the charge neutrality criteria
can be expressed by Kroger-Vink notation as
le'] + [Sr,] = 2[Vy] + [R] (Equation 1.2)
where the electron, e’, comes from the disproportionation of the Fe cations,
2Fep, = Feg, + Fep, (Equation 1.3)

By Krdger-Vink notation, M means species M, that can be atom, vacancy,
interstitial, electron or electron hole, located at § lattice site with the C electronic charge.
One positive excess charge is indicated by a dot (), one negative excess charge is by a
prime (), and neutral is by a cross (X).

The electron holes (h') can be formed by acceptor doping and disproportionation
reaction. Electronic conductivity is usually explained by a polaron mechanism with a
thermally activated mobility [18]. The hopping mechanism can be written schematically
[19]:

Bnt — 02— — gn-1D+ _, p(n-D+ _ - _ pln-D+ _, p(n-D+ _ n2- _ pn+

The hopping is possible due to the overlap between the filled 2p orbitals of oxygen
and neighboring empty or partially filled d-orbitals of the transition metal B.

In materials for oxygen delivery application, the electronic component of
conductivity is usually predominant [20], and the oxygen ion conductivity is usually
comparable to that of the well-known ionic conductors, such as yttria stabilized zirconia

(YSZ) and gadolinium-doped ceria (GDC).



1.5. Oxygen transport in mixed ionic and electronic oxides
The process of oxygen transport in mixed ionic and electronic oxides occurs in two
steps: diffusion of oxygen atoms in the bulk of the material and surface exchange at the

surface of the material between oxygen atoms in the surrounding gas and in the solid.

1.5.1. Bulk oxygen diffusion

In this chapter the concept of oxygen diffusion is briefly explained, starting with
the diffusion of a single type of charge carrier and moving to consideration of multiple
types of charge carriers. Chemical diffusion in a binary oxide is also discussed. Charge
carriers are considered as disordered at isothermal conditions and rapid surface exchange

1s assumed.

1.5.1.1. Fickian transport and diffusion coefficients

Diffusion is the process of concentration equilibration in non-equilibrium system.
According to Fick’s first law [21], the flux j;, considered as the flow of species i per unit
area perpendicular to the flow and per unit time, is proportional to the gradient of its

concentration, ¢;,

s aCi
]l_ lax

(Equation 1.4)
where D; is the self-diffusion coefficient and c; is the concentration of species i in the
compound. For simplification, a one-dimensional case and an isotropic material are

considered. Conserved mass in the system can be expressed as

dci _  09j;

= o T R; (Equation 1.5)



where R; is any process that leads to the formation or removal of species i, for instance,
recombination of elements or chemical reaction in the bulk of the material [22]. In the
systems studied in this thesis, due to the absence of such reactions, R; is considered to be

zero. Combination of Egs. (1.4) and (1.5) becomes Fick’s second law:

9 _ 0 (D aci) (Equation 1.6)

at  ox\ tox
To find how the diffusion coefficient is related to the thermal movement of the
species, we will consider an example of diffusion from a plane source. If initially, at # =0,
all the substance M is on the plane at x = 0, then the concentration distribution at certain

time 7 (¢ > 0) can be written as the solution of Egs. (1.4) and (1.6) [23].

2
ci(x, t) = I:Ditexp (— ad ) (Equation 1.7)

2 4Dt
The diffusion is symmetrical relatively to the origin (x = 0), so the average position
of the diffused substance is zero at any time, but the mean square distance increases as

following:

x2

_ 1 .
x? = [ x? T &P (— 4Dit) dx = 2Dt (Equation 1.8)

At an atomistic level, diffusion can be considered as a phenomenon associated with
the Brownian motion of atoms or ions via defects (the motion of pollen grains on the
surface of water is a typical example) [24]. The simplified case is the hopping of the atom
or ion with a fixed jumping frequency v and fixed jumping distance 7;. After the n™ jump
in the time ¢, its location R will be

R=3%1,7 (Equation 1.9)

so the mean square distance R? from the origin will be



R? = (XM, 7)? = mr? (1 +2 < o564 >) (Equation 1.10)
where 6; ;. ; is the angle between the i and (i+j)™ jumps, % < cos0;;,j > is the average
of cos; ;. Following the equal probability of forward and backward jumps (Markovian
process), < cos8;;,; > should be equal to zero, and Eq. 1.10 will transform to
R? =nr? (Equation 1.11)
and because n = tv, we have

R? = vr?t (Equation 1.12)

And from Egs. (1.8) and (1.12), we obtain

D; = Zvr? (Equation 1.13)

To obtain oxygen self-diffusion coefficients in a thermal equilibrium state, tracers,
such as '%0, are usually used to label the movement of a certain ion (oxygen). The diffusion
coefficients obtained in such experiments are tracer diffusion coefficients D°, and are
related to self-diffusion as

D = fD; (Equation 1.14)
where f'is the Haven ratio and its value, in general, is smaller than unity due to the slightly
higher probability of the tracer jumps in the backward direction. Also its value depends on
the crystal structure of the compound and the diffusion mechanism. For perovskites ABO3,
where oxygen transport via oxygen vacancies is predominant, its value is about 0.69 and
usually approximated to 1 [25]. So Eq. (1.14) transforms to

D/ = D; (Equation 1.15)



1.5.1.2. Electrochemical potential
Diffusion in the bulk material can be considered as chemical potential gradient of

species i [26, 27]. The flux j; will be expressed as,

, iDi 0ug :
ji = _CR—Tﬁ (Equation 1.16)

where y; is the chemical potential of the species i and related to the activity, a;, as

w = ud + RTIn q; (Equation 1.17)

1? is the reference chemical potential. Transformed Egs. (1.16)

iDi 9pi Oc; ;
ji = _CR_Ta_‘clii (Equation 1.18)
and (1.17)
aui _ 61nai .
% = T » (Equation 1.19)

With Egs. (1.18) and (1.19) we can obtain

. 61nai aCi
Ji = ! dInc; dx

(Equation 1.20)

which is equivalent to Fick’s first law, Eq. (1.4), if we rewrite it as follows
. ~ aCi .
Ji = —Dia (Equation 1.21)

where D; represents the chemical diffusion coefficient of species i. The relation between

diffusion and chemical diffusion can be expressed as following:

~

D; = DI’} (Equation 1.22)

_ 61nai

- alnCi

I; (Equation 1.23)

It means, that besides the statistical contribution to diffusion, there is a chemical

driving force, because of variation of free energy with concentration of species i,

10



represented by 7. I} is called thermodynamic factor and was introduced by Darken in 1948
[22]. In an ideal solid solution, concentration of species 7 is equal to its activity, a; = ¢;,
then Eq. (1.20) will reduce to Fick’s first law, Eq. (1.4).

Besides concentration gradient, mobile species can migrate under other forces, such
: o : .0
as an electric field. The only force applied in the electric field is £ and the flux of the

species i will be

a0

i = —CiU; —
]l l lax

(Equation 1.24)
where u; is the mean drift velocity per unit field of species 7, and is related to the
conductivity o; as [24]

0; = cilzi| Fu; (Equation 1.25)
where F is the Faraday constant and z; is the charge on species i.

Hence,

Zi_9ziF0 (Equation 1.26)

Ji=— z?F?2 ox
which is a form of Ohm’s law. With the Nernst-Einstein relation for mobility and diffusion

[28]:

__ OiRT
I = 2p2,.,
ziFec

(Equation 1.27)

Eq. (1.26) can be rewritten as

D; 0z; :
Jji=— Cl;—l;‘z;xm (Equation 1.28)
The general equation for the flux of species i can be transformed using combination

of Egs. (1.16) and (1.28) to

_ _ CiD;0f;

Ji= =% o (Equation 1.29)
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and
fi = u; + z;,FQ (Equation 1.30)
where [i; is the electrochemical potential of species i.
Particles may also move due to the gradients in the electrochemical potentials of
other species, leading to cross-terms in the flux equation. In principle, the presence of
cross-terms will occur whenever a component, whose chemical potential may vary

independently of that of species i, is present [22]. So, the flux equation may be generalized:

_ D O(Fi+Yjaijl))

Ji =~ % ™ (Equation 1.31)

. . . ofj e~ ~ .
where @;; are the coefficients showing the influence of % on i. fi; is independent of fi;, it

is not coupled through the Gibbs-Duhem relation. And in most of the cases, coupling may

be neglected in comparison to the influence of fi; [29].

1.5.2. Chemical diffusion in a binary system
In this chapter, charge flow in mixed conductors will be discussed [14]. In a mixed
conductor in the solid state, an electronic contribution always accompanies ionic
conduction. Situations where no net external current is applied will be considered. Then
the internal current will be zero:
2iji=0 (Equation 1.32)
where j; is the current density of the species i.

With the current density j; rewritten as

. i Ol :
ji = _Z%Fi (Equation 1.33)

Eq. (1.32) will transform to
12



¥, (i) LI (Equation 1.34)

z;) O0x

where t; is the transport number of species i

.
L= 5. 5.
Yjoj

(Equation 1.35)

For simplified case, we will consider only the two fastest species

b0k _ _ L2 02 ,

7 0x 1z, 9% (Equation 1.36)
And finally,

; by 2(-52) _

J1=7 (ZICll?Tl 2) o (Equation 1.37)

The driving force is a concentration gradient of a neutral species [14]. It is necessary
to note that only quantities of chemical potential for neutral components are considered as
‘real’ thermodynamic quantities in the sense that they really can be added to the system.
For charged particles, such as ions and electronic holes, chemical potentials are
thermodynamically undefined since they must be added in pairs of opposite charges to keep
electroneutrality. Nevertheless, they have great value for considerations based on a
physical model [14].

Now, a single-phase binary system, MO1.s, where the metal sublattice is not mobile
and O% and e’ are mobile charge carriers, will be considered. A source of neutral oxygen

is required, and the mass transport for it can be expressed with single particle equation:
~ aCO

Jjo =—Dp— (Equation 1.38)

according to Eq. (1.21). D, is the chemical diffusion coefficient of the neutral oxygen. And

corresponding to it, we can rewrite Egs. (1.22) and (1.23) as

13



alnao

D, =D, T (Equation 1.39)
alnao .

Iy = (Equation 1.40)
alnCO

Using Wagner’s treatment, which assumes that a local chemical equilibrium is
obtained between the charged species
0?2~ —-2e¢'=0 (Equation 1.41)
we will express the chemical diffusion coefficient D, using empirically obtainable
parameters. But, due to the unknown internal electrical field, we have
floz- — 2[i,r = o (Equation 1.42)
with the following equations [30]
Co = Cp2- (Equation 1.43)

dcy = dcy2- = —%ace, (Equation 1.44)

Transforming Eq. (1.37), where O* are species 1 and electrons are species 2, we

obtain

jo = — (Coz_l;%td) 6:—; (Equation 1.45)
and then

Do =t Dy2-1Ip (Equation 1.46)

With the assumption that neutral oxygen in the solid is in equilibrium with the

oxygen in the ambient, 0 = %02, we have
Uo = %uoz (Equation 1.47)

1 p .
ud + RTna, = E (ygz + RTIn %) (Equation 1.48)
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Hence,

o2
p
=-—2"/

= 3 omcg (Equation 1.49)
where, [, is the thermodynamic factor, which corresponds to oxygen concentration in the
material at different conditions, such as temperature and oxygen partial pressure in the
surroundings. It is usually determined from thermogravimetric or coulometric
measurements, where the oxygen concentration in a material at different oxygen partial
pressures can be obtained [31].

Taking into account that in materials studied in this thesis, electronic conductivity
is dominant, we have

Dy = D,2-T (Equation 1.50)

Another assumption of ‘quasi-neutrality’ is usually used in the ambipolar theory,
which assumes that in the absence of an electric field both charge carriers obey Fick’s first
law [14]. It says that an attractive electrostatic field is formed by a slight readjustment of

the charge balance and that two species have an ambipolar diffusion coefficient, D,. This

charge readjustment is such that the following equation holds,
dcq dc, .
z1 tz == 0 (Equation 1.51)
By combining Eqs. (1.37) and (1.51), D, can be obtained as
Da = DltZ + thl (Equatlon 1.52)

where D, is a weighted mean of individual diffusivities. And for the binary system,

D, = Dy2-t,- + D rty2- (Equation 1.53)
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This treatment is similar to Wagner’s treatment, where with Eqgs. (1.43) and (1.52)

and with following relation [32]
jo =Jjor- = —%je, (Equation 1.54)

Eq. (1.38) will produce

~ Oc

Joz- = =Dy aoxz_ (Equation 1.55)
i = 0cC, .
Je- = =Dy o (Equation 1.56)

And an expression, similar to ‘quasi-neutral’ condition, Eq. (1.51), can be

produced. With Eq. (1.27) for oxygen ion species,

Do = 2= (Equation 1.57)

So, D, in Eq. (1.46) can be written as

S 1 9,992~ dug

Dy = (Equation 1.58)

T AFR2
4F% 0 1+0 52— 0CH2-

And using Egs. (1.43), (1.44) and (1.54), Eq. (1.58) can be rewritten as

D, = 2L Ze%02 <r0l + ﬂ) (Equation 1.59)

= ar? O 1+0p2— \Co2—  Cgt
This equation connects chemical diffusion to self-diffusion coefficients of oxygen
ions, of electrons and their thermodynamic factors. It can be rewritten as
Dy = Dy2-t i Tp2- + D itpa-T, (Equation 1.60)

For diluted defects [33], when

61na02_ _ 61naer

[H2- = Bincya ~ [, = DI, ~ 1 (Equation 1.61)
D, becomes an equivalent of D,
Dy = Dy2-tya- + D it (Equation 1.62)
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A theoretical description for a binary system (oxygen ions and electrons) was
considered without taking into account the oxygen transport mechanism. A similar
situation as in the motion of electrons and backward motion of electron holes occurs in the
crystal lattice, where oxygen ions diffuse through fully ionized oxygen vacancies V. In
this case, conductivity of oxygen ions will be the same as the conductivity of oxygen
vacancies. Hence,

Oy; = Og2- (Equation 1.63)

Using Eq. (1.27), Eq. (1.63) transforms to:

Dyz-cp2- = Dyjeyg (Equation 1.64)

As in Eq. (1.46), chemical diffusion relates to oxygen vacancies as

D, = te'Dysly (Equation 1.65)
Similarly to Eq. (1.49) for the thermodynamic factor for oxygen ions,

1 alnpoz

FV =
2 alnCV'(')

(Equation 1.66)

An equation for thermodynamic factor for oxygen vacancies can be derived.

1.5.3. Surface exchange mechanism

The mechanism of surface exchange reaction at the gas-solid interface, in
comparison with diffusion mechanism, is much more complicated. It may involve charge
transfer, adsorption and dissociation of oxygen molecules, surface diffusion, incorporation
of oxygen at the surface layer with the following reduction, and reverse steps for the

reoxidation of oxygen ions [31]. The combination of these steps often occurs.
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Several possible mechanisms of surface exchange reaction have been proposed
[35-37]. For example, Boukamp ef al. reported the following mechanism:
0,(gas) — 0,(pore) (diffusion into pore)

0,(gas) + S,q — 0,(adsorbed) (adsorption)

0,(ad) + e’ - 0,'(ad) (charge transfer)
0,'(ad) + Syq + €' — 20'(ad) (dissociation)
O'(ad) +V, +e' = 05 + Suq (charge transfer and incorporation)

With the localization of electronic defects on the transition metal on the perovskite
B-site, the dominant conduction mechanism is small polaron hopping in most MIEC
oxides.

To obtain information about surface exchange process, attempts to identify and
quantify the oxygen species and defects located on the surface of the MIEC oxides using
in situ analytical instruments have been made. However, most of the analytical tools are
applied only to systems under vacuum, what is far from the conditions at which mixed
ionic electronic oxides are used [38].

It has to be noted that, depending on used experimental technique, three different
surface exchange rate constants can be determined: k? from electrical experiments, K perm,
from chemical experiments, and k™ from isotope exchange experiments. A theoretical
relationships between these surface exchange rates have been studied by Maier [38] on
mixed ionic and electronic conductor with large electronic conductivity and electronic
carrier species. Following dependencies were found:

kQ ~ k* (Equation 1.67)
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Kenem = k™I (Equation 1.68)
Eq. (1.68) is the analogue of the Eq. (1.50) for relationship between oxygen self-
diffusion and chemical oxygen diffusion.
Another model of the surface exchange reaction has been suggested in our group in
2000. This model simplifies the mechanism by summarizing all intermediate steps into one

reaction:
gaz +V; o 0% +2h (Equation 1.69)

As a result, the equation of chemical surface exchange was obtained:

4

Kehem = kg (i)o'5 |1+ coe (i + —)] (Equation 1.70)

Che
where k; is the forward reaction rate, Eq. (1.69), and contains both a constant of
proportionality between the surface vacancy concentration and bulk vacancy
concentration, and width of the surface region. p is the oxygen gas pressure, while po is the
pressure of 1 atm. ¢,,, ¢;. and cy, are molar concentrations of oxygen vacancies, oxygen
ions and electron holes at equilibrium, respectively. It is necessary to note that equilibrium
values of concentrations are related to the oxygen partial pressure and temperature in the
surroundings. Relationships between the three surface exchange constants, k9, k.jem and

k*, are the same as in Eqgs. (1.67) and (1.68).

1.6. References
1. Gellings, P. J.; Bouwmeester, H. J. M. Ion and mixed conducting oxides as

catalysts. Catalysis Today 1992, 12, 1-101.

19



2. Islam, M. S. Ionic transport in ABOj3 perovskite oxides: A computer modelling tour.
J. Mater. Chem. 2000, 10, 1027-1038.

3. Riess, 1. The CRC handbook of solid state electrochemistry. Gellings, P. J.;
Bouwmeester, H. J. M., Eds.; CRC press: Boca Raton, 1997; pp 223-231.

4. Kartha, S.; Grimes, P. Fuel cells: Energy conversion for the next century. Physics
Today 1994, November, 54-61.

5. De Souza, R. A.; Kilner, J. A. Oxygen transport in La;—xSrxMni—yCoyO3=s
perovskites: Part I. Oxygen tracer diffusion. Solid State lonics 1998, 106, 175-187.

6. De Souza, R. A.; Kilner, J. A. Oxygen transport in La;—xSrxMni—yCoyO3=s
perovskites: Part II. Oxygen surface exchange. Solid State lonics 1999, 126, 153-161.

7. Lee, T. H.; Yang, Y. L.; Jacobson, A. J.; Abeles, B.; Milner, S. Oxygen permeation
in SrCoFeO3-; membranes with porous electrodes. Solid State lonics 1997, 100, 87-94.

8. Lee, T. H.; Yang, Y. L.; Jacobson, A. J.; Abeles, B.; Zhou, M. Oxygen permeation
in dense SrCoosFeo203-5 membranes: Surface exchange kinetics versus bulk diffusion.
Solid State lonics 1997, 100, 77-85.

9. Kim, S.; Yang, Y. L.; Jacobson, A. J.; Abeles, B. Diffusion and surface exchange
coefficients in mixed ionic electronic conducting oxides from the pressure dependence of
oxygen permeation. Solid Sate Ionics 1998, 106, 189-195.

10. Kim, S.; Yang, Y. L.; Christoffersen, R.; Jacobson, A. J. Determination of oxygen
permeation kinetics in a ceramic membrane based on the composition SrFeCoo.503.25-5.
Solid State Ionics 1998, 109, 187-196.

11. Kim, S.; Yang, Y. L.; Jacobson, A. J.; Abeles, B. Oxygen surface exchange in

mixed ionic electronic conductor membranes. Solid Sate lonics 1999, 121, 31-36.

20



12. Kim, S.; Yang, Y. L.; Christoffersen, R.; Jacobson, A. J. Oxygen permeation,
electrical conductivity and stability of the perovskite oxide Lao2Sro.sCu4Co00.603-x. Solid
State Ionics 1997, 104, 57-62.

13.  Adler, S. B. Mechanism and kinetics of oxygen reduction on porous
La;xSrxCo0Os-;5 electrodes. Solid State Ionics 1998, 111, 125-134.

14. Heyne, L. Electrochemistry of mixed ionic-electronic conductors. Solid
Electrolytes. In Topics in Applied Physics; Geller, S., Ed.; Springer: Berlin, 1997; Vol. 21;
pp 169-221.

15. Goldschmidt, V. M. Die gesetze der krystallochemie. Die naturwissenschaften
1926, 21, 477-485.

16. Goldschmidt, V. M. The laws of chemical crystallography. Geochemische
verteilungsgesetze der elemente 1927, VII-VIII, 28-33.

17.  Maier, J. Mass transport in the presence of internal defect reactions — concept of
conservative ensembles: I, Chemical diffusion in pure compounds. J. Am. Ceram. Soc.
1993, 76, 1212-1217.

18.  Anderson, H. U. Review of p-type doped perovskite materials for SOFC and other
applications. Solid State lonics 1992, 52, 33-41.

19.  Zener, C. Interaction between the d-shells in the transition metals. II. Ferromagnetic
compounds of manganese with perovskite structure. Phys. Rev. 1952, 82, 403-405.

20. Teraoka, Y.; Zhang, H. M.; Okamoto, K.; Yamazoe, N. Mixed ionic-electronic
conductivity of La;—xSryCoi-yFeyOs-5 perovskite-type oxides. Mater. Res. Bull. 1988, 23,
51-58.

21. Schmalzried, H. Chemical kinetics of solids; VCH: Weinheim, 1995; p 61.
21



22.  Raistrick, I. D.; Macdonald, J. R.; Franceschetti, D. R. Impedance spectroscopy —
emphasizing solid materials and systems; Macdonald, J. R., Ed.; John Wiley & Sons: New
York, 1987; p 27.

23. Crank, J. The mathematics of diffusion; Clarendon Press: Oxford, 1975; p 12.

24. Kudo, T.; Fueki, K. Solid state ionics; Kodansha/VCH: Weinheim, 1990; p 47.
25. De Souza, R. A.; Kilner, J. A. Oxygen transport in La;—xSrxMni—yCoyO3=s
perovskites: Part I. Oxygen tracer diffusion. Solid State lonics 1998, 106, 175-187.

26. Einstein, A. Uber die von der molekularkinetischen theorie der wirme geforderte
bewegung von in ruhenden fliissigkeiten suspendierten teilchen. Annalen der Physik 1905,
17, 549-560.

27.  Hartley, G. S. Diffusion and distribution in a solvent of graded composition. Trans.
Faraday Soc. 1931, 27, 10-29.

28.  Maier, J. Defect chemistry: Composition, transport, and reactions in the solid state;
Part II: Kinetics. Angew. Chem. Int. Ed. Engl. 1993, 32, 528-542.

29. Weppner, W. Solid State Electrochemistry; Bruce, P.G., Ed.; Cambridge University
Press: Cambridge, 1995; p 199.

30. Maier, J. Mass transport in the presence of internal defect reactions — concept of
conservative ensembles: II, evaluation of electrochemical transport measurements. J. Am.
Ceram. Soc. 1993, 76, 1218-1222.

31.  Bouwmeester, H. J. M.; Burggraaf, A. J. The CRC handbook of solid state
electrochemistry; Gellings, P. J.; Bouwmeester, H. J. M., Eds.; CRC press: Boca Raton,

1997; p 481.

22



32.  Maier, J. Mass transport in the presence of internal defect reactions — concept of
conservative ensembles: III, trapping effect of dopants on chemical diffusion. J. Am.
Ceram. Soc. 1993, 76, 1223-1227.

33. Maier, J. Mass transport in the presence of internal defect reactions—concept of
conservative ensembles: IV, tracer diffusion and intercorrelation with chemical diffusion
and ion conductivity. J. Am. Ceram. Soc. 1993, 76, 1228-1232.

34, Schmalzried, H. Chemical Kinetics of Solids; VCH: Weinheim, 1995; p 2.

35. Boukamp, B. A.; van Hassel, B. A.; Vinke, 1. C.; de Vries, K. J.; Burggraaf, A. J.
The oxygen transfer process on solid oxide/noble metal electrodes, studied with impedance
spectroscopy, dc polarization and isotope exchange. Electrochimica Acta 1993, 38, 1817-
1825.

36. Mizusaki, J.; Amano, K.; Yamauchi, S.; Fueki, K. Electrode reaction at Pt,
Oy(g/stabilized zirconia interfaces. Part I: Theoretical consideration of reaction model.
Solid State Ionics 1987, 22, 313-322.

37. Adler, S. B.; Lane, J. A.; Steele, B. C. H. Electrode kinetics of porous mixed-
conducting oxygen electrodes. J. Electrochem. Soc. 1996, 143, 3554-3564.

38.  Maier, J. On the correlation of macroscopic and microscopic rate constants in solid
state chemistry. Solid State lonics 1998, 112, 197-228.

39, Kim, S.; Wang, S.; Chen, X.; Yang, Y. L.; Wu, N.; Ignatiev, A.; Jacobson, A. J.;
Abeles, B. Oxygen surface exchange in mixed ionic electronic conductors: Application to

Lag 5Sro sFe08Gao203-5. J. Electrochem. Soc. 2000, 147, 2398-2406.

23



Chapter 2. Theoretical background of the techniques used to study oxygen

transport

In this chapter, the theoretical background of the different techniques used to
investigate oxygen diffusion is summarized. Analysis of electrical conductivity relaxation
(ECR) and isotope exchange depth profiling (IEDP) experiments are described. In the last
part, the application of molecular dynamic simulations (MD) to study oxygen transport in

perovskites and perovskite-related compounds is summarized.

2.1. Electrical conductivity relaxation (ECR)
2.1.1. Introduction

Relaxation experiments are widely used in studying kinetic processes. The change
in a specific property of the system to a new state can be observed after the system
experiences a change in its physical or chemical environment. Any property that reflects
the oxygen concentration, such as conductivity, volume, weight, and optical properties, can
be used to study the oxygen transport in the system [1]. Relaxation experiments on mixed
ionic and electronic oxides can be easily carried out by rapid changing of the oxygen partial
pressure in the surroundings while holding the sample at a constant temperature, using the
relation between the oxygen concentration and the oxygen partial pressure.

One of the most direct techniques to measure the change in oxygen content in the
compound is by using the thermogravimetric analysis (TGA) method. Morin et al.
published the results of gravimetric relaxation experiments on LagsSrosCoOss [2].

However, such thermogravimetric experiments are subject to gas-flow fluctuations, which
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are especially significant at the early stage of the relaxation process. Short-time data are
necessary to separate surface and bulk processes and, consequently, it is difficult to obtain
reliable results by this technique. Electrical conductivity relaxation experiments are almost
not affected by such fluctuations in gas flows and other minor physical vibrations. In
addition, conductivity measurements are extremely sensitive to the defects presence [3-5].
Therefore, ECR is the most commonly used relaxation method [5, 6-19].

As described in Chapter 1, the oxygen transport in a dense mixed ionic and
electronic oxide can be considered as a two step process that involves surface exchange
and bulk diffusion. The mathematical solutions of the mass transport equations under
various conditions are well established using a linear surface exchange model [20]. They
are widely used in analysis of ECR data by establishing the relationship between electrical
conductivity of the sample and the oxygen concentration in it. In this part of the chapter,
these solutions and their theoretical basis are described.

Electrical conductivity relaxation experiments require no oxygen concentration
variation along the conductivity measurement direction during the ECR process. Therefore,
one dimension of the sample is reserved for the conductivity measurement in contrast to
gravimetric measurements, where the mass change is measured for the whole sample.
Moreover, unlike gravimetric experiments, the electrical conductivity relaxation method

requires samples with specific geometry.
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2.1.2. Theoretical background

Starting with a one-dimensional example of the mathematical description of the
oxygen concentration change with time during an ECR experiment for a MIEC oxide, we
will subsequently describe a three-dimensional case. For the one-dimensional example we
will consider a plane sheet, where thickness is significantly smaller in comparison with its
width and length. In this case, the number of oxygen atoms entering through the edges can
be considered to be negligible compared with the number of oxygen atoms entering through
the plane faces.

The oxygen concentration and the oxygen flux depend on both position and time.
For a plane sheet with thickness 2/ and two parallel faces located at x = & / (Figure 2.1),
according to Wagner’s theory, described in Chapter 1, and to the mass conservation law,

we can write:

~ dc2-(x, .
Joz-(x,t) = =D, Coza—x(xt) (Equation 2.1)
dcp2-(xt) _ 9jgy2-(x,t) .
——— = — (Equation 2.2)

where D, is the chemical diffusion coefficient.

=Y

Figure 2.1. Schematic representation of the one-dimensional sample.
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It is necessary to mention that Egs. (2.1) and (2.2) are the basis for both electrical
conductivity relaxation and isotope exchange depth profiling experiments, with the only
difference being that, in the case of IEDP experiments, D, will be substituted with D*,
representing the tracer diffusion coefficient.

For relaxation experiments the initial condition is

Coz-(x,0) = célz)_ (Equation 2.3)
where célz)_ is the oxygen ion concentration in the bulk solid sample in equilibrium with

the initial oxygen partial pressure in the surroundings, pOgl).

Then the boundary condition due to the symmetry of the sample along x axis is

6C02—

=0 (Equation 2.4)

Ox lx=0
The boundary conditions on the two surfaces of the sample depends on the relative

rates of bulk diffusion and surface exchange.
If the surface exchange reaction is so fast that the surface of the sample instantly
reaches equilibrium with the new oxygen partial pressure in the surroundings, then oxygen
transport is limited by the bulk diffusion. For the diffusion-limited case, the boundary

conditions at x = & / can be written as:

coz-(£Lt) = cézz)_ (Equation 2.5)
where cézz)_ is the oxygen ion concentration in the bulk solid sample in equilibrium with

the final oxygen partial pressure in the surroundings, png).

The analytical solution of the mass change in this case can be obtained from Egs.

(2.1) — (2.5) and was described by Franke et al. [20]:
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M . vy 8 _(2n+1)2n250t] .
e = 1 =0 Gnr1)in exp[ . (Equation 2.6)

where M, is the total amount of oxygen that has entered the sample up to time ¢, M, is the

amount of oxygen that has entered the sample up to an infinite time, so ;;—t represents the

[c<]

fractional change of the total mass of oxygen.

The values of M, and M, can be calculated as:

l
M, = Am, f(coz—(x, t) — célz)_)dx =
)

= 2lAmy(cy2-(t) — célz)_) (Equation 2.7)
Mo, = 21Amy (S5 — c(2) (Equation 2.8)

respectively, where A4 is the surface area of the sample and m, is the atomic mass of
oxygen. cy2-(t) represents the average concentration of oxygen at time ¢. Diffusion-limited
transport has been usually assumed in the analyses of electrical conductivity relaxation
experiments [5].

An increase in the number of materials with high values of diffusion coefficients
and progress in thin film deposition of ceramics has led to the recognition that the oxygen
transport in many materials is not only controlled by bulk diffusion, but also by the surface
exchange between material and gas in the surroundings [20-24].

Following the assumption of linear reaction kinetics for the mixed controlled

transport, the boundary conditions at x =+ / are [25, 26]:

2 ~ Odc 2—
kchem (Coz- — CéZ)—) = =Dy -

(Equation 2.9)

Ox ly=+1

where k.p.nm, represents the chemical surface exchange coefficient (unit: cm/s).
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To avoid significant changes in physical and chemical properties of the sample, it
is necessary to have the magnitude of the pO> change reasonable small.
The analytical solution of Egs. (2.1) — (2.4) with the boundary condition provided

by Eq. (2.9) is

M, 1 o ZCZexp(—a%ll?Ot) .
E = — Zim=1 m (Equatlon 210)

where C is a measure of importance of the surface exchange reaction contribution, and can

be found as the ratio of the half thickness of the sample to a characteristic thickness, /4,

C=— (Equation 2.11)

ly = (Equation 2.12)

kchem

Since both, D, and kpem, may vary with the microstructure and surface properties
of each individual sample, and with temperature and oxygen partial pressure in the
surroundings, the parameter [; does not represent an intrinsic material property [27].

The coefficient a,, is the positive root of the transcendental equation

antana,, =C (Equation 2.13)

In case of oxygen transport controlled by bulk diffusion, the value of C is much
larger than unity, and Eq. (2.10) transforms to Eq. (2.6).

For transport limited by surface exchange reaction, the value of C is very small,

and Eq. (2.10) becomes

M _ 1 exp (_E) (Equation 2.14)

Meo

and the value of the surface exchange coefficient can be written as

l

kehem = = (Equation 2.15)
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There is no oxygen concentration distribution along the x axis, so we can directly

rewrite the mass conservation law as:

dc,2—(x,t) A .
OT = — (2 ;) Kchem (Coz— — cézz)_) (Equation 2.16)

Integration of Eq. (2.16) gives the same expression as Egs. (2.14) and (2.15).
From the one-dimensional case, respective equations for the three-dimensional case
can be obtained.

When we use a bar sample with finite dimensions, the oxygen transport will be

along all three directions. The fractional change ;;—t can be obtained from the solution for

[c<]

the one-dimensional case, Eq. (2.10) [19]. And for a bar sample with dimensions

21y X 21, x 215, we can rewrite Eq. (2.10) as:

2 =
Dot
chzexp(—almizo)
Mt — _ ©co Zoo ©co l1
Meo m=1&n=12q=132 (2 T (2ic)
2 a%nﬁot
2C5 exp(—T)
(Equation 2.17)
2, (a3, +C2+Cy) q
2 =
az,Dpot
ZC:,?exp(— 3q20
3
agq(a§q+C§+C3)

where C;, C, and C; are the dimensionless parameters defined as in Eq. (2.11) for the
corresponding dimensions, @y, @z, and as, are the positive roots of corresponding
transcendental equations, respectively. In two-dimensional case, where one dimension is

much larger than two others, [, [, <<I3, Eq. (2.17) reduces to,
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a Dot asnDot
2¢2 exp(—ilm2 0 ) ZCZZexp(——Z”2 )
ll lZ
2 2 2 2 (2 2
alm(a1m+6‘1 +Cl) asp(asy+C5+C)

My

— _ [ee} o
Moo =1 m=1 Zn=1

(Equation 2.18)
In the surface-limited transport case, Eq. (2.14) still applies, so the Eq. (2.15)
transforms to:

-1, ,-1,;-1\"1
kchem = M (Equation 219)

T

for the three-dimensional surface limited transport case and

—1,,-1\"1
kchem = M (Equation 220)

T

for two-dimensional surface limited transport case.

The relationship between sample conductivity and oxygen content in it is
established via the requirement of local charge neutrality [1]. Considering the case of the
acceptor doped perovskite oxide, A;xDxBOs.5, where D is a divalent dopant (so the
compound becomes oxygen deficient, and oxygen vacancies are formed), and B is a
transitional metal, the requirement of local charge neutrality can be written as:

le’] + [D4] = 2[Vp] + [R] (Equation 2.21)
where e’ and h’ are the electron and electron hole, respectively, D, is the defect formed by
D ion occupying an A lattice site, and V;; is a fully charged oxygen vacancy.

Considering the region where only one electronic species dominates, for example,
an exclusive p-type region, which is common for mixed ionic and electronic oxides, and
according to Eq. (1.25), the electron holes conductivity is:

on(x,t) = [K](x, ) Fuy(x, t) (Equation 2.22)
where uy is mobility of the charge carrier.
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The conductivity o(t) on a macroscopic scale is measured along the direction
perpendicular to the oxygen flux. In the case of a one-dimensional sample, cutting the
sample perpendicular to the x axis into an infinite number of parallel layers will show
uniform oxygen ion concentration and, as a result, uniform local conductivity a3, (x, t). The
equivalent circuit can be expressed as a parallel connection of an infinite number of

resistors with a conductivity a(t) [5].
o(t) = %f_ll oy (x, t)dx (Equation 2.23)
For a small oxygen partial pressure changes in the surroundings, the mobility of the
charge carrier, up, can be approximated as a constant [19]. By combination of Egs. (2.22)
and (2.23) the macroscopic electron hole conductivity can be rewritten as:
o(t) =22 [* [ (x, t)dx (Equation 2.24)
In the case of an exclusive p-type conductivity, using requirement for local charge
neutrality, Eq. (2.21), we can obtain

Wl -n®  Weenl-[ve™)]
[R]@-[p]® [V(-)-(Z)]_[Vé(l)]

(Equation 2.25)

where the superscripts (1) and (2) corresponds to initial and final states.

Using the conservation law for oxygen [5]
[03]+ [V;] = 3= (Equation 2.26)

where N, is Avogadro’s number and V;, is the molar volume, and by combining Eqgs. (2.7),
(2.8), (2.21), (2.24) and (2.25), we can write the relation between the mass transport and

conductivity change as:
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(Equation 2.27)

where ¢ and 0(® are the values of electrical conductivity at initial and final states,
respectively, g(t) is the relative conductivity.

Eq. (2.27) also applies in the case of an exclusive n-type conductivity, and the
requirement of V,; to be the fully charged point defect is not necessary, but used only to

simplify mathematical equations.

2.1.3. Sample geometry requirements

In the case of oxygen transport being limited in all three dimensions by surface
exchange reaction, the oxygen concentration will be uniform inside the whole sample.
Electrical conductivity relaxation data can be analyzed directly with a three-dimensional
transport equation. To fulfill the uniform-conductivity requirement, the length of the
sample in the conductivity measurement direction should be infinite, what limits the shape
of the sample to either a plate (one-dimension) or a bar (two-dimensions).

The influence of the geometry of the sample on the electrical conductivity
relaxation data was studied by Wang [28]. Model calculations showed that a two-
dimensional sample geometry (a bar) gives better sensitivity than a one-dimensional

sample geometry (a thin plate). Taking into account the following relationships:

l

C = 5o Kchem (Equation 2.28)

kchem = ko - pOz (Equation 2.29)

33



where k is a constant and » represents exchange reaction mechanism, it was found that
when the length of the sample is 10 times larger than its thickness, the error caused by the
limited length can be neglected in the range of 0.25 <n < 0.75 and 0.1 < C < 25, with
C being equal to the half the ratio of the thickness of the sample to its characteristic length
(14, Eq. (2.12)). At these conditions the parameters D, and kpem, representing chemical
oxygen diffusion and chemical surface exchange rate coefficients, respectively, can be

obtained simultaneously.

2.2. Isotope exchange depth profiling
2.2.1. Introduction

A second method used to investigate oxygen transport is isotope exchange depth
profiling (IEDP). The combination of IEDP with secondary ion mass spectrometry (SIMS)
is the only direct method of measuring of oxygen kinetics in a material. Successful studies
of oxygen diffusion with IEDP have been reported for single crystals [29-32], thin films
[33] and heterostructural layers [34, 35].

During an isotope exchange depth profiling experiment, tracer atoms, usually, long
living radioactive isotope tracers, are introduced into the sample. The most common way
of introduction of tracer atoms is annealing in the atmosphere of radioactive isotope under
controlled conditions. The measurement of the diffusion profile within the sample can be
done by a variety of methods; the most usually used is sectioning the sample perpendicular

to the isotope exchange direction and measuring the activity of the slices.
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80 is the most often used isotope tracer in oxygen diffusion studies with IEDP
method. Its natural abundance is about 0.21% and it can be available for experiments in
highly enriched form.

In contrast to the electrical conductivity relaxation technique, isotope exchange
depth profiling allows measurement of oxygen diffusion coefficients in both electron-
conducting and dielectric materials [36, 37] over a wide range of temperature, and in case
of single crystals, along different crystallographic directions [38]. The ECR can only be
used on mixed ionic electronic conductors and the anisotropic character of oxygen
diffusion cannot be studied. However, IEDP/SIMS requires the use of expensive 'O, and
secondary ion mass spectrometry is a destructive method of analysis, due to the sputtering

of the ions from the surface of the sample.

2.2.2. Theoretical background

Due to the fact that in IEDP experiments concentrations of tracer atoms are
measured directly, the samples must be of sufficient size, so that the diffusion fronts from
all the surfaces of the sample do not meet in the center. In this case, a solution to the
diffusion equations can be used corresponding to diffusion in a semi-infinite medium with
following assumptions:

I. At any time the rate of exchange is directly proportional to the difference
between the actual concentration in the surface, c¢,, and the concentration ¢4, which would

be in equilibrium with the vapor pressure in the atmosphere remote from the surface.

2. Cg is a constant during the exchange experiment.
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3. The exchange experiment time and the sample dimensions are chosen such
that the case of diffusion in a semi-infinite medium can be applied.
Then the boundary condition at the surface can be written as:

ac
_D* -
ax

=k*(c; —cs) (Equation 2.30)

x=0
where D* is the oxygen tracer diffusion coefficient and k™ is the tracer surface exchange
rate.

Note, we are discussing tracer parameters, which are different from the chemical
parameters obtained during electrical conductivity relaxation experiment. The switch of
oxygen partial pressure during the ECR experiment is an external driving force pushing
the sample to absorb or release oxygen, while during IEDP experiments the oxygen partial
pressure in the surrounding is fixed.

If the concentration in a semi-infinite medium is initially ¢, throughout, and the

surface exchange is determined by Eq. (2.30), then the solution is

C,(x, t) — C(.X,l')——(,‘bg = erfc[

€g—Chg

k*x | k*%t .|t )
— [exp <Df + ) X erfc (%m +k \/;)l (Equation 2.31)

where c(x, ?) is the ratio of concentration of '30 to the total concentration of ('*0O+!¢0) in

24/ D*t

the material as measured by SIMS, x is the distance from the surface of the sample and ¢ is
the time of the isotope exchange, ¢, 4 is the natural isotopic background of 30 (0.21%), Cq
is the isotope fraction of '*O in the gas during the '®O exchange.

Eq. (2.31) can be rewritten:

C,(x, t) — C(.X,l')——(,‘bg = erfc[

€g—Chg

2 D*t]
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— |lexp(hx + h2D*t) x erfc (——= + h/D*t (Equation 2.32)
p 2Dt

*

where h = %.

For materials with an electronic transference number close to unity, the parameter
h (cm™) in Eq. (2.32) is related to the characteristic thickness, I; (cm), at which the oxygen
surface exchange and diffusion through the material are equally important. Using Eq.

(1.15) the relation between 4 and [; can be written as:

(Equation 2.33)

where D, is oxygen self-diffusion and f'is the Haven ratio (Chapter 1.5.1.1).

2.3. Molecular dynamics
2.3.1. Introduction

With the increasing number of oxygen diffusion studies in perovskites, it became
clear that investigation of diffusional transport mechanisms and defect chemistry is very
important in understanding of macroscopic transport properties and in prediction of
transport properties in perovskite materials. However, most diffusion experiments do not
provide enough information to understand the atomistic mechanisms responsible for
oxygen transport.

With the increasing computational power, computer modelling methods have
become a recognized and well established tool for the investigation of defect chemistry.
These techniques have been successfully applied to structural and defect studies at the

microscopic level [39, 40].
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Different simulation techniques are used for investigation of oxygen transport in
bulk materials. Atomistic simulations use a static lattice configuration, and the lowest
energy of the crystal lattice is determined during the experiment by energy minimization.
These simulations are based on the interatomic potential model, which describes the total
energy of the system as a function of the atomic coordinates. For oxide materials, the Born
model is usually used which divides the total energy in long-range Coulombic

(interactions), short-range Buckingham (repulsions) and van der Waals (attractions) parts:

i Cii .
@i (Tij) = A;j exp <— ;—lj) — <?3’) (Equation 2.34)

where 7;; is interionic distance, and parameters A;j, p;; and C;; are parameters of the
interactions.

The most important feature of these calculations is the treatment of the lattice
relaxation about a point defect, so the crystal lattice is divided into two parts. lons in a
spherical inner part surrounding the defect are relaxed explicitly. In this case, local
relaxation is well modelled and the system is not considered as a rigid lattice. This method
is covered by the GULP simulation code [41].

The second approach in simulations is the molecular dynamic technique (MD). This
is the dynamic simulations of the ensemble of the particles based on the Newton’s
equations of motion and provides a detailed information about the positions of the ions in

the system and their velocities as a function of time. Information about the migration of the

ions are extracted from the time-dependent mean square displacements (MSD):

() = ZLln® - nO)F (Equation 2.35)
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where N is the total number of particles in the system, 7;(t) is the position of ion 7 at time
t, and 1;(0) is its initial position.

This method provides a description of the migration of point defects in the system
between equilibrium states, but works well only with fast diffusion processes due to the
large amount of calculations that are required. MD calculations are usually conducted using
DL POLY code [42].

The last computational technique discussed here is based on the quantum
mechanical (QM) or first-principles methods and attempt to solve Schrodinger equation
for the system with some approximations. The QM method provides additional information
on the electronic structure that cannot be obtained by atomistic simulations. However, this
technique remains computationally expensive and has not been applied widely to study

ionic transport in oxides.

2.3.2. Molecular dynamics background
Similar to static atomistic simulations, molecular dynamics simulations use Born-

type description of the ionic crystal lattice:

E, =22 [ﬂAi,’ exp <— ﬂ) — <C—Z)] (Equation 2.36)

4-7T£0Tij Pij Tij
where 7;; is interionic distance, and parameters A;;, p;; and C;; are parameters of

interactions, q; and q; are charges of the ions i and j, respectively, and &, is the permittivity

of free space.
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The calculated lattice energy is used to check how interaction parameters (4}, p;;,
and C;;) fit the studied system by comparison of calculated properties (for example, unit-
cell volume) with the experimental data (XRD studies).

Initial parameters, such as ions positions in the system, are usually obtained from
X-ray powder diffraction (XRD) or neutron diffraction experiments.

Following Eq. (2.35) the oxygen self-diffusion coefficient can be obtained from the
slopes of mean square displacements for specific temperature:

(Ir;(t) = 1;(0)|?) = 6Dyt + B (Equation 2.37)
where D, is oxygen self-diffusion, |r;(t) — r;(0)] is the displacement of the ion i from its
initial position and B is atomic displacement parameter attributed to thermal vibrations.

The main advantage of MD over other techniques is that transport properties of ions
can be obtained by direct observation of ion trajectories. It also allows the investigation of
the anisotropic character of diffusion in the system, which can also be studied by IEDP,

but only on single crystals.
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Chapter 3. Oxygen diffusion in Sr3YC04010:5

Chapters 3 is focused on the study of oxygen transport in perovskite-related
compound Sr3YCo40105. Three different methods have been used: molecular dynamic
simulations (Chapter 3a), isotope exchange depth profiling / secondary ion mass
spectrometry (Chapter 3b) and electrical conductivity relaxation combined with
thermogravimetric analysis (Chapter 3c). With the combination of all three techniques,
oxygen self-diffusion, chemical oxygen diffusion and thermodynamic factors connecting
these parameters have been obtained, as well as trajectories of oxygen diffusion in the
crystal structure of Sr3YCo04010.5 have been predicted by molecular dynamic simulations.
Results of these studies have been summarized in three papers:

Chapter 3a: Rupasov, D.; Chroneos, A.; Parfitt, D.; Kilner, J. A.; Grimes, R. W.;
Istomin, S. Ya.; Antipov, E. V. Oxygen diffusion in Sr3YCo04O105: A molecular dynamics
study. Phys. Rev. B 2009, 79, 172102/1-172102/4.

Chapter 3b: Rupasov, D. P.; Berenov, A. V.; Kilner, J. A.; Istomin, S. Y.; Antipov,

E. V. Oxygen diffusion in Sr3YCo040105. Solid State Ionics 2011, 197, 18-24.
Chapter 3c: Rupasov, D.; Makarenko, T.; Jacobson, A. J. Oxygen diffusion in
Sr3YCo040105: An electrical conductivity relaxation and thermogravimetric analysis

approach. Submitted to Solid State lonics, April 2014. Accepted, July 2014.
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Chapter 3a. Oxygen diffusion in Sr3YC04010.5: A molecular dynamics study

3a.1. Abstract

Oxygen diffusion in Sr3YCo04O105 is investigated using molecular dynamics
simulations in conjunction with an established set of Born model potentials. We predict an
activation energy of diffusion of 1.56 eV in the temperature range of 1000 — 1400 K. We
observe extensive disordering of the oxygen ions over a subset of lattice sites. Furthermore,
oxygen ion diffusion both in the a-b plane and along the ¢ axis requires the same set of
rate-limiting ion hops. It is predicted that oxygen transport in Sr3YCo04O105 is therefore

isotropic.

3a.2. Introduction

New solid-oxide fuel cell (SOFC) electrode materials must show improved
performance at lower temperatures and resistance to degradation during operation. In that
respect perovskite-related materials such as cobalt-based oxides are important candidate
cathode materials for the next-generation SOFC because of their catalytic properties in
addition to their high electronic and oxide conductivity. The structure and oxygen transport
of the Sr1.«L.nyCoOs.; (Ln = rare-earth cations) complex cobalt oxides has been previously
studied [1-8]. Cobalt oxides such as SrixYxCo0Os3.5 are also potentially important as they
can be used in dense membranes to separate oxygen from gas mixtures and because they
exhibit a metal-insulator transition, a spin-state transition, and ferromagnetism [9-15].

A detailed knowledge of crystal structure and stoichiometry is essential in order to

understand the mechanism of ionic diffusion. It was determined by Istomin ef al., using
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synchrotron x-ray and neutron powder diffractions, that Sro7Y03C0026> exhibits the
tetragonal symmetry (space group [4/mmm, No. 139) [14]. In this crystal structure the
layers of CoOs octahedra alternate with oxygen-deficient layers that consist of O3, O4, and
Col sites (Figure 3a.l.). Additionally, the O4 site was determined to have a partial

occupancy of % with only one of the four adjacent positions of O4 being occupied.

Q@ Ol
Q 02
Q 03
@ 04 (occupancy 1/4)

Figure 3a.1. In the crystal structure of Sro7Y03C0026 the Co20s octahedra layers
alternate with oxygen deficient layers that consist of O3, O4 (occupancy factor of '4) and

Col atoms.
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Atomistic simulations can provide detailed information concerning the intrinsic
disorder processes and diffusion mechanisms of inorganic materials [16-21]. The primary
aim of the present study is to predict the oxygen-diffusion mechanism in Sr3YC04O10.5 (also

known as the 314 phase) using classical molecular dynamics (MD) simulations.

3a.3. Experiment

MD simulations are essentially the iterative solution of Newton’s equations of
motion for an ensemble of particles. MD simulations require a potential-energy function
that describes the forces between the ions. Here the classical Born-type description of the
ionic crystal lattice is used [22]. In this, interactions between ions i and j are described by
a long-range Coulombic (summed using Ewald’s method [23]) and a short-range
parametrized Buckingham pair potential, the latter summed to the cutoff value of 10.5 A

[24]. The lattice energy is given by

E =YX [ﬂAi,’ exp <— ﬂ) — <C—Z)] (Equation 3a.1)

4megrij pij Tij

where 73; is the interionic separation, g; is the charge of ion i, & is the permittivity of free

space, and A;;, p;;, and C;; are the short-range parameters of the Buckingham pair potential

js
(Table 3a.1). The short-range parameters used here were reported previously and their
efficacy was established by comparing the predictions to experimental lattice properties

[25-31]. For Sr3YCo040105 the predicted unit-cell volume is within 0.7% of the

experimental volume [14].
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Table 3a.1. Buckingham interionic potential parameters (Eq. (3a.1)).

Interaction A (eV) pii (A) C;(eV-A%  Reference
o* - 0* 9547.96 0.2192 32.0 25
St — 0* 682.17 0.3945 0.0 26
yr -0~ 1766.40 0.33849 19.43 27
Co** - O 1226.31 0.3087 0.0 28

The initial configurations for the present simulations are based on the structure of
Sr3YCo04010.5 determined by Istomin et al. [14]. The infinite periodic crystal lattice is
constructed from a supercell of 6 X 6 X 3 unit cells (containing 7992 ions), tessellated
throughout space through the use of periodic boundary conditions, which are defined by
the crystallographic lattice vectors. Newton’s equations of motion were integrated using
the velocity Verlet algorithm [32]. Ions were assigned a Gaussian distribution of velocities
and with iterative velocity scaling, a stable temperature was achieved. The system was
equilibrated for 5000 time steps (~ 5 ps) before carrying out the production runs that were
used in the analysis. We used the variable time step option as implemented in the
DL POLY code for efficient sampling of the dynamic behavior [33, 34]. Typical time steps
are on the order of 1 fs, and up to 250 000 time steps were used to investigate the diffusion
processes in the temperature range of 500 — 1500 K. Simulations were run in the constant
number of atoms-pressure-temperature (NVPT) ensemble to predict the equilibrium lattice

parameters and the constant number of atoms-volume-temperature (NV7T) ensemble to
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predict the diffusion properties. The temperature, and where necessary the pressure, was
corrected with the use of the Nosé-Hoover thermostat [35, 36].

In the present MD simulations ionic transport was determined by monitoring the
evolution of the mean-square displacement (MSD) of ions as a function of time for a range
of defect temperatures. Extensive simulation times were used to consider a sufficient
number of diffusion events for effective statistical sampling. The MSD of an ion i at a
position 7;(t) at time ¢ with respect to its initial position 7;(0) is defined by

(r2(®) = ~ZN,[n(t) —7(0)]2 (Equation 3a.2)
where N is the total number of ions in the system. All the cations considered (i.e., Sr, Y,
and Co) oscillate around their equilibrium positions; above 900 K, however, oxygen ions
demonstrate increasing MSD with time. This in turn indicates that oxygen self-diffusion is
significant at high temperatures, whereas the cation self-diffusion is insignificant on the

time scales considered.

3a.4. Results and discussion
The oxygen-diffusion coefficient D, can be obtained directly from the slopes of
MSD for a range of temperatures [37]
(Ir;(t) = 1;(0)]?) = 6Dyt + B (Equation 3a.3)
where |r;(t) — r;(0)] is the displacement of an ion from its initial position and B is an
atomic displacement parameter that can be attributed to thermal vibrations. Here we predict
values for D, over the range of temperatures 1000 — 1400 K and these are presented in the

Arrhenius plot (Figure 3a.2).
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Figure 3a.2. Arrhenius plot of the calculated oxygen diffusivity in Sr3YCo04O105. The

present results are compared with the experimental results of van Doorn et al. [5], Fullarton

et al. [7] and Benson et al. [8].

We find that over this temperature range, oxygen transport in Sr3YCo04O10.5 can be
described by the Arrhenius relation with an activation energy of 1.56 eV. At lower
temperatures, we would expect a lower frequency of events that would necessitate
simulation times that are beyond our computational resources. The energy required for an
oxygen ion to migrate from an O4 site to an adjacent unoccupied O4 site is very small,
about 0.1 eV. These events, however, do not lead to a net diffusion of the oxygen atoms.

Figure 3a.2 compares the present predicted values of oxygen-diffusion coefficient
with previous experimental results from studies of related cobalt oxides such as

Laop3Sr07Co0s5 (van Doorn et al. [5]), SmosSrosCoOss (Fullarton et al. [7]), and
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Lao.6Sro4Fe08C00.2035 (Benson et al. [8]). Interestingly, in spite of their compositional
differences, these observed diffusivities are in good agreement with the present predicted
diffusivities.

A significant advantage of MD over other techniques is that it can reveal the
transport mechanisms of atoms by the direct observation of ion trajectories and hence
reveal any significant anisotropy. The calculated oxygen MSD in the a (or b as they are
symmetrically equivalent) and ¢ directions are surprisingly almost equal and therefore the
transport of oxygen is predicted to be isotropic. Figures 3a.3(a) and 3a.3(b) represent an
example of the oxygen-diffusion pathways on two (001) plane slices (z = 0 and z = 0.25)
in Sr3Y Co040105 at 1300 K.

At temperatures above 700 K, the oxygen ion at the O4 sites hops around the four
equivalent sites (Figure 3a.3(a)), in excellent agreement with previous experimental
neutron studies, as a result of the low activation energy for this process [14, 15]. At higher
temperatures the thermal ellipsoid describing the O2 site becomes increasingly distorted
along the [111] direction toward the neighboring partially occupied O4 sites
(Figure 3a.3(c)). Additionally, at temperatures over 1000 K there is significant
intermingling of the oxygen ions from O2 and O4 sites (Figure 3a.3(c)). Hopping analysis
reveals the possibility of a distinct O5 site 0.35, 0.35 0.07 at high temperatures near O2

and this will be investigated further.
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Figure 3a.3. Calculated oxygen density profiles in Sr3YCo40105 at 1300K along (a) the
(001) plane at z = 0, (b) the (001) plane at z = 0.25 and (c) the (110) plane through the

origin (half the unit cell), showing the diffusion pathways.

The disorder between the O2 and O4 sites does not provide the extended network
of interconnected sites necessary for bulk oxygen diffusion. It does, however, provide a
supply of oxygen vacancies at the O2 site. The dominant diffusion mechanism is the

movement of these vacancies to the CoO1/02 octahedra, which leads to migration in the
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a-b plane through interconnected Ol sites at z = 0.25 and 0.75 (Figure 3.a3(b)) and
migration along the ¢ axis through the O2-O1-O2 pathway (inset in Figure 3a.1) and then
into the highly disordered O4/02 sites. As the barrier to exchange across the 04/02 sites
is very low, we suggest that transport along the ¢ axis and in the a-b plane will be rate
limited by the movement of oxygen vacancies around the Co-O1/02 octahedra (note that
analysis of oxygen-density profiles reveals that O2-O1 hops occur at almost the same rate
as O1-O1 hops, leading to a migration probability and therefore diffusivity that is
isotropic). Finally, it is predicted that the O3 ions do not effectively participate in the
dominant oxygen-diffusion mechanism, although very limited exchange of O3 with O4 is
observed at very high temperatures.

In the present study we have examined the migration of oxygen ions at elevated
temperatures. The imposition of NVT conditions on the calculations is a necessary
restriction but it does imply that the stoichiometry of the material does not change with
temperature. This is an approximation, as in a thermogravimetric study of the related
compound Sr0.7Y03C002.62 it was observed that there is significant oxygen loss at around
673 K [14]. The introduction of oxygen vacancies is expected to lead to an increase in the
diffusivity from the already significant levels calculated in this study, provided no extra
defect interactions are introduced by the extra vacancies and the change in oxidation state

of the Co cations.

3a.5. Conclusions
In summary, molecular dynamics simulations predict that oxygen transport in

Sr3YCo04010.5 1s isotropic with an activation energy of 1.56 eV in the temperature range of
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1000 — 1400 K. The diffusion mechanism consists of O2 atoms moving to the partially
occupied O4 sites creating vacancies at O2 sites. These vacancies move to the Co-O1/02
octahedra (a-b-plane migration) and along the O2-O1-02 pathway (c-axis migration). The

effect of oxygen stoichiometry on the diffusion mechanism is currently under investigation.
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Chapter 3b. Oxygen diffusion in Sr3YCo04010.5: Isotope exchange depth

profiling / secondary ion mass spectrometry approach

3b.1. Abstract

Oxygen tracer diffusion in polycrystalline samples of Sr3YCo040105 (SYC) was
studied by isotope exchange depth profile and secondary ion mass spectrometry
(IEDP/SIMS). The values of the tracer diffusion coefficient, D", and the surface exchange

coefficient, k*, were measured as a function of temperature (500 — 900 °C). We observed
an Arrhenius behavior, A = Agexp(— i—‘;), with the activation energies of E = 1.58 = 0.05

eV and E¥ = 1.79 £ 0.27 eV for D" and k", respectively. Electrochemical performance of
symmetrical cells with Cep.9Gdo.10195 (GDC) as electrolyte (SYC/GDC/SYC) in the
temperature range 620 — 770 °C has been evaluated. An area-specific resistance (ASR) of

0.17 Qcm? was measured at 720 °C.

3b.2. Introduction

The reduction of the operating temperature of intermediate-temperature solid oxide
fuel cells (IT-SOFC) to lower temperatures (500 — 700 °C) significantly restricts the
selection of cathode materials in terms of their electrical conductivity and oxygen transport.
For example, the integration of LaixSrxMnOs3 perovskites as cathodes at intermediate
temperatures leads to a dramatic increase in overpotential resistance thus reducing cell

performance [1]. Two approaches have been suggested in order to improve cathode

61



performance at low temperatures. The first one is the utilization of composite cathodes
consisting of two phases, one with high electronic conductivity and the other with high
oxygen-ion conductivity [2]. The second approach is the development of cathodes with
mixed oxygen ionic and electronic conductivity (MIEC). MIEC cathodes exhibit enhanced
activity by allowing the cathode reaction to proceed over a significantly larger surface area
of the mixed ionic and electronic cathode rather than being confined to the triple phase
boundary (TPB). For example, the MIEC perovskite: Lai«SrxCoiyFeyOs.q has
demonstrated acceptable cathode performance at 650 °C [3] presumably due to the fast
oxygen surface exchange kinetics and bulk oxygen diffusivity resulting in an increased
active area of the cathode reaction.

Recently, the perovskite-related Sr3YCo4O10.5 (314-phase) has been described in
the literature [4] (Figure 3b.1). The authors found that the material has a previously
unreported type of oxygen vacancy ordering resulting in a tetragonal perovskite-related
structure with a = 2 x g, and ¢ = 4 x ag,. In the 314-phase oxygen tetrahedra form tetracyclic
units with one additional oxygen atom per layer instead of the infinite chains of tetrahedra
observed in the brownmillerite structure.

Molecular dynamics (MD) calculations of oxygen diffusion in Sr3YCo04O105
predicted that the oxygen transport in Sr3YCo40105 is isotropic with an activation energy
of 1.56(7) eV in the temperature range 727 — 1127 °C [5].

In the current work the parameters of oxygen transport in Sr3Y Co4010.5, namely the
oxygen tracer diffusion coefficient, D", and the oxygen surface exchange coefficient, k",
were determined by ion exchange depth profile technique (IEDP) followed by the analysis

of the induced '*O diffusion profiles by secondary ion mass spectrometry (SIMS).
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Figure 3b.1. The crystal structure of Sr3YCo4O105 showing alternating octahedral CoOg

and tetragonal CoOys layers. The O4 site has a partial occupancy of 0.25.

3b.3. Experimental

Sr3YCo40105 powder was synthesized by the citrate method. Stoichiometric
amounts of SrCOsz (Aldrich, 99.9%), Y»03; (Aldrich, 99.99%), and Co(NO3)2*6H>0O
(Aldrich, 99%) were dissolved in nitric acid under intensive stirring. The citric acid was
added to the solution in a molar ratio 1.15:1 for citric acid:total metal ions. The solution
was evaporated on a hot plate and the organic residue was decomposed at 500 °C overnight
followed by regrinding. The resulting powder was annealed 1150 °C for 48 hours to obtain

a single phase compound.
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The crystal structure and phase purity of the Sr3YCo04010.5 powder were analyzed
by XRD (Philips, 1710 type diffractometer) using Cu-Ka radiation (Figure 3b.2). The
structural parameters were refined by the Rietveld method [6] using the FullProf computer
program and the structural model provided by Istomin et al. [4]. The unit cell parameters

were in good agreement with the ones previously reported in the literature [4].
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Figure 3b.2. XRD pattern of Sr3YCo4010.5s powder annealed in air at 1150 °C for 48 hours.

The powder was milled with zirconia balls in ethanol for 2 days. The powder was
isostatically pressed at 300 MPa into 13 mm diameter pellets and subsequently sintered at

1150 °C for 4 hours in air. The density of the pellets, as measured by the Archimedes
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technique, was greater than 95%. The average grain size, as measured by the linear
intercept method, was 5 um. The pellets were polished down to 0.25 pum finish using
diamond compounds and each pellet was cut into four pieces with a surface area of around
20 mm? and a thickness of around 2.6 mm.

Before the 80 exchange anneals, the Sr3YCo04O10.5 specimens were pre-annealed
in research grade oxygen (99.9995%) of normal isotopic abundance at p(O2) = 0.21 bar for
at least 10 times longer than the consequent isotope exchanges and quenched to room
temperature. This step was necessary to ensure that the specimens were at equilibrium at
the exchange temperature and oxygen partial pressure. The isotopic fraction of '*O in the
gas phase (¢, = 0.2936) during the exchange was determined by the oxidation of silicon at
1100 °C followed by SIMS analysis. The samples were rapidly heated to the annealing
temperature and quenched to room temperature after the exchange. The temperature was
monitored by Pt-Pt/Rh thermocouple positioned near the sample and the recorded
temperature profiles were used to correct the annealing times by taking into account oxygen
diffusion during sample heating and cooling [7, 8]. Two different analysis techniques were
used depending upon the diffusion depth. Depth profiling (Figure 3b.3(a)) was used for the
samples with a diffusion depth of up to 15 microns (annealing temperatures of
500 — 600 °C) whereas, line scanning (Figure 3b.3(b)) was employed for the samples with
diffusion depths greater than 50 micron (annealing temperatures of 700 — 900 °C).

Depth profiling was performed using a focused ion beam instrument (FIB-200, FEI
[9]) equipped with a quadrupole SIMS attachment using a 30 keV Ga' primary beam at

normal incidence across a 10 x 10 pm?* area and recording the intensities of secondary
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negative ions with m/z ratios of 16 (1°0’), 18 (30") as a function of sputtering time. Several
depth profiles were performed using an Atomika 6500 UHV-SIMS instrument by rastering
a 5 keV N," primary beam at normal incidence across 150 x 150 um? area and recording
the intensities of secondary negative ions with m/z ratios of 16 (1°0"), 18 (1*0") as a function
of sputtering time. The depths of the sputtered craters were measured by a surface
profilometer (New View 200, Zygo) using optical interferometry. The intensity of
secondary ions (10" and '*0") as a function of sputtering time was converted into the

intensity of secondary ions as a function of depth assuming a constant sputtering rate.

ion exchange

polishing up to % um
- > - ———"> depth profiling on FEI FIB-200

a

- pohshmg up to ¥% um - ion exchange - cutting the sample ? ;

cutting the sample . polishing up to % um
. |:'> :> ‘ ::> linescan on Atomika 6500

Figure 3b.3. Sample preparation for depth profiling (a) and line scanning (b)

measurements.

In the line scanning technique, the 'O annealed sample was cut perpendicular to

the original surface of the 30 exchange, polished and analyzed by SIMS along the cut
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surface. The intensity of secondary negative ions with m/z ratios of 16 (°0O") and 18
('80") were measured by an Atomika 6500 UHV-SIMS instrument. A 5 keV Ar" primary
beam with diameter of 18 pm was used for the line scanning.

The observed diffusion lengths were significantly smaller than the sample
dimensions, therefore 1D diffusion perpendicular to the sample surface into a semi-infinite
medium was considered. The solution to the Fick’s diffusion equation under the conditions
of our experiments: first order surface exchange reaction and constant '*O concentration
during the exchanges, is given by the following equation [10]:

c(x,t)—cpg

c'(x,t) =——— =erfc [zx/x_ —

Cg—Chg D*t

k*'x . k** . )
— [exp <Df + D*t) X erfc (%m +k \/;)l (Equation 3b.1)

where c(x, ?) is the ratio of intensity of '*O signal to the total intensity of ('*0+'°0) in the

material as measured by SIMS, x is the distance from the surface of the specimen and ¢ is
the time of the isotope exchange, ¢4 is the natural isotopic background of 30 (0.21 %),
¢y is the isotope fraction of '*O in the gas during the 'O exchange, D" is the bulk oxygen
tracer diffusion coefficient, and k" is the surface exchange coefficient. Values of D” and k"
were obtained by fitting the experimental data to the Eq. (3b.1) using a non-linear least
square regression (Matlab 7.0, MathWorks).

The reactivity of Sr3YCo4010.5s with Ceo.9Gdo.101.95 was investigated by mixing and
grinding two powders in a 50/50 weight ratio and annealing at 900 °C for 140 hrs and

1120 °C for 2 hrs.
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The cathode performance of Sr;YCo4O105 was studied on symmetrical cells
(Sr3YCo040105 / Ce09Gdo.101.95 / Sr3YCo040105). 13 mm diameter and 1.5 mm thick
Ce09Gdo.10195 (GDC) pellets were made by isostatically pressing commercial
Ce0.9Gdo.101.95 powder (Aldrich) at 300 MPa and sintering at 1450 °C for 2 hours. The
relative density of the GDC pellets was greater than 95%. Two techniques were used for
the deposition of the Sr3YCo4010.5 cathode layers. The original Sr3YCo040105 powder was
ball milled in ethanol for several days, this suspension was sprayed on both surfaces of the
Ce0.9Gdo.101.95 pellets and sintered within the temperature range 900 — 1120 °C for 2 — 4
hours. In another technique, the mixture of Sr3YCo4010.5 powder and an organic vehicle
(Fuel Cell Materials) was ball milled for several days and screen printed on both sides of
Ce0.9Gdo.101.95 pellets. The thickness of the prepared cathode layers was 10 — 20 um as
observed by scanning electron microscopy (SEM).

Pt grids (8 mm diameter) were used during 2-probe symmetrical AC Impedance
measurements to ensure good quality contacts. The electrical measurements were carried
out in stagnant air under open circuit voltage condition using a Solartron 1260 frequency
response analyzer (10 mHz — 10 MHz, ac applied signal 50mV). Only the impedance data
obtained at frequencies below than 100 kHz were used in the analysis because of large
errors quoted for low resistance samples measured at frequencies higher than 1 MHz [11].
Origin program (OriginLab, Northampton, USA) was used for the non-linear fitting of

complex impedances.
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3b.4. Results and discussion

Typical 8O isotopic diffusion profiles measured by depth profiling and line
scanning techniques are shown in Figure 3b.4(a) and Figure 3b.4(b), respectively.
Reproducible values of 30 fraction were measured by both the FIB-200 and the Atomika
6500 instruments on the specimen annealed at 550 °C (Figure 3b.4(a)). A good agreement
between the experimental data and the fit to the Eq. (3b.1) was observed at all temperatures

studied.
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= FIB-200 1

0.54
/-}jﬂ ] ,-?%D |
Ln) 0.03 (_I) 0.4
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Figure 3b.4. Normalized '®O diffusion profiles as measured by depth profiling (a) on a
sample annealed at 550 °C for 20 min and line scanning (b) on a sample annealed at

800 °C for 150 min. Solid lines represent the fit to the diffusion Eq. (3b.1).

The surface fraction of '®*0 was more than one order of magnitude greater than the
natural background abundance in all samples studied thus confirming that reliable values
of D" and k* were obtained. Figure 3b.5 shows the typical dimensions of the craters

sputtered by the FIB instrument. The parameters of oxygen diffusion, the tracer diffusion
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coefficient D* and surface exchange coefficient k°, for Sr3YC04O105 are given in Table

3b.1.

Figure 3b.5. Surface morphology of the Sr;YCo40105 pellet after isotope exchange at

600 °C and depth profiling. The rectangles were formed during sputtering in the FIB

instrument; the black spots are defects of the surface.

Table 3b.1. Parameters of oxygen diffusion in Sr3YCo04010.s.

Temperature and

crature 2 . . 2Dy .
duration of '°*O D" (cm” s™) k (cms™) (um) Analysis mode
exchange K
500°C,35min  (1.20£020)x 101! (3.45£027)x 10°  3.17 Depﬂ;g;f’f&ng by
Depth profiling by
550°C,34min  (5.57:047)x 1071 (8.44£0.59)x 10° 6.7 FIB-200 and
Atomika 6500
600°C, 10min  (1.3820.11)x 101°  (1.85£0.54)x 107  5.99 Depth profiling by
FIB-200
. . . Line scanning by
0, 9 6
700°C, 450 min  (1.89:0.52)x 10°  (6.060.12) x 10 142.87 ne scanning b
o . 3 P Line scanning by
800°C, 135 min  (1.03£0.01) x 105 (1.62£1.00)x 10°  182.43 ne scanning b
o . 3 P Line scanning by
900°C, 12min  (3.2740.07) x 10%  (8.55+1.28) x 10 95.68 ne scanning b
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The oxygen diffusion coefficients D* and surface exchange coefficients &~ are

plotted as a function of reciprocal temperature in Figure 3b.6. Both of them show
Arrhenius-type behavior, A = Agexp(— i—‘;), with activation energies of Ef = 1.58 + 0.05

eV and E¥ =1.79 £ 0.27 eV for D" and k", respectively. A higher degree of scatter of k°
values from the straight line fit can be explained by the presence of small pores and/or
surface defects as seen in Figure 3b.5.

The observed values of the oxygen tracer diffusion coefficient agree reasonably
well (Figure 3b.6(a)) with the values obtained in our previous molecular dynamic (MD)
modeling study of oxygen diffusion in Sr3YCo040O105[5].

The activation energy for oxygen diffusion, as calculated by MD, was 1.56(7) eV
[5], which is very close to the value obtained experimentally in this work by IEDP/SIMS
technique. The polycrystalline nature of the specimens precluded us from studying the
possible effect of the anisotropy on the oxygen diffusion in Sr3YCo040105 as has been
previously suggested [5].

The observed values of D in Sr3YC040105 are comparable with those reported for
Lao6Sro.4Fe08C00.203x [3] and about two orders of magnitude lower than those reported
for Smo 5Sr05C003« [12]. Interestingly, the values of surface exchange coefficient and the
corresponding  activation energy are comparable to those reported for
Lao.6Sro.4Fe0.8C00203x [3], Smo.5S10.5C0o03.x [12] and Lag3Sro.7CoOsx [13] suggesting a

similar mechanism of surface exchange in Co containing perovskites.
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Figure 3b.6. Arrhenius plots of the oxygen diffusion coefficients (a) and surface exchange
coefficients (b) obtained by IEDP-SIMS and calculated by MD modeling [5] for

Sr3YCo040105. Literature data for LageSros4FeosCoo203x (LSCF, [3]) and

Smy 5S10.5C0o03x (SSC, [12]) are shown for comparison.
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Figure 3b.7. k*/D" as a function of the reciprocal temperature for Sr3Y C04010 5 (this work),

Lao.6Sro.4Fe0.8C00.203x [3] and Smy 5Sro5Co03« [12].

Fast oxygen diffusion in a MIEC material results in the migration of oxygen ions
through the bulk of the cathode in addition to TPB thus significantly increasing the active
area of the cathode and lowering the polarization resistance. In the present work, k'/D"
values similar to other cobaltites, ~10°, were obtained (Figure 3b.7). Steele [14] suggested
another criterion for the selection of good cathode material — a substantial value of the
product D'k’. The values of D'k must be greater than ~10"'* cm’s in order to achieve low
values of area-specific resistance (ASR) at the cathode (e.g., 0.1 Q cm? at 500 °C). The
values of the D'k” product as a function of temperature in comparison with other cathode
materials are presented on Figure 3b.8. However, Fleig and Maier [15] recently pointed
out that the ionic conductivity itself does not determine the extension of the active zone in

the TPB. The level of this extension additionally depends on the surface exchange
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coefficient and the particle size. The reduction of the particle size resulted in the increase
of the active area of the cathode that participates in the oxygen reduction. Fleig and Maier
showed that the ionic conductivity becomes less important as the particle size decreases.
The high values of k* and D" observed in Sr;YCo04O105 suggest that low values of
polarization resistance for a Sr3Y Co40O10.5 cathode could be achieved upon the optimization

of cathode microstructure.
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Figure 3b.8. Comparison of the kK"D” product as a function of reciprocal temperature for

S13YCo04010.5 (this work), Lag.6Sro.4Fe0.8C00203x [3] and Smg 5Sro5CoO3x [12].

To evaluate the electrochemical performance of Sr3YCo4010.5 as a cathode material
for IT-SOFC’s symmetrical cells Sr3YCo04O105 / Ce09Gdo.101.95 / Sr3YCo040105 were
prepared by spraying or screen-printing Sr3 Y Co4O10.5 suspension on Ceo.oGdo.101.95 pellets

and annealing in the temperature range 900 — 1120 °C. No interaction between
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Sr3YC04010.5 and Ceo.9Gdo.101.95 powders after annealing at 900 °C for 140 hours and at
1120 °C for 2 hours was observed within the detection limit of the XRD technique.
Different morphologies of the cathode layer, resulting from the differences in the
layer deposition technique (spraying and screen printing) and sintering temperatures, were
observed. The samples sintered at temperatures 900 — 1100 °C showed poor contact
between the cathode and the electrolyte layers, regardless of the deposition method, and
consequently very high values of ASR as measured by AC Impedance. Cross-sectional
scanning electron microscopy (SEM) images of the sample prepared at 1120 °C for 2 hours
by screen printing showed good contact between the electrode and the electrolyte (Figure
3b.9). The thickness of the cathode layer prepared by the screen printing technique was
about 10 um. The degree of porosity observed in the vicinity of the GDC/SYC interface
was slightly higher than in the bulk. This could be caused by a chemical interaction between

GDC and SYC which was not detectable by XRD on the powdered samples.

90um
Figure 3b.9. Cross-section of a symmetrical cell SYC/GDC/SYC sintered at 1120 °C for

2 hours.
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Nyquist plots (normalized by the area) of the Sr3YCo040105 / Ceo9Gdo.1O1.95 /
Sr3YCo40105 cell (sintered at 1120 °C) in air at different temperatures (620 — 770 °C) are
presented in Figure 3b.10. The impedance spectra consist of a high frequency induction
tail caused by the equipment and the measuring leads, a resistance originating from the
electrolyte and the measuring leads and a Gerischer type element. The inductance is
equipment specific and is not discussed further. The electrolyte resistance, R., was
calculated by subtraction of the leads contribution determined during a blank measurement.
The Gerischer type element of the impedance data was fitted to the ALS continuum model

[16] as shown in Figure 3b.10 according to the equation:

1 .
Zchem = Rcnem /W (Equation 3b.2)

where R pem and t . are characteristic resistance and time constant, respectively, related
to oxygen transport and surface exchange in the mixed ionic and electronic conducting
cathode, w is the frequency of applied a.c. signal. The fit of the experimental data to Eq.
(3b.2) is shown in Figure 3b.10 and the calculated parameters are given in Table 3b.2.
The ASR values were calculated by dividing the values of R j ¢, by two in order
to reflect the contribution of two electrodes. A good agreement between the fitted and
experimental data suggests that the solid state diffusion and oxygen surface exchange
dominate the electrochemical performance. At temperatures higher than 720 °C additional
semi-circles appeared at high and low frequencies. The semi-circle observed at low
frequencies is thought to be caused by gas phase diffusion limitation in the pores of cathode

[17]. The origin of the semi-circle at high frequencies is currently unclear. The observed
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values of R.pem and topen calculated in this work are within the range of the values

measured on the cathode materials with similar values of D™ and £* [16].

a T= 620 °C o,é,b T=670 °C

03 0.2
c T=720°C Id T =770°C
0.24 100Hz
100HzZ 10 Hz 0.1+ \ 10 Hz
ﬁg 0.1+
c
% 0.0
NIE
0.1
02 ‘ ‘
74 6.6 6.7
Z_(Qem)

Figure 3b.10. Complex impedance plots for the symmetrical SYC/GDC/SYC cell in air at
different temperatures (620, 670, 720, 770 °C). Frequencies are indicated in Hz. Solid lines

are the fits of the experimental data to a Gerischer response according to the Eq. (3b.2).
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symmetrical cells as a function of temperature.

Table 3b.2. The fitting parameters for the AC impedance data of SYC/GDC/SYC

Parameter 620 °C 670 °C 720 °C 770 °C
R. (Q cm?) 10.36 7.86 6.34 5.25
Rehem (€ cm?) 2.38 £0.01 0.73 £0.01 0.33 £0.01 0.18 £0.01
Lehem (S) 0.47 +£0.01 0.11+£0.01 0.05 +£0.01 0.04 +0.01
ASR (Q cm?) 1.19 £ 0.01 0.37 £0.01 0.17 £ 0.01 0.09 +0.01

The observed value of ASR of symmetrical cell at 700 — 720 °C was around 0.2
cm’. This value is larger than the reported ASR values for other promising Co containing
perovskites (e.g. 0.1 Q cm? at 700 °C for GdBaC020s:x [18]), however an improvement of
the electrochemical performance can be achieved upon further optimization of the cathode
microstructure. For example, Peters et al. [17] reported a very low ASR value of 0.13 Q
cm’? at 600 °C for nanostructured LagsSrosCoOss cathode on GDC electrolyte. The
temperature dependences of the conductivity (expressed as 1/ASR) follows the Arrhenius-
type law within the 620 — 770 °C range (Figure 3b.11) with the activation energy, EZ5%, of
1.37 £0.11 eV. The activation energy of conductivity in Sr3YCo4010.5 determined in this
work is lower than the reported values for GDC symmetrical cells with GdBaCo020s+x (E4
=1.43 ¢V), Lao3Sr02Co0s3x (E4 = 1.7 €V) and Lao 3Sro2FeOs« (E4 = 1.9 eV) cathodes [18,

19].
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Figure 3b.11. Arrhenius plot of 1/ASR in SYC/GDC/SYC symmetrical cells determined

by AC impedance. Solid line is a guide to eye.

The observed high oxygen transport and low ASR values together with previously
reported high electronic conductivity [20], makes Sr3YCo4O105 a good candidate for
cathodes in IT-SOFC applications. However, further research is required to determine the
influence of the cathode microstructure on the SOFC performance. Moreover, additional
studies of oxygen diffusion and surface exchange in analogous cobalt-based perovskite-
related 314-phases with different A-site cations and/or with partial substitution of cobalt

are required.
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3b.5. Conclusions

High values of oxygen diffusion coefficients and surface exchange coefficients
were obtained for Sr3YCo04010.5 by IEDP/SIMS analysis in the temperature range 500 —
900 °C. The experimental data were in a good agreement with the recent data for the
oxygen diffusion coefficients obtained by molecular dynamic modeling. The polarization
resistance of the symmetrical Sr3YCo40105 / Ce0.9Gdo.101.95 / Sr3YCo40105 cells was
dominated by solid state diffusion and surface exchange in the cathode and was adequately
described by the ALS model. The low values of ASR were measured within the
temperature range 620 — 770 °C in air. The layered perovskites, with the so called 314-
phases, showed promising electrochemical performance and could be considered as

alternative cathodes in IT-SOFCs.
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Chapter 3c. Oxygen diffusion in Sr3YCo04010.5: An electrical conductivity

relaxation and thermogravimetric analysis approach

3c.1. Abstract

Chemical oxygen diffusion coefficients and chemical surface exchange rates along
with oxygen self-diffusion coefficients in dense samples of Sr3YCo4010.5+5 were studied
by using a combination of electrical conductivity relaxation measurements (ECR) and
thermogravimetric analysis data (TGA) in the temperature range of 650 — 900 °C.

. . -E . . . . D
Arrhenius behavior, 4 = Aoexp(k—TA), was observed with activation energies of E, "™ =

1.16+0.01 eV, Efo =1.56+0.01 eV and E:Chem =0.76£0.05 eV for the chemical oxygen
diffusion coefficient, the oxygen self-diffusion coefficient, and the chemical surface

exchange rate, respectively. The thermodynamic factor changes with temperature from 611

at 650 °C to 177 at 900 °C.

3c.2. Introduction

In order to make solid oxide fuel cells (SOFCs) more commercially viable, it is
desirable to decrease their operating temperature as much as possible [1]. Lower operating
temperature also decreases the reactivity of all SOFC components thereby improving
stability and reliability. However, the requirement of high values of electronic and ionic
conductivity can become a limitation on the performance at lower temperature. The rate of

the oxygen reduction reaction is a particular problem and consequently, it is necessary to
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determine oxygen diffusion and electrical conductivity in a wide range of temperatures
(500 — 1000 °C) for all novel and prospective cathode materials for SOFC applications.

Several different techniques have been used to determine oxygen diffusion
coefficients in ceramic materials. The most developed method is isotope exchange and
depth profiling in combination with secondary ion mass spectrometry (IEDP/SIMS) [2].
This technique allows measurements of oxygen diffusion coefficients in both electron-
conducting and dielectric materials [3, 4] over a wide range of temperature, and in case of
single crystals, along different crystallographic directions [5]. But, at the same time
IEDP/SIMS requires the use of expensive '*0 and SIMS damages the sample. Another
technique for the determination of oxygen diffusion, namely molecular dynamic
simulations (MD), became available with increase in computational power. MD provides
detailed information about oxygen diffusion pathways and rates, and requires information
only about the crystal structure of the particular compound studied [6]. Due to the
assumption of ideal conditions in MD simulations, the results may deviate from
IEDP/SIMS experimental measurements [3].

Relaxation techniques are commonly used for studying kinetics. The change in a
specific property of the system to a new equilibrium state is observed after the system has
experienced a rapid change in its physical or chemical environment. To study oxygen
transport, any property that reflects the oxygen concentration, such as weight, volume,
conductivity, optical properties, can be investigated [7]. Given the relationship between
oxygen concentration and oxygen partial pressure, relaxation experiments on mixed ionic
and electronic compounds (MIECs) can be performed by rapid changing the oxygen partial

pressure in the ambient environment at a constant temperature.
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Compared with other relaxation techniques, electrical conductivity measurements
are much less affected by gas fluctuations or other minor physical changes that occur
during the relaxation experiment. Moreover, conductivity is extremely sensitive to the
defect concentration [8, 9]. Therefore, the electrical conductivity relaxation (ECR)
experiment is the most commonly employed relaxation technique for determining oxygen
transport kinetics [9-13].

In the present work, we used the ECR technique to determine oxygen diffusion in
Sr3YCo04010.5+5, which was studied previously with both IEDP/SIMS and Molecular
Dynamic simulations [3, 6]. The relative oxygen stoichiometry was determined by
thermogravimetric analysis at different partial pressures of oxygen (2% - 75%), while

absolute values were determined by iodometric titration.

3c.3. Experimental

The perovskite-related compound Sr3YCo40105 (314-phase) was synthesized by
solid-state reaction of stoichiometric amounts of SrCO3, Co304 and Y203 with intermediate
grindings and sinterings in the range of temperatures 900 — 1200 °C [14]. The temperature
of the final sintering (1160 °C) was adjusted to allow formation of a single phase material
but at the same time to prevent densification of the powder. A single-phase compound with
small particle size was necessary for densification using a cold isostatic press (CIP) and
subsequent sintering.

The crystal structure and phase purity of Sr3YCo40105 powder were analyzed by

X-ray powder diffraction using Cu-Ka radiation.
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The powder was ball milled in ethanol for 48 h and dried in a vented oven for
another 48 h. Dense pellets of the Sr3YCo04010.5 were prepared by isostatically pressing at
30,000 psi with subsequent sintering at 1180 °C for 4 h with heating and cooling rates of 1
°C/min. The density of the pellets was measured by the Archimedes technique and was
greater than the 95% that is required to prevent oxygen transport through the pores. Due to
the fact that during an ECR experiment one dimension of the sample is reserved for the
conductivity measurement, the geometry of the sample has special requirements. In theory,
the length of the sample in the conductivity measurement direction should be infinite, but
good results can be achieved on samples where one dimension is an order of magnitude
larger than another two [15]. For ECR measurements a bar with dimensions ¢ = 1.43 mm,
w = 1.09 mm and / = 19.72 mm was cut and polished to decrease the effect of surface

morphology on oxygen diffusion (Figure 3c.1).

Figure 3c.1. The sample of Sr3YCo04010.5 for ECR measurements with dimensions 7 = 1.43

mm, w=1.09 mm and /= 19.72 mm.
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To equilibrate the sample in the apparatus and improve the contacts with the gold
wires, the bar was heated from room temperature to 900 °C and then cooled back to ambient
temperature before ECR measurements. The electrical conductivity was measured during
the heating and cooling cycle.

Oxygen atom transport in a dense mixed ionic electronic conducting (MIEC) oxide
can be generally described by two processes namely surface exchange and bulk diffusion.
The mathematical solutions of the mass transport equations under various conditions are
well established using a linear surface exchange model [16].

The change in oxygen partial pressure in the surroundings of the MIEC sample
leads to oxygen adsorption or rejection and as a result, to a change in electron-hole
concentration and change of electrical conductivity (Equation 3c.1), which is measured
during an electrical conductivity relaxation experiment (ECR).

Vs +30,(g) © 0F + 2k (Equation 3c.1)

For a rod sample with a 2/1 by 2> cross-section, if its length is much greater than
the sides, according to the Wagner’s theory and the mass-conservative law (Equations 3c.2,
3¢.3) and boundary conditions (Equations 3c.4, 3c.5, 3¢.6) it is possible to describe relative

electrical conductivity as a function of time, chemical surface exchange and chemical

oxygen diffusion (Equations 3c.7, 3c¢.8).

6c02_(x,t)

Joz-(x,t) = —Dcpem o (Equation 3c.2),
dcyz2-(xt) _ 0jg2-(x,t) .
——— = — (Equation 3c.3),

®

Co2-(x,0) = ¢ ;-

(Equation 3c.4),
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6C02—
x

=0 (Equation 3c.5),

x=0

6C02—

2 .
kchem(coz‘ - Céz)—) = _DChemT (Equation 3c.6),

x==%l1
where D pem and k.pem are chemical oxygen diffusion and chemical surface exchange

(€Y
0%~

2

and Cp2-

coefficients, ¢ are oxygen ion concentrations in the solid at equilibrium with

the initial and final oxygen partial pressures, pO>") and pO>?, respectively.

M _ e e 2fesCainDot/i) | 2Ce(-ad,Dot/i)
My n=14m=1 a%m(a§m+612+61) a%n(ac%n+6‘22+€2)

(Equation 3c.7),

@
M, Co2-(O=Cra g(t)-aD .
Mo = 0@ ) = seem — 90 (Equation 3¢.8),
02— 02—

where g(?) is the relative conductivity; M,/M,, is the fractional change of the total mass of
oxygen; C is a measure of the importance of the contribution of the surface exchange
reaction, and is defined as the ratio of the half thickness to the characteristic length of the
sample, /s (Equation 3c.9); a4, and a,, are the positive roots of the transcendental

equations (Equation 3¢.10),

l l )

C,=2,¢c,=2 ], =Dchem (Equation 3c.9),
lg lg kchem

aAimtan ay, = Cq, azptan az, = C, (Equation 3c.10).

During the ECR experiment, the sample was located in the tube furnace at a certain
temperature in a flow of gas with certain oxygen partial pressure (O2/N2> mixtures with
different concentrations of oxygen) [17]. A rapid switch, less than 2.5 s for the gas
switching delay [18], from one oxygen partial pressure to another led to the change of

electrical conductivity of the sample, and was measured by AC 4-probe method with
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SR830 DSP Lock-In Amplifier at a single frequency of 13333 Hz. As a result, conductivity
relaxation profiles (conductivity vs. time) were obtained. Oxygen diffusion kinetics were
investigated with ECR in the temperature range 650 — 900 °C by following switches of
oxygen partial pressure: 2% <> 5%, 10% < 20%, 10% < 75%.

The results of ECR experiments represent chemical oxygen diffusion and chemical
surface exchange and are different from those obtained during the isotope exchange depth
profiling experiments (IEDP). The switch of the oxygen partial pressure is an external
driving force, while during the IEDP the oxygen partial pressure is fixed. To compare
results of IEDP and ECR it is necessary to know the thermodynamic factor (/p), which
represents the variation of the oxygen concentration in the sample (co) with temperature
and oxygen partial pressure, pO2, in the surroundings (Equation 3c.11). We used

thermogravimetric analysis (TGA) to study this dependence.

_ 1 0In(p0z)

To 2 dln(co)

(Equation 3c.11).

TGA was performed at different oxygen partial pressures in the temperature range
25°C—-900 °C. At each pO», three TGA experiments were made to be sure that the heating
and cooling profiles were identical. The final measurements at 2%, 20% and 75% of pO:
were normalized to the initial weight and converted to oxygen content (co) vs. temperature.
Absolute oxygen contents were determined by iodometric titration [19]. Oxygen self-
diffusion coefficients were calculated in the temperature range 650 — 900°C using Equation
3c.12.

Do = Depem/To (Equation 3c.12),

where Do is oxygen self-diffusion coefficient.
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3c.4. Results and discussion

The lattice parameters of the synthesized compound were refined by the Rietveld
method [20] using the structural model provided by Istomin et al. [14]. The unit cell
parameters were in good agreement with the ones previously reported in the literature [14],
a = 7.62389(1) A and ¢ = 15.32701(5) A and the sample was confirmed to be a single
phase.

The measured values for electrical conductivity are in good agreement with
literature data [21] with the maximum value of 550 S/cm (Figure 3c.2). The increase in
conductivity at lower temperature corresponds to thermal activation, while the decrease
above 600 °C can be explained by formation of oxygen vacancies and the resulting

decrease in the electron-hole concentration.

heating
--------- cooling
100
— ]
E -
2
A
p—_
o
10 4
' I ' ) ' ) ' ) ' ) ' 1
0.5 1.0 1.5 2.0 2.5 3.0 3.5

1000/T (K

Figure 3c.2. Electrical conductivity of Sr3YC04O105 in air.
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Electrical conductivity relaxation profiles were normalized and fitted to Eq. 3c.7.
Typical normalized relative conductivity vs. time profiles are presented in Figure 3c.3.
Good agreement between the experimental data and the fits were observed at all
temperatures and all oxygen partial pressure switches. Comparison of the profiles obtained
during switches of oxygen partial pressure from 10% to 75% at different temperatures

showed as expected significantly faster relaxation with increase of temperature (Figure

3c.4).

1.1 0.05
LT T 0.04
09 + + 0.03
0.8 + 1+ 0.02
0.7 + | 0.03
Q0.6 + 0 g
3 0.5 + =
04 - - -0.01
' — Experimental + .0.02

0.3 data
02 - —Fit + -0.03
0.1 1 + -0.04
0 —_— -0.05

0 500 1000 1500 2000
Time, s

Figure 3c.3. Relative electrical conductivity vs. time profile obtained during an ECR
experiment at 850 °C with an oxygen partial pressure switch from 10% to 75% and the

corresponding fit.
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Figure 3c.4. Comparison of profiles of relative conductivity, g(¢), of Sr3YCo04010.5 vs. time

obtained during ECR experiments at different temperatures and for switches of oxygen

partial pressure from 10% to 75%.

Values of the chemical oxygen diffusion and chemical surface exchange
coefficients were obtained after the fitting of all profiles (Figure 3c.5). Activation energies
for Dehem and kepem are 1.16 = 0.01 eV and 0.76 £+ 0.05 eV, respectively.

The values of chemical oxygen diffusion coefficient do not depend on the initial
and final oxygen partial pressures and depend only on the temperature, in good agreement
with the model of oxygen diffusion in the bulk material. Comparison of the pO> switches
20% — 10% and 75% — 10% shows that chemical surface exchange rates also do not

depend on the initial oxygen partial pressure, but do depend on the final oxygen partial
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pressure (Figure 3c.5). Dependence of chemical surface exchange rate on final oxygen

partial pressure at different temperatures is presented in the Figure 3c.6 and follows a
power law, k peom X [pOZ(Z)]”, where n was determined from the slopes of log(k pem) Vs.

log(p0?) and is in the range 0.56 — 0.62.

] B Do (5% t0 2%)
_;\ - ®  fpem (3% 10 2%)
£ ] E (k, )=079+0.05eV A D, (2%t05%)
E -2 4 .\1\.\1\\] v kchem (2% to 5%)
o
Nt’:” ] ® Dy (20% to 10%)
= -3 ke (20% to 10%)
~ > D (10% to 20%)
(\'.; - ® k. (10% to 20%)
3 * Dy (75% to 10%)
g -5 EM, )=116+0.01¢eV
2 a* chem ® ke (75% t0 10%)
Q
B 9 Dy (10% to 75%)
B Kpem (10% to 75%)
-7

1 ' 1 ' I ' I ' 1 v 1
0.85 090  0.95 1.00 1.05 1.10
1000/T (K™

Figure 3c.5. Arrhenius plot of the chemical oxygen diffusion and chemical surface

exchange coefficients obtained for Sr3YCo40105 by ECR experiment.
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Figure 3c.6. Dependence of chemical surface exchange rate for Sr3YCo40105 on final

oxygen partial pressure during ECR switches.

The dependence of oxygen content (co) on temperature and oxygen partial pressure
in the surroundings obtained by thermogravimetric analysis is presented in Figure 3c.7 at
pO2 = 0.02 atm, 0.20 atm and 0.75 atm. Profiles are in good agreement with the literature
data [14] and show rapid decrease with increasing temperature. Values of the
thermodynamic factor calculated with Eq. 3c.11 at different temperatures change from 611
at 650 °C to 177 at 900 °C and are listed in Table 3c.1, along with the values of oxygen
self-diffusion calculated with Eq. 3c.12. Significant difference in the thermodynamic
factors measured at different oxygen partial pressures is a consequence of the non-linear

oxygen atom release from the structure with increasing temperature.
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Figure 3c.7. Dependence of oxygen content in Sr3YCo04010.5 on oxygen partial pressure in

the surroundings and temperature determined by TGA.

Comparison of the oxygen self-diffusion in Sr3YCo4010.5 obtained by ECR/TGA
with our previous results obtained by IEDP/SIMS and MD is presented in Figure 3c.8 [3,
6]. Very good agreement is observed between oxygen diffusion coefficients obtained in
dense samples by ECR/TGA and IEDP/SIMS methods, while results of molecular dynamic
simulations show slightly higher values, what can be explained by ideal conditions and

some assumptions made in the simulation experiments [6].
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Table 3c.1. Thermodynamic factor for Sr3YCo40O10.5 determined from TGA profiles, and

chemical oxygen diffusion and oxygen self-diffusion coefficients in the temperature range

650 — 900 °C.
650 °C 700 °C 750 °C 800 °C 850 °C 900 °C
r 611 483 370 290 230 176
0 (£34) (£31) (£ 30) (£22) (£23) (£18)
log(Dchem) — -6.54 -6.22 -5.92 -5.63 -5.35 -5.12
log(Do) -9.32 -8.90 -8.48 -8.09 -7.72 -7.37
go (£0.03) (£0.03) (£0.04) (£0.04) (£0.05) (£0.05)
-5 9 *  Electrical conductivity relaxation (ECR) (this work)
® [sotope exchange depth profiling (IEDP) [3]
6 A A Molecular dynamics (MD) [6]
A
A
-7 4 A
~ | B
—.m . *
g 0T ¢ a
o *
[ )
S 9 -
L= *
210 s
e
-11 4 $
-12 T 1 1T ' 1T T 1T T 1T T 1
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

1000/T (K™

Figure 3c¢.8. Comparison of oxygen self-diffusion coefficients in Sr3 Y Co4010.5 determined

by ECR (this work), IEDP/SIMS [3] and molecular dynamics [6].
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It was shown that the ECR/TGA approach to the oxygen diffusion study provides
the same values of oxygen self-diffusion as IEDP/SIMS experiments, but at the same time
provides additional information about chemical oxygen diffusion and chemical surface
exchange along with dependence of oxygen content in the structure on temperature and

oxygen partial pressure in the surroundings.

3c.5. Conclusions

Values of chemical surface exchange and chemical oxygen diffusion coefficients
in Sr3YCo040105 were obtained with electrical conductivity relaxation technique in the
temperature range 650 — 900 °C. The thermodynamic factor calculated from the oxygen
stoichiometry measured by thermogravimetric analysis, was used to determine values of
the oxygen self-diffusion coefficient. Results are in excellent agreement with the oxygen-
tracer diffusion coefficients determined previously by isotope exchange depth profiling and
molecular dynamic simulations. Activation energies for chemical oxygen diffusion and

oxygen self-diffusion are 1.16 + 0.01 eV and 1.56 + 0.01 eV, respectively.
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Chapter 4. Oxygen transport in LnBaCoFeOs.x

Mixed ionic electronic oxides with the double-perovskite structure have been
studied extensively in the last few years due to their high values of electronic and ionic
conductivity and the possibility of their application as cathodes in solid oxide fuel cells
[1-4]. The structure of double perovskites, AA'B2Os+5 (A =rare earth element, A' = alkaline
earth metal, B = first row transition metal), undergoes ordering due to the difference in
ionic radii of A and A' metals and can be described by the stacking sequence
...]A'O|BO2|AOs/BO;|... (Figure 4.1). The oxygen vacancies are mostly formed in the AO;

layers, the so-called oxygen vacancy layers.

¢, @V

BO;

“ “,AO&

BO»

¢CA

j ‘ Av

‘ , ©B
Figure 4.1. The structure of the double perovskites, AA'B2Os+5 (A = rare earth element,

A' = alkaline earth metal, B = first row transition metal).
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Oxygen transport properties in cobalt-based double perovskites, LnA'C0205s+3
(Ln = rare earth elements, A' = alkaline earth metals), were studied with isotope depth
profiling, electrical conductivity relaxation and molecular dynamics simulations. High
values of oxygen uptake were measured in GdBaCo0,0s+5 by TGA and the importance of
the oxygen-vacancy layers to this process was clearly indicated [1]. Isotope exchange depth
profiling measurements of oxygen transport in this compound were performed by Kilner et
al. [2]. The compounds LnBaCo020s+5 (Ln = Pr, Nd) were studied by IEDP/SIMS and
electrical conductivity relaxation techniques, and significantly faster oxygen kinetics in
comparison with disordered perovskites were observed [3]. The effect of cation disorder in
the A-sublattice of GdBaCo20s+5 was investigated by molecular dynamics simulations [4].
It was predicted that increase in A-cation disorder leads to reduction of oxygen diffusivity
and to appearance of the diffusion along the c-axis of the structure, while oxygen diffusion
in completely ordered GdBaCo,0Os+;5 occurs only in a-b plane.

Along with high values of electrical and ionic conductivity, Co-based compounds
demonstrate high values of thermal expansion (TEC), what makes their application as
cathode materials for solid oxide fuel cells impossible. Partial substitution of Co with other
transition metals, such as Fe or Mn, may decrease thermal expansion coefficients in
perovskites and perovskite-related structures, but, at the same time, may negatively affect
the oxygen transport properties.

This chapter is focused on the investigation of oxygen transport in LnBaCoFeOs-s
(Ln = La, Pr, Sm, Gd) by a combination of electrical conductivity relaxation and TGA

methods.
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4.1. Synthesis and sample preparation

Double perovskite compounds LnBaCoFeOs:s (Ln = La, Pr, Sm, Gd) were
synthesized by solid-state reaction of stoichiometric amounts of BaCO3, C0304, Fe20O3 and
LnyOs (PrsO11) with intermediate grindings and sintering in the range of temperatures 900
— 1225 °C in air. The temperatures used for the final sintering of powders were adjusted to
allow formation of single phase materials but at the same time to prevent densification of
the powder. Single-phase compounds with small particle size were necessary for
densification using a cold isostatic press (CIP) and subsequent sintering.

Sintering in flows of nitrogen and oxygen at temperatures up to 1200 °C were
performed for Pr, Sm and Gd-containing compounds to study the possibility of formation
of disordered structures.

In the case of the La-containing compound sintering in a flow of 5%H2/N> — N»
(ratio 1:30) at 1120 °C for 12 h allowed formation of the ordered double perovskite
structure.

The powders were ball milled in ethanol for 48 h and dried in a vented oven for
another 48 h. Dense pellets of the LnBaCoFeOs+s (Ln = La, Pr, Sm, Gd) were prepared by
isostatically pressing at 30,000 psi with subsequent sintering in the temperature range 1120
— 1225°C with heating and cooling rates of 1 °C/min. The specific sintering temperature
and time used for each sample are given in Table 4.1. The densities of the pellets were
measured by the Archimedes technique and were greater than the 95% of theoretical

density.
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Table 4.1. Sample preparation and dimensions for electrical conductivity measurements and electrical conductivity relaxation

experiments.
. . . . Distance between
Sample Sample preparation Density Dimensions voltage electrodes
df;gilaefgffggfc) 1160 Ca/ir 400 min 95.11 % 1.07x1.68%16.27 mm 10.49 mm
1120°C /12 h
Oré;fgf&frzggﬁab 5%H,/N; — N> (ratio 95.11 % 0.76x1.67%16.93 mm 10.84 mm
1:30)
PrBaCoFeOs.s 1180 °C /300 min 96.20 % 1.08%1.41x15.31 mm 9.34 mm
ordered (tetragonal) air
SmBaCoFeOs- 1225 °C /180 min 99.22 % 0.74x1.15%13.17 mm 7.36 mm
ordered (tetragonal) air
GdBaCoFeOs+s 1160 °C /400 min 99.06 % 0.99%1.09% 16.97 mm 11.24 mm
ordered (tetragonal) air




For electrical conductivity measurements and electrical conductivity relaxation
experiments bar samples were cut from dense pellets with a low speed diamond saw. All
surfaces of the samples were polished to decrease surface morphology effects during the
measurements. Four gold wires were attached to each sample with the maximum possible
distance between inner voltage electrodes. Figure 3c.1 represents the connection of the
sample to the sample holder with gold wires. The dimensions of the samples and distances

between voltage electrodes are summarized in Table 4.1.

4.2. Sample characterization

The crystal structures and phase purity of synthesized compounds were analyzed
by X-ray powder diffraction using Cu-Ka. radiation (1 = 1.54178 A).

All synthesized compounds were determined to be single-phases. All observed
peaks of LnBaCoFeOs+s (Ln = Pr, Sm and Gd) regardless of sintering atmosphere (air, N,
0O,) were indexed with a tetragonal P4/mmm unit cell. XRD patterns of LnBaCoFeOs+s (Ln
= Pr, Sm and Gd) synthesized in air are shown in Figures 4.2(b), 4.2(c), 4.2(d).

The formation of ordered double-perovskite structures in case of Pr, Sm and Gd-
containing compounds occurs regardless of the sintering atmosphere. The shift of the unit
cell parameters for LnBaCoFeOs+5 (Ln = Pr, Sm and Gd) on sintering in atmospheres with

different pOss is presented in Figures 4.3(b), 4.3(c), 4.3(d).
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Figure 4.2. XRD patterns of double perovskites synthesized in air: (a) LaBaCoFeOs-s, (b)

PrBaCoFeOs:;s (continued).
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Figure 4.2. (continued) XRD patterns of double perovskites synthesized in air:

(c) SmBaCoFeOs:s, (d) GdBaCoFeOs-s.
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Figure 4.3. Comparison of unit cell parameters of LnBaCoFeOs.; sintered in different

atmospheres. (a) La, (b) Pr, (¢) Sm, (d) Gd.

The decrease of unit cell parameter a and increase of ¢/2 with increase of pO: can
be explained by increase of oxygen content. Additional oxygen in the structure increases
the oxidation state of Co and Fe and leads to a small decrease of ionic radii of B-cations

and as a result to a decrease of all unit cell parameters. At the same time, the introduction
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of oxygen atoms into oxygen vacancy layers, LnOs, significantly increases the unit cell
parameter along the c-axis.

Due to the small difference in ionic radii between La and Ba, the formation of only
disordered perovskite structure (a cubic Pm-3m unit cell) observed for La-containing
compounds synthesized in air and nitrogen gas (Figure 4.2(a)).

It was clearly indicated that oxygen content of nitrogen gas is not low enough to
permit ordering of the A-cation sublattice of LaBaCoFeOs+s. The formation of single-phase
LaBaCoFeOs+s with ordered A-cation sublattice was observed after sintering of cubic
phase in the flow of 5%H>/N> — N» (ratio 1:30) at 1120 °C for 12 hours. All peaks were

indexed with a tetragonal P4/mmm unit cell (Figure 4.4).
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Figure 4.4. XRD pattern of ordered LaBaCoFeOs-s.
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Dependence of the unit call parameters of LaBaCoFeOs+s on the oxygen partial
pressure in the surroundings during the synthesis is presented in Figure 4.3(a). The stability
of the ordered LaBaCoFeOs+s in an oxidizing atmosphere was studied by heating at 950
°C for 2, 6 and 16 h in air. Formation of disordered cubic phase was not observed (Figure

4.5). The peak splitting in 46 — 47 ° 26 region corresponds to tetragonal symmetry.
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04 A JJL }L A AJ\ AA e
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Figure 4.5. Stability of ordered LaBaCoFeOs-5 in air at 950 °C.
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4.3. Electrical conductivity

To equilibrate samples in the apparatus and improve contacts with gold wires
before the electrical conductivity relaxation experiments, each bar was heated in air from
room temperature to 900 °C and then cooled back to ambient temperature. Electrical
conductivity was measured during this process (Figure 4.6). The observed behavior of the
electrical conductivity with temperature corresponds to p-type semiconductors and is

common for Co-containing perovskites and perovskite-related structures [5, 6].
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Figure 4.6. Electrical conductivity of LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd) in air.

The increase in conductivity in the low temperature region corresponds to thermal
activation, while the decrease above 390 — 550 °C, depending on rare earth element, can

be explained by formation of oxygen vacancies (release of oxygen from the structure) and
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the resulting decrease in the electron-hole concentration (Eq. (4.1)). Thermogravimetric
analysis of LnBaCoFeOs+s at different oxygen partial pressures, summarized in Chapter
4.6, shows significant release of oxygen from the structures with increase of temperature

and correlates with the suggestion above.

0% + 2l > V5 +30,(g) (Equation 4.1)

4.4. Electrical conductivity relaxation

During the ECR experiment, samples were located in the tube furnace at certain
temperatures in a flow of gas with a certain oxygen partial pressure (O2/N2 mixtures with
different oxygen content). A rapid switch, less than 2.5 s for the gas switching delay, from
one oxygen partial pressure to another led to the change in the electrical conductivity of
the sample, and was measured by the AC 4-probe method with SR830 DSP Lock-In
Amplifier at a single frequency of 13333 Hz. As a result, conductivity relaxation profiles
(conductivity vs. time) were obtained. Oxygen-diffusion kinetics were investigated with
ECR in the temperature range 550 — 900 °C by the following switches of the oxygen partial
pressure: 2% <« 5%, 10% <> 20%, 10% <« 75%, 20% <> 75%. Additional switches were
performed to monitor the stability of the samples by returning periodically to a standard
set of conditions established at the beginning of the experiment and comparing the results
with the initial data.

Electrical conductivity relaxation profiles were normalized and fitted to Eq. (3¢.7).
Good agreements between the experimental data and the fits were observed at all

temperatures and all oxygen partial pressure switches.
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For La and Pr-containing samples, however, we were not able to obtain consistent
values of the chemical oxygen diffusion and the chemical surface exchange coefficients at
high pO> switches 10% <> 20% and 10% <> 75%. An Arrhenius plot constructed with the
measured coefficients did not give a straight line. Analysis of the control switches with pO:
10% « 20% after the sample had been kept for different times at 75% pO», revealed a

significant drop in the chemical surface exchange rate (Figure 4.7).
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Figure 4.7. Chemical surface exchange degradation in LaBaCoFeOs+s at high oxygen

partial pressure.

The surfaces of the samples LnBaCoFeOs+s (Ln = La and Pr) exposed to high pO2
switches during electrical conductivity relaxation experiments and of untreated samples

were studied using SIMS and XRD (Figures 4.8, 4.9).
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Figure 4.8. SIMS profiles of the surfaces of LaBaCoFeOs+s and PrBaCoFeOs-s before and

after ECR experiments at high pO,.
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Figure 4.9. Comparison of XRD patterns of the surfaces of LaBaCoFeOs:s and

PrBaCoFeOs+;s before and after ECR experiments at high pO-.
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Comparison of the SIMS results revealed excess of Ba atoms and a decrease in
concentration of (La, Pr), Fe and Co on the surfaces of the bar samples after ECR
experiments. At the same time, XRD measurements indicated the formation of an impurity
on the surface of the samples after ECR experiments. While we were not able to determine
the composition of the impurity phase, we assume that it is a Ba-rich phase showing little
to no oxygen diffusion. The surface phase resulted in a significant decrease of the chemical
surface exchange rate during the control ECR switches. Such phase segregation might be
a consequence of the close ionic radii of La, Pr and Ba and the conditions of the ECR
experiment. Lee ef al. associated such segregation with a large difference in oxygen
vacancy concentration on the surface and in the bulk of the sample [7]. A 10° times
difference (107 on surface and 107 in the bulk), observed for Lag ¢Sro1MnOs under typical
SOFC operating conditions at pO> = 1 atm and 1173 K, resulted in formation of narrow
space charge layer (~ 1 nm) and in strong Coulombic attraction of dopant cations (Ba, Sr)
to segregate on the surface. However, it was shown that lower oxygen partial pressures and
smaller rare earth elements in perovskite structures suppress such segregation [7].

ECR experiments at low pOz switches (1% < 2%, 2% « 5%) were performed for
La and Pr-containing samples in order to reduce the effect of surface segregation and are

summarized in Chapter 4.4.2.
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4.4.1. ECR measurements: high pO; switches

Oxygen diffusion kinetics in Sm and Gd-containing compounds were investigated
with ECR in the temperature range 550 — 900 °C by the following switches of the oxygen
partial pressure: 2% «> 5%, 10% <> 20%, 10% <> 75%, 20% <> 75%.

Values of the chemical oxygen diffusion and chemical surface exchange
coefficients for SmBaCoFeOs+5 were obtained after the fitting of all profiles (Figure 4.10).

Activation energies for Derem and kenem are 0.89 £0.03 eV and 0.62 + 0.02 eV, respectively.
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Figure 4.10. Arrhenius plot of the chemical oxygen diffusion and chemical surface

exchange coefficients obtained for SmBaCoFeOs.s by ECR experiment.
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As in the case of Sr3YCo04Oi105 (Chapter 3c), the values of chemical oxygen
diffusion coefficient do not depend on the initial and final oxygen partial pressures and
depend only on the temperature. Comparison of the pO> switches 20% — 10% and 75%
— 10% shows that chemical surface exchange rates also do not depend on the initial

oxygen partial pressure, but do depend on the final oxygen partial pressure (Figure 4.11).
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Figure 4.11. Comparison of Dchem and kepem for SmBaCoFeOs:+s calculated from 20% —

10% and 75% — 10% of pO. switches.
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The dependence of the chemical surface exchange rate on the final oxygen partial
pressure at different temperatures is presented in the Figure 4.12 and follows a power law,
2)

Kchem < [pOZ(Z)]”, where n was determined from the slopes of log(kcpem) vs. log(pO.

and is in the range 0.29 — 0.44.
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Figure 4.12. Dependence of chemical surface exchange rate for SmBaCoFeOs+s on final

oxygen partial pressure during ECR switches.

Values of the chemical oxygen diffusion and the chemical surface exchange rate
for GdBaCoFeOs+s were calculated by fitting of all ECR profiles (Figure 4.13). Activation
energies for Depem and kepem are 0.59 +0.01 eV and 0.63 + 0.03 eV, respectively. However,

the calculated values of chemical oxygen diffusion showed a small dependence on the
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initial and final oxygen partial pressures, which might be associated with a significant
deviation from chemical equilibrium during ECR experiments, when the simple linear
model for the oxygen kinetics does not work (Chapter 2). To avoid it, additional ECR
experiments for GdBaCoFeOs+s were performed at low pO; switches (1% <« 2%, 2% «>

5%), and are discussed in 4.4.2.
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Figure 4.13. Arrhenius plot of the chemical oxygen diffusion and chemical surface

exchange coefficients obtained for GdBaCoFeOs.s by ECR experiment.
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4.4.2. ECR measurements: low pO: switches

All electrical conductivity relaxation profiles of LnBaCoFeOs+s (Ln = La, Pr and
Gd) at low pO; switches were fitted to the analytical solution of the mass change (Eq. 2.18).
Values of the chemical oxygen diffusion and chemical surface exchange coefficients for
La, Pr and Gd-containing compounds are summarized in Figures 4.14, 4.15 and 4.16,
respectively. Activation energies for Depem and kepem are 0.77 £ 0.02 €V and 0.48 £0.03 eV
(La), 0.63 + 0.01 eV and 0.66 + 0.05 eV (Pr), 0.60 £ 0.04 ¢V and 0.68 = 0.03 ¢V (Gd),
respectively. No dependences of chemical oxygen diffusion coefficients on initial and final

oxygen partial pressures were observed.
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Figure 4.14. Arrhenius plot of the chemical oxygen diffusion and chemical surface
exchange coefficients obtained for LaBaCoFeOs+s by ECR experiment during low pO:

switches.
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The values of Dciem and kepem obtained from ECR experiments for ordered

LaBaCoFeOs+s during 1% <> 2% of pO2 switches are summarized in Figure 4.17.
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Figure 4.17. Comparison of Dcpem and kepem for ordered and disordered LaBaCoFeOs+s

calculated from 1% <> 2% of pO. switches.

The deviation of chemical surface exchange coefficients from an Arrhenius
behavior may be associated with the instability of ordered LaBaCoFeOs:s at high
temperatures. However, oxygen kinetics in the disordered double perovskite structure were
found to be slightly faster than in the ordered structure. That contradicts the recent results
for oxygen diffusion in A-cation ordered/disordered GdBaCoFeOs+s performed with
molecular dynamics simulations [4]. But, as mentioned in Chapter 3, molecular dynamics
simulations do not take into account oxygen vacancy formation at elevated temperatures

and their effect on oxygen diffusion. Moreover, the oxygen-vacancy concentrations in
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ordered and disordered forms may be different at a particular temperature and oxygen
partial pressure. Additional study of ordered and disordered LaBaCoFeOs+s with isotope
exchange depth profiling technique at low oxygen partial pressure is suggested for future

work.

4.5. Iodometric titration

Iodometric titration with sodium thiosulfate was used to determine oxygen content
in synthesized double perovskites [8, 9].

Each compound were calcined in air at 900 °C overnight to remove adsorbed
moisture and carbon dioxide. A small amount of potassium iodide was dissolved in HCI
and the synthesized powder was added. Upon complete dissolution (2 — 3 minutes), the
solution was titrated with standardized sodium thiosulfate solution under bubbling nitrogen
until it became pale yellow in color. Starch solution was added at this point and titration
was continued until the solution changed from dark blue to colorless.

Oxygen stoichiometry was calculated with Eq. (4.2).

_ cvMy
 2000mp-16CV

- 0.5 (Equation 4.2)

where m,, is weight of used double perovskite (g), C —concentration of thiosulfate solution

P
(mol/L), V — volume of thiosulfate solution used (ml), M,. — molecular weight of double
perovskite, where all B-cations are in oxidation state +2 (g/mol).

For each composition three titrations were performed and average oxygen contents

were calculated (Table 4.2).
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Table 4.2. Oxygen concentration in LnBaCoFeOs+5 (Ln = La, Pr, Sm and Gd) synthesized

in air determined by iodometric titration.

LaBaCoFeOs+s PrBaCoFeOs+s SmBaCoFeOsis GdBaCoFeOsqs

Oxygen

5.85+0.01 5.75+0.02 5.54 +£0.02 5.52 +0.03
content

Moving from the large rare earth element (La) to the smaller ones (Pr, Gd and Sm)
leads to increase in the concentration of oxygen vacancies in the structures and, as a result,

to decrease of electrical conductivity as summarized in Chapter 4.3.

4.6. Thermogravimetric analysis and thermodynamic factor

The results of ECR experiments represent chemical oxygen diffusion and chemical
surface exchange and are different from those obtained during the isotope exchange depth
profiling experiments (IEDP). The switch of the oxygen partial pressure is an external
driving force, while during the IEDP the oxygen partial pressure is fixed. To obtain oxygen
self-diffusion and surface exchange rate coefficients it is necessary to know the
thermodynamic factor (/), which represents the variation of the oxygen concentration in
the sample (co) with temperature and oxygen partial pressure, pO2, in the surroundings

(Equation 4.3). We used thermogravimetric analysis (TGA) to study this dependence.

_ 1 . dln(p0y)

0 =3 Sinteos (Equation 4.3)

TGA was performed at different oxygen partial pressures in the temperature range 25 —

900 °C. At each pO,, three TGA experiments were made to be sure that the heating and
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cooling profiles were identical. The final measurements were normalized to the initial

weight and converted to oxygen content (co) vs. temperature (Figure 4.18).
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Figure 4.18. Dependences of oxygen concentrations (5+9) in LnBaCoFeOs:s (Ln = La, Pr)

synthesized in air on temperature at different pO2 (continued).
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The shapes of the profiles are different from those obtained during TGA
measurements for Sr3YCo4010.5 (Figure 3¢.7). In LnBaCoFeOs.; release of oxygen atoms
occurs preferably from one oxygen position (from the LnO; layers). In the case of
Sr3YCo04010.5, which has the more complicated structure, release of oxygen atoms from
different oxygen positions may occur and, as a result, TGA profiles of Sr3YC04O10.5 show
distinguishable steps.

Oxygen self-diffusion coefficients were calculated in the temperature range 650 —
900 °C using Eq. (4.4):

Do = Depem/Io (Equation 4.4)
where Do is oxygen self-diffusion coefficient.

Thermodynamic factors in the temperature range 650 — 900 °C for double
perovskites LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd) are summarized in Table 4.3; the

calculated oxygen self-diffusion coefficients are presented in Figure 4.19.

Table 4.3. Thermodynamic factors for LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd)

determined from TGA profiles.

Temperature, °C ~ LaBaCoFeOs+s PrBaCoFeOs:5 SmBaCoFeOs: GdBaCoFeOs+s

528 - - 131.1(8) 120.6(2)
582 107.1(5) 111.3(9) 120.2(7) 103.4(9)
638 95.8(1) 109.2(5) 108.5(3) 90.3(5)
691 88.4(7) 106.3(4) 98.1(5) 81.7(5)
742 83.7(8) 100.9(6) 88.4(2) 76.0(5)
795 80.6(1) 94.8(4) 80.9(1) 72.8(1)
850 81.1(6) 90.5(5) 76.5(2) 71.8(6)
904 82.7(1) 85.7(2) 74.0(6) 73.0(7)
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Figure 4.19. Comparison of oxygen self-diffusion coefficients (Do) for LnBaCoFeOs-s

(Ln = La, Pr, Sm and Gd), determined by combination of ECR and TGA.

4.7. Conclusions

Oxygen kinetics in double perovskites LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd)
were studied with the combination of electrical conductivity relaxation technique and
thermogravimetric analysis. Both, the electrical conductivity (Figure 4.6) and oxygen self-
diffusion coefficients (Figure 4.19), generally speaking, decrease with decrease in the ionic
radius of the rare earth element.

The Goldschmidt tolerance factor ¢ (Eq. (1.1)), described in Chapter 1, can also be
applied to double perovskite structures showing deviation from the ideal cubic symmetry.

Due to the decrease in ionic radius from La*" to Gd**, ¢ is predicted to decrease, leading to
129



lower crystal symmetries and to decrease of O—Co—O bond angles from the ideal 180°. In
this case, the overlap between the Co*"#*:3d and O*:2p orbitals and bandwidth is also
decreasing, resulting in decrease of covalency of the Co—O bonds and increase in electron
localization (moving from La to Gd), and hence, to decrease in electrical conductivity [10].

While concentration of oxygen vacancies increases from Ln = La to Gd in
LnBaCoFeOs+s, the TGA data show that, upon heating, the formation of oxygen vacancies
is larger for the La-containing sample (Acy = 0.42 at pO; = 0.02), than in Gd-containing
sample (Acy, = 0.35 at pO> = 0.02), and is decreasing with decrease of rare earth element
size. Additionally, in a study of Lno.sSro4CoO3-5 Kharton et al. reported that decrease in
the size of Ln** leads to decrease in the size of the anion transfer channel and to increase
in the (Ln, Sr)—O bond energy, resulting in decrease of oxygen diffusion [11]. XRD data
for LnBaCoFeOs+s shows contraction of the unit cell along c-axis with decrease of ionic
radius of rare earth element that might be a result of reduction of such anion transfer
channels.

According to the results, we expect that the electrochemical performance of
LnBaCoFeOs+s compounds will significantly depend on the size of rare earth element,
which controls the possibility of formation of oxygen vacancies at elevated temperatures
and the size of anion transfer channels. At the same time, high concentration of oxygen
vacancies cannot be considered the only requirement for high values of the oxygen
diffusion coefficient.

Comparing chemical oxygen diffusion coefficients in ordered and disordered

LaBaCoFeOs+5 double perovskites, we assume, that lower values of chemical oxygen
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diffusion in ordered structures are associated with oxygen migration preferably in the a-b
plane, |[LnOs| layers, while in disordered structures the character of oxygen diffusion is

isotropic [4].
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Chapter 5. Thermal expansion studies

As mentioned in Chapter 4, Co-rich compounds demonstrate high thermal
expansion coefficients (TEC), restricting their use in high-temperature applications (such
as solid oxide fuel cells or oxygen separation systems). Substitution of Co with other
transition metals, such as Mn and Fe, is a possible solution of this problem.

To determine thermal expansion coefficients of the double perovskite compounds
and Sr3YCo04010.5, we conducted high temperature XRD studies (in case of PrBaCoFeOs-s)

and dilatometry experiments.

5.1. Experiment

During high-temperature XRD studies, the powder sample of PrBaCoFeOs+s was
placed on Pt sample holder in heating stage on the diffractometer. The measurements were
performed at 50, 500, 600, 700, 800 and 900 °C in air. Upon achieving each temperature,
the sample was kept for 10 minutes before XRD measurements were performed. All XRD
patterns were indexed in tetragonal space group P4/mmm.

For dilatometry measurements, high-density samples (>95% of theoretical density)
of LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd) and Sr3YCo04010.5 were used.

Measurements were performed using a horizontal pushrod dilatometer Netzsch DIL

402C in the temperature range 25 — 900 °C in static air with the heating rate of 1 °C/min.
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5.2. Results and discussion

High-temperature XRD studies of PrBaCoFeOs+s are summarized in Table 5.1 and
Figure 5.1 (AL/L, vs. temperature plot). AL/L, represents relative elongation of the
sample upon heating.

According to Figure 5.1, two linear regions of thermal expansion can be isolated:
50—500 °C (o = 8.31(1) ppv/K) and 500 — 900 °C (o = 20.54(8) ppnvK). Relatively high
values of thermal expansion coefficients in high temperature region are mainly related to
the formation of oxygen vacancies upon heating (chemical expansion). As was shown by
TGA studies of compounds synthesized at different oxygen partial pressures (Chapters 3
and 4), the concentration of oxygen vacancies significantly increases as the temperature
increases. At the same time, formation of oxygen vacancies is associated with reduction of
Co*" ions to Co**, leading to increase of ionic radius of cobalt ions [1-3]. Moreover,
transition of Co’* from low spin state (t5,eJ, 7 =0.545 A) to high spin (t3,e7,7=0.61 A)
is also results in higher TEC values [3, 4]. Similar behaviors were observed for other Co-
containing compounds [5, 6].

A comparison of the unit cell parameters a and ¢ clearly indicates the anisotropic
character of the thermal expansion. This is probably associated with the cation ordering in
A-sublattice of double perovskites and, as a result, with formation of oxygen vacancies
upon heating preferably in |[LnOgs| layers.

Results of dilatometry measurements are presented on AL/L vs. temperature plots

(Figure 5.2).
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Table 5.1. Dependences of the unit cell parameters and volume of PrBaCoFeOs:s on

temperature and the corresponding thermal expansion coefficients, determined by high

temperature XRD.
Temperature, °C a, A ¢, A v, A3 YV, A
50 3.9593(5) 7.6895(1) 120.5440(8) 4.9398(6)
500 3.9596(5) 7.7750(1) 121.9028(8) 4.9583(5)
600 3.9696(5) 7.7871(1) 122.7100(6) 4.9692(7)
700 3.9790(6) 7.7991(1) 123.4825(1) 4.9796(8)
800 3.9871(7) 7.8131(1) 124.2089(4) 4.9894(3)
900 3.9951(9) 7.8267(2) 124.9262(1) 4.9990(1)
TEC, a (ppm/K) 10.6494(1) 20.9911(9) 14.0867(1)
0or2 PrBaCoFeO,
0.010
] o (pp/K) =20.54(8)
0.008 -
ALL, |
0.006 -
0.004
o (ppm/K) = 8.31(1)
0.002 -
0.000 -
T T T T T T T T T T ]
0 200 400 600 800 1000

Temperature, C°

Figure 5.1. Thermal expansion (AL/L,) behavior of PrBaCoFeOs+s in temperature range

50 — 900 °C in air, calculated from cubic root of unit cell volume.
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Figure 5.2. Thermal expansion behaviors for Sr3YCo04010.5s and LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd) in the temperature

range of 25 — 900 °C in air obtained by dilatometry experiments.



The thermal expansion in the low-temperature region (25 — 400 °C) shows
anomalous behavior most likely due to the dimensions of the samples used for dilatometry
experiments. The thickness of each sample along the thermal expansion measurement
direction was about 2 mm. For such small dimensions, instrumental errors of the
dilatometer are significant. Attempts to prepare larger samples were not successful due to
the cracking during sintering. However, comparison of results of high-temperature XRD
and results of dilatometry measurements for PrBaCoFeOs.; revealed similar values of the
thermal expansion coefficients in high temperature region (20.54(8) ppm/K by HT XRD
and 22.79(4) ppn/K by dilatometry). Thermal expansion coefficients of Sr3YCo4010.5 and
LaBaCoFeOs+5 (Ln = La, Pr, Sm and Gd) in the approximately linear region 400 — 900 °C

are summarized in Table 5.2.

Table 5.2. Thermal expansion coefficients in Sr3YCo4010.5 and LnBaCoFeOs+s (Ln = La,

Pr, Sm and Gd) synthesized in air.

TEC (ppmvK) in 400 — 900 °C

Sample region
Sr3YCo4010:5 20.94 + 0.02
LaBaCoFeOs-+s 27.35+0.02
PrBaCoFeOs+s 22.79 +0.04
SmBaCoFeOs:+s 19.14 + 0.02
GdBaCoFeOs:+s 19.09 + 0.05

137



In the double perovskites LnBaCoFeOs+s (Ln = La, Pr, Sm and Gd) the thermal
expansion coefficient decreases from La to Gd-containing samples. Lee et al. explained
such behavior by considering the ionic character of Ln—O bonds in Lng¢Sr04CoO3-5 [3].
The ionic character of the bond between atoms A and B depends on the difference of their
electronegativities and follows the Eq. (5.1) [7].

% ionic character = (1 —exp[—0.25(x, — x4)?]) % 100
(Equation 5.1)
where x,, is electronegativity of atom #.

So, taking into account Pauling electronegativity values [8], the percent of ionic
character in Ln—O bonds is decreasing from La to Gd, leading to formation of more
covalent bonds, which, in general, have lower thermal expansion.

The double perovskites with smaller rare earth elements, such as Sm and Gd, have
smaller TECs and are therefore more suitable for application as cathodes in solid oxide fuel
cells. However, additional substitutions of Co with Fe or Mn might be necessary to lower
TEC.

Due to the small number of results of dilatometry measurements in presented work,
additional studies of thermal expansion of Sr3YCo4O105 and LaBaCoFeOs:s by
combination of high-temperature XRD and dilatometry studies of larger samples (thickness

of ~10 mm) are suggested for future work.
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Chapter 6. Summary and future work

6.1. Summary

The study of oxygen diffusion kinetics in mixed ionic andelectronic conducting
compounds (MIECs) remains one of the most important aspects of the development of new
cathode materials for solid oxide fuel cells (SOFCs). Requirement of high values of ionic
and electronic conductivities makes MIEC oxides with perovskite (ABOs3) and perovskite-
related structures favorable systems for study. Cobalt-based systems, in general, show very
fast oxygen kinetics, but the presence of Co may lead to low chemical and mechanical
(thermal expansion) stabilities of the cathodes. Several possible ways to improve the
stability of Co-based cathodes are known: 1) macrostructure improvement of the cathode
to compensate the large thermal expansion; or 2) partial substitution of Co with other
transition metals, such as Fe and Mn. Regardless of the technique used to improve
performance, values of ionic and electronic conductivities should remain high and should
be known reliably.

The aim of this work was to combine a theoretical basis and different experimental
techniques for better understanding of oxygen kinetics in perovskite-related compounds,
which is usually considered as a two-step process: the surface exchange reaction and
oxygen diffusion in the bulk of the material.

In the first chapter of the thesis, the general background for oxygen transport in
mixed ionic and electronic conducting compounds was described using the example of a

binary system together with the defect chemistry and the application of MIEC oxides.
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Mathematical equations for different driving forces (such as electric field or chemical
gradient) were also introduced.

In Chapter 2, three different techniques for the study of oxygen kinetics were
discussed: electrical conductivity relaxation (ECR), isotope exchange depth profiling
(IEDP) and molecular dynamic simulations (MD). While ECR and IEDP methods are
based on the same mathematical descriptions of oxygen transport, the experiments
themselves are different. In ECR experiments, the switch of oxygen partial pressure in the
surroundings of the MIEC sample leads to change of its electrical conductivity, which can
be measured and associated with the chemical oxygen diffusion and chemical surface
exchange coefficients. In the IEDP approach, an oxygen-conducting sample in chemical
equilibrium with oxygen in the surroundings is exposed to '®O atmosphere at the same
partial pressure, leading to adsorption of '*O and release of '°0O. The depth of '*O
penetration into the sample, measured with secondary ion mass spectroscopy (SIMS), is
associated with oxygen tracer diffusion coefficient, tracer surface exchange rate and
exposure time. To compare results of ECR and IEDP methods the thermodynamic factor
was introduced. Molecular dynamics simulations are not based on mathematical model of
oxygen transport, but on the description of ionic crystal lattice energy. During the
simulations values of oxygen self-diffusion coefficient can be obtained from direct
observation of ion trajectories.

All three techniques were applied to study oxygen transport in perovskite-related
compound Sr3YCo040105. Molecular dynamics simulations, summarized in Chapter 3A,

revealed possible oxygen migration pathways: Co-O1/02 octahedra (a-b-plane migration)
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and along the 02-O1-02 pathway (c-axis migration). The values of oxygen self-diffusion
coefficient were calculated from the slopes of mean square displacement of oxygen ions
from their initial positions. The values of oxygen tracer diffusion and tracer surface
exchange rate coefficients were determined with IEDP/SIMS technique and described in
Chapter 3B. Electrochemical performance of symmetrical cells with Ceo.9Gdo.101.95 (GDC)
as electrolyte (Sr3YCo04O105 / Ce0.9Gdo.101.95 / Sr3YCo040105) in the temperature range
620 — 770 °C has been evaluated using AC Impedance. In Chapter 3C, oxygen transport in
Sr3YCo04010.5 was studied with the ECR approach; chemical oxygen diffusion coefficients
and chemical surface exchange rates were calculated. Thermogravimetric analysis and
iodometric titration were used to determine thermodynamic factors, which represent the
oxygen concentration in the sample as a function of temperature and oxygen partial
pressure in the surroundings. Finally, we showed that results obtained by all three
techniques are in excellent agreement and the activation energy for oxygen self-diffusion
is about 1.6 eV. When reproducibility of the results obtained by different methods was
confirmed, the choice of one or another technique to study oxygen transport study depends
only on the availability.

Electrical conductivity relaxation along with TGA and iodometric titration were
used to study oxygen transport in double perovskites LnBaCoFeOs+s (Ln = La, Pr, Sm and
Gd), and the results are summarized in Chapter 4. Comparison of the results revealed a
strong dependence of the electrochemical properties on the rare earth element (REE) in the
structure. Decrease of the ionic radius of REE leads to a drop of both electrical and ionic

conductivities, despite the increasing concentration of oxygen vacancies, which are usually
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considered as a major criterion for fast ionic conductivity. The size of REE determines
anion transfer channel dimensions and Ln—O bond energy [1].

Comparison of chemical oxygen diffusion coefficients and chemical surface
exchange rates in ordered and disordered LaBaCoFeOs+s showed faster oxygen transport
in disordered structure. The results are not consistent with the results of molecular
dynamics simulations for ordered/disordered GdBaCoFeOs-+s [2], which may due to the
fact that MD simulations do not take into account formation of oxygen vacancies as the
temperature increases. According to our XRD data (Figure 4.3), where we showed that
amount of oxygen vacancies in the structure directly effects unit cell dimensions, we
assume that this effect is much wider and spreads on to dimensions of anion transfer
channels. Slower oxygen diffusion in the ordered structure can be associated with the fact
that cation ordering in a varying degree effects the ordering in anion sublattice, decreasing
the mobility of oxygen ions.

Dilatometry measurements (Chapter 5) revealed a strong dependence of thermal
expansion coefficient on the rare earth element in LnBaCoFeOs+s. Despite the better
conducting properties of LaBaCoFeOs+s, double perovskites with smaller REE (Sm, Gd)

seem more preferable in application as cathode materials in solid oxide fuel cells (SOFCs).

6.2. Future work
Further investigation of Co-containing double perovskites with substitution of Co
with other transition metals, such as Fe and Mn, needs to be made due to their excellent

potential in SOFC application as shown in this thesis.

143



Dependence of oxygen kinetic on cation ordering in A-sublattice in LaBaCoFeOs:+s
was shown in this work. Additional studies should be made with isotope exchange depth
profiling technique at different oxygen partial pressures along with high temperature x-ray
or neutron powder diffraction to determine the influence of the concentration of oxygen
vacancies and their location on oxygen diffusion.

While preliminary results of mechanical properties (thermal expansion) of double
perovskites were presented in this work, further investigation with combination of high
temperature XRD and dilatometry are necessary to determinate the most suitable material
in terms of SOFC applications.

For SmBaCoFeOs+s and GdBaCoFeOs+s compounds, suitable electrolyte materials
need to be determined in terms of chemical and mechanical compatibility. Electrochemical
performance of these double perovskites needs to be studied with electrochemical

impedance spectroscopy (EIS).
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