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Summary

The objective of this D-subject was to construct a set-up for coulometric titration experiments,
and to measure the electronic conductivity of selected mixed-conducting perovskites as a
function of the oxygen partial pressure. A standard 4-point ‘Van der Pauw’ technique was
employed to measure the electrical conductivity.

The electrical conductivity of mixed-conducting perovskites was studied successfully in a
large oxygen partial pressure range at different temperatures with the use of coulometric
titration. The coulometric titration set-up was designed with easy exchange of samples. The
set-up temperature range is 975 to 1175 K and the lowest obtained oxygen partial pressure is
1-10"° atm.

The oxygen leakage is about 0.4 pA at 1075 K at an oxygen partial pressure of 1-10™ atm and
is in agreement with the literature data of 0.5 pA. The oxygen leakage is controlled by the
mechanical leakage through the ‘Torr seal’. However, the oxygen partial pressure is not
completely under control due to processes that decrease the oxygen partial pressure with time.

The conductivity of Lag9sSr0sC00s.5 1s 1.0-10° S/cm at an oxygen partial pressure of 1-10°
atm at 1065 K and is in agreement with literature. The conductivity of Lag¢sSr05C00;5.5
decreases with the oxygen partial pressure due to the increase of oxygen vacancies and the
reduction of the cobalt. The conductivity of Lag¢sSry¢sCoOs.5 is independent in an oxygen
partial pressure range of 1-10° to 1-107'? atm at 1065 K. Lag.9sSro0sC0O5.5 decomposes below
an oxygen partial pressure of to 1-10"% atm at 1065 K.

The conductivity of (LaggCag»)1.01FeOs.s decreases with decreasing oxygen partial pressure
and increasing temperature in the near atmospheric condition. The conductivity of
(LapsCap2)1.01FeOs.5 is 38 S/cm at an oxygen partial pressure of 1107 atm at 1175 K and is
higher than the conductivity of Lag¢SryFeOss (2 S/cm) in similar conditions. The activation
energy of the electrical conductivity of (LaggCag2)1.0:1FeOs.5 is 50 KJ/mol and is in agreement
with the literature.
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1. Introduction

Mixed-conducting perovskite oxides have potential applications as gas sensors, oxygen
permeable dense membranes and solid oxide fuel cells. The partial ionic and electronic
conductivities are controlled via the defect chemistry exhibited by the materials. Oxygen
coulometric titration (CT) allows precise control of the oxygen activity in the surrounding gas
phase of the material and, hence, enables direct control of the oxygen non-stoichiometry as
function of oxygen partial pressure.

1.1. History

The advantage of coulometric titration is the use of a universal reagent, the electron [1]. The
electron behaviour can be controlled and measured easily and accurately. The electron can
form a direct electrochemical reaction on the electrode or it can react with other reactants.
Faraday reported the basis of coulometric titration by stating in 1833: “The chemical power of
a current of electricity is in direct proportion to the absolute quantity of electricity which
passes.” Due to the work of Faraday and his researches, we now use the terms ions, cation,
anion, electrode and electrolyte. The term ‘coulometric analyses’ was used introduced by
Szebelledy et al. [2] in 1938, they used this term to design a quantitative determination of the
quantity of electricity required to complete a reaction in an electrolysis cell.

At first, several research groups (e.g. Tackett [1]) applied coulometric titration on solutions.
Wagner [3] was the first who reported in 1953 that coulometric titration could also be used on
solids. The electrolyte transports electrons and the counter current is an anion, commonly
oxygen anions sulphide. Wagner used the Nernst equation to determine the potential
difference required to obtain a difference in oxygen fugacity:

RT e [ S
EMF = electrolyte ln cg . (1)
4F foze

Thermogravimetry is used commonly to study the oxygen non-stoichiometry as a function of
temperature and oxygen partial pressure. However, the oxygen non-stoichiometry can be
determined more accurately with the use of coulometric titration. Coulometric titration
enables to study the exact amount of oxygen added or remove from the sample. The amount
of oxygen is an equivalent of the monitored electrical currents and potentials.

Besides that, coulometric titration permits direct control of the oxygen partial pressure
environment in which the sample is placed. Another advantage is that the chemical diffusion
coefficients can be determined by measuring the rate at which the electrochemical cell
proceeds to equilibrium [4]. Therefore, coulometric titration is a useful tool to study the
thermodynamics and the defect chemistry of materials.

The principle of coulometric titration is discussed in chapter 2; and contains the
electrochemistry, diffusion and different kinds of measurements with on samples. Most of the
coulometric titration set-ups found in literature are summarized in chapter 3 CT-designs. The
defect chemistry is discussed in chapter 4. The manufacturing and testing of the coulometric
titration set-up is reported in chapter 5 experimental. The oxygen leakage rate and
conductivity measurements of Lag¢sSr05C00s5 and (LagsCag2)1.01FeOs.5 1s overviewed in
chapter 6 results and the result, design and developments of the coulometric titration set-up is
discussed in chapter 7.
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1.2. Assignment

‘Oxygen coulometric titration of mixed conducting perovskites’

The objective of this D-subject is to construct a set-up for coulometric titration
experiments, and to measure the electronic conductivity of selected mixed-
conducting perovskites as a function of the oxygen partial pressure. A standard 4-
point ‘Van der Pauw’ technique will be employed to measure the electrical
conductivity.

Project:
e Write a literature report, which should cover
a. principle of oxygen coulometric titration (keywords: technique,
materials, information to be retrieved (defect chemistry))
b. experimental problems (oxygen semi-permeability of electrolyte,
accessible range of oxygen partial pressure, buffering gases)
c. Electrical conductivity measurements (2-probe versus 4-probe
measurements, Van der Pauw technique)
Design and construction of an experimental set-up
Testing and evaluation of the experimental set-up
Preparation of selected perovskite samples
Measurement and interpretation of the pO, -dependent conductivity
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2. Principle of oxygen coulometric titration

2.1. Electrochemical cell

Coulometric titration measures and controls the oxygen fugacity in a sealed environment [5].
A sample is placed in a sealed electrochemical cell constructed with an electrolyte (e.g. YSZ)
and two electrodes (e.g. Pt). The electrolyte allows fast oxygen ion transport and therefore
transports oxygen anions between the (sealed) cell volume and its environment. An
experimental arrangement of a double electrochemical cell for a coulometric titration set-up
can be represented as [4]:

f:f ,Pt|YSZ""™ | Pt, f;:"”,sample, Pt|YSZ>"" | Pt, fo’:"f (2)
The Gibbs energy of the cell can be given as:

AGe,, = “g;” o “(r)‘j =4r-EMF 3)
The oxygen chemical potential (in the cell or as reference gas) is:

Mo, = Mo, + RTIn f,, )

Substituting equation (4) in equation (3) will generate the Nernst-equation (5). The ratio
between the oxygen fugacity in the cell and the oxygen fugacity of the reference determines
the electromotive force (EMF or cell voltage E) across the electrolyte:

RT [ 1
EMF = —In [W} (5)

0y

The oxygen fugacity can be considered equal to the oxygen partial pressure in the cell and of
the reference in the case of a standard state of 1 atm total pressure, similar temperature on
both electrodes [6].

The oxygen fugacity of the reference gas is known (e.g. pure oxygen or air), the oxygen
fugacity inside the cell can thus be determined from the obtained EMF. This is the principle of
an oxygen sensor. The oxygen concentration in the cell volume can be controlled by
electrochemically pumping oxygen in or out of the cell through the electrolyte by applying
(instead of measuring) a potential. Equation (6) describes the electrochemical reaction at the
electrode and presents the principle of the oxygen pump, see Figure 1.

0, +4e” <> 20>

R~ . (6)
O, +4e” +V,; <20,
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reference
pO; outside Oz porous platinum
electrodes
g ga / /
—= #5575 T g 57T W

pO; inside

Figure 1: A schematic drawing of an electrochemical oxygen pump [7].

The Nernst-equation (5) can be used if the following requirements are fulfilled:

1. The charge transfer across the electrolyte occurs strictly in an oxygen anions (0%)
transport, indirectly by oxygen vacancies (7,").

2. The equipment connected to the electrodes have a relative large resistance compared to
the electrochemical cell, thus no current is obtained.

3. There are no undesired chemical reactions that changes the composition of the gases
significantly on the electrolyte and electrodes [8].

The transported electrical current (I) determines the oxygen concentration step (change) in the
cell (oxygen in the gas phase and oxygen in the sample):

e ample as 1 [2
AnS" = Any"™" + Ang =—§;|:Idt (7)
Equation (7) can also be written in terms of oxygen molecules:
17
Angt" =———| Idt
== ®)

Every electrolyte experience a semi-permeation oxygen leakage, which can be included in
equation (7):

The factor ‘ n;“**’is the number of oxygen moles that has leaked through the electrolyte due
to semi permeability of the electrolyte.

2.1.1. Oxygen leakage

Oxygen leakage is unavoidable in a coulometric titration set-up because of the difference in
oxygen partial pressure inside and outside the cell at high temperature. The oxygen can leak
into the cell through sealants (hereafter referred as mechanical oxygen leakage) and through
the electrolyte. The electrolyte is mainly an ion conductor, however the electrolyte
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experiences a small electronic conduction at high temperature and therefore shortcutting
occurs. This shortcutting results in oxygen leakage, however, in case of an YSZ electrolyte, it
only occurs significantly above 1000 K or with large gradient in oxygen partial pressures
across the electrolyte.

The oxygen leakage should be known at every temperature and oxygen partial pressure
difference to determine corrections required to perform accurate coulometric titration
measurements. The oxygen leakage can be counterbalanced by a constant oxygen pumping to
maintain a steady oxygen partial pressure environment [5]. Oxygen leakage is presented by a
leakage current. This leakage current is equal the current required to maintain a stable oxygen
partial pressure in the cell. The theoretical relation for electrochemical leakage through YSZ
electrolyte is given by Bouwmeester et al. [9], equation (10). The ‘o’ is a function of
temperature and electrolyte properties.

1 1
szW:{(pngy—<pg;”>4} (10)

2.1.2. Non-Nernstian behaviour of a solid electrolyte

Non-Nernstian behaviour occurs e.g. when the electrolyte is not a pure ionic conductor. The
electrical conductivity compared to the ionic conductivity is related to the (electrical)
transference number, see equation (11) and (12).

;=5 11
' o,+0, (1)
O-z‘ot :Gi +Ge :teotat +ti6t0t (12)

The transference number of electrons is similar to equation (11); the nominator is then
replaced by the electric conductivity.

A solid electrolyte loses its pure ionic conductivity at a certain temperature and oxygen partial
pressure, where it becomes a mixed conductor. The most commonly used electrolyte is
zirconia stabilised with ~8 mol % yttria. Yttrium acts as an acceptor. The defect chemistry of
yttrium stabilized zirconia is described in appendix D.
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TR
The lower oxygen partial pressure limit where ‘?ﬂn_*w'” LB s S
calcium stabilized zirconia becomes a mixed g T
conductor is at a temperature of 1173 K and o DG 5
oxygen partial pressure is 1-10>* atm. The electron 1

transference number ‘7.’ is larger than 0.01 if the

temperature is higher at the mentioned oxygen
partial pressure or the oxygen partial pressure is
lower at that temperature [10, 11]. Iwase et al. [10]
studied the Pg (the oxygen partial pressure where
the ionic and electrical conductivity are equal) of
yttria (6 and 8 mol %) doped zirconia with the use
of'a CT cell, see Figure 2. The Pg value for 8 mol% a

yttria doped zirconia is 10™* atm at 1873 K and 10" *r %, B
2 atm at 1273 K [10]. However, the electronic w1 E !
conductivity is highly dependent on the impurities 7otk

in the material. These impurities can block the  Figure 2: Py of yttria (6 and 8 mol %)

stabilising property of yttrium in zirconia or form a  stabilised zirconia at the oxygen partial
second phase pressure versus reciprocal temperature

[10]

18 -

- logl Pg /101325 Pa)
N
I
I
A
|

o
5

2.2. Diffusion and kinetics

The oxygen diffusion in the sample or in the gas phase and the oxygen surface exchange
coefficients can be determined with the use of a coulometric titration set-up. The equilibration
time after an oxygen partial pressure step is monitored. The oxygen diffusion in the gas phase,
the surface reaction and the diffusion in the gas phase can determine this equilibration time.
This equilibration time is highly dependent on the temperature [7].

2.2.1. Oxygen ion diffusion in the sample

Oxygen ions diffuse in the bulk of a mixed-conducting oxide if there is an oxygen chemical
potential gradient [12]. The equilibration time for this diffusion process can be determined
with coulometric titration. The oxygen flux Jo is related to the gradient in oxygen chemical
potential ‘p, * as given by the Wagner [13] equation:

1
Jo :_Wcotevuc)z (13)

To describe the non-steady state transport of oxygen, the equation (13) is often rewritten in
terms of oxygen concentration gradient Ve, :

J, =-DVe, (14)

Where ‘D’ is the chemical diffusion coefficient for oxygen in predominantly electronic
conducting samples (#,=1) and can be given as:

~ o 8u0
D: o 2
8F? [ ac, J (15)
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The term between brackets can be obtained independently by measuring the oxygen non-
stoichiometry of the sample as a function of its oxygen chemical potential at equilibrium by
substituting equation (15) in the Nernst-Einstein equation. The conductivity of oxygen ions is:
(The oxygen valence (zo) is —2.)

2 2
_ D,c,zoF

o, = (16)

The relation between the component diffusion coefficient Do and the chemical diffusion
coefficient D can be given as:

HpD 10InF,
(2 dIne, (a7

The oxygen ion transport is assumed to occur via a hopping process over vacant oxygen sites
[12]. If all the vacancies are equivalent then the chemical diffusion coefficient can be written
as function of the * D’ vacancies diffusion coefficient:

HebD 10InF,
" 2 6mne, (18)

2.2.2. Surface reaction

The exchange of oxygen between the oxide surfaces and the gas phase can involve series of
reaction steps of which any can be rate determining [13]. The reaction steps include
adsorption, dissociation, charge transfer, surface diffusion of intermediate species of oxygen
and, incorporation in the surface layer. Generally, the surface reaction of oxygen is associated
with transport of charge.

A possible scheme for the surface kinetics of a mixed-conductor is presented in equations (19)
to (23):

0,(g)=20, (19)
0. re—0. (20)
0, +e =02 @)
O, +e'+ V(;:\‘ample - Og),.\'amp]e (22)
Ont +Vampte = O, sampe (23)

The mechanism and the rate of surface kinetics may vary from material to material and can be
determined with coulometric titration. The equilibriums in equation can be written with
equilibrium constants and these have specific activation energies.

2.2.3. Oxygen gas diffusion

Oxygen diffusion in the gas phase is likely to be fast compared to the oxygen diffusion in the
bulk of the sample. The oxygen diffusion in the gas phase in case of different concentrations
and can be described with the first Fick’s Law:
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j=-D2 4)

The oxygen diffusion in the gas phase is dependent on the diffusion coefficient, which is a
function of temperature, the concentration difference (c) and, the distance (x). In case of a
tube, the distance is mostly dependent on the length of the tube and the amount of dead
volume.

2.3. Non-stoichiometry and conductivity measurements

The non-stoichiometry is determined by the amount of oxygen in the metal. The oxygen
added or removed to the cell is precisely known. The oxygen sensor measures the oxygen
partial pressure. This oxygen concentration can be calculated with the oxygen partial pressure
in the gas phase and the effective volume see equation (25). The difference between the added
oxygen moles and the increase of oxygen moles in the gas phase must be adjusted to the
sample. The temperature in the cell is not constant. Therefore the total oxygen content can not
be derived from the ideal gas law. The oxygen partial pressure step, the obtained oxygen
pump current and the oxygen leakage must be known to determine the effective volume.

€ eakage 1 r2 1 V i d
AnCel = plesks _Ej‘ldt_ﬁ(?) (Pof2 _POZ) (25)
4 eff

The non-stoichiometry ‘A8 ’ of the sample can be written as:

mmo lar mass eakage 1 s as phase
AS :’—.[ng hag —ﬁj(l)dz—Ang o j (26)

sample 4

The conductivity of the samples can be measured independently of the surface area with the
4-probe ‘Van der Pauw’ technique.

A bar shaped sample is the most common sample shape for applying the ‘Van der Pauw’
technique. However, it can be difficult to construct a bar with a constant cross section surface
of the length of the bar. The ‘Van der Pauw’ technique can also be applied on disc shape
samples.

The condition for the ‘Van der Pauw’ method [14]:

The sample is of uniform thickness

The contacts are at the circumference of the sample

The contacts are sufficiently small

The surface of the sample is singly connected, i.e.: the sample should be homogenous
and should not contain isolated holes.

b s

10
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Vi-) 1 (+) [ (=) [(+)

d a

4 b
1(=) Vi+) V(=)
(la) {6)

Figure 3: Schematic diagram ‘Van der Pauw’ technique to study the
conductivity [14]. Method (a) and (b).

For each conductivity calculation, two resistance must be measured, see (a) and (b) in Figure
3. The electrodes are drawn on the sample, however the electrodes are in practise on the side
of the disc shape sample. The resistance Rqpoq is defined as the potential difference between
the contacts ‘d’ and ‘c’ per unit current through the contacts ‘a’ and ‘b’. For each
measurement the resistance is determined of (R1) Raped (=Ved/lab, ‘@) and (R2) Radcep
(=Vu/lag, ‘b’), see Figure 3.

The reciprocal of the conductivity is the resistivity ‘p’. The resistivity [2'm] is a function of
the thickness (d) and two resistances (Rapcqd and Radch), see equation (27).

d\| (Ryeq + Rog
p= (El_zj {w] F(Rypear R o

Whereas the function of the resistances is given as:

f(Rab,cd R ) ~1— |:(Rab,cd —R0 )] B {(Rabmd —Ryw )} « {(ln 2) B (1n 2) :| (28)

(Rah,cd + Rad,cb ) (Rab,cd + Rad,cb ) 4 12

The conductivity can also be measured by using an alternative current (AC) instead of DC
measurements described above. The resistance, and the conductivity, can be determined by
the impedance at different frequencies by using the software program Equivalent circuit [15].
This technique is called impedance spectrometry and is also able to distinguish the bulk and
grain boundary resistance.

11
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3. Existing coulometric titration set-ups

3.1. Oxygen pump and sensor design

In many studies [16-26], a single electrochemical cell is used to measure and control the
oxygen partial pressure. Bakken [5] reported that a single cell caused drifts in the EMF if the
atmosphere contains a lower oxygen partial pressure than 1-10” atm. Bakken [5] avoided the
EMF drifts by using a double electrochemical cell with 4 electrodes and obtained a stable
EMF at lower oxygen partial pressure (1:102° atm). Other research groups [27-32] used a
double electrochemical cell with only three electrodes.

A disadvantage of the three-electrode system is that polarization losses changes too much at
the electrode in the reducing environment after a potential steps [4]. The polarization losses
exert a significant influence on the accuracy of the oxygen sensor [33]. A 4-electrode system
minimises the polarization losses and is used by many research groups [4, 7, 11, 32, 34-53]. A
coulometric titration set-up with two separated electrolyte tubes or electrolyte discs with both
two electrodes is found also. The four electrodes can also be placed on a single electrolyte.
However, the electrodes of the pump and the electrodes of the sensor on the same electrolyte
must have a certain distance to avoid interaction.

The choice of on electrolyte is dependent on the requirements of the temperature and oxygen
partial pressure. Cubic stabilised zirconia is a pure ionic conductor at temperatures ranging
from 800 to 1400 K [10]. The most commonly used electrolyte at this temperature is yttria-
stabilised zirconia. The yttria content varies between 3 to 10 mol% for respectively high
strength and high ionic conductivity and relative high ionic and stable conductivity.
Gadolinium stabilised ceria is an alternative electrolyte at lower temperatures.

The electrolyte must have a certain thickness to remain gastight and to have enough
mechanical strength. A decrease of the thickness of the electrolyte increases the oxygen ion
current. A thinner electrolyte with the same potential results in a higher potential over a short
depth and that can result in decomposition. The high potential is also called the decomposition
potential ‘U’. Schober el at. [54] reported a decomposition potential of 1.2 V for 8§YSZ (8
mol% yttria). The decomposition potential ‘U’ is given by:

A,G=-nFU' (29)

Ochin et al. [26] reported a similar value (less than 1.5 V) for preventing reduction of the
zirconia tube.

The choice on electrode material is dependent on the temperature. Platinum is the most

common used electrode material for metal oxides at high temperature (in the order of 1200
K). The platinum should be porous and clean [7] to obtain fast surface reaction.

12
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Table 1: Overview of samples, limitations of oxygen partial pressure and temperature, number of
electrodes and types of measurements performed for all the coulometric titraition set-ups found in
literature.

c0 g
=] B2
o E o BE >
c g 222
) v o ) o _ k3]
3 § 3 & 25ES
2 Z S 2 @ S835%
[4] 973-1273  10* 3,4 La(Sr)CoO, La(Sr)FeO 5’
[16-18] 950-1300 107 2 La(Sr)MnO, Sr(Fe)CoO D,
[34] 1073-1273 10" 4 SrTi(Nb)O ‘6’
[28, 29] 1173-1273 10° 3 CaTi(Fe)O 'y
[19] 950-1300 10° 2  CaTi(Fe)O ‘8’
[21,22] 650-1250 107 2 BiV(Cu)O, Sr(Fe)CoO Y
[30, 31] 1073-1373 10" 3 LaMnO, La(Sr)MnO, LaSr(Fe)MnO, ‘&’
LaCrO
[35] 1173-1523 10" 4 Fe(Y)O ‘%
[11,36-40] 550-1250 - 4 Gd(Mn)TiO, CuO ‘5
[55] 1073-1273 10 3 Ce(Ca)O, Ce(Gd)O ‘8
[41-44] 973-1123 10> 4  Ni-Cr, Fe, Zr, Ti, Ni, Cu, Fe, Mo, Cr &’
[23-25] 673-1273  102° 2 La(Sr)FeO, La(Sr)MnO, CuO Y
[20] 923-1173  10* 2 La(Sr)CoO D, ‘¢’
[32] 863-1173 107 4  HoBaCuO ‘c", 8
[7, 56] 973-1273  10*° 4  SITiO ‘", 8
[5] 1223-1373 10" 4 SrFeO and CaMnO Y
[27] 1473 102 3 Ni, Co, Fe, CoFeO 8’
[45-53] 473-1223 10" 4 Miscellaneous ‘6’
[26] 873-1373 10" 2 CuO ‘6’

' The studied samples are named by the material, the doping content are written between brackets, the
stoichiometry is not given. The complete names of the materials are in appendix A ‘coulometric titration set-
ups’.

3.2. Similarities and differences in coulometric titration set-ups

The coulometric titration set-ups found in literature can be divided into two groups based on
the gas volume in the cell. Many set-ups [4, 12, 16-18, 21, 22, 28, 29, 32, 34, 57-61] are
designed to minimise the gas volume and thereby to measure the non-stoichiometry
accurately. The sample is either directly attached on the electrolyte or the sample is placed in
an electrolyte crucible, which is sealed and filled to reduce the gas volume. The volume of the
cell is similar to the volume of the sample. The mass of the samples measured by this group
varies between 0.04 to 0.7 grams. The second group [7, 11, 23, 24, 26, 27, 35-53, 56, 62-67]
contains a gas volume between 7 and 190 cm’ and are listed in Table 2. The mass of the
samples measured by the second group varies between 0.3 to 15 grams.

The conductivity and / or the non-stoichiometry of the samples are measured either in argon
or in reactive gasses. Sockel et al. [27] and Ohly [7] used hydrogen as reactive gas in their
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cells. Mitberg et al. [45-48] controlled the oxygen partial pressure with an initial carbon
dioxide/oxygen (50/50) environment and Porat and co-workers [11, 36-40] used argon, carbon
dioxide and hydrogen in their cells. Both reactive gases have the disadvantage of possible
reactions with the studied material. Hydrogen gas contains always oxygen and water (vapour),
whereas carbon monoxide can react to form carbonates.

The oxygen leakage of coulometric titration set-ups is an important factor how the cell
performs. Marques et al. [6] found a negligible oxygen leakage through an electrolyte in an
oxygen partial pressure range between 10°" and 10"’ atm. Belzner et al. [16] found a steady
state leakage current into their coulometric titration cell ranging from 0.1 to 4 pA and is
mostly dependent on the temperature (973 to 1133 K). The oxygen leakage caused by the
semi-permeability of the YSZ is dependent on the electrode area. The electrode area of the
electrochemical cell in the design of Belzner et al. [16] is 0.2 cm?, which results in a specific
oxygen leakage of 0.1 pA/cm” (0.5 pA) The coulometric titration set-up of Bakken [5] has a
specific oxygen leakage of 40-400 pA/cm? (1223 to 1323 K) (200 pA).

The current obtained to pump oxygen in or out the cell electrochemically varied between 10
pA to 10 mA. The materials used in coulometric titration set-ups are: stabilised zirconia as
electrolyte material, platinum as electrodes and wires, alumina and quartz as inert and
insulation material. Brass fittings are commonly based on light metals. The connections
between a brass fitting, alumina, electrolyte material and quartz are sealed gas tight with
minimal two O-rings, preferable Viton O-rings. Wires are sealed usually with an epoxy resin
such as “Torr seal’ or a glassy material.

Table 2: Cell volumes of coulometric titration set-ups found in literature.

Research group Cell volume in cm’
Sockel et al. [27] 7-10
Piekarzcyk et al. [35] 25

Porat and co-workers [11, 36-40] 50
Mizusaki et al. [23-25] 25

Lietal. [41-44] 40

Ohly et al. [7, 56] 80
Mitberg et al. [45-53] 125

Ochin et al. [26] 190

3.3. Problems and challenges in coulometric titration

Iwase et al. [10] reported the possibility of ultra low oxygen partial pressure of 1-10% atm.
Only a few research groups [7, 30, 41, 45, 59] obtained an oxygen partial pressure in that
order. The accessible range of oxygen partial pressure in coulometric titration set-ups is
mainly limited by the lowest oxygen partial pressure and is controlled by the oxygen leakage
due to oxygen leakage through the sealings (mechanical leakage) and the semi-permeability
of the electrolyte material.

Oxygen leakage through the electrolyte can be minimised by cooling the part of the

electrolyte that is not used for pumping or measuring the oxygen. The conductivity in solid
state electrolytes is generally low at low temperature (800 K) [33].
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The working temperature of the electrolyte mainly determines the accessible range of
temperature in coulometric titration set-ups. The working temperature of the electrolyte is the
temperature whereas the ionic conductivity is high and the electronic conductivity is
negligible. The design of e.g. Porat et al. [11] is able to control the temperature of the sample
independently of the temperature of the electrolyte. The temperature range is in their set-up
only restricted by the material choice of the coulometric titration set-up such as the seal
material.

Blackening

The demanding oxygen flux is achieved by applying a potential over the oxygen pump. High
potential difference between the electrodes can cause a negative side effect and is called
blackening. Blackening occurs when the oxygen vacancies and electrons form clusters. This
problem can be avoided by applying small potential steps. So, only small amount of current is
transported. However, small potential steps with result in low pump speeds.
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4. Defect chemistry of mixed conducting perovskites

4.1. Lanthanum based perovskites

La; xAxMOs.5 (A is Ca, Sr or Ba, M is Cr, Mn, Fe, Co etc.) are mixed ionic and electronic
conductors. These materials are of special interest for catalysts, chemical sensors, oxygen
separation membranes, SOFCs and other fields. These perovskite type oxide have the
characteristics of mixed valence state of the B-site metals (perovskite ABO;), large non-
stoichiometry and formation of solid solutions [23].

The oxygen permeability of lanthanum ferrate perovskites is moderate. The lanthanum ferrate
perovskites are stable in strong reducing environments: 1-10"7 atm [9]. The conductivity of
La; «SriFeOs.s has been studied at different oxygen partial pressures, different temperatures
[68]. The defectchemistry model of La;SriFeOs_sis described with the Kroger-Vink notation
[69], see Table 3.

Table 3: Kroger-Vink notation

Symbol Explanation
\Y Element symbol
Net double positive charge with respect to the
‘neutral’ lattice
Net single negative charge with respect to the
‘neutral’ lattice
X No charge with respect to the ‘neutral’ lattice
O Lattice site

SrFeO; is incorporated in LaFeOs by the formation of Fe** cations:

StFe0, — g7 St + Fej 305, (30)

Where, the Srp,’ is a Sr** cation at the La>" lattice site, and Fep. is a Fe*" cation on a Fe*

lattice position. The Og* is an O* on a regular site in the perovskite structure. The non-
stoichiometry is in equilibrium with the oxygen partial pressure and can be described as:

L] X X (1] 1
2Fe; +O; = 2Fe;, +V, JrEO2 (g) (31

The Fe** cations are reduced to Fe*" (Fer.*) and the oxygen vacancies (V") are formed at low
oxygen partial pressures. For the sake of simplicity the oxygen vacancies are assumed to be
double charged Vo . The iron cations concentration is related via the charge
disproportionation equilibrium:

2Fe;, = Fej, +Fe], (32)

The equilibrium constants of the non-stoichiometry reaction (K,x) and the disproportionation
reaction (K,) are described as:
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[Fet. J[Fer ]

p - [Fe;e ]2 (33)
X 12y oo A
K. - [Fer.] [\.'/vo2 ][1:02] (34)
[Fer. I'[Oo]
The overall electroneutrality condition can be written as:
[Fe} 1+2[V3'] = [St), 1+ [ Fey, ] (35)

Other defects and sites are in balance with the following conditions:

[Fe;e ] +[Fe;e]+[Fe'Fe] =1
| La;, [+[sr,]=1 (36)

[0y ]+ Ver]=3

The Fepe is equal to the amount of electrons and Feg,’ (Fez+) is equal to the amount of electron
holes. The oxygen vacancy concentration (Vo) is the non-stoichiometry term (8). The
equilibrium oxygen partial pressure can now be calculated as a function of the mole fraction
of the point defects of equations (31) and (32):

o _[KeKolFed) a7
% VS [Fer ]

4.1.1. Non-stoichiometry of La;,Sr,FeO;;

The non-stoichiometry defined by the defectchemistry model described above is compared
with literature results and is presented in Figure 4 with the use of the constants in Table 4.

Table 4: Equilibrium constants of the non-stoichiometry reaction and the proportionation reaction at

1273 K [69].
Lal_xerF603_5 Lal_XerC003_5
Kox(atm'?) 7-10 910~
K, 1-10° 3.5107

17



®

Designing an oxygen coulometric titration set-up to study mixed-conducting perovskites

3.06 | T i "
%
300 .
g
o
v
4
2 /
|
™
- v La0_95r01C003
LanqSraFeO
° -409°701"¢Y3
+ LaO.SerQMnO:i
282 ° La57557025¢ 03 _
/ ] 1 1
-20 -15 " -10 -5
Lo /atm)
g 0,
Figure 4: Experimental non-stoichiometry of La, ,Sr,BO;_; (B=Co.
Fe, Mn or Cr) at 1273 K together with the calculated values from
the defect model described above [69].

The La;«SrxFeO;_s material is close to fully oxidised at the highest oxygen partial pressures.
There is only a small amount of oxygen vacancies due to the presents of Fe*" which is caused

by the strontium doping. The only charged point defects are Sr;,” and Fep. and the
electroneutrality becomes:
[Fe., =[S/, ] (38)

The concentration of Fe*" is much higher than the oxygen vacancy in the high oxygen partial
pressures. Equation (34), reduces to:

1

[V," 1o pO, 2 (39)
At lower oxygen partial pressures the amount of oxygen vacancies increases, see equation
(34) and the charge compensation occurs via the reduction of Fe*" to Fe’'. Then, the
electroneutrality is presented as:

[Fer J+2[V5]=[Sr,] (40)
No simple relation for the non-stoichiometry can be given. An non-stoichiometry plateau is
observed at lower oxygen partial pressures. This region is characterised by the fact that all of
the Fe* have been reduced to Fe*". The electroneutrality for this region can be written as:

2[Vs']=1[Sx,] (41)
The oxygen vacancy concentration is stable and equal to the level of strontium doping. At
lower oxygen partial pressure, the iron reduces to Fe’” (Fer.’) and finally the material
decomposes.

The calculated mole fractions of oxygen vacancy, Fe'" and Fe’" as a function of oxygen
partial pressure of Lag oSty ;FeOss is presented in Figure 5.
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Figure 5: The calculated mole fractions of the oxygen vacancy, Fe*"
and Fe** of LagoSry1FeO;; as function of the oxygen partial
pressure is presented [69].

4.1.2. Conductivity in La;,SrFeOs.5

Mizusaki et al. [70] suggested that the electronic conductivity in LaFeOs is based on localized
electrons. The concentration of the electrons are represented as mole fractions of Fe*'
(electrons) and Fe*" (electron holes). The electrical conductivity can be given as:

F
o =V—[uen+uhp] (42)

M

Whereas u, and uy, are the electric mobilities of the electrons and electron holes. Vi is the
molar volume. The concentrations of Fe*" and Fe*" determine the total conductivity, these
concentrations are strictly related to the non-stoichiometry as describe above. The total
conductivity will have a minimum value when the average oxidation state of iron is three,
with the assumption that the mobility of the two species are similar [68].

The charge carriers (in equation (35)) and the mobilities are dependent on temperature. The
activation energy of the electron mobility is usually low. The influence of temperature on the
mobility is only apparent in the region where the charge carrier concentrations are constant
and independent of the temperature. This is the case of high oxygen partial pressure. The
conductivity can be given as:

F

G :ﬁ”hp (43)

At lower oxygen partial pressure, the non-stoichiometry is determined by the formation of
oxygen vacancies and the reduction of the iron valence. The conductivity decreases with
decreasing oxygen partial pressure and increasing temperature. A higher oxygen vacancy
concentration and a further reduction of iron to Fe*" at even lower oxygen partial pressure
increases the amount of electrons. The conductivity increases with increasing temperature due
to the formation of these electrons.
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4.2. La0_958r0_05CoO3-5

Lanthanum cobaltates exhibits higher oxygen permeation fluxes than lanthanum ferrates.
Therefore, the lanthanum cobaltates are of interest for the above mentioned applications.
However, lanthanum cobaltates are not very stable at low oxygen partial pressures [9]. The
conductivity of lanthanum cobaltates doped with different strontium content was studied by
several groups [4, 20, 71, 72]. The conductivity of La; SrxCoOs.s with a strontium doping of
x=0.05 has not been studied. In this study the conductivity of a LagsSry0sC0oO3.5 sample is
measured at 1065 K in an oxygen partial pressure ranging from air down to the oxygen partial
pressure, where the sample decomposes. The defectchemistry model is described in section
4.1. and can be used for La; «SryCoOj;_; with some adjustments. Equation (30) becomes:

SrC00; — (a7 Sté, + Cog, 305 (44)

And equation (31) is rewritten as:
2C0", +07, & 2007, + V" + %02 () 45)

The defectchemistry model is used to calculate the mole fractions of the oxygen vacancies,
Co”" and Co*" as function of oxygen partial pressure, see Figure 6. The lanthanum cobaltates
show p-type conductivity for all the oxygen partial pressures. Even for large concentration of
oxygen vacancies the average valence of the B-site cation (in this case: cobalt) is lower than
three. Therefore, the conductivity model described in section 4.1. with charge
disporpotionation and localised electrons is not applicable for lanthanum cobaltates [68].

O I T I T
COi:c;
C ]
3 Vg °Co i
o
o
= |
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=5 =G S -2 -1 0
Log(FH_/at

Figure 6: The calculated mole fractions of the oxygen vacancy, Co*"
and Co*" of LagoSry1C00;_; as function of the oxygen partial pressure
is presented [69].

The structure of La; SriCoOs_5 is either rhombohedral or cubic, see Figure 7 [71]. The non-
stoichiometry of La;.«SrxCoOj;.5 increases with decreasing oxygen partial pressure [20, 71,
72]. The electrical conductivity of LagoSrg;CoOs5 is 1.6-10° S/cm at 973 K in air and
0.5-10° S/cm for undoped lanthanum cobaltate. The electrical conductivity of La; SrxCoOs.s
increases with strontium content at 973 K with a maximum for x = 0.4 [71].
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The electrical conductivity of La;«SryCoO;; is
almost independent on the strontium content (0.1-
0.3) and is 1.3-10° S/cm in air at 1073K. However,
the electrical conductivity of undoped lanthanum
cobaltate is an order lower than Lag¢Srg1C00;.5 in
air at 1073K [71].

The electrical conductivity decreases with
decreasing oxygen partial pressure above 800K for
a strontium content of 0.3 in the near atmospheric
condition [71].

4.3. (Laolgcao_z) 1_01FeO3-5

Transition temperature, K
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Figure 7: Transition temperature from the
rhombohedral to the cubic structure for
LaSr,Co0s; [71]].

Calcium-doped lanthanum ferrates are also of interest for previously mentioned applications.
A patent has been written for (Lag sCag2)1.0:1FeO;.5 [73]. The defectchemistry model described
in section 4.1. for La;SryFeO;s can be used to describe the defect chemistry of
(LapsCap2)1.01Fe0s.5. Only, equation (30) is different for (LagsCag2)1.01FeOs.s and becomes:

CaFeO; —o— Ca;, + Fel, +30;

(46)
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5. Experimental

5.1 Sample preparation

Lag.95S19,05C005.5 and (LagsCap2)1.01FeOs.5 powders were synthesized by the EDTA-route as
reported by van Doorn et al. [74]. The powders are pressed uniaxially (28 MPa for five
minutes) in a mould to form a disc-shaped sample. The density of the samples is increased by
isostatic pressure (400 MPa for five minutes). The Lag9sSro0sC003.5 sample is sintered at
1150°C for 10 hours and (LaysCag2)1.01FeO;.s sample is sintered at 1300°C for 10 hours, the
heating and cooling rate was set at 1°C/min. The samples (¢ 15mm, thickness £1mm) are
grinded with a diamond paste of 3 um.

5.2 Design of the coulometric titration set-up

The coulometric titration set-up of this study is designed to control the oxygen partial pressure
between 1 and 1-107" atm. in a temperature window of 600 to 1000°C.
The set-up is designed with the following requirements:

e Easy sample change

e FEasy change of gas condition

e Oxygen sensor independent of the oxygen pump

e (Conductivity measurements by ‘Van der Pauw’ technique
The design is a static gas system with a single electrolyte material with a double
electrochemical cell. The electrolyte material is an YSZ tube (205x13 @4, mm) based on the
available material, produced by Gimex, Geldermalsen, The Netherlands. The cell, oxygen
sensor / pump, sealing, sample holder, gas system and the electrical equipment of this design
are discussed below.

5
= ) 1 2
[h~r] S—1 £ ¥
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Figure 8: Schematic overview of the coulometric titration design of this work. A quartz tube (1) with a gas
inlet (4) is located in a tubular furnace (5). A sample holder (3) with sample (6) is inserted on the left of the
quartz tube. A YSZ tube (2) acting as a double electrochemical cell (oxygen sensor at the tip of the YSZ tube
and an oxygen pump) is inserted on the right side of the quartz tube.

5.2.1 Cell
The cell, with a volume of 0.14 1, contains the oxygen sensor / pump, sample holder and a
sample. The allowed sample size is between 8 and 18mm in diameter and a maximum

thickness of 3 mm. The cell is inserted in a tubular furnace (27 mm & X 160 mm long). The
material of the cell has the following requirements: The cell must be gastight, withstand high
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temperature gradients, insulate temperature and must be sufficient mechanically strong.
Quartz and alumina are two possible materials for the use of coulometric titration cell. Quartz
crystallises. However, quartz material is easy to adjust in certain shapes.

The size of the furnace is determined by the size of the cell. The length and the diameter of
the cell are as small as possible to minimise the gas content. And thereby, the equilibration
time to obtain stable oxygen partial pressure is minimised.

The temperature of the tubular furnace is controlled with an accuracy of 0.1 K. The
temperature profile is recorded and the temperature is constant (+ 4K) over a distance of 30
mm in the centre of the furnace.

5.2.2. Oxygen sensor and pump

The oxygen sensor is located as near as possible to the sample. The oxygen pump and the
oxygen sensor are applied on the same electrolyte material to simplify the set-up, see Figure
9. The oxygen sensor and pump are at a distance of 20 mm from each other to avoid
interaction.

The YSZ tube, is painted with
‘Comptoir Lyon Alemand Louyot
Platinum-paste L42’ electrodes with a
paintbrush. The platinum paint is
fired (1323 K for 2 hours with a rate
of 2 K/min). A porous platinum layer
is observed with a light microscope.
The porous layer benefits the oxygen
exchange with the surrounding and
the YSZ-tube. The sensor area is
equal to the tip of the tube and
corresponds to and area of 1 cm”. The
pump electrode area (5 cm?) is
located at a distance of 20 mm of the
sensor to avoid interaction of these Figure 9: Picture of oxygen sensor and pump in quartz tube.
electrodes. The pump electrode is

painted around the tube over a distance of 40 mm, to obtain a large surface exchange area.
The electrodes inside the YSZ-tube are painted similarly. The inside of the tube is painted by
turning the YSZ tube around a paintbrush. The YSZ-tube is placed into a furnace over a
length of 70 mm. The maximum temperature at the flanges is about 800 K with a temperature
in the middle of the furnace of 1200 K. The temperature of the YSZ tube at the flanges
controls the length of the pump electrodes due to the working temperature of the YSZ-tube.

A platinum wire (¢ 0.2 mm) is winded around a quartz ring, see Figure 9. The YSZ tube is
inserted in this ring and the weight of the ring proved to be enough to maintain contact
between the outer pump electrode and the wire. A second ring was held in position by the cell
wall and the tip of YSZ-tube was spring loaded against this second ring. The spring is
connected with the quartz tube and attached to the YSZ-tube and is located outside the
furnace. Resistance over the sensor and pump electrodes are obtained in the order of several
Ohms (2-200Q) in air at 1100 K.
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The connection of the inner sensor electrode is achieved with a platinum gauze. The platinum
gauze is attached on an alumina tube, which contains four capillaries. This alumina tube is
spring loaded (outside the furnace) to maintain contact between the inner sensor electrode and
the platinum gauze. One of the capillaries insulated a platinum oxide wire that connects the
platinum gauze. A second platinum wire is in one of the other capillaries and connects a
second platinum gauze winded around the alumina tube. This second platinum gauze is
located 30 mm distance of the tip of YSZ-tube, the weight of the alumina tube and the size of
the platinum gauze results in good contacts with low electrical resistance.

5.2.3. Sample holder

The sample holder consist four electrodes that maintain contact with the sample, see Figure
11. The four electrodes are made of platinum thin film and are connected with a platinum
wire. Two electrodes are fixed on the sample holder and a second pair of electrodes is spring
loaded to insure contact between electrodes and samples. The spring is located outside the
furnace.

The sample holder is connected with the cell via a quartz glass joint. Grease is used in the
quartz connection to obtain a gastight sealing.

The sample holder carries also a thermocouple to monitor the temperature at the sample. The
thermocouple is based on a platinum wire connected with a 10% rhodium doped platinum
wire. In summary, the sample holder transports 6 wires from near the sample to the outside of
the furnace. These wires were insulated with quartz capillaries (@i, 0.5 mm). The quartz
capillaries are open near the sample and sealed gastight with ‘Torr seal’ outside the furnace.

Figure 10: Overview cell with inserted sample holder Figure 11: Sample holder tip with 4 electrodes. The
(left) and oxygen sensor and pump (right) in the jnper quartz tube is pressed slightly, with the spring,
quartz tube. The red screw cape holds the spring in to the left. The two electrodes on the right are
position. The spring pulls on the inner quartz tube, copnnected on the inner quartz tube. These two
see Figure 11 electrodes press the 1 euro cent against the other two
electrodes that are fixed on the outer quartz tube.
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5.2.4. Sealing

The quartz tube and YSZ tube were connected gastight with the use of two Viton O-rings. The
outer electrodes (located in the quartz tube) were connected with platinum wires. These wires
must be transported out of the cell to enable a connection to the electrical equipment. The
transportation to the outside the quartz tube can only be sealed gastight in the cold parts with
sealants such as ‘Torr seal’.

5.2.5. Gas system

The cell can be flushed with different gases, see Figure 12. The gas in and outlet tubes are
connected with metal connectors. The gas supply is controlled and monitored with mass flow
controllers. The outlet gas is fed to the vent. The used gases are: technical air, argon (oxygen
partial pressure of 1-10” atm.) and 50 ppm CO, in nitrogen (oxygen partial pressure of 1-10™
atm.). The cell can be emptied with the use of a vacuum pump. The cell is emptied and filled
at least three times (until similar oxygen partial pressure is obtained). The oxygen leakage is
minimised by filling the cell with an overpressure of several mbar, measured with a separate
barometer. The gas outlet of the vacuum pump is led to the vent.

® MFC ® ® | Vacuum pump

Z: 8 & Raromet

o 80

@) = .

Coulometric
— titration set-up
____/ &
Vent

Figure 12: Schematic overview of the gas system. The gases are controlled with (MFC) mass flow
controllers. The figures (&) are valves. The cell can be emptied with a vacuum pump and the total
pressure can be determined with a barometer.

5.2.6. Electrical equipment

Oxygen sensor / pump

The oxygen sensor is monitored with a Keithley 617 electrometer and registered with an
Ankersmit A41 recorder. The oxygen pump is connected with a Bank Potentiostat MP 81 to
control the potential over the pump and to measure the current. The current output of the
potentiostat is a potential and can be calculated to the actual current by dividing the potential
with a 109.4 Q parallel-connected resistance, the potential is recorded. The pump current is
used to calculate the amount of oxygen pumped in or out.
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Conductivity
A Philips power supply (PE 4818) applies a minimal potential of 0.65V over the sample, the
amount of current is measured with a Keithley 197 multimeter, see Figure 13.

The potential over two opposite electrodes is measured with a second Keithley 197
multimeter. The electrode arrangement is switched to a different ‘sequence’, see Figure 13.
The two resistances obtained from both configurations are combined for the calculation of the
conductivity, see equation (27).

3 MM {
] (a)
MM
: 5
4
T e
1
(b)
2 4 MM

Figure 13: Schematic overview of the electrical circuits and equipments of the ‘Van der Pauw’
conductivity set-up. !,2,3 and 4 are the four probes. The potential and current is monitored
with multimeters (MM). Both configuration methods (a and b) were presented.

5.3. Development of the coulometric titration set-up
The coulometric titration set-up has been modified several times and is presented in Table 5.

Table 5: Code description of Development and type of measurements for the coulometric titration cells.
Two YSZ tubes are used (A and B). In total 7 Quartz tubes have been used (0-6). The sample holder has
been changed (S1 and S2) twice.

Date  Code Change Measurement

12-12  AO0S1 First design Oxygen leakage

08-01 Al1S1  Feed-throughs, Pt-gauzes Oxygen leakage

22-01 A2S1 Smaller inner gas tube Oxygen leakage and conductivity of

Lag.95Sr9.05C003.5

13-02  A2S1 Quartz tube cleaned Oxygen leakage / sorption

14-02 A3S1 Quartz tube, cleaned sample Oxygen leakage / sorption
holder

16-02 B4S1  Quartz tube, YSZ tube, Pt- Oxygen leakage / sorption
gauzes

15-03 AS5S1 Quartz tube, cleaned sample Oxygen leakage / sorption

holder, wrapping Pt-wire
19-03 B6S2  Quartz tube, cleaned YSZ, Oxygen leakage and conductivity of
new sample holder (LapsCap2)1.01FeOs.5
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5.3.1. Cell / sealing

The mechanical oxygen leakage of quartz glass joints can be detected by applying a vacuum.
The total pressure is stable in case of good sealing of the quartz connection with the use of
enough (proper) grease. However, the amount of grease should be reduced to minimise carbon
contamination of the cell.

The Viton O-rings oxygen leakage is tested in a similar way as the quartz glass joints. The
oxygen leakage in cell A1S1 was not decreased with more Viton O-rings.

In principle, the oxygen leakage due to the semi-permeation of the electrolyte material can be
neglected, unless the electrolyte is contaminated. ‘Torr seal’ decomposes at temperatures
above ~100°C (colour black), then it is not gastight.

The oxygen leakage was observer by a Helium test: The cell is attached to a vacuum system
with a mass spectrometer, which has a specific high sensitivity for helium. The outside of the
cell is scanned with a local helium flow applied from a helium gas gun.

The helium test results in small (helium) leakage close to the ‘Torr seal’. Small feed-throughs
of 40 mm are used to increase the distance between the furnace flange and the position of the
seal (A1S1). A second helium test resulted in a similar helium leakage location with less
oxygen leakage. The oxygen leakage through the ‘Torr seal’ was minimised by:

e using a syringe to inject liquid ‘Torr seal’ in the feed-through (A2S1)

e cooling the ‘Torr seal” with flowing air (A2S1).

5.3.2. Oxygen sensor and pump

The connection of the outer sensor electrode and the quartz ring proved to be poor (A0S1).
Despite the spring, the YSZ tube is pressed outward due to a slight overpressure in the cell.
The connection rings have been replaced by platinum gauzes and are fired (1323 K for 2
hours with a rate of 2 K/min) on the YSZ with platinum paste to obtain permanent connection
(A1S1). The oxygen pump electrode area is increased by painting the YSZ tube at a distance
of 10 mm from the sensor electrodes. To increase the pump electrode area in the hot zone of
the furnace. Therefore, a higher pump speed can be obtained.

The platinum gauzes connected with the outer pump electrode are further simplified by
wrapping platinum wire directly around the YSZ-tube (A5S1). The wrapped wire is also fired.
The platinum wires connected with the outer sensor and outer pump electrodes obtained no
significant electrical resistance.

5.3.3. Sample holder

A stable oxygen partial pressure is observed with flushing the cell with argon in for about 16
hours without sample. A similar equilibration time is observed after an oxygen partial
pressure step applied by the oxygen pump without sample (S1).

This equilibration time is mainly determined by (oxygen) gas diffusion in the (dead volume of
the) cell. The equilibration time can be reduced by e.g. decreasing the dead volume in the
sample holder.

Another sample holder (S2) was designed to minimise the dead volume, see Figure 14 and
Figure 15. The sample holder contains a half open tube that caries the platinum wires for the
electrodes and the thermocouple. A gastight seal is applied to a 4-bore alumina tube (for the
four electrode wires) and a 2-bore alumina tube (for the thermocouple wires) at the sample
side using an alkali silicate glass [8436 Schott Glas Mainz, Germany].
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The sample is maintained in position and connected with four electrodes. These electrodes are
constructed of platinum film and are wound around quartz pins. The pins (arms) are
connected to the half open quartz tube at a distance of about 100 mm from the sample, see
Figure 14. The benefit of the length of the quartz arms is the elasticity. The space between the
electrodes was slightly less than the standard sample size (@ = 15 mm). The elasticity of the
arms provides a light pressure on the sample and was proved to be sufficient to maintain
contact between electrodes and sample (at high temperature). The dead volume is decreased
because of the sealed alumina tube.

Figure 14: Second sample holder (S2) with sample. The arms are
connected close to the glass joint. The 4-bore alumina tube (white) is
in the middle of the sample holder.

Figure 15, Second sample holder, picture of the sample area. The 4
platinum film electrodes maintain contact with the sample. The
electrodes are connected with platinum wires. A 2-bore alumina tube
insulated the thermocouple wires. The thermocouple is located above
the sample. The sodium silicate is located at the ends of the alumina
tubes and is grey.
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6. Results

6.1. XRD (La0_80a0_2)1_01FeO3-5

The crystal structure of the (LaggCag);.01FeOs.s powder is analysed using XRD. It appears to
be a single phase perovskite with a rhombohedral structure, see Figure 16 and Table 6. The
theoretical density of (LaggCagz);.01FeOs is 6.22 g/cm3. The Rietveld refinement shows a
good agreement between the theoretical crystal structure and the structure of the
(Lao_gca().z)l_()lFeO}S powder
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Figure 16: XRD result of (LaysCay,)1.01FeOs.; powder. The red line presents the Rietveld refinements. All
the peaks at different angles match with the peaks of a single crystal of (LaysCay,)1.01FeQOs.;,

Table 6: Lattice parameters of (LaysCay)1.01FeO;.; (Space group is P n m a; rhombohedral structure)

Lattice parameter (error last digit) in A

a 5.5264(1)
b 7.8035(2)
c 5.5213(1)

6.2. Oxygen leakage

The performance of the cell can be measured easily by monitoring the oxygen leakage. The
cell is flushed with pure argon with only a few parts per million (ppm) of oxygen, which
corresponds to an oxygen partial pressure of ~1-10” atm or 200 mV potential gradient (OCV
at the oxygen sensor, see equation (1)) with air as reference at 1075 K.
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The cell is flushed with an argon flow of 50 to 70 ml/min at 938°C, see Figure 17. At first, the
cell is flushed with a flow of 50 ml/min argon until a stable oxygen partial pressure is
observed. Next, the cell is flushed with a flow of 70 ml/min to obtain a stable oxygen partial
pressure. The flushing steps take typically 80 min. Finally, the oxygen leakage is observed
after the valves on the cell are closed. The oxygen leakage is measured after each
modification of the cell and at different temperatures. The sequence of these measurements is
listed in Table 7. The time dependence of the oxygen leakage is presented in Figure 18. The
oxygen leakage rates in mol O,/s for each measurements are presented in Figure 19.
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Figure 17: Time dependence of the EMF. At t=80 min, the oxygen partial pressure is more or less stable and the
argon flow is increased to 70 ml/min. At t=300 min, the oxygen partial pressure is stable and subsequently the
valves are closed.
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Figure 18: The oxygen partial pressures as function of time presents the oxygen leakage for the different cells
(at different temperature), see Table 7. The inset figure is the same oxygen partial pressure versus the
logarithmic time scale.
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Figure 19: Oxygen leakage rate (in mol O,/sec) for two modifications of the set-up at
different temperatures.

Table 7: Sequence and temperatures of the oxygen leakage measurements

Date Cell Temperature
17-12-03  A0S1 1110K
18-12-03  AO0SI 1010K
19-12-03 A0S1 966K
09-01-04 A1SI 1062K
12-01-04 A1Sl1 1066K
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Oxygen pump

The oxygen leakage can also be calculated from the amount oxygen that is pumped in or out a
constant oxygen partial pressure. The potentiostat is set at a fixed potential over the electrodes
of the oxygen pump. The amount of current transported is recorded, see Figure 20. The
integrated current is converted to the equivalent of oxygen mol with equation (8). This
amount of oxygen molecules is the amount of oxygen pump in or out of the cell. With the
assumption that the cell does not react with oxygen.

The final pump current is about 0.1mA and corresponds with 2:10™"° mol O,/sec in an oxygen
partial pressure in the order of 1-10° atm at 792°C. Whereas the oxygen leakage of A1SI
showed an oxygen leakage of 1-10™% mol O,/sec at an oxygen partial pressure of 1:10™ atm at
792°C. The final pump current presents the oxygen leakage current.

The equilibration time for a stable oxygen partial pressure is in the order of 1000 minutes (16
hours). A typical time dependence of the oxygen partial pressure and the pump current versus
time after a potential step of 40 mV over the oxygen pump is presented in Figure 20.
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Figure 20: The time dependence of the oxygen partial pressure A and the pump current ¢ is recorded after a
potential step of 40 mV to a potential set of 200 mV. A similar time dependence was obtained for a potential
step of 40 mV to 240mV. Whereas m presents the oxygen partial pressure and ¢ the pump current.
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6.3. Oxygen absorption

It was not possible to determine the oxygen leakage after the Lag 9s5Srp0sC00O3.5 sample had
been studied. The oxygen content in the cell decreased with time instead of increasing due to
oxygen leakage in similar environment and temperature. This behaviour was noticed for the
cell with and without sample present. A possible cause of the decreasing oxygen partial
pressure is the present of a contamination. This contamination is likely originated from the
Lag 95S19,05C003.5 sample. The LagosSrg0sCo0s5 sample has been in reducing environment
and decomposition has been observed.

The absorption time dependence has been monitored and is presented in Figure 21. Both
oxygen pump and sensor suggest that the oxygen content decreases even after 3000 minutes
(2 days).

Cell A2S1 has been cleaned with nitric acid and ethanol with no success. The quartz tube has
been replaced and the sample holder is cleaned with nitric acid and ethanol (A3S1). The
oxygen partial pressure of a new cell; new quartz tube and new YSZ tube (with old sample
holder) has been measured and the oxygen partial pressure decreased to a typical figure of
5-107 atm. Finally, the first YSZ tube (S1) have been polished with a diamond paste of 10 pm
paper and new electrodes have been painted and fired (as described before). The oxygen
leakage has been studied of this cell (A5S1) without sample holder and again an oxygen
partial pressure decrease has been observed, see Table 5.
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Figure 21: The time dependence of the oxygen partial pressure decrease at 1075 K. The cell has been flushed
with argon and sequenced by closing the valves of the cell ASS1 (with a plug instead of the sample holder S1).
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6.4. Conductivity

The conductivity has been measured as following the procedures described in chapter 2. The
sample holder and / or the sample present an offset potential in both measuring methods (A
and B), when no potential is applied. The actual conductivity of Lag¢sSrp0sC00s5 1is
calculated with a corrected potential. A typical linear current potential relation (I-V) to
determine the offset potential is presented in Figure 22.

6.4.1. L30_95S|'0_05C003-5

The conductivity of LaggsSry0sC0035 is measured in argon at 1065 K. The presented
conductivities are measured in a stable oxygen partial pressure environment. The oxygen
partial pressure environment is assumed to be stable when the oxygen pump transports
constantly a certain amount of oxygen out of the cell, which corresponds to the oxygen
leakage. The obtained equilibration time is 1000 minutes typically. More variation of the
conductivity measurements has been observed within the equilibration time of 1000 minutes
after a potential step.

The conductivity of Lag 9sSrg0sC00O3.5 sample is stable in an oxygen partial pressure range of
1:10°% to 1-10™"% atm and is about 1-10° S/cm. The Lag 05S10,0sC0O5.5 sample decomposes in an
oxygen partial pressure lower than 1-10"* atm, see Figure 23. Next, the oxygen partial
pressure was increased to study the conductivity of Lag ¢sSrg0sCoQOs.5 after being in reducing
atmosphere. The observed conductivity plateau (similar conductivity at different oxygen
partial pressures) has been observed again but with a lower conductivity.

The oxygen leakage was not measured without the sample due to; oxygen leakage variation
with various cells and temperature. Therefore, the non-stoichiometry was not able to
determine.
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Figure 22: Different potentials are applied on the sample to determine the offset of the sample and sample
holder. The applied potential generated a current. This current is plotted versus the potential over the other
electrodes. The slopes present the actual R1(0) and R2 (m), respectively ‘Van der Pauw’ method 1 and 2.
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Figure 23: Conductivity of Lag¢sSr¢sC003.; vs. oxygen partial pressure, these results are compared with
literature (m,A) [71, 72]. The conductivity is measured in stable oxygen partial pressures. At first, the
conductivity is measured with going down oxygen partial pressure (down 0). Next, the oxygen partial pressure
is going up and the conductivity is measured again (up A).

6.4.2. (LagsCap2)1.01Fe03.5

The conductivity of (LaggCag2)1.01FeOs.5 is studied in cell B6S2. The oxygen partial pressure
decreased with time in cell B6S2. Thus, the oxygen leakage in this cell remains unknown.
Therefore oxygen non-stoichiometry was not able to be determined. We were not able to
obtain oxygen partial pressures of lower than 1-10"° atm by pumping oxygen electrochemical.
The cause of this was not able to be determined and will be discussed in chapter 7.

The offset potentials of the new sample holder (S2) with the (LaggCag2);.01FeOs.s sample
were measured for many different oxygen partial pressures and at different temperatures to
obtain the actual conductivity. These offset potentials vary with oxygen partial pressures and
temperatures and are measured for every conductivity measurement.

The conductivity is measured for three different temperatures; 1075, 1125 and 1175 K, see
Figure 24. The conductivity decreases with increasing temperature in an oxygen partial
pressure range between 1-10™ to 1:10°® atm. The equilibration time after a potential step (an
oxygen partial pressure step) to obtain stable oxygen partial pressure was obtained after a
substantial longer time (2500 min). This equilibration time is much longer than the
equilibration times of the AxS1 (x=0,1,2) cells. However, the final pump current and thereby
the change in oxygen partial pressure is very small. The conductivity was measured two or
three times to exclude the influence of unstable oxygen partial pressure. A typical final pump
current, oxygen transport through oxygen pump, is in the order of 100 pA and corresponds
with 10° mol O,/sec.

The activation energy is calculated for three different oxygen partial pressures by plotting the
inverse temperature versus the logarithmic-function of the conductivity, see
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Figure 24, to obtain an Arrhenius type equation:

)
G =0, Xexp —E

(47)

The slope presents the activation energy divided by the gas constant. The results of the

activation energy calculation are outlined in Figure 25.
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Figure 24: The conductivity of (LagCag,)1.01FeO;_; versus oxygen partial pressure at 1075K (m),
1125K (¢) and 1175K (A).
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Figure 25: The activation energy of (LaygCag,)1.0:FeOs.5 sample at an oxygen partial pressures
of 510 atm (), 1-107° atm (0), and 5-10 atm (m).
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7. Discussion

7.1. Design

The cell is designed for easy sample and gas change. The disadvantage is the relative large
volume. Therefore significant equilibration times (1000 minutes) are obtained. The oxygen
leakage was minimised due to the use of grease in the quartz glass joints. Viton O-rings
between the YSZ tube and the quartz tube seal the cell gastight. The only detectable oxygen
leakage was found in the sealing of the feed-throughs with ‘Torr seal’. The location of this an
oxygen leakage was found with a helium-test.

The minimal oxygen leakage obtained in this work is 0.4 pA (1-10™2 mol O,/sec) and is in
agreement with literature figures (0.5 pA/cm) [16].

The electrochemical cells, the oxygen sensor and the oxygen pump, exhibit resistance in the
order of 2 to 200 Q indicating good electrical connections. The oxygen sensor and pump (also
used as a sensor) showed oxygen partial pressure of 1-10” atm for argon, which corresponds
with the known amount of oxygen present in this gas.

However, other processes caused an oxygen partial pressures decrease. Therefore, the oxygen
leakage was not able to determine. This behaviour was first seen after the conductivity study
of LaggsS19.0sC003.5 sample. The oxygen sensor and the oxygen pump suggest an oxygen
partial pressure decrease after flushing with argon (with or without sample in the cell) to an
oxygen partial pressure of about ~1-10 atm. The possible processes are: The oxygen pump
and sensor do not present the actual oxygen partial pressure. Or, and more likely, the cell
(sample holder, quartz tube and YSZ tube) obtains oxygen (ab/ad)sorption.

Many materials can cause the oxygen absorption. A black deposit (metallic) is seen on the
quartz tube at the cold parts and close to the electrode area on the YSZ tube. This black
material is emitted likely from the YSZ tube. The quartz tube is black particularly at the
location of the electrodes and less black material is observed at the quartz tube at the height of
the spacing between the sensor and pump electrode. The black material is likely to be cobalt
or carbon (oxide).

The cobalt originates from the decomposition of the Lag ¢sSrg9sC0oO3_5 sample. Cobalt (oxide)
is known as a reactive material and can diffuse deep into the YSZ tube. Already small amount
of cobalt (e.g. 2 at%) colours YSZ blue. This blue colour has not been observed on the YSZ
tube. However, a blue spot was observed on the quartz sample holder, close to the location of
the sample.

Carbon can originate from the grease. The black material is partly removed by burning locally
with flowing air to oxidise the material. Another origin of the carbon is the platinum paste.
Platinum paste contains after firing a significant amount of carbon, see Appendix C.

The partial oxygen pressure was monitored after cleaning the quartz tube and the sample
holder with nitric acid (65% dilute with 50% Q2 water) and ethanol (A2S1 cell). The black
metallic material is partly removed but still visible. The oxygen partial pressure is decreasing
similarly as before cleaning, however, the equilibrium is obtained at an oxygen partial
pressure of 1:10™® atm instead of 1-10” atm. Thus, the oxygen absorption has been decreased
but the problem remains. The cause of the oxygen absorption is so far not conclusive.

The potential of the sensor and pump results in similar results, whereas the pump suggests
even lower oxygen partial pressures, which corresponds with higher potential gradient. This
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behaviour has been observed after the conductivity study of LagsSry¢sCoO3.5 sample. The
higher potential over the oxygen pump than over the oxygen sensor can not be explained by
the temperature difference. The oxygen sensor is in the middle of the furnace, whereas the
oxygen pump is in the colder part of the furnace. The potential over the oxygen pump is
expected to be lower than the potential over the oxygen sensor due to the lower temperature in
the same oxygen partial pressure, see equation (1). A possible explanation is the existence of
oxygen partial pressure fronts. The oxygen gas diffusion with small concentration gradients
can result in long equilibration times and thereby form oxygen partial pressure fronts.

However, the oxygen partial pressure gradient is not likely determined by the small
concentration gradients due to the short distance between the electrodes. The equilibration
time with a small oxygen partial pressure gradient is in the order of seconds. We found a
consequent oxygen partial pressure gradient independent of time.

Ohly [7] found as well in a similar set-up a lower oxygen partial pressure at the oxygen pump
than at the oxygen sensor in an oxygen partial pressure range of 1-10° to 1-10™ atm, see
appendix A. Ohly [7] suggest that this behaviour is strongly dependent on the gas choice.

The applied potential on the oxygen pump might influence the potential of the oxygen sensor
due to the electrical field. Agrawal et al. [33] reported no influence of oxygen pump EMF on
the oxygen sensor in case of a distance of 10 mm between sensor and pump. The oxygen
pump potential was changed and we found no sudden change at the oxygen sensor within two
seconds. The influence of electrical field originated from the oxygen pump is negligible in
agreement with [33].

The non-stoichiometry of the samples was not able to determine, due to: At first, the variation
of the oxygen leakage in the cell. Second, the disagreement of the amount of oxygen moles
pumped in or out the cell and, compared with the increase or decreasing oxygen moles
calculated from the oxygen partial pressure obtained at the oxygen sensor.

7.2. Conductivity

The presented conductivity of LagosSr0sCoOs.5 (Figure 23) is corrected with a fixed offset
that is measured in an oxygen partial pressure range of 1:10"° to 1-10"* atm. The fixed offset
is independent of the oxygen partial pressure in that range and is assumed to be similar in the
higher oxygen partial pressure range.

The actual oxygen partial pressures are discussable due to the low amount of oxygen
molecules in the cell compared to the amount of oxygen leaked in and electrochemically
pumped out. The oxygen leakage and the final oxygen transport through the oxygen pump is
in the order of 1-10™"° mol O,/sec, whereas the oxygen content in the cell is about 1-10™ mol
0, and ~1-10""" mol O5 at 1065 K respectively in air and in an oxygen partial pressure of 1-10°
7 atm. Despite the relative high oxygen leakage and oxygen transport, the obtained oxygen
partial pressure remains stable, e.g. the oxygen partial pressure changed less than 1% in a time
scale of 10 minutes. However, the use of a buffer gas such as CO/CO, or H,/H,O is advisable.
Buffer gases are discussed in chapter 9. Oxygen gas diffusion limitations can occur in an
oxygen partial pressure lower than 1-107 atm and can form oxygen partial pressure fronts.
These oxygen partial pressure fronts can be avoided with the use of a buffer gas.
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7.21. L30_95ST0_05C003-5

The conductivity of Lag9sSr0sC00s.5 1s 1.0-10° S/cm at an oxygen partial pressure of 1-10°
atm at 1065 K and is in agreement with [71, 72]. The results of this work proved that the
conductivity is independent of the oxygen partial pressure in the range of 1-10° to 1-10"% atm.
In this work, the conductivity decreases significantly by decreasing the oxygen partial
pressure below 1-10"2 atm. Increasing the oxygen partial pressure again, the conductivity
plateau is found at a lower value. These results suggest a partial decomposition or the
formation of a second phase in the Lag 95Sr 0sC0oO3_s material. Small grey spots were observed
on the Lag 95S10,0sC003.5 sample under a light microscope.

However, lanthanum cobaltates are known to decompose in an oxygen partial pressure below
1:107 atm [9]. The lower oxygen partial pressure, at which the sample decomposes, can be
explained by the existence of oxygen partial pressure front. The oxygen partial pressure fronts
theory can result in an actual oxygen partial pressure at the oxygen sensor and an other
oxygen partial pressure environment near the sample, due to the distance between the sample
and oxygen sensor. Note that the conductivity versus oxygen partial pressure of
Lag 95S10,0sC003_5 sample is based on only one sample.

7.2.2. (LagsCap2)1.01Fe0s.5

The conductivity of lanthanum ferrates is generally lower than the conductivity of lanthanum
cobaltates. However, the lanthanum ferrates are more stable at lower oxygen partial pressure.
The conductivity of (LagsCag2)1.0:1FeOs5 decreases with decreasing oxygen partial pressure
due to the formation of oxygen vacancies and the reduction of the iron cations from the
valence four to three. These processes are enhanced with increasing temperature. This work
reveals a conductivity of 38 S/cm for (LaygCag2)1.01FeOs5 in an oxygen partial pressure of
1-10° atm at 1175 K. The conductivity of Lag oSt FeOs5 in an oxygen partial pressure of
1:10” atm at 1175 K is much lower (about 2 S/cm) [75]. The higher conductivity might be
explained by the smaller cation size at the B-site. The conductivity (LagsCa2)101FeOs.s
decreases with decreasing oxygen partial pressure as expected from the defectchemistry
model describe in chapter 4.

Mizusaki et al. [75] reported an activation energy for the conductivity of 65 and 33 KJ/mol in
an oxygen partial pressure of 1-10° atm respectively for Lag oSty 1FeOs.s and Lag 7551 25FeOs.
s. The activation energy for the conductivity of Lay gSrg,FeOs.5 will be ~ 45 KJ/mol in similar
conditions. An activation energy for the conductivity of 50 KJ/mol was obtained in this work
for (LagpsCag2)1.01FeOs.5 under similar conditions. The activation energy for the conductivity
decreases with decreasing oxygen partial pressure.
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8. Conclusion

8.1. Design

A coulometric titration set-up was designed and the electrical conductivity of mixed-
conducting perovskites was studied successfully in a large oxygen partial pressure range at
different temperatures. The coulometric titration set-up was designed with easy exchange of
samples. The gas system makes it possible to use different kind of gas mixtures to change
quickly the atmosphere in the cell. The set-up temperature range is 975 to 1175 K and the
lowest obtain oxygen partial pressure is 1:10™® atm.

The oxygen leakage is about 0.4 pA at 1075 K at an oxygen partial pressure of 1-10™ atm and
is in agreement with the literature data of 0.5 pA [16]. The oxygen leakage is controlled by
the mechanical leakage through the ‘Torr seal’. However, the oxygen partial pressure is not
completely under control due to processes that decrease the oxygen partial pressure with time
to a constant value.

8.2. Conductivity

The conductivity of Lag 9sSry0sC003.5 18 1.0-10° S/cm at an oxygen partial pressure of 1-10°
atm at 1065 K and in agreement with [71, 72] (see chapter 7.2.1). The conductivity of
Lag.95S19,05C005.5 decreases with the oxygen partial pressure due to the increase of oxygen
vacancies and the reduction of the cobalt with a valence of four. The conductivity of
LagosSrp05C003.5 at an oxygen partial pressure of 1-10° atm at 1065 K suggests an
independent of the oxygen partial pressure range of 1-10° to 1-10"* atm at 1065 K. This
conductivity plateau can not be explained with the defectchemistry model presented in
chapter 4.

Lag.95S19,05C003.5 decomposes at an oxygen partial pressure lower than 1-10"? atm at 1065 K.
At first, the decomposition is observed by strong decrease of the conductivity with decrease of
oxygen partial pressure. The consequence of this decomposition is a lower conductivity
plateau after going up in oxygen partial pressure range. Third, the existence of grey spots on
the Lag 95S19,05C003.5 sample can suggest decomposition of the material as well. However, the
low decomposition oxygen partial pressure is not in agreement with Bouwmeester et al. [9].

The conductivity of (LagsCag2)1.0:1FeOss decreases with decreasing oxygen partial pressure
and increasing temperature in the near atmospheric condition. The conductivity of
(LapsCap2)1.01Fe0s5 is 38 S/cm at an oxygen partial pressure of 1-10° atm at 1175 K and is
much higher than the conductivity of Lag ¢Sty FeOs.s (2 S/cm) [75] in similar conditions. The
conductivity activation energy of (LagsCag2)1.01FeOs.5 is 50 KJ/mol and is in agreement with
[75].
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9. Recommendations

Design

A coulometric titration set-up with a much smaller reactor volume (in the order of the sample
volume) is required to study the non-stoichiometry and oxygen diffusion coefficients. A
smaller reactor volume will decrease the oxygen in the gas phase and decrease the
equilibration times to obtain stable oxygen partial pressures.

The main challenge of a small volume reactor is that the cell must be sealed gastight at
operating temperatures and oxygen partial pressures. A sample is placed in a small bucket and
sealed with a plug. There is no sealing method found in the literature that can be used more
than once. Thus, the disadvantage of these cells is that for each sample a new coulometric
titration cell should be used. An example of a possible coulometric titration cell to study the
non-stoichiometry and oxygen diffusion coefficients besides the conductivity is given in
appendix C.

The coulometric titration cell in this work proved to have a significant contamination. This
contamination is undesired and decreases the oxygen partial pressure in the cell. The
contamination can be minimised by; using new and clean quartz tube, sample holder and YSZ
tube. The fabrication of the cell must be done with gloves and in a clean environment.

Despite these precautions, contaminations are inevitable. Therefore, the cell must be flushed
with a clean gas at (increasing) high temperatures. A clean gas can be argon, technical air
should be avoided due to significant contaminations.

The decomposition of samples should be avoided. The samples can release (reactive) metals
such as cobalt. These metals deposit on the cold parts of the cell and are able to react with
oxygen. The influence of these contaminations on the oxygen partial pressure can be
significant. Then oxygen partial pressure can no longer be controlled.

Equilibration times

The equilibration time to obtain stable oxygen partial pressures in the cell is 1000 minutes,
typically. The causes of the long equilibration times are the dead gas volume and the
thickness of the sample.

The time to obtain oxygen partial pressures equilibration determines the overall speed of the
cell to perform oxygen partial pressure steps. The reactor volume in feed-throughs has a
significant influence on the equilibration times due to the long oxygen diffusion paths. The
amount of the dead volume (and therefore the design of the sample holder and the other parts)
is of great importance to the equilibration times. The dead volume of the cell should be
minimised in the design of a coulometric titration cell.

Another option to minimise the dead volume is to avoid feed-throughs. External feed-
throughs proved to be necessary to avoid decomposition of the ‘Torr seal’ in the coulometric
titration set-up of this work These feed-throughs increased the dead volume of the cell.
Painting platinum wires on the YSZ tube can avoid these feed-throughs. The painted platinum
wires are connected with a platinum wire outside the quartz-tube. The platinum paste is
painted over the length of YSZ tube. The painted wire must be able to transport electrodes
even on the location where the Viton O-rings are situated.

Diffusion limitation occurs in the order of partial pressures of 1-10”7 atm. Therefore, the
existence of partial pressure fronts can no longer be neglected. Buffer gases should be used to
store and transport these low concentrations. However, the partial pressures of the buffer
gases are also controlled with the partial pressure of 1-107 atm.
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Oxygen absorption
To understand the cause of the oxygen partial pressure decrease observed in cells A2S1 to
B6S2 (see Table 5) the following materials should be investigated:

e The black (metallic) material on the quartz tube

e The composition of a new and an used YSZ tube

The composition of the YSZ material must be known to exclude the present of
contaminations. Contamination in YSZ can segregate to the surface. These contaminations
can be the cause of the observed black material. The composition of the YSZ material is
recommended to be studied by an element analysis of the surface with the uses of XPS (X-ray
Photoelectron Spectroscopy) and the bulk of the YSZ can be analysed with SEM-EDX
(Scanning Electron Microscopy-Energy Dispersive X-ray analysis).

Furnace electric field

The heating coils of the furnace generate an electric field. This electric field influence the
obtained potential obtained from the oxygen sensor and oxygen pump. The electric field
might also interact with the conductivity measurements on the samples. The influence of this
electrical field can be analysed by switching the furnace control unit off and monitoring the
potential over the oxygen pump and sensor. The influence of this electrical field on the
sample is more difficult to analyse. Ohly [7] suggested a significant influence of the electrical
field and therefore applied a grounded shield around the sample holder.

Conductivity

The conductivity results in this work are accurate. However, the offset varies with oxygen
partial pressure and temperature and should be measured for each conductivity measurement.
The ‘van der Pauw’ technique is used, a power supply applies a potential over two opposite
electrodes. This applied potential is between 0.6 and 1V and enables an oxygen vacancy
gradient in the mixed-conducting sample. This oxygen vacancy gradient can influence the
electronic behaviour of the sample and should be minimised. A lower applied potential for the
‘van der Pauw’ conductivity measurement is recommended.
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10. Symbols

fO’:—’f ’ oxygen fugacity of the reference
e oxygen fugacity in the cell
0
Pt Electrodes on the oxygen sensor and pump
F Faraday constant
R Gas constant, resistance
T Temperature
vy Oxygen vacancy
o; Neutral oxygen on a oxygen site
EMF Potential in volt
I Current in ampere
AnS" Difference in moles of oxygen in the cell
A" Difference in moles of oxygen in the sample
Ang® Difference in moles of oxygen in the gas phase
nie*¢¢ Number of oxygen moles that has leaked
o Constant
e Negative charged electron
h Positive charged electron hole
o, Conductivity of oxygen ions
o, Conductivity of ions
o, Conductivity of electrons
t, Electron transference number
Po Oxygen partial pressure where the ionic and electrical conductivity are equal
v, Double negative charged strontium vacancy
v, Negative charged (4) titanium vacancy
14 Intrinsic vacancy
o) Double negative charged oxygen on an intrinsic site
Y, Negative charged yttrium on a zirconium site
K, Equilibrium constant of gas with the sample
Kar Equilibrium constant of anti-Frenkel disorder
Jo Oxygen flux
Ko, Oxygen chemical potential
Mo, Standard oxygen chemical potential
Ve Oxygen concentration gradient
D Chemical diffusion coefficient
Dy, Dy  Component (vacancy) diffusion coefficient
pO2 Oxygen partial pressure
cy Vacancy concentration
‘0’ Conductivity [S/m] or [1/Qm]
‘p’ Resistivity [(Qm]
r Length of thickness of sample
‘d’ Length of thickness of sample
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A Surface area of electrode

\Y Volume of the reactor

‘pO‘fz’ oxygen partial pressure on equilibrium

‘pO,”  Initial measured oxygen partial pressure after potential step
Ea Activation energy in J/mol

‘o’ Pre exponential factor of the arrhenius type equation
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Appendix A — Coulometric titration set-ups

Sockel et al.

Sockel et al. [27] designed in 1968 a coulometric titration set-up to study the non
stoichiometry of nickel oxide, cobaltate, ferrite, and cobalt doped ferrite. They obtained an
oxygen partial pressure of 10™'? atm at 1473 K with a CSZ electrolyte, see Figure 26. The
sample (5) is located between two alumina rods (4). The electrolyte (1) is covered with two
electrodes (7) and placed on top of the sample. An alumina disc (3) is positioned above the
electrolyte. The sample is placed in a quartz tube (2). The dead volume is reduced with a
closed quartz tube (9). The electrode and alumina rod are pressed together by two springs (12,
13). The electrolyte is sealed on the quartz tube by using ‘Solidex glass pulver’(8).The quartz
tube is gas tight sealed (11, 15) on a metal block (10). The time to obtain stable ‘EMF’ was
varied between 15 minutes and several hours after changing the current. This time is
dependent on temperature. The maximum applied potential is 1 V. The obtained oxygen leak
is 1:10° g Oy/h, which corresponds with a specific oxygen leak of about 10 mA/cm’
(electrode area of 3 cm?).

. & Veen = 7-10 em’
7§*f:n m—‘gg Mgample = 5 g (estimated)
: 1 - Specific oxygen leakage ~10 mA/cm’
Sy vl i\ Carrier gas = H;
' Current = 3-8 mA

Figure 26, CT-design by Sockel et al. [27]

Piekarczyk et al.

Piekarczyk et al. [35] studied the thermodynamic properties yttrium ferrites in 1978 with the
use of an electrochemical solid state cell. The materials were characterised over a temperature
range of 1173-1523 K, the lowest oxygen partial pressure measured was 107% atm. (T=1173
K). The electrochemical cell contained a platinum oxide-electrode in air, calcium doped
zirconia as electrolyte on top of the sample acting as the second electrode. Two undesired
influences were observed at temperature higher than 1273 K: Oxygen permeation through the
electrolyte and reactions between sample and electrolyte. The problems were solved by
placing the sample in an alumina crucible inside a zirconia tube, which is placed in another
zirconia tube, see Figure 27. The sealed zirconia tubes forming four electrochemical cells pair
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wise in series. The smallest tube (A) has no direct contact with air. The oxygen partial
pressure between the tubes A and B is maintained at the same oxygen partial pressure as
inside tube A to avoid oxygen permeation and is controlled by electrochemical oxygen pump.
The galvanic cells were degassed at about 573 K and then filled with pure argon. The
temperature was raised and the oxygen partial pressure inside tube A was obtained by
measuring the EMF over the reference electrode (air) and electrode inside tube A. An
accuracy of 1 mV was obtained by the use of a Keithley 616 digital electrometer. The time to
reach equilibrium varied from a few to several tens of hours.

~ 3
SAMPLE  Al;03-CRUCIBLE  Zr0O; (+CaQ)-TUBES Vet =25 cm
3 (estimated)

5

————————— ‘} & i Msample =5 g
--------- :>EEEI§R3(SJHTSMICA (estimated)
e —— CELLS Specific oxygen
: 1 leakage ~ N.A.V.
POROUS Carrier gas = argon
RinOBRERELTRODES Current = N.A.V.
Figure 27 Coulometric titration set-up designed by Piekarczyk et al. [35]
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The most important challenge in coulometric titration is the oxygen leakage. The oxygen
leakage can be minimised by lowering the oxygen partial pressure gradient over the
electrolyte material as discussed in paragraph ‘Oxygen leakage’ [11].

Porat, Riess and co-workers

The coulometric titration double-cell design of Porat and Riess [11] is an extension of the
design presented by Piekarczyk et al. [35]. Porat and Riess used two similar electrolyte tubes
placed parallel inside a quartz tube instead of a smaller tube enclosed in a bigger tube. One
electrolyte tube is placed in a quartz tube with the sample. The part of the quartz tube with the
sample is placed in furnace 2. Furnace 1 is maintained at an ideal temperature for ionic
conductivity of the electrolyte (calcium doped zirconia). Furnace 2 can control the
temperature of the sample.

The sample and an electrolyte tube are placed in a sealed quartz tube. This quartz tube and the
second electrolyte tube are placed in a larger quartz tube and sealed with a brass fitting, see
Figure 28, Figure 29, Figure 30. The air inside the inner cell replaced by 0.3 atm argon, which
is purified from oxygen by titanium sponge at 1000 K. The gas volume of the inner tube (dead
volume) is 50 cm’.

Temperature gradient between sample and oxygen sensor can be a problem when reactive
gases (CO or Hy) are used. Oxygen pressure gradients can be formed due to the reaction
constant on temperature. Oxygen pressure gradients due to thermal diffusion can be neglected
[38]. Water vapour is hard to avoid and is in equilibrium with hydrogen en oxygen. Therefore,
water vapour is the most commonly reactive gas, originate from wet atmosphere and
degassing. As the partial pressure of water in extremely dry atmosphere is at least 10™ atm, it
is obvious that experiments may be affected by the presence of water.
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Inner Cell
2 Protecting Cell

eI

Figure 28 Coulometric titration set-up by Porat and Riess, overview [11]

Inner Cell Protecting Cell
LR}

Titration Titration '
{(sample)

X ”

Figure 29 CT (Porat and Riess), electrolyte
tip [11]

Figure 30 CT (Porat and Riess), fitting brass [11]

The conductivity of Cu,.,O bars are studied in an oxygen partial pressure range of 102 -0.15
atm at temperatures between 900 —1300 K [36]. At low temperature, the conductivity of Cu,.
yO could not be measured in their CT cell due to the long time required for equilibration with
the surrounding atmosphere. They performed preliminary measurements to determine the
amount of oxygen in the cell is reported in [37].

The oxygen partial pressure is measured with an alumina dummy sample to exclude the
oxygen exchange with the sample. A linear relation between pO, and nO, is observed at
constant sample temperature. The cell is pumped to 1 Pa (10” bar) at 400 K and then filled
with pure dried (7, <310 atm) argon (99.99%) to 0.3 atm. This step is repeated 3-4 times.

The water partial pressure is hard to avoid, water originates from the wet atmosphere and
from degassing. Argon is wetted deliberately in oxygen partial pressure lower than 10™ atm.
The water partial pressure acts as a buffer gas.

Oxygen titration to oxidise Cu to Cu,,O takes a few days. The oxygen partial pressure is
determined from the EMF after relaxation. The relaxation time can vary from few minutes
(high temperature) to nearly a day (low temperature or low oxygen partial pressure).

The non-stoichiometry of manganese doped gadolinium titanates is studied by Porat et al. [39]
In this study, the same set-up is used. However, the total pressure (argon) is installed slightly
above 1 atm overpressure to reduce the gas (e.g. oxygen) leakage.
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Veenn = 50 Cl’n3

Mgample = 0.3 g powder and 0.5 g bar

No leakage obtained between 10 and 10™'% atm
Carrier gas = Ar, CO; and H;

Current = 100pA -10mA

Giir and Belzner and co-workers

Giir and Belzner and co-workers [16-18] measured the chemical diffusion in strontium doped
lanthanum manganites and iron doped strontium cobaltates in a temperature range of 950 —
1300 K. The oxygen partial pressure was controlled between 10 to 0.21 atm, see Figure 31.
The samples were placed on a polished YSZ disc, one polished side was coated with platinum
to act as a reference electrode. The samples are coated with gold to act as an electrode. The
non-porous gold layer prevented the sample from reacting with the glass seal and also acted
as an additional diffusion barrier for oxygen. The ring space remaining around the sample was
filled with Pyrex powder in order to minimise the dead volume. The maximum applied
potential is 20 mV to avoid segregation of oxygen bubbles in the sample and in the
electrolyte. The electrolyte has a diameter of 12 mm, the electrode area is around 0.2 cm”.

thermocouple Vcell ~ Vsample

alumine-tube Msample ~0.1 g

Ptsheet curent collector Specific oxygen leakage ~ 0.1 pA/cm’
goid coating Carrier gas = no gas present

liquid glass-seal Current — 100 M A

sample pellet
P~ YSZ-solid oxide electrolyte

\ Pt-sheet current collector

™\ porous Pt-glectrode

4= alumina-tube

thermocouple

Figure 31, CT-design by Belzner et al. [16]

Lankhorst

Lankhorst [4] placed a sample in an alumina bucket and sealed the bucket with an electrolyte
(YSZ) disc. The electrolyte is covered with three platinum oxide electrodes acting as oxygen
pump and sensor, see Figure 33. This design is similar to the one used by Giir and Belzner
[16, 17]. However, this design showed significant polarization losses at the electrode in
reducing environment. Lankhorst [4] improved the design, which is based on the work of
Lade and Jacobsen [28], see Figure 32. In this design, a YSZ bucket replaces the alumina
bucket. The YSZ bucket functions as an second electrochemical cell. The coulometric
titration cell is placed in a quartz tube flushed with air as reference oxygen fugacity. The
oxygen partial pressure domain is between 10 and 1 atm in a temperature range of 973-1273
K, these conditions were chosen to study the chemical diffusion and the non-stoichiometry of
oxygen in strontium doped lanthanum cobaltates and strontium doped lanthanum ferrites.
However, the oxygen partial pressure and temperature domain of this set-up is much larger.
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Pi-paste
electrodes

£

La, ¢ Sr;.Co0;,
3 bl N LayySry ,Co0, 5

AL,0,

Y
Pt-paste
electrodes

O L M P i e i sam

YSZ [

Figure 32, CT set-up designed by Lankhorst 1

Ve = 0.25 cm’ : Po)”
Msample ~0.2 g EME

Specific oxygen leakage ~ N.A.V.
Carrier gas = hardly any gas present
Current = N.A.V.

Figure 33, CT set-up designed by Lankhorst 2

Lade and Jacobsen

Lade and Jacobsen [28, 29] used CT as a method to determine the chemical diffusion
coefficient and surface kinetics of oxygen in mixed conducting oxides (strontium doped
lanthanum manganites). The oxygen partial pressure can be controlled between 8-10° and 0.2
atm, corresponding to 0 to 200 mV potential difference over the electrolyte (YSZ), in a
temperature range of 1173-1273 K, see Figure 34. The sample is placed in an alumina bucket
covered with an YSZ disc sealed with a golden ring.

RE : Ve 0.15 cm’
C.E \ Platinum electrode Maampie = 0.7 g
\ 1 YsSz Specific oxygen leakage ~ N.A.V.
& Gold gasket Carrier gas = hardly any gas present
WE LSM Current =N.A.V.

1.25 mm 7 5 mm
|

Alumina 8 mm

Figure 34, CT design by Lade et al. [28, 29]

Zachau-Christiansen et al. [57-59] continued the work of Lade et al. [28] and changed the cell
by replacing the third (counter) electrode, see Figure 35. They measured the non-
stoichiometry of gadolinium doped ceria and calcium doped ceria powder in a oxygen partial
pressure range of 10%° to 0.21 atm in a temperature domain of 1073-1273 K. A stable EMF
was obtained after 13 hours after a potential step at 1273 K. The resistance over the
electrochemical cell is 5 Q at 1273 K.
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Figure 35, CT design of Zachau-Christiansen et al. [S8, 59]

Mizusaki et al.

Mizusaki et al. [23-25] studied the non-stoichiometry strontium doped lanthanum ferrite,
strontium doped lanthanum manganite and, strontium doped lanthanum cupper oxide powder
by thermogravimetry and coulometric titration. The environment was controlled in a
temperature range of 673 to 1273 K and in a oxygen partial pressure between 10~ to 102°
atm. The powder is directly connected to the electrolyte. A disadvantage of this set-up is that
the powder might interact with the electrolyte, see Figure 36.

i Ve = 25 Cn’l3
Msample = 0.7 g
— Specific oxygen leakage =~ N.A.V.
— -spring Carrier gas = argon
- Current = 50 pA - 2mA
‘{ —glass tube
E—l :E —Joint
H———silica tube
-YSZ tube

Pt mesh

o]
%
mple— |
g L/* —Pt paste

Figure 36, CT design by Mizusaki et al. [23-25]

Tikhonovich et al.

Tikhonovich et al. [21, 22] studied the oxygen deficiency of Bi,V(¢Cug 0555 and the
oxygen non-stoichiometry of chromium and iron doped strontium cobaltates in a oxygen
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partial pressure range of 8:10"° to 0.21 atm by using the coulometric titration technique in a
temperature range of 650-1250 K. The cell A, Figure 37, designed by Tikhonovich, is based
on the coulometric titration cell design of Lankhorst [4]. The sample (1) is placed in a YSZ
bucket and covered with a YSZ top (2). The YSZ materials are sealed with glass-ceramic
sealant (5). The electrodes (3) and the wires (4) are made of platinum. The temperature is
measured with thermocouple (6). Cell B is designed to measure the oxygen deficiency in non-
isothermal condition. The oxygen partial pressure relaxation takes 3 to 40 hours and is caused
by the equilibriums in porous platinum oxide.

Vcell,A =0.2 Cl’n3

Vcell,B =0.8 CIII3

Msample = 0.7 g

Oxygen leakage = 0.2 pA,
p0, <107

Carrier gas = argon

Current = N.A.V.

Figure 37, A and B CT designs of Tikhonovich [21, 22]

Tanesescu et al.

Tanesescu et al. [30, 31, 76] studied the thermodynamic data of perovskite materials based on
strontium doped lanthanum manganite and doped lanthanum chromites by coulometric
titration over a temperature range of 1073-1373 K. They used a three electrode galvanic cell,
of which two iron-wiistite electrodes are used to titrate oxygen and the other as reference, to
record the EMF (sensor). The sample is the third electrode. The cell, see Figure 38, is rinsed
with argon and sequenced by vacuum pumping to 10” atm. The temperature is increased after
the evacuation. The sample (1) is placed on YSZ electrolyte (3) which is connected with two
iron wiistite electrodes (2). The sample is covered with platinum plate (4), the wires (5) are
made of platinum. The electrodes are positioned on a quartz plate (6) held by a quartz tube
(7). The tube is placed in another quartz tube (9) with a thermocouple (8). The oxygen partial
pressure can be lowered to 107 atm. by electrochemical pumping using a Tacussel
potentiostat (Bi-PAD) with a constant current of 80 pA with a maximal overvoltage 30 mV.
The EMF (of the sensor) is measured after equilibrium of the sample and took typically 3 to 4
hours. The EMF measurements are recorded with a digital multimeter “Keithley 197A”.
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Vcell ~ 0.5 Cm3
Mgample = 0.04 g
Oxygen leakage =~ N.A.V.

WAL UUM

= VACUUN
- VACUM
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Figure 38, CT design by Tanasescu et al. [30, 31]

Li et al.

Li et al. [41-44] developed a coulometric titration set-up to study the oxidation of Ni-Cr alloy,
chrome, molybdenum, iron, zirconium, titanium, nickel and cupper. They used a set-up with
two furnaces, one (1) for achieving an optimum working environment for YSZ electrolytes as
oxygen pump (9) and sensor (10) and second furnace (4) for changing the temperature of the
sample, see Figure 39. The sample (3) is placed in a quartz tube (5), which is attached to the
electrolytes by a connector (2). The sensor and pump are monitored and controlled by a
computer (6, 7, 8). They report a stable environment in a oxygen partial pressure range of 10°
2 at 973 K. The lower oxygen partial pressure limit mainly depends on the leakage of the
system and the electrochemical semi-permeability of the solid-state electrolyte. The
composition and the microstructure of the electrolyte material and its working temperature
have important influences on the electronic conductivity of the electrolytes. It took 24 hours
to reach an oxygen partial pressure of 10>° atm at 1073 K and only 2 hours at 973 K. The
oxygen transport, especially in low oxygen partial pressure, is relatively slow in this design
due to the separation of the electrolytes and sample into two furnace.

Veen =40 Cl’Il3

Msample =03 g

Oxygen leakage ~ N.A.V.
Carrier gas = argon
Current = N.A.V.

8 <—|I—_—|<——'|

Figure 39, CT Design of Li, He and Gao [41-44]
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Bakken

Bakken [5] studied the non-stoichiometry of strontium ferrite and calcium manganite at 1223
— 1373 K in a oxygen partial pressure range of 10" to 0.21 atm by using coulometric
titration, see Figure 40.

Vel ® N.AV

Mample = N.A.V

Specific oxygen leakage ~ 400 pA/cm®
Carrier gas = argon

Current = N.A.V.

Figure 40, CT design by Bakken et al. [5]

Ferreira et al.

Ferreira et al. [34] obtained a oxygen partial pressure of 107'® atm at 1273 K. They studied the
oxygen losses and electrical conductivity of niobium doped strontium titanates by a CT set-up
derived from Lankhorst [4].

Vceu ~0.25 Cl’l’l3

Msample ~0.2 g

Specific oxygen leakage ~ N.A.V.
Carrier gas = hardly any gas present
Current = N.A.V.

Figueiredo et al.

Figueiredo et al. [19] studied the ionic conductivity of iron doped calcium titanate in an
oxygen partial pressure environment of 10” to 0.21 atm with a commercial available oxygen
sensor (Oxylyt, Sensotech Magdeburg, Germany) as coulometric titration set-up. Argon was
transported through an oxygen sensor (cell #1) followed through a sample furnace and
sequenced by a second oxygen sensor (cell #2), see Figure 41 . The difference in oxygen
partial pressure between the sensors was adsorbed or de-absorbed by the sample. Bucher et al.
[20] used the same oxygen sensor to measure the electronic conductivity and chemical
diffusion of lanthanum strontium cobaltate in a oxygen partial pressure range down to 10™
atm at 923-1173 K.
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r,,.,.,.....‘.....I:;.,..,\‘I A% E——-v—-?-——-'—""""""'"*\ ( \) Vcell ~ N.A.V.
\ _...\,.TEUW\\ —-*--)"q—ﬂ/___‘ ChLLé I,J : Msample ~ NAV
- Oxygen leakage ~ N.A.V.

Carrier gas = argon
Current = N.A.V.

Figure 41, Schematic set-up by Figueiredo et al. [19]

Zhang et al.

Zhang et al. [32] studied the electrical conductivity and non-stoichiometry of high-T,
superconductor HoBa,Cu3Og. in a oxygen partial pressure range of 5-10° to 0.21 atm at
temperatures of 863-1173 K. The electrical conductivity was measured with the ‘Van der
Pauw technique’. A stable EMF is obtain after 2 hours at 1173 K. The sample in a bar shape is
placed in a YSZ crucible. The dead volume is decreased by filling the YSZ crucible with high
purity alumina pieces. The non-stoichiometry of HoBa,Cu3Og+x powder (6) wrapped in a gold
foil was placed in a YSZ crucible (11). The oxygen content is measured with electrodes (1
and 2) and controlled with electrode (3 and 4). The sample is covered with an alumina disk
(7) and attached with the YSZ crucible using alumina cement (8). The YSZ tube was further
sealed with glassy material (9 and 10).

Vcell ~ Vsample

Msample =~ 0.6 g

Oxygen leakage ~ N.A.V.

Carrier gas = hardly any gas present
Current = 10-30 pA

Figure 42, Coulometric titration set-up of Zhang et al. [32]

Ohly et al.

Ohly et al. [7, 56, 62, 63] investigated the electrical conductivity of (barium doped) strontium
titanates at 973 — 1273 K. The oxygen atmosphere was controlled by a coulometric titration
and varied between 102° and 0.21 atm. The sample is connected by 4 wires for electrical
conductivity measurement with ‘Van der Pauw’ technique, see Figure 44. An alumina tube
positions the sample, which is located in a long YSZ tube acting as oxygen sensor at the tip
(close to the sample) and as oxygen pump, see Figure 43. The electrodes of the oxygen pump
are 130 mm long. The YSZ tube is placed in a quartz tube inside a furnace. All the tubes are
sealed gas tight with Viton O-rings.
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Figure 43, CT design by Ohly [7]

Veen = 80 cm’

Msample =15 g

Oxygen leakage ~ N.A.V.
Carrier gas = H;

Current = N.A.V.

g |

outer shield —1
(platinized e
alumina tube) T r—

Ji

alumina (Alz03)
capillary tube

ca. 330 mm

Viton O-ring sealings

‘Vespel bushing —-—-—“%I

thin-walled )
alumina tube nner
shield
current or
voltage lead N

Triax connector

Figure 44, CT design by Ohly, close up [7]
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Mitberg, Poeppelmeier and co-workers.

Mitberg et al. [45-53] studied the electrical conductivity of several perovskite type materials
(zinc doped YBCO, cobalt doped YBCO, strontium doped lanthanum cobaltate, strontium
ferrite, strontium doped lanthanum ferrite, and barium doped lanthanum manganite). The
samples were measured in a CT set-up, see Figure 45, to vary the oxygen partial pressure
from 10" to 0.21 atm in a temperature range of 473-1223 K. The sample (1) is fixed between
two thermocouples and connected with two voltage probes. The sample is placed in a
cubically stabilised zirconia tube with four electrodes, two sets of two electrodes for oxygen
pump (4) and sensor (3). An advantage of this design is the minimum amount of wires needed
for measuring the temperature and the electrical conductivity. An additional advantage is the
possibility of measuring the Seebeck (thermopower) coefficient.

The cell is evacuated and filled with a 50% O, and 50% CO, gas mixture. Low oxygen partial
pressure is obtain by electrochemical oxygen pumping.

Vear = 125 cm’

Msample ~4.5 g

Oxygen leakage ~ N.A.V.
Carrier gas = 50% O, /50% CO,
Current = max 0.5 mA

Figure 45, CT-designed by Mitberg et al. [45-51]

Ochin et al.

The electrical conductivity of Cu,.;0 in a oxygen partial pressure lower than 10~ was studied
by Ochin et al. [26] with the help of an electrochemical cell, see Figure 46. They obtain a
lowest oxygen partial pressure limit of 107 in a temperature range of 873-1373 K. The
electrical conductivity is measured by a four probe technique, four wires insulated by an
alumina (16) tube are connected with the sample (15), positioned in the right part of the quartz
tube (3) hold in a stainless steel tube (2). The oxygen is controlled and measured by a
stabilized zirconia tube (7) covered with two electrodes (8, 9). The flanges (5) are cooled with
water (4) to reduce the temperature of the furnace (1). Dried argon with 5 to 10 ppm oxygen is
flushed into (13) the electrolyte tube and the amount of oxygen partial pressure is controlled
electrochemically into the quartz tube (3), which is in vacuum.
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Veen = 190 cm’

Msample =2 g

Specific oxygen leakage ~ N.A.V.
Carrier gas = argon

Current = 0.01-0.5 mA

(b) e

Figure 46, CT-design by Ochin et al. [26]
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Appendix B — EDX results of the Platinum-Paste
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Accelerating Voltage: 15 KeV Take Off Angle: 34.4269°

Live Time: 100 seconds Dead Time: 19.227
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Appendix C — Micro coulometric titration cell

A coulometric titration set-up with a much smaller reactor volume (in the order of the sample
volume) is required to study the conductivity, non-stoichiometry and oxygen diffusion
coefficients. A possible micro coulometric titration set-up is explained in this appendix.

A quartz flushable tube is placed inside a tubular furnace, see Figure 47. The partial oxygen
pressure can be varied inside the tube by mixing gases. An electrolyte bucket (bird cage) with
sample is positioned inside this tube, see Figure 48.

Description:

The quartz tube is in reducing atmosphere. The oxygen leakage is mainly determined
by the reference oxygen partial pressure. Therefore, the oxygen leakage will be less.
An electrolyte bucket painted with two electrodes on both sides. The four electrodes
are used for the electrochemical cells of oxygen- pump and sensor.

The bucket is covered with an alumina plug. A golden O-ring seals the plug and the
bucket gastight.

The sample holder is a quartz disc (slightly bended) with a horizontal coin slit. The
edges of the slit and the edges of the disc are covered with Pt paste and function as
two electrodes for 4-probe ‘Van der Pauw’ technique. The sample can be positioned
vertically in the quartz slit and connects the electrodes with pressure due to gravity.
The other two electrodes are made on a quartz bended ring or in a similar quartz slit.
The weight of the ring cares for the constant pressure of the electrodes on the sample.
The four electrodes, the thermocouple and the two negative electrodes of the pump
and sensor are connected with platinum wires. The wires are transported through the
alumina top and sealed with ceramic glue.
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Figure 47, Micro coulometric titration set-up, overview.
A quartz tube (2) is placed in a tubular furnace (1). The
quartz tube with gas inlet (5) and outlet (3) tube is sealed
gastight with a plug (4)
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Figure 48, Micro coulometric titration set-up. The sample (1) is placed in an YSZ (2) bird cage with
an alumina plug (3) sealed with a golden ring (4). The sample is fixed with two quartz discs with a
coin slit (7). The temperature is measured with a thermocouple (8, 12, 13). The oxygen sensor and
pump are connected with platinum wires (9 and 16). The sample is connected with 4 electrodes (10,
11, 14 and 15).
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Appendix D - Defect chemistry of YSZ

The defect chemistry of YSZ can be given with the following equations. The YSZ electrolyte
has an anti-Frenkel disorder. The equilibrium and the constant can be given as:

O, +V,=0"+V; (48)

o]

Ky W (49)
The equilibrium and the constant of intrinsic ionisation can be given as:

0=¢+n (50)

K, =np (51)
The charge neutrality of YSZ is:

[Yz’r]+2[0,”]+n\—_‘p+2[V0"] (52)

The acceptor (Yttrium) fixes the vacancy concentration in the middle oxygen partial pressure
range. The charge neutrality equation (52) becomes:

[7,]=2[75"] (53)

The oxygen vacancies are stable in this oxygen partial pressure range and therefore the gas-
solid equilibrium reduces to:

1

K' = 7
n"p0,

g

noc pO;% (54)

pmpO%

Yttrium cannot fix the vacancy concentration anymore at extreme low oxygen partial
pressures or at high temperatures; the electrical neutrality equation (48) reduces to:

n=2V;"]

" __ 1

g n6p02 (55)
noc pO;%
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