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ABSTRACT

This thesis deals with the rare earth nickelate La;NiOs.s (LNO) in terms of its fundamental material
properties, with a particular focus on oxygen exchange kinetics and electrochemical characterization
relevant for potential application as oxygen electrode in solid oxide electrolysis cells (SOECs). The
impact of partial substitution of nickel with 10 % cobalt is evaluated, as well as the effect of surface
modification by acid etching with HNOs. The electronic conductivity and the chemical surface exchange
coefficients are determined by dc-conductivity relaxation measurements on a bar-shaped sample. The
substitution of nickel with cobalt in La;Nio9C00.104.s (LNCO291) leads to significantly higher surface
exchange coefficients and a lower activation energy of the surface exchange reaction compared to
LNO, while the electronic conductivity experiences a slight reduction. The conductivity relaxation
measurements on the etched sample yield noteworthy results. The surface exchange coefficients of
oxygen are increased and a further reduction in the activation energy compared to the unetched LNO
and LNCO291 is achieved. It is observed that acid etching has no effect on the electrical conductivity.
X-ray photoelectron spectroscopy (XPS) is employed to obtain comprehensive data on the surface
chemistry. The findings indicate the formation of a nickel-depleted phase on the surface of the etched

sample. Consequently, it can be inferred that La,;0s is the predominant phase on the surface.

Furthermore, the electrochemical properties of LNCO291 are examined through the use of current
density-voltage (/-V) curves on an electrolyte-supported cell. The substitution of nickel with 10 %
cobalt results in a slight enhancement in cell performance, thereby indicating that LNCO291 shows
promising properties for use as an oxygen electrode material in SOECs. The impact of nickel and
lanthanum oxide infiltration on symmetrical cells is examined using electrochemical impedance
spectroscopy (EIS). The results suggest that nickel infiltration enhances the cell performance, whereas
lanthanum infiltration shows the opposite effect. Post-test analyses using scanning electron
microscopy (SEM) are carried out to confirm the porous microstructure of the electrodes and to
characterize the cross-sections of the electrode-electrolyte interfaces of the cells, which confirm good

adhesion between the layers.






KURZFASSUNG

In dieser Arbeit wird das Seltenerdnickelat La;NiO4.s(LNO) in Hinblick auf grundlegende
Materialeigenschaften untersucht, wobei der Schwerpunkt auf der Sauerstoffaustauschkinetik und der
elektrochemischen Charakterisierung liegt, die fiir eine potenzielle Anwendung als Sauerstoff-
elektrode in Festoxidelektrolysezellen (SOECs) relevant sind. Die Auswirkung der teilweisen
Substitution von Nickel durch Kobalt sowie die Auswirkung der Oberflachenbehandlung mit Saure
(HNOs) werden bewertet. Die elektronische Leitfahigkeit sowie der chemische Oberflachen-
austauschkoeffizient von Sauerstoff werden durch Gleichstrom-Leitfahigkeitsrelaxationsmessungen
an einer dichten Probe bestimmt. Die Ergebnisse zeigen, dass die Substitution von Nickel durch 10 %
Kobalt in LazNigsC00.104+5 (LNCO291) im Vergleich zu LNO zu deutlich hdéheren Oberflachen-
austauschkoeffizienten und einer niedrigeren Aktivierungsenergie der Oberflachenaustauschreaktion
flhrt. Gleichzeitig lasst sich eine leichte Abnahme der elektronischen Leitfahigkeit feststellen. Die
Leitfahigkeitsrelaxationsmessungen an der geatzten Probe liefern bemerkenswerte Ergebnisse. So
wird eine Erhohung der Oberflachenaustauschkoeffizienten fir Sauerstoff beobachtet, wahrend die
Aktivierungsenergie der Oberflachenaustauschreaktion im Vergleich zur gedtzten LNO-Probe und zu
LNCO291 noch weiter gesenkt wird. Ein Einfluss des Atzens mit Sdure auf die elektrische Leitfahigkeit
ist nicht festzustellen. Mittels Rontgen-Photoelektronenpektroskopie (XPS) wurden umfassende Daten
zur Oberflachenchemie gewonnen. Die Ergebnisse deuten auf die Bildung einer nickelarmen Phase auf
der Oberflaiche der gedtzten Probe hin. Daraus kann geschlossen werden, dass La;0s; die

vorherrschende Phase auf der Oberflache ist.

Des Weiteren werden die elektrochemischen Eigenschaften von LNC0O291 anhand von
Stromdichte-Spannungs-Kurven (/-V) in einer elektrolytgestltzten Zelle untersucht. Die Substitution
von Nickel durch 10 % Kobalt fihrt zu einer leichten Verbesserung der Zellleistung, was darauf
hindeutet, dass LNCO291 vielversprechende Eigenschaften fiir den Einsatz als Sauerstoffelektrode in
SOECs aufweist. Die Auswirkungen der Infiltration mit Nickel- bzw. Lanthanoxid auf symmetrische
Zellen werden mittels elektrochemischer Impedanzspektroskopie (EIS) untersucht. Die Ergebnisse
deuten darauf hin, dass die Nickelinfiltration die Zellleistung verbessert, wahrend die
Lanthaninfiltration den gegenteiligen Effekt zeigt. Post-Test-Analysen mittels Rasterelektronen-
mikroskopie (REM) werden durchgeflihrt, um die pordse Mikrostruktur der Elektroden zu bestatigen
und die Querschnitte der Elektroden-Elektrolyt-Grenzflachen der Zellen zu charakterisieren. Auf diese

Weise lasst sich eine gute Haftung zwischen den Schichten nachweisen.
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1. SCOPE OF THE THESIS

1 SCOPE OF THE THESIS

The aim of this thesis is the development of novel oxygen electrode materials for solid oxide cells. The
objective is to enhance the oxygen exchange kinetics of the rare earth nickelate La;NiO4.+s and to gain
a profound comprehension of the mass and charge transport properties, in addition to the surface
chemistry and electrochemical performance of this compound. Chapter 2 introduces the working
principle of solid oxide electrolysis cells and provides a detailed description of cell function and
state-of-the-art materials. Chapter 3 presents the theoretical background of the methods applied for
the kinetic and electrochemical characterization of samples at the material and cell level. Finally, the
structure and properties of Ln;NiOa.s - type rare earth nickelates are described in this chapter. The
procedures used for sample preparation, electrochemical characterization and post-test analysis are
described in detail in Chapter 4. The results are then presented and discussed in Chapter 5. The first

part deals with the research question:

I.  How does the partial substitution of nickel with cobalt affect the oxygen exchange kinetics?

Cobalt is found only in a few regions of the world and is often mined under very problematic
circumstances - environmentally harmful, dangerous, with child labor. Environmentalists and human
rights activists criticize cobalt mining in the Democratic Republic of Congo, where the largest deposits
of the rare raw material are located®. In light of these considerations, it became evident that a more
comprehensive understanding of the potential alternatives to the substitution of A- and B-sites is
necessary in order to enhance the oxygen exchange kinetics. The following research question is

therefore posed:

Il.  Is it possible to improve the oxygen exchange kinetics without partial substitution - but with

surface modification?

This is further analyzed in the section 5.2. In the third sub-chapter, the electrochemical properties of
the materials are investigated in order to test their suitability for use as oxygen electrodes in SOECs. A
summary of the results and main conclusions of the studies are carried out and the answers to the

research questions are presented in Chapter 6.

1 https://www.amnesty.org/en/latest/news/2023/09/drc-cobalt-and-copper-mining-for-batteries-leading-to-human-rights-
abuses/ in May 2024.


https://www.amnesty.org/en/latest/news/2023/09/drc-cobalt-and-copper-mining-for-batteries-leading-to-human-rights-abuses/
https://www.amnesty.org/en/latest/news/2023/09/drc-cobalt-and-copper-mining-for-batteries-leading-to-human-rights-abuses/

2. INTRODUCTION

2 INTRODUCTION

Increasing energy consumption as a result of population growth in combination with limited supplies
of fossil fuels (e.g. oil and gas) has led to an increase in the use of renewable energy sources. Much of
the growing energy demand can be met by sustainable sources such as solar and wind power, but most
of these are volatile, making storage necessary but also difficult. Electricity from renewable sources
can rarely respond immediately to demand because, as mentioned above, these sources do not
provide a regular supply that can be easily adjusted to meet consumption needs [1]. Therefore, flexible
and highly efficient energy storage and conversion technologies are needed. In this respect, solid oxide
cells (SOCs) could play an important role, as they are efficient chemical-to-electrical energy converters
that can provide a useful link between energy production and demand. Hydrogen is considered as a
potential fuel and energy carrier for these future energy technologies. One of the most efficient and
sustainable technologies for converting electrical energy into hydrogen is based on high-temperature
solid oxide electrolysis cells (SOEC) [2-5]. Unlike other electrolysis technologies, such as alkaline
electrolysis, SOEC systems are not yet widespread. However, it should be noted that the successful
establishment of these devices offers the possibility of storing electrical energy not only in the form of
hydrogen, but also in the form of synthesis gas (i.e., a mixture of hydrogen and carbon monoxide),
which in turn can be converted into lower hydrocarbons that could be distributed via the existing

infrastructure.

The following sections provide a short overview of the function and materials used in solid oxide

electrolysis cells.

2.1 Solid oxide electrolysis cell

Solid oxide electrolysis cells (SOECs) use electricity to split water vapor into hydrogen and oxygen. The
water splitting reaction does not occur spontaneously and is a highly endothermic reaction. Therefore,
it is advantageous to perform the electrolysis reaction at higher temperatures to reduce overvoltage.
The typical operating temperature lies between 650 and 900 °C. The working principle of an SOEC is
illustrated in Figure 1. However, SOECs not only convert water vapor into hydrogen, but can also
operate on mixtures of water (H,0) and carbon dioxide (CO,), resulting in synthesis gas (H; + CO). This

is particularly advantageous when waste water vapor and waste heat are available, as is the case in

2
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some high-temperature processes - such as the production of steel or cement, which are currently

unavoidable sources of CO,. Due to favorable reaction kinetics and thermodynamics, technical

efficiencies close to 100 % can be achieved in SOEC mode [5-7].

Airin  s— " N | 14,0 + €O, in

203> 0,+4¢e

O,-enriched air out e— ) H, + CO out

} A AL P
Air Electrolyte Fuel
electrode electrode

Figure 1 Working principle of a solid oxide electrolysis cell for a feed gas mixture of CO; and HO.

The chemical reactions occurring during H,0- and CO;- electrolysis are given below.

H,0 + 2e~ > H, + 0

H,0+CO,+4e > H,+CO+20%

Fuel electrode 2.1
CO, +2e” - CO+ 0% 2.2
_ 1 _
Oxygen electrode 0%~ - 502+ 2e 2.3
H,0 > H, + L0,

- 2 2.4

Overall reactions :
2.5

O, > CO+ 30,
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Two main cell configurations are used in solid oxide cells: the planar and the tubular type. Both
configurations consist of the same main components, a dense ionically conducting electrolyte and two
porous electrodes: air and fuel electrode. Tubular cells have high mechanical stability and good
thermal cyclability. However, their use in SOECs is still in the development stage. Therefore, industrial
applications have focused on planar cells as they achieve high power densities and are easier to
manufacture, which in turn increases cost efficiency [6,8]. The cell design of planar cells depends on
the supporting layer (self-supporting cells), which provides the required mechanical stability, as it is
usually the thickest layer in the cell structure. The cells are therefore referred to as fuel electrode-,
oxygen electrode-, and electrolyte-supported cells, as displayed in Figure 2. Alternatively, another
support can also be used, such as metal-supported cells, which appear promising in terms of

robustness and power density.

Air electrode Electrolyte Fuel electrode
supported cell supported cell supported celll

AR Ul clectrode Ja

-

—- - ’

4

- .

L,
= Fuellelectrode R

4y -

Electrolyte
Electrolyte
t 2=4J = Y T J =4 1 R
0xygenfelectrode il M Oxygen'electrode g

Figure 2 Design options of self-supported cells. The individual layer thicknesses are for schematic
purposes only and do not represent actual thickness ratios.

Electrolyte-supported cells (ESCs) are particularly mechanically stable due to the dense electrolyte
layer, which has a thickness of approximately 50 - 250 um [9]. However, the thick electrolyte layer also
results in high ohmic resistance, which in turn leads to lower power density and the requirement of

high operating temperatures (above 800 °C) [6].

The mechanical stability of electrode-supported cells is ensured by the thick, porous electrode layer.
Electrode-supported cells are divided into two types: fuel electrode-supported cells (FESCs) and
oxygen electrode-supported cells (OESCs). The thickness of the electrode depends on the type of
electrode-supported cell. FESCs have an active layer of 5-20 um, while the active layer of OESCs
ranges from 15 to 80 um [9]. As a result, the electrolyte layer is much thinner (2 - 20 um), which results
in lower ohmic resistance and the ability to reduce the operating temperatures [9]. Due to high power

densities - especially at lower temperatures - FESCs are often used nowadays [8]. Electrode-supported
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cells generally are known to exhibit a lower stability regarding re-oxidation, leading to a higher

susceptibility to damage caused by redox cycling [6,10,11].

2.2 Materials for solid oxide electrolysis cells

Compared to other electrolysis technologies, the SOEC technology is not yet fully developed. One of
the biggest challenges is the development of suitable materials, especially for the oxygen electrode.

The state-of-the-art materials used in SOECs are described below.

2.2.1 Electrolyte

Since the electrolyte is the separator between the electrodes, it must be gas-tight and chemically
stable with respect to reduction and oxidation processes. The performance of the electrolyte material
clearly depends on temperature and layer thickness. In general, the electrolyte should have high oxide
ion conductivity with negligible electronic conductivity to avoid potential leakage currents [6,12]. The
electrolyte material - especially in electrolyte-supported cells - influences the thermal expansion of the
entire cell and thermal expansion mismatch with the electrodes should therefore be avoided to
prevent delamination [13]. The most commonly used electrolyte is yttria-stabilized zirconia. It is mainly
used with 8 mol% Y,03 (8YSZ) due to its good ionic conductivity and good mechanical properties. The
use of less yttria makes the electrolyte more robust, but results in lower ionic conductivity [4,14]. The
substitution of zirconia by yttria leads to an increase in oxygen vacancy concentration. This is shown in

equation 1.6 in Kréger-Vink notation [15].

ZrOo
Yo05 ——5 2} +3 0% + V3 2.6

Another electrolyte material with high ionic conductivity is doped ceria. The disadvantage of this
material is that it can only be used at temperatures below 600 °C, because at higher temperatures and
lower oxygen partial pressures, Ce** cations are reduced to Ce3* cations, resulting in a partial electronic
conductivity that is no longer negligible [16]. The substitution of ceria by gadolinia (CGO) as a dopant
again leads to an increase in the concentration of oxygen vacancies. The reaction in

Kroger-Vink notation is presented in equation 2.7.
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CeO,

Samarium-doped ceria (SDC) is also a good electrolyte, but again the partial electronic conductivity of
cerium oxide leads to internal short circuits under the strongly reducing conditions of solid oxide
electrolysis, so that this material appears unsuitable for use under typical SOEC operating conditions

[17].

2.2.2 Fuel electrode

Fuel electrode materials provide reaction sites for the reduction reaction in an SOEC. In addition to
good electronic and ionic conductivity, this task also requires sufficient porosity to ensure the transport
of reactants and products to and from the active site of the electrode [16]. The materials must be
thermally and mechanically stable and, with regard to chemical stability, the fuel electrodes must also

be resistant to carbon deposits and reaction with sulfur impurities [16,18].

The selection of an appropriate fuel electrode depends on the fuel used in the SOEC. Metallic nickel
has a high electrocatalytic activity for CO;-and water vapor-electrolysis. However, it is only
electronically conductive. If pure hydrogen is used as fuel, the electrode material Ni-YSZ, which is
produced from NiO and YSZ particles, is used [4]. Here, nickel oxide is first reduced with hydrogen to
Ni-metal, which leads to the formation of the necessary porosity. Nickel is then responsible for the
electronic conductivity, but is also important as a catalyst for the oxidation of hydrogen [4,18]. In this
composite, YSZ serves as a structural support and provides the necessary oxygen ion conductivity to
ensure oxygen transport within the fuel electrode. Moreover, YSZ inhibits nickel grain growth, as
otherwise the Ni particles would agglomerate, especially at higher temperatures [19]. In terms of
mechanical stability, YSZ is responsible for good adhesion to the electrolyte [18]. However, Ni-YSZ fuel
electrodes are not suitable for SOECs using carbon-containing fuels with relatively high oxygen partial
pressures because nickel oxidizes when exposed to high concentrations of steam or CO; at higher
operating temperatures. Nickel is also highly susceptible to carbon deposition, which has to be
avoided, because the deposited carbon blocks the catalytically active sites of the fuel electrode [4]. To
avoid the problem of carbon deposits, there are alternative fuel electrodes, such as

lanthanum-substituted strontium vanadate (LSV) or lanthanum manganite substituted with strontium
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on the A-site and chromium on the B-site (LSCM). The latter one doped with 0.5 % Pd has already been

successfully used in CO,-electrolysis [4,20].

2.2.3 Oxygen electrode

Oxygen electrode materials provide the reaction sites for the oxidation in the SOEC. Oxygen electrodes
should have high chemical, thermal and mechanical stability, as well as high oxygen ion conductivity
and good electronic conductivity [2]. As with the fuel electrode, it is important to ensure that the
coefficient of thermal expansion of the electrolyte material is similar to that of the oxygen electrode
to prevent delamination [16]. The material should also be stable against impurities such as sulfur
dioxide, chromium or silicon that come into contact with the material from other system components.

These impurities reduce the long-term stability and oxygen surface exchange activity.

The standard oxygen electrode material La1xSrkMnOQs:s (LSM) belongs to the family of perovskites.
However, due to its low oxygen ion conductivity at temperatures below 800 °C, the material is too
inactive for the oxygen reduction and is therefore only used as a composite electrode in conjunction
with a good ion conductor such as YSZ [21]. This increases the triple phase boundary (TPB), where the
oxygen electrode, electrolyte and gas phase meet [21,22]. For SOECs operating at low or intermediate
temperatures (below 800 °C), it is crucial to have a long TPB since the reaction activity of the TPB
significantly decreases with decreasing temperature [22]. Therefore, the use of materials with both
ionic and electronic conductivity that effectively extend the TPB to the entire surface of the cathode is
advantageous. Mixed ionic-electronic conductors (MIECs), such as La1-xSrxCoQs.s (LSC), are considered
as potential oxygen electrodes for the use in intermediate-temperature solid oxide electrolysis cells
(IT-SOECs) [23,24]. The substitution of La** with Sr** in LSC leads to an improved oxygen ion- and
electronic conductivity due to the formation of electron holes and oxygen vacancies [24]. However,
LSC exhibits a large mismatch in thermal expansion coefficient (TEC) with most common electrolyte
materials, which leads to delamination of the oxygen electrode [24]. Another potential oxygen
electrode material is La1xSrFeOs.s (LSF) [25,26], which has been proposed as a chemically more stable
but less active alternative to LSC. Sr-substitution results in acceptor states that are compensated by
oxygen vacancies or Fe* ijons, which, similar to LSC, results in an increase in electronic and ionic
conductivity [27]. A major advantage of LSF over LSC is a better TEC matching and a significantly lower
reactivity with ZrO, [27]. Nevertheless, it should be noted that LSF incorporates Zr** ions into the B-site

of the perovskite structure, resulting in an A-site deficient composition, which in turn has a lower
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electronic conductivity [27,28]. The A- and B-site substituted La;«Sr«Co1.,Fe,0s.5 (LSCF) has also been
extensively investigated. This compound exhibits a lower TEC than LSC and shows lower reactivity with
YSZ [16,29]. However, the B-site substitution of Co by Fe leads to a lower electronic conductivity, and

the ionic conductivity decreases with increasing Fe-content [6,29].

At the present time, the state-of-the-art materials for oxygen electrodes are the MIEC oxides of the
perovskite type. Many compounds with various compositions and A- and B-site substituents have been

studied extensively [3,4,23,30,31].

Various studies [32—-39] indicate that MIECs of the rare earth nickelate series Ln;NiOa.s (Ln = La, Pr, Nd)
exhibit fast oxygen exchange kinetics and reasonable electronic conductivity, making them a promising
alternative to perovskites for use as oxygen electrodes in SOCs. Rare earth nickelates have a significant
advantage over other materials due to the absence of alkaline earth substituents - such as strontium.
These substituents cause long-term stability issues in perovskite-type oxygen electrodes due to surface
segregation and reactions with critical impurities [38,40-44]. Chapter 3.2 of this thesis provides a
detailed description of the structure and properties of rare earth nickelates in relation to their

application as oxygen electrodes in SOECs.



3. THEORETICAL BACKGROUND

3 THEORETICAL BACKGROUND

This chapter discusses key aspects of the theoretical background relevant to the research in this thesis.

3.1 Electrical, kinetic and electrochemical characterization of oxygen
electrode materials

3.1.1 Electrical conductivity measurements

Electrical dc-conductivity measurements in four-point geometry were used to investigate the electrical

and kinetic properties of the dense bar-shaped samples, see Figure 3.

Current-carrying contacts

[

Voltage probes

Figure 3 Linear four-point geometry of a dense bar-shaped sample, where d represents the distance
between the voltage probes and A stands for the area of the current-carrying contacts.

The two outer contacts are used to apply a constant current, while the other two contacts serve as
current-less voltage probes. In the present thesis, the contacts are made from Au wires and Au paste,

as gold is inactive in the oxygen exchange reaction.

For the linear four-point technique, the dense ceramic sample must be prepared in the form of a
rectangular rod, as shown in Figure 3. The current-carrying contacts are attached to the front faces,

while the voltage probes are placed between them at a sufficient distance from the current-carrying

9



3. THEORETICAL BACKGROUND

contacts around the circumference of the sample. This is particularly important to minimize errors due
to compositional inhomogeneities that can be caused by direct currents in mixed ionic-electronic
conductors when using purely electronic contacts, also known as polarization. In addition, care must
be taken to maintain a sufficiently large distance between the voltage probes in order to obtain a
measurable voltage signal. In order to fulfill both requirements, Dudley and Steele [45] established the

rule of placing the voltage probes symmetrically at one third of the bar length.

The electrical conductivity can be determined from the relation:

|

3.1

|-

R corresponds to the measured resistance, d is the distance of the voltage probes and A represents
the cross section of the bar-shaped sample (see Figure 3). The resistance is obtained by measuring
several voltages at various currents and R is calculated from the slope of the regression line to the

V - | data points according to Ohm’s law:

~1<

3.2

with V being the potential difference measured between the voltage probes and / being the applied

current.

3.1.2 Electrical conductivity relaxation measurements

In this work, the in-situ dc-conductivity relaxation method is used to determine the oxygen exchange
kinetics in dense ceramic samples. The method was first described by Diinwald and Wagner [46]. For
this purpose, the samples are equilibrated in a quartz glass reactor with the surrounding atmosphere
at a specific oxygen partial pressure and defined temperature. During the measurement, the electrical
conductivity is recorded as a function of time according to the linear four-point geometry. The oxygen
partial pressure is changed abruptly once the conductivity has reached an equilibrium state. This leads
to oxygen incorporation or release into or from the material, depending on the direction of the oxygen

partial pressure change in the gas flow (oxidation or reduction reaction). The electronic conductivity
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of the sample is a function of the oxygen content, so that the process leads to a relaxation towards the
new equilibrium state. Comparing the abrupt change in the oxygen partial pressure with the change in
conductivity, it can be seen that there is a delay while the sample relaxes towards equilibrium. Figure

4 shows an oxidative pO,-step (left) and the corresponding normalized conductivity response (right).

pO, / bar

] 064

0.3 ; P
| ideal pO,-step _— @ “‘ — sample response
4 ) 044

T T '
0 1000 2000 3000 4000 5000 6000
tis

S S S
200 100 0 100 200
ti's

Figure 4 Schematic representation of the dc-conductivity relaxation method. The ideal change in oxygen
partial pressure around an equilibrated sample (left) is considered as system input while the sample
response (right) corresponds to the normalized change in electrical conductivity.

According to the following formula the conductivity response can be normalized:

o(t) — oy
o — 0o 3.3

On

where oo corresponds to the measured conductivity before the relaxation reaction and o represents

the measured conductivity after the relaxation reaction.

The kinetic parameters, chemical surface exchange coefficient (kcem) and chemical diffusion coefficient
(Dchem) Of Oxygen, are obtained by nonlinear least-squares fitting of a suitable solution of the diffusion
equation to the normalized conductivity transients. The solution of the diffusion equation depends on
the sample geometry. In the linear four-point geometry, the oxygen can diffuse through the sample in
two directions, as the two end faces of the bar-shaped samples are completely covered by gold sheets,

which block the oxygen diffusion in this direction (see Figure 5).
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Compared to other sample geometries, the bar-shaped sample is easy to prepare and allows the

simultaneous determination of kchem and Dchem Under certain conditions.

Figure 5 Oxygen diffusion pathways (blue arrows) through a bar-shaped sample with electrical contacts
(gold).

Oxygen incorporation from the gas phase into the dense ceramic sample (and vice versa oxygen
release) proceed by two serially connected processes: (a) the oxygen exchange between the gas phase
and the sample surface (surface exchange) and (b) the diffusion of oxygen ions within the sample
(chemical diffusion). In case of chemical diffusion, it can be described by Fick’s first law for

1-dimensional diffusion:

_ dc
J = —Dchem a 34

. d . .
where J corresponds to the oxygen flux density and é to the concentration gradient of the oxygen

ions.

Fick's second law of diffusion is obtained by inserting Equation 3.4 into the continuity equation,

whereby Dchem is regarded as constant.

dc d9%c
Frin Dchem %z 35
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Mosleh et al. [47] describe several elementary steps of the oxygen exchange process, such as the
adsorption of molecular oxygen from the gas phase on the sample surface, dissociation, as well as
reduction and incorporation into the material. These mechanisms are less well known than those for
diffusion, as is the rate-determining step, which can differ from material to material and is also

dependent on oxygen partial pressure and temperature [48].

Therefore, the surface exchange process is represented by a linear rate law:

J = kchem (cs(t) — €0) 3.6

Here c¢s corresponds to the time-dependent oxygen concentration and c.. is the equilibrium
concentration of oxygen after the relaxation process. Equation 3.6 only holds true for small changes in

the oxygen partial pressure.

As both processes (surface exchange and diffusion) are occurring in series, limited kinetics of one
process result in this process dominating the overall kinetics - it becomes rate-determining. This means
that no further information about the faster step can be obtained from the measurement. The entire
relaxation process can therefore be divided into three different regimes, referred to as surface-
controlled, diffusion-controlled and mixed-controlled. In order to distinguish between diffusion,
surface and mixed-controlled kinetics, Bouwmeester et al. [49] introduced a characteristic thickness L.

for a steady-state oxygen flow through ceramics:

3.7

where D and k represent the self-diffusion coefficient and the surface exchange coefficient of oxygen,
respectively. This characteristic parameter was transferred to oxygen relaxation measurements using

the chemical surface exchange and diffusion coefficient by den Otter et al. [50]:

D
Lc — chem

kchem 3.8
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Quantitative criteria for the transition between the different regimes can be derived from the following

relationship:

a kchem a

Lc D chem 3.9

with a as the total sample thickness L or half the sample thickness L/2. This depends on whether the

oxygen exchange takes place from one side of the sample or via the two opposite sides.

Den Otter et al. [50] provides guidelines that indicate the dominant process. With a/L. between 0.03
and 30, the oxygen kinetics are subject to mixed control, below 0.03 the kinetics are dominated by the

surface exchange, and above 30 the kinetics are in the diffusion-controlled regime.
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3.1.3 Current-voltage measurements

The cell performance of SOECs can be described via the current-voltage (/-V) curves. Frequently, the
current or current density is plotted in the negative x-direction of the graphs because current is
supplied to the cell during electrolysis. The cell performance is evaluated based on the deviation from
the theoretical Nernst potential and can be increased by increasing the current density. A reduced cell
potential increases the efficiency of the electrolysis process [51]. The following figure shows a

schematic representation of an /-V curve of an SOEC.

Voltage

r 3

Concentration polarization

=

Ohmic polarization

Activation polarization

Na

Ideal voltage

Current density <

Figure 6 Schematics of I-V-curve of an SOEC.

The deviations from the ideal potential are due to polarization losses. The /-V curve can be described

as follows [52]:

V= EO + Na + Nact,0e + Nconc,0e + Nact fe + Nconc,fe 3.10

where E° represents the theoretical Nernst potential and V the measured voltage. Nact, Nconc and nq are
activation, concentration and ohmic losses of the oxygen and fuel electrode as well as the electrolyte.
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3.1.3.1 Activation polarization

To enable the flow of ions and electrons, energetic barriers must be overcome, which are due to the
inertia of the electrode kinetics. The activation polarization is therefore influenced by the kinetics of
the electrochemical reactions at both electrodes. The term is derived from the activation energy that
must be overcome by the reactants at the electrodes for the electrochemical reactions to take place.
The slowest process, which takes place at the oxygen electrode or at the fuel electrode, determines

the speed of the overall kinetics [53,54].

3.1.3.2 Concentration polarization

Concentration polarization is also referred to as gas transport loss, as the gaseous reactants supplied
during the electrochemical reaction are consumed at the electrodes, resulting in a concentration
gradient and a loss of potential. Concentration polarization can also occur if the gaseous products

cannot diffuse away quickly enough [53].

3.1.3.3 Ohmic polarization

Ohmic resistances occur due to restrictions in the flow of electrons and ions at the electrolyte, the
electrodes and at various interfaces of the cell. On the stack level, other components such as the
current collectors also contribute to the ohmic resistance of an SOEC. Ohmic polarization dominates
in the medium current density range and is mainly due to the limited ionic conductivity of the

electrolyte [51,53].

3.1.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a characterization tool that enables the investigation
of electrode processes and transport properties of materials [55]. This method makes it possible to

separate the influences of different processes in the overall resistance in a solid oxide cell.

3.1.4.1 Definition of impedance

The equations in this chapter concerning the EIS are taken from reference [56]. The resistance R of a
system results when a current /, which is applied to obtain a certain voltage V, is conducted through
the system. This process is described using Ohm's law (see Equation 3.2). This law is only valid if voltage
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and current are in phase, as it is the case with an ideal resistor. By considering the geometry of the

sample, the resistance can be defined as follows:

=

I
i)
e NJIESH

3.11

where p represents the resistivity, d is the thickness and A the area of the sample. The specific
conductivity o is in turn defined as the reciprocal of the resistivity. The impedance Z represents the
relationship between voltage and current for alternating currents (ac), also capturing the phase shift
between the input voltage and the resulting current. Experimentally, an ac-voltage with a certain
amplitude is applied at different frequencies when measuring impedance spectra. The voltage signal

V(t) is time-dependent and is represented mathematically as follows:

V(t) =V, sin(wt) 312

with V, as voltage amplitude, t as time and w as the angular frequency, which is related to the

frequency f by:

w=2nf 3.13

For linear systems, the resulting current output /(t) is also sinusoidal at the same frequency with

amplitude /5, but now includes a phase shift ¢:
I1(t) =1, sin(wt— @)

3.14

Both the applied voltage and the current output are illustrated in Figure 7.
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V(t) 4

AN
NN\

¢ @ ... phase shift

Figure 7 Representation of the phase shift ¢ in EIS. The blue curve illustrates the applied voltage V(t)
and the orange curve the current output I(t).

The combination of Ohm's law and Equations 2.13 and 2.15 leads to the expression of the impedance Z:

V(@) Vg sin(wt)
CI(t) I sin(wt — ) 3.15

For a simpler treatment of time-dependent sinusoids, it is advantageous for the further mathematical

description of the ac resistance to switch to the complex number plane by using Euler's relationship:
_I(P — PR
e cos@ + jsing 3.16
and write:

YO e
- I(t) - I, el(wt—p) — a® 3.17

withZ=2'+jZ",where Z' is the real part and Z”” denotes the imaginary part of the compleximpedance.
The real part represents the resistance to a Faradaic current flowing through a circuit, and the

imaginary part describes the ability to store electrical energy capacitively or inductively.
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3.1.4.2 Interpretation of impedance spectra

In order to interpret the electrochemical characteristics of SOECs, impedance measurements are
carried out in the frequency range f from MHz to mHz. Figure 8 illustrates the Nyquist plot that
represents the impedance data in the complex plane. More precisely, the impedance Z is shown as a
vector in the complex plane with Z’ and Z”’ as Cartesian coordinates or, alternatively, in polar

coordinates with the magnitude Z, and the phase angle ¢ according to:

Zn

Zq=~Z7%+7" ¢ = arctan—; 318

_ZJJ'
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1
i
1
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Figure 8 Nyquist plot of impedance data with Z in a complex plane with Z’ and Z” as coordinates, the
phase angle @ and the angular frequency range w.

Electrochemical impedance spectra are often interpreted using models based on equivalent electrical
circuits. These consist of the main passive elements’ resistor, capacitor and inductor as well as various
other elements describing different electrochemical situations and processes (CPE, Warburg, Gerischer
etc.). It is necessary to choose the elements carefully so that the best possible agreement with the

measured data can be achieved, while representing physically meaningful processes that take place in
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the analyzed system. The following equations (Equation 3.19 to Equation 3.21) state the explicit

impedances of RCL elements:

Zr =R 3.19
Z. = vt __J
Zi=jwl 3.21

where R is the resistance, Cis the capacitance and L the inductance.

3.2 K;NiF, - type rare earth nickelates

The structure and composition of Ln,NiOa.s - type rare earth nickelates are described in more detail in

the following two subsections.

3.2.1 Crystal structure and defect chemistry

Rare earth nickelates belong to the Ruddlesden-Popper (RP) series, comprising perovskite-related
layered compounds with the general formula An.1BnO3n+1 [57,58]. The A-site is generally occupied by
lanthanide or alkaline earth ions. The B-site is occupied by a (3d) transition metal ion. The perovskite
layers in the crystal structure of rare earth nickelates are stacked along the crystallographic c-axis. In
order to prevent coulombic repulsion between ions with the same charge, the perovskite layers are
shifted in-plane along the a- and b-direction. This means that the cations and anions of two neighboring
layers face each other. The arrangement of the ions between two consecutive perovskite layers
corresponds to the rock salt structure. While perovskite structures are characterized by their dense
packing and therefore offer relatively little space for oxygen on interstitial sites, rock salt layers are
less densely packed and can more easily incorporate interstitial oxygen [54]. The stacked layers can
not only consist of single perovskite layers, but also of double and triple layers. These members of the
Ruddlesden-Popper series are distinguished by the number (n) of perovskite layers that make up the

perovskite blocks of the structure, which are presented in Figure 9.
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. A : rare earth

J B : transition metal

® Oxygen

d

Figure 9 Representation of crystal structures of the first-order (n=1), second-order (n=2) and
third-order (n=3) Ruddlesden-Popper phases [59].

The first member of the RP-series crystallizes in the K;NiFs-type structure [18,59,60]. The second and
third members of the higher RP homologues were discovered in the Sr titanate system by Ruddlesden

and Popper and published as crystal structures of Sr3Ti.0; (n = 2) and Sr4Tis010 (n = 3) [57,61].

Rare earth nickelates have different oxygen content in the «crystal lattice. This oxygen
non-stoichiometry is denoted as & in the chemical formula La;NiO4.s. The absolute value of 6 depends
on the order of the RP phase and its chemical composition, as well as on the temperature and the
oxygen partial pressure. LazNiOas.s, PraNiOass and Nd2NiOa.s are hyperstoichiometric compounds in
which 6-values in the range of 0 <6 <0.25-0.30 are tolerated. The oxygen excess is generated by

oxygen incorporation on the interstitial sites of the loosely packed rock salt layers [54,59]. The stability
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of the A;BO, - phases between the perovskite and rock salt layers can be determined from the ionic

radii using the Goldschmidt tolerance factor t

Tin + To
V2 (ryi + 15) 3.22

where ri, rvi and ro are the ionic radii of Ln**, Ni** and O -ions, respectively [59]. For the ideal
tetragonal structure t = 1, but tetragonal K;NiF4-type structures in the range 0.85 < t < 1 are generally
considered stable. The tolerance factor of the stoichiometriccompound La;NiOs.s ranges between 0.87
and 0.89, which shows that the La-O bonds in the compound are under tensile stress and the Ni-O
bonds are under compressive stress [59,62]. Due to the lanthanide contraction only cations of the early
rare earth elements lanthanum, praseodymium and neodymium can form undoped Ruddlesden-

Popper-type nickelates. Tamura et al. [63] report that La;NiOa.s has a tetragonal crystal structure with
space group /4/mmm at elevated temperatures and oxygen interstitials are located at the (%, %, %) sites

of the crystal lattice (see Figure 10) [59,64].

interstitial
oxygen
site

Figure 10 Crystal structures of Ln,NiOus (Ln = La, Pr and Nd) phases with orthorhombic (right) and
tetragonal (center) lattice symmetry. The a-c projection of the tetragonal lattice on the left illustrates
the positions of the interstitial oxygen ions (green colored) [59].

22



3. THEORETICAL BACKGROUND

Among others, Aspera et al. [65] describe that a phase transition from tetragonal to orthorhombic can
also take place and consider the increase in the concentration of interstitial oxygen in LnO-layers of
the rock salt type as an important factor for the structural change. The tilting of the octahedra is caused
by interstitial oxygen ions repelling neighboring apical oxygen ions in the perovskite layers. The
difference in size of the ionic radii of possible A-site cations for nickelates (La > Pr > Nd) leads to an
increase in oxygen excess. As a result, stresses in the structures are equalized and a possible transition

from an orthorhombic to a tetragonal structure is shifted towards higher temperatures [59,66].

In addition to oxide ions on interstitial sites, oxygen vacancies in the perovskite layers of
Ruddlesden-Popper phases also influence the oxygen transport [59]. Oxygen vacancies are formed as
a consequence of modifications in the composition of the cations in RP-phases or in the form of Frenkel

defects, as illustrated in Equation 3.23 in Kroger-Vink notation [15,59].

0y = V5" + 0/ 323

3.2.2 A- and B-site substitution

Since the crystal structure of Ruddlesden-Popper-type compounds A;BO4 is — within certain limits —
flexible in terms of chemical stability, substitutions can be made in both sublattices A and B. The partial
substitution of Ln (A-site) and/or Ni (B-site) by alkaline earth or transition metals, respectively, can
strongly influence the structural properties as well as the ionic and electronic conductivity, but also

the electrocatalytic activity and the oxygen non-stoichiometry [59].

As already mentioned above, the A-site can tolerate a certain amount of cation vacancies, the early
Ln-elements (La, Pr and Nd) can be substituted with each other (e.g. La;«<PriNiO4.s) or be replaced by
alkaline earth metal ions (e.g. Ln2.«A«NiOa4.s With A = Ca, Sr and/or Ba). In particular, the substitution on
the B-site with cations of the 3d transition metals Co, Cu, Fe, Mn and others has already been
investigated [37,39,54,59,67—69]. In the context of this work, the substitution of nickel on the B-site

by cobalt was carried out, and therefore only this will be discussed in more detail here.

It is interesting to note that doping perovskites with Co results in higher electronic conductivity and
higher catalytic activity, but perovskites exhibit an increase in TEC associated with Co doping, which is
disadvantageous in terms of application. In the case of rare earth nickelates, however, partial
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substitution of Ni with Co sometimes has the opposite effect. For example, the electronic conductivity
decreases with Co substitution, although the oxygen over-stoichiometry increases [67,68]. This is
explained in the literature [54] as follows: Co-doping in nickelates leads to a decrease in the mobility
of the electron holes with a simultaneous increase in their concentration towards higher oxygen
over-stoichiometries. This could lead to significant differences in the relationship between conductivity
and temperature, since both - the mobility of the charge carriers as well as the oxygen content - are
temperature-dependent. The catalytic activity for the reduction or oxidation of oxygen also increases
with increasing Co-content. For example, we observed in our previous study [39] an increase in the
oxygen surface exchange coefficient accompanied by halving its activation energy when doping
La;NiOa+s with 10 % Co. In general, transition metal ions often form higher oxidation states in oxide
compounds under oxidizing conditions. As a result, they exhibit limited solubility in the nickelate lattice
in La;NiOa:s. For example, for cobalt in La;Nii.,Co,0s5, Amow et al. [70] determined a maximum
solubility of y=0.2. The electroneutrality condition for the substitution of nickel by cobalt can be

described by the following formula in Kréger-Vink notation [59]:

[Niy;] + [Coy;] = 2[0]] 3.24

3.2.3 Surface chemistry

The mechanisms of ionic conduction and oxygen bulk diffusion in Ln;NiO4.s - type rare earth nickelates
are well understood [71-73]. However, the surface crystal structure and its chemistry are still not
explored in detail. The surface structure has a major influence on the surface exchange of oxygen,
which subsequently influences the overall rate of oxygen incorporation and migration. Investigations
of similar RP-materials, including La;NiOa.s, La2xSr«kNiOa.s and Laz.«PriNiOas.s, have shown that these
surfaces are terminated by A-site cations, with no nickel observed on the surface [74-76]. Surface
characterizations of La;NiOa4.s, therefore, indicate that the conventional mechanism of oxygen
reduction, which requires the adsorption of oxygen atoms at the Ni sites of the surface, may not be
possible. It is hypothesized that partial decomposition of La;NiOa.s into perovskite-type LaNiOs, and
the higher order RP-phases LasNi,O7 and LasNi3O10 occurs on the surface when the material is exposed
to air. Wu et al. [72] propose that the decomposition process results in a stacking of the following
phases between 600 and 800 °C: (La;03)-(LazNi,O7/LasNi3010)-(La2NiO4), with the stacking occurring

from the surface inwards to bulk. It is hypothesized that this stacking could be responsible for the
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absence of nickel on the surface and the presence of a La-rich surface layer, which shows a high
activation energy for diffusion. Furthermore, the literature [77] also states that in LazNiOg.s- thin films

La- and O-enrichment at the surface is followed by a Ni-rich subsurface region, see Figure 11.

Figure 11 Illustration of the surface composition of a La;NiO4.s- thin film adapted from reference [77].

However, the details of the decomposition reaction kinetics remain unclear and need to be studied in
more detail. In the context of its use as an oxygen electrode in SOCs, it can be concluded that the
La-rich surface should be regarded as the relevant surface for oxygen exchange, rather than the ideal

La;NiOas4s surface.
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4 EXPERIMENTAL

This chapter provides a detailed description of powder preparation and the process of preparing dense
ceramic samples as well as the production of an electrolyte-supported cell (ESC) and symmetrical cells
for cell tests. Methods for characterizing the raw materials and the tested samples are also described.

Parts of this chapter have already been published in Eisbacher-Lubensky et al. [39].

4.1 Material preparation

The LNO and LNCO291 powders were synthesized using the citric acid-ethylene
diaminetetraacetate (EDTA) sol-gel method. Stoichiometric amounts of the metal
nitrates La(NOs)3-6 H>0, Ni(NOs),:6 H,0O and in case of LNCO291 Co(NOs),-6 H,0 (all chemicals with
analytical grade quality purchased from Merck KGaA) were mixed with deionized H,O in a
stainless-steel vessel. After dissolution of the metal nitrates, anhydrous citric acid and EDTA were
added. Then, a 25 % aqueous ammonia-solution (NH3) was used to adjust the pH to 8. Once a clear
blue solution was obtained, the temperature was gradually increased to evaporate water and form a
gel until self-ignition occurred. The resulting raw ash was crushed in an agate mortar and calcined at

1200 °C for 8 hours in air with heating and cooling rates of 5 K min™.

4.2 Material characterization

4.2.1 Particle size distribution

The particle size distribution of the LNO and LNC0291 powders was determined using a
CILAS 1064 laser diffractometer equipped with a liquid dispersion unit. For this purpose, a suspension
of 0.2 g of the powder in 25 ml deionized H,O was mixed with 0.2 g Na-polyacrylate (NPA 2100,
MW = 2100 g mol™?), which acted as a dispersant, and sonicated for 5 minutes with an ultrasonic rod
(amplitude: 60 % / cycle: 0.5 s). Approximately 0.5 g of the dispersant were dissolved in deionized H,0
in the liquid dispersing unit and circulated through the measuring cell. A background correction was

applied to the resulting solvent dispersion. The measuring was performed using ultrasonic stirring. The
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mean particle size employed in the production of bar-shaped samples was 3.0 — 4.0 um, whereas a

mean particle size between 0.5 and 0.7 um was used for the manufacture of screen-printing pastes.

4.2.2 X-ray diffraction

The calcined LNO and LNCO291 powders were analyzed using X-ray diffraction (XRD) at room
temperature with a powder diffractometer (model D8 Advance, Bruker AXS) that employed Cu-Ka
radiation in the range of 10° < 26 < 100° with a resolution of 0.020° per step (26). The radiation source
was operated at 40 kV and 25 mA. During measurement, the powder sample was rotated at 30 rpm.
The diffraction pattern was evaluated using the commercial crystallographic PDF-4+ database (ICDD)
and the integrated software Sleve+. Structural analysis was conducted using the software package

TOPAS (Bruker AXS) through Rietveld refinement [78].

4.2.3 Thermal expansion

The thermal expansion of LNC0O291 was measured using a push rod dilatometer (model
DIL 402/PC4, Netzsch) with Al,Os as reference material. Measurements were taken in the temperature
range from 30 to 1000 °C with heating rates of 1 K min™! and in the oxygen partial pressure range of
0.001 £ p0O; / bar < 0.1. Different atmospheres were obtained using O,-Ar gas mixtures with mass flow

controllers at flow rates of 10 L h™2.

4.3 Conductivity and conductivity relaxation measurements

4.3.1 Preparation of a densely sintered sample

To obtain dense bar-shaped samples of LNO and LNCO291, the powders were isostatically pressed into
a cylindrical pellet for 15 minutes at 250 MPa (see Figure 12, left). The pellet was then sintered for
10 hours at 1350 °C in air, with a heating and cooling rate of 2 Kmin™. The relative density of the
sintered cylinders was above 97 % of the theoretical density obtained from Rietveld refinement. In
order to achieve the specified relative density, it was necessary not to grind the powder below a dso of
3.0 - 4.0 um. The bar-shaped samples (see Figure 12, right), were cut from the sintered pellet using a
diamond wire saw. To facilitate the attachment of voltage probes, two thin grooves were cut along the

circumference of the sample, symmetrically positioned with a spacing of approximately one third of
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the bar length. Gold wires were then inserted into these grooves and fixed with gold paste. The two
front faces of the bar-shaped sample were contacted with gold wires and two layers of gold foil, which

were also fixed with gold paste.

Figure 12 Isostatically pressed cylindrical pellet (left) and bar-shaped sample (approx. 5 x5 x 11 mm?>)
for measurements in linear-four-point geometry (right).

4.3.2 Surface modification by acid etching

The surface of the bar-shaped LNO sample was immersed for 6 minutes in a bath with 1.0 M nitric acid
at room temperature and then rinsed with deionized water and cleaned for 10 minutes again in
deionized water in an ultrasonic bath to completely remove any acid residues. The treatment in the
ultrasonic bath caused the gold contacts to detach from the bar-sample, which were then reapplied as

described in section 4.3.1.

4.3.3 Electronic conductivity measurements

The electronic conductivities o. of LNO and LNCO291 were measured with a combined current source
and voltmeter (model 2400, Keithley) as a function of temperature and oxygen partial pressure in
linear four-point geometry. Different oxygen partial pressures were adjusted using pre-mixed O,-Ar
test gases at total gas flow rates of 2 - 10 L h™X. The equilibration time applied after each temperature

change was between 8 and 10 hours on average.
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4.3.4 Conductivity relaxation measurements

Both the chemical diffusion coefficient Dchem and the chemical surface exchange coefficient kchem Of
oxygen of LNO and LNCO291 were determined by in-situ dc-conductivity relaxation measurements on
the previously described dense, bar-shaped sample as a function of oxygen partial pressure and
temperature. After equilibration of the sample at a certain temperature, which normally takes
8 to 10 hours, the oxygen partial pressure was abruptly changed by a factor of 1.5. Depending on the
direction of the change in oxygen partial pressure, oxygen was either absorbed or released from the
material. Since the electronic conductivity of the sample is a function of the oxygen content, this
process leads to a temporal relaxation of g. towards a new equilibrium state. Kinetic parameters, Dchem
and kcnem, were determined by fitting the appropriate solution of the diffusion model [60] to the

relaxation curves.

4.3.5 Measurement setup

To determine the electrical conductivity and conductivity relaxation curves, the sample was mounted
on an alumina sample holder and placed in a quartz glass reactor (see Figure 13) in a horizontal tube

furnace controlled by a PID controller (Eurotherm Mod. 847).

quartz glass
l in-situ oxygen sensor

— l " - 4J_ +——— O0,/Ar

Figure 13 Illlustration of the bar-shaped sample in the quartz glass reactor.

Measurements were carried out between 600 and 800 °C with flow rates between 2 and 10 Lh™ in
various O,/Ar-gas mixtures supplied by Linde Gas GmbH. The sample temperature was measured using
a type S sheathed thermocouple placed close to the sample. Currents of 200 mA were applied to the
sample using a current source meter (Keithley 2400). The resulting sample voltage was measured using

a nanovoltmeter (Keithley 182).
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4.4 Preparation and characterization of electrochemical cells
4.4.1 Preparation of electrolyte substrates for symmetrical cells

Gadolinia-doped ceria - Cep9Gdo101.05 (CGO) — powder with analytical grade quality purchased from
Cerpotech was used as starting material for the preparation of the dense electrolyte substrates. For
this, approximately 4.5 g of powder was weighed in a weighing pan, placed in a 2.5 cm diameter press
mold and uniaxially pressed for 10 minutes at 40 MPa in a hydraulic press from Specac company. The
pellets were then sintered for 10 hours at 1450 °C in air, with a heating rate of 2 K min™ and a cooling
rate of 1 Kmin™. Afterwards the surface was ground to remove burrs and unevenness from the
sintered pellet and to ensure a good adhesion of the screen-printing paste, which is later applied using
a screen-printing machine. The “Beta Grinder Polisher”, manufactured by Buehler, was used to grind
the substrates. Figure 14 shows the sequence of grinding steps as well as the grit number and the size

of the SiC-sanding papers used.

Step 1 Step 2 Step 3
Grit number: P320 Grit number: P600 Grit number: P1200
SIC grain size: 46.2 ym SIC grain size: 25.8 ym SIC grain size: 15.3 ym

Figure 14 Flow chart of the individual grinding steps.

4.4.2 Preparation of screen-printing paste

In order to prepare the screen-printing paste, the LNO powder was mixed with an ink vehicle consisting
of a mixture of terpineol as solvent and polyvinyl butyral (PVB, 16 wt.-%) as binder. For the production
of 10 g screen-printing paste with a powder loading of 66 wt.-%, 6.6 g LNO powder and 3.4 g vehicle
were utilized. The paste was then homogenized using a three-roller mill with alumina oxide rolls from
the company EXAKT. The distance between the rollers was adjusted in the sequence 15-7, 7-3, 3-1 and
1-1, where the double numbers referred to the gap widths (arbitrary units) of the ingoing and outgoing
gap. Once the paste passed through the three-roller mill at the narrowest roller distances (i.e. 1-1), it

could be assumed that the paste had been sufficiently homogenized for the screen-printing process.
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4.4.3 Screen-printing

The porous electrodes of electrochemical cells are manufactured by means of screen-printing process.
Using a semi-automatic screen-printing machine (S40, Mechatronic Systems), the LNO paste is printed
onto the electrolyte substrate through a screen using a rubber squeegee. In order to achieve the
desired geometrical shape for the intended application, the mesh openings of the screen are rendered
impermeable through the use of a stencil. A stencil with a circular opening of 13 mm diameter was
selected for all electrodes produced within the scope of this work. The distance between the sieve and
the electrolyte substrate was approximately 1 mm. After the screen-printing step the electrodes were
dried for 30 minutes at 60 °C and sintered for one hour at 1200 °C with a heating rate of 5 K min™and

a cooling rate of 2 K min™,

4.4.4 Sol-gel wet infiltration

For the infiltration process, two stock solutions were used. The first solution was prepared by dissolving
Ni(NOs),:6 H,O in deionized water, while the second solution was prepared by dissolving
La(NOs)3-6 H,0 in deionized water (both metal nitrates with analytical grade quality purchased from
Merck KGaA). Citric acid was then added to the solution to achieve a molar ratio between metal

nitrates and citric acid of 0.75:1.

After dissolving the nickel nitrate with a molarity of 1 M and the citric acid, the solution was mixed
with ammonia-solution until pH 5 was reached. A few drops of the wetting agent Triton X-100 were

then added to improve the wetting behavior of the precursor solution.

During the preparation of the La-stock solution, the addition of citric acid resulted in the formation of
a precipitate of La(OH)s. This was observed even with the addition of small quantities of citric acid. The
low pH value of the stock solution resulted in the electrode being etched away. In order to circumvent
this issue, a sufficient quantity of EDTA (ethylenediaminetetraacetic acid) was added until the
precipitate was fully dissolved. EDTA is a complexing agent that forms chelates with La®* ions, thus
enabling free hydroxide ions in the solution. To increase solubility and reduce precipitation, deionized

water was added in addition to the EDTA.

For infiltration, a few drops of the respective stock solutions were applied to the LNO electrodes and

soaked for five minutes. The excess liquid on top of the electrode was removed with a cloth soaked in
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ethanol. Subsequently, the cells were subjected to a drying process at 100 °C for a period of ten
minutes, followed by annealing at 500 °C for half an hour. Figure 15 provides an overview of the

infiltration process.

iii)

Figure 15 Schematic illustration of sol-gel wet infiltration: i) prepared porous electrode; ii) the nitrate
stock solution is soaked in the porous electrode and iii) by thermal annealing oxide grains are formed
on the surface of the porous electrode.

Afterwards the samples were weighed in order to monitor the increase in weight associated with each
infiltration step. This process was performed thrice until the mass fraction of the infiltrated material in

the backbone structure reached a value between 8 and 12 wt.-%.

4.4.5 Electrochemical measurements

For electrochemical measurements, the cells were mounted in the Probostat A-7 with a base unit
heating system (NORECS Norwegian Electro Ceramics AS). The flow of the pre-mixed O,/Ar gas was
regulated with a rotameter (Vogtlin V-100). The top part of the Probostat, where the cell was mounted,
was placed inside a vertical tube furnace (Elite, UK) with temperature controller (Eurotherm 2216e,
UK). All impedance and current-voltage measurements within this work were performed with a
frequency response analyzer (Novocontrol Alpha-A, Germany) with potentiostat/galvanostat interface
(Novocontrol POT/GAL 15V/10A, Germany). Impedance measurements were carried out in four-wire
configuration using the software WinDeta (Novocontrol, Germany). Impedance spectra were scanned
under open circuit voltage (OCV) in a frequency range of 1 MHz to 10 mHz with ten measuring points
per decade and an excitation voltage of 20 mV (rms). The obtained impedance spectra were evaluated
via complex non-linear least squares fits using the software package WinFit (Novocontrol, Germany).
Figure 16 depicts the equivalent circuit diagram which was used to model the impedance spectra. The

equivalent circuit comprises an inductance Lo, which is generated by the sample holder, an ohmic
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resistance Ro corresponding to the electrolyte and the electrodes, and three R|CPE elements, which

correspond to at least three electrode processes.

R 1 R ¥ 4 R3
Ly Ro
N\ \\ NN\
77 77 77
CPE, CPE, CPE,

Figure 16 Equivalent circuit used for interpretation of impedance spectra.

The influence of Ly is discernible in the high-frequency range of the impedance spectra, where it
manifests as a tail-like section parallel to the imaginary axis. The horizontal distance of the spectrum
from the origin of the diagram is described by the resistance Ro. It is comprised of contributions from
the electrolyte, the electrodes and the contacts. The polarization resistance R0 of the electrodes is
described by a series of R|CPE elements. Each R|CPE element consists of a resistor R, which is
connected in parallel with a constant phase element CPE (i.e. a generalized capacitor). In order to
determine the value of Ry, it is necessary to subtract the first term of the fit function, which is equal
to Lo+Ro. For the impedance spectra obtained in this work, Ry can be further partitioned into three

semicircles by using three R| CPE elements connected in series [79].

4.5 Post-test analysis

4.5.1 Scanning electron microscopy

Scanning electron microscopy (SEM) was used to characterize the microstructure and the
electrode-electrolyte interface of electrochemical cells. Images were recorded in secondary electron
(SE) mode for topographical contrast as well as in backscattered electron (BSE) mode for material
contrast. SEM imaging and energy-dispersive X-ray spectroscopy (EDX) for the fuel
electrode-supported cell with LNCO291-oxygen electrode were performed with a field-emission SEM

(Clara, Tescan) equipped with an EDXS-detector (Oxford Instruments INCA) at an acceleration voltage
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of 15 kV. The SEM images and EDX analyses of the symmetrical cells with LNO-electrodes and La- and
Ni-infiltrated LNO-electrodes were carried out using a SEM (Vega, Tescan) with an EDXS detector
(Oxford Instruments INCA) at an acceleration voltage of 10 and 20 kV. The microstructure of the etched
bar-shaped sample was investigated by field emission scanning electron microscopy (FESEM) using a

ZEISS 450 GeminiSEM in SE and BSE mode with 5 kV and 3 nA.

For the preparation of cross sections, the symmetrical cells were embedded in epoxy resin and cut in
half with a diamond wire saw. In order to obtain a flat surface, the grinding was carried out using a
grinder (Beta Grinder Polisher) equipped with a grinding disc (P240). The surface was then polished
with a polishing machine (Tegramin-20 from Struers company) using diamond suspensions of different
grain sizes (9um and 3um) and a 0.25um SiO, suspension for finishing. Details of the

grinding/polishing steps are shown in Table 1.

Table 1 Grinding and polishing steps for preparation of cross sections for SEM-measurements.

Working step Suspension Time / min
grinding P240 + H,0 1
polishing DiaPro Allegro/Largo 9 um 5
polishing DiaPro Allegro/Largo 6 pm 10
polishing OP-S Nondry 0.25 pum 5

To ensure good sample conductivity for SEM imaging, a thin layer of gold was sputtered onto the

polished sample, which was then contacted with silver paste.

4.5.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) was performed with a lab based near ambient pressure XPS
(NAP-XPS) system from SEPCS (Berlin, Germany) using a XR 50 microfocus X-ray source providing
Al K(alpha) radiation source with a spot size of 350 um for excitation achieving an energy resolution of
around 0.2 eV, a Phobios 150 NAP hemispherical analysator and a custom built sample stage by Huber

Scientific (Vienna, Austria). Data were analyzed with CasaXPS software (Casa Software Ltd.,
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Teignmouth, UK). Peaks were fitted after Shirley or linear background subtraction with Gauss-Lorentz
sum functions. Peak positions and full width at half-maximum (FWHM) were left unconstrained. Peak
positions were referenced either to the valence band signal (Fermi edge) or to the Cls peak

corresponding to adventitious carbon (284.7 eV).
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5 RESULTS AND DISCUSSION

The results of the research performed are presented and discussed in the following sections. The first
section presents the results of Co-substitution on the B-site in La;NiOa.s. In the second section, the
modification of the surface with acid is discussed and finally, in the third section, the results of cell

tests and post-test analyses are presented.

5.1 Effect of partial substitution of Ni with Co

This section provides a comprehensive characterization of cobalt-substituted lanthanum nickelate
La2NiosC00.104+5 (LNCO291) in terms of its crystal structure, thermal expansion behavior, bulk and
charge transport properties, and oxygen non-stoichiometry. In order to gain fundamental insights into
the effects of cobalt substitution on the B-site of the A,BQOs-structure, a comparison is made between

LNC0291 and La;NiOa:s (LNO).

The majority of the findings presented in this sub-chapter have already been published in

Eisbacher-Lubensky et al. [39].

5.1.1 Crystal structure and phase purity

The phase purity and structure of LNCO291 and LNO were studied at room temperature by means of
powder X-ray diffraction analysis combined with Rietveld refinement using the software package
Topas [78]. The XRD-patterns of LNCO291 and LNO confirm the K;NiFs-type structure with high phase
purity and are presented in Figure 17. The reflections are consistent with the orthorhombic space
group Fmmm (SG #69), which is also found for LNO in literature [80]. The structure models of both
compounds obtained by Rietveld refinement and depicted via the 3D visualization program VESTA are

presented in Figure 18.
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Figure 17 Room temperature powder diffraction patterns (crosses) of LNCO291 [39] (top) and LNO

(bottom) and Rietveld refinement (black line).
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LNCO291

LNO

Figure 18 Structure models of LNC0O291 [39] (top) and LNO (bottom) as obtained by Rietveld refinement.

In Table 2 the lattice parameters and the calculated cell volumes of the unit cells of LNCO291 and

LNO are compared. Table 3 shows the atomic positions and bond lengths of the compounds obtained

by Rietveld refinement.
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Table 2 Lattice parameters and unit cell volumes of LNC0O291 [39] and LNO, space group Fmmm (SG

#69). Z represents the number of formula units per unit cell.

Material a/A b/A c/A v/A’ y 4
LNCO291 5.4678(3) 5.4713(4) 12.651(7) 378.49 4
LNO 5.4636(4) 5.4583(8) 12.690(8) 378.47 4

The lattice parameters a and b of LNCO291 are slightly higher than those of LNO, but the opposite is
true for the lattice parameter ¢, which extends in the direction perpendicular to the perovskite and
rock salt layers. The smaller cell volume of LNCO291 is a consequence of the difference in the

parameter c. This phenomenon has already been observed by several research groups [68,70,80].

Table 3 Atomic positions in LNCO291 [39] and LNO. As cobalt cannot be distinguished from nickel in
X-ray diffraction, it is also assumed in Rietveld refinement that the atomic positions of cobalt

correspond to those of nickel.

LNCO291 X y z Ni/Co-01/A Ni/Co-02/A
La 0 0 0.3605(5)
Ni/Co 0 0 0
2.212(6) 1.93372
o1 0 0 0.1749(5)
02 0.25 0.25 0
LNO X y z Ni-01/A Ni-02/A
La 0 0 0.3598(3)
Ni 0 0 0
2.203(6) 1.93076
o1 0 0 0.1746(4)
02 0.25 0.25 0

The lattice parameter c is therefore more strongly influenced by Co-substitution than the lattice
parameters a and b. Two different explanations can be proposed for this phenomenon. On the one
hand, Co-substitution has the effect of significantly increasing the oxygen over-stoichiometry, which
will be discussed below in more detail. It is assumed that a higher oxygen over-stoichiometry will result
in an increase in the c-parameter in LNO [63,81]. The shrinkage of the unit cell along the c-axis in
LNCO291 can therefore be attributed to differences in the radii of the transition metal ions. If identical
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values for 6 were assumed in LNO and LNCO, then the c-axis in LNCO291 would still be shorter due to
the marginally smaller ionic radius of Co?* (0.65 A for coordination number 6) compared to Ni** (0.69 A
for coordination number 6) [62]. Conversely, the literature asserts that a low cobalt content in LNO
results in cobalt being present exclusively in the oxidation state 3+ [80]. Consequently, the significantly
smaller size of the Co**-ion (0.55 A for coordination number 6) leads to a general reduction in the size

of the unit cell along the c-axis [62,80].

5.1.2 Thermal expansion

In order to assess the suitability of Co-substituted LNO as an oxygen electrode, it is necessary to
evaluate the thermal expansion. It is essential that the coefficient of thermal expansion is closely
matching that of the electrolyte in order to prevent delamination. The thermal expansion curves and
the thermal expansion coefficients a in different atmospheres are illustrated in Figure 19. The a-values,
as determined by the slope of a secant line connecting two points on the thermal expansion curves at

100 and 900 °C are also given in Table 4.
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Figure 19 Thermal expansion curves and thermal expansion coefficients of LNCO291 [39] in different
O/Ar-atmospheres.
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Table 4 Thermal expansion coefficients of LNCO291 [39].

pO:2 / bar af10¢K?
1 13.35
0.1 13.36
0.01 13.99
0.001 13.92

The substitution of Ni with 10 % Co has no influence on the thermal expansion, as the values are in
good agreement with those of Co-free LNO, which are between 13.7 x 10°® and 14.8 x 10° K*[82,83].
The thermal expansion of LNCO291 appears to exhibit a slight increase at lower p0O,, as illustrated in
Figure 19. This may be attributed to a slight enhancement of the contribution of chemical expansion
to the overall thermal expansion behavior. Kharton et al. [82] also identified this phenomenon. The
a-values are promising for use as oxygen electrode material in SOCs, as they are lower compared to
the values of the common electrode materials LaoeSro.4Co03.5 (18.9 x 10 K) and LaoeSro.4Coo.sFe0203.5
(16.0 x 10°® K*) [84,85]. The values of LNCO291 and LNO are found to correspond more closely to the
those of the solid electrolyte materials used, namely gadolinia-doped ceria and yttria-stabilized

zirconia, which exhibit a between 10 x 10°® K and 13 x 10 K* [86].

5.1.3 Oxygen non-stoichiometry

The mass change of LNCO291 between 20 and 900 °C in dry O;-Ar mixtures was determined by
thermogravimetry, as illustrated in Figure 20. The good agreement between the heating and cooling
curves indicates that the experimental data represents true equilibrium conditions. As the first thermal
cycle contains artefacts related to adsorbed gas species, only the second and third thermal cycles are
shown in Figure 20. The observed mass increase during the isotherm at 900 °C is attributed to a drift

in the instrument’s baseline.
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Figure 20 Thermal cycles (#2 and #3) of LNCO291 [39]. Thermogravimetry was conducted between
20 and 900 °C in dry Ar/20 vol% oxygen atmosphere at heating and cooling rates of 5 K min™.

The changes in oxygen non-stoichiometry Aé of LNCO291 and LNO were determined from the mass
changes of the samples, whereby the data of LNO were taken from reference [60]. The absolute values
of 6 were determined using reference points from the literature [69,87] at 750 °C. The results of oxygen
non-stoichiometry are presented in Figure 21 as a function of temperature. The data are consistent

with results from the same literature sources [69,87] at temperatures between 650 and 850 °C.
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Figure 21 Oxygen non-stoichiometry of LNCO291 (red) and LNO (blue) at 0.20 bar pO; as a function of
temperature [39]. The absolute non-stoichiometry values were fixed by reference points (solid grey) at

750 °C obtained from references [69,87].

The incorporation of oxygen into the compound is exothermic, which can be observed in the decrease

in oxygen non-stoichiometry with increasing temperature of LNCO291 and LNO. In literature [88], the

over-stoichiometry of LNO is ranging between 0 and 0.16 at 20 —

determined in this work (see Table 5) fall within this range.

Using the pO,-dependence of oxygen non-stoichiometry from li

factor at constant temperature can be calculated according to:

(i), = 2 ),

T2

dlnp0,
dincg

dlnpO0,

1
-2 ln(4 + 6)

Vo—z

900 °C and 0.20 bar pO,. The values

terature [69,87], the thermodynamic

5.1

where a linear regression analysis of pO, vs. 4+6 in a double-logarithmic representation was

conducted. The thermodynamic factors of oxygen for LNCO291 (Table 5) were found to range between
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520 and 440 (650 - 850 °C) at 0.10 bar pO,. Jeon et al. [89] provide thermodynamic factors between
543 and 455 for LNO in the temperature range from 800 to 1000 °C.

Table 5 Oxygen non-stoichiometry & and thermodynamic factor yo of LNCO291 at 0.10 bar pO; and
different temperatures [39].

T/°C 6 Yo
650 0.148 519
700 0.143 495
750 0.138 476
800 0.133 455
850 0.129 439
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5.1.4 Electronic conductivity

The electronic conductivity o. of LNCO291 was investigated in linear-four-point geometry as a function
of temperature at different oxygen partial pressures (Figure 22). Within the measured temperature
range (600 - 850 °C) and the specified oxygen partial pressures (0.001 < pO,/bar £0.1), o. ranges
between 45 and 70 S cm™.
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Figure 22 Electronic conductivity o. of LNCO291 as a function of temperature and oxygen partial
pressure [39]. Lines serve as visual guides for the eye.

Two effects are discernible. Firstly, the electronic conductivity decreases with increasing temperature.
Secondly, o. decreases with decreasing oxygen partial pressure, which is also illustrated in Figure 23.
The second observation shows that the electronic conductivity of LNCO291 is subject to a p-type
conduction mechanism, which has already been confirmed several times in the literature for this
material class [59,90]. This is due to the release of oxygen from the lattice and an associated decrease
in the electron hole concentration [59]. In Figure 22 it can also be observed that the pO,-dependence
of the electronic conductivity of LNCO291 is at any temperature at 0.15, 0.015 or 0.0015 bar pO,
(dashed lines) o slightly higher than at 0.10, 0.010 or 0.0010 bar pO, (solid lines) as expected for a
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p-type semiconductor. This behavior serves as the foundation for conductivity relaxation

measurements, which will be discussed in the next section.
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Figure 23 Oxygen partial pressure dependencies of the electronic conductivity o. of LNCO291 between
600 and 850 °C [39]. Lines serve as visual guides for the eye.

The substitution of nickel with cobalt does not result in an improvement in the electronic conductivity,
as shown in Figure 24. This is an unexpected outcome, given that the oxygen over-stoichiometry is
significantly increased by Co-doping, as presented in the previous sub-chapter, which in turn results in
anincrease in the concentration of electron holes. One explanation for this phenomenon is that cobalt
reduces the mobility of holes, likely by localizing defect electrons and thus trapping electronic charge

carriers by forming stable Co**-states [59,69,87].
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Figure 24 Electronic conductivity o. of LNCO291 [39] and LNO from this work and literature [60] as a
function of temperature at pO, = 0.10 bar. Lines serve as visual guides for the eye.

The differences between the LNO values from this work and those from the literature [60] are within
the measurement uncertainty of the measurement method. Nevertheless, the observation that Co-
substitution does not enhance the electronic conductivity in nickelates has been corroborated by other
research groups [38,59,82]. Vibhu et al. [38] investigated the influence of Co-substitution in
LazNi1xCoxOa.s with x = 0-0.2 with respect to the maximum of o. versus temperature and showed that

the maximum shifts to higher temperatures with increasing Co-content.

5.1.5 Oxygen exchange kinetics

The chemical surface exchange coefficients kcem and the chemical diffusion coefficients Dchem Of
oxygen of LNCO291 and LNO are discussed below. The activation energies were calculated by linear
regression analysis of the data in Arrhenius representation and are summarized in Table 6 and Table

7. The conductivity relaxation measurements were conducted by abruptly changing the oxygen partial
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pressure around the sample, as described in Chapter 4.3.4. The respective direction - oxidation and

reduction - is labelled "ox" and "red" in the diagrams.

Figure 25 illustrates the Arrhenius plot of the surface exchange coefficient kchem 0of LNCO291 and LNO
at different oxygen partial pressures. kcem increases with increasing temperature and increasing
oxygen partial pressure. The comparison with data of the Co-free material LNO from reference [91]
(grey line) and this work (red and orange lines) demonstrate that the substitution of nickel with cobalt
on the B-site results in a significant increase in the surface exchange coefficients of oxygen of up to a
factor of 30 compared to the values from literature and up to a factor of 8 from compared to values of
this work at 600 °C. Despite using the same measurement method, the literature and this work give
different values for LNO. This is due to a different setup and the fact that Egger and Sitte [91] applied

a silver layer on the surface of the bar-sample.
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Figure 25 Arrhenius representation of chemical oxygen surface exchange coefficients kchem Of
LNCO291 [39] and LNO from this work and from literature [91] at different oxygen partial pressures.
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Table 6 Activation energies of LNCO291 and LNO calculated by linear regression analysis of the data in

Arrhenius representation of the oxygen surface exchange coefficients kchem.

E./k] mol?
Kchem ox red ox red
0.10-0.15 bar 0.15-0.10 bar 0.010-0.015 bar | 0.015-0.010 bar
LNCO0291 [39] 64+3 6516 7318 67+8
LNO 130+4 134+4 128+ 5 139+ 10
LNO [91] 135+6 1376 - -

The difference in the oxygen exchange coefficients between the Co-free and the Co-substituted
lanthanum nickelate becomes smaller at higher temperatures. This is due to the large differences in
the activation energies, which are in the range of 64 — 65 kJ mol™ for LNCO and 130 — 137 kJ mol™ for
LNO. Kilner and Shaw [32] determined tracer oxygen surface exchange coefficients of LNO and LNCO
by isotope exchange depth profile technique coupled with secondary ion mass
spectrometry (IEDP-SIMS) and observed the analogous effect. In particular, they state that the
activation energies decrease with increasing Co-content, from 124 kJ mol™ at a Ni/Co-ratio of 100:0 to
24 kJ mol™* at a Ni/Co-ratio of 50:50 on the B-site. The same effect of the substitution of Ni with Co was
also observed for PraNiO4.s (PNO) and cobalt-substituted PraNip9Co0.104+5 (PNCO291) [42]. It is evident
that the oxygen surface exchange process is accelerated by cobalt. It is also important to note that the
effect of substituting nickel with cobalt is subject to a saturation effect. Munnings et al. [92]
demonstrate that increasing the cobalt content beyond 10 % results only in a marginal enhancement
in the oxygen exchange kinetics. Furthermore, it can be postulated that an even higher cobalt content
may induce thermodynamic instability of the nickelate. For instance, the nickel-free material La;C004.5
is unstable at temperatures above 700 °C and decomposes into LaCoOs and La;0s. The results obtained
in this study, in conjunction with those from the existing literature, indicate that the incorporation of
cobalt on the B-site of nickelates results in a change in the surface exchange kinetics. The precise
manner in which the interplay between oxygen surface exchange activity and surface chemistry
operates remains a subject of investigation, as a definitive conclusion is not yet possible. The activating
effect of cobalt is well documented, at least in heterogeneous catalysis, and numerous studies have

been carried out on various reactions in the liquid and gaseous state, e.g. [93,94].

49



5. RESULTS AND DISCUSSION

The chemical diffusion coefficients of oxygen Dchem are presented in Figure 26 as Arrhenius plots. It can
be observed that Dhem increases with increasing temperature but, in contrast to kchem, is independent
of the oxygen partial pressure. A comparison of the chemical diffusion coefficients of LNCO291 with
that of the Co-free material LNO from the literature [91] and from this work reveals that the
substitution of nickel with 10 % cobalt has no effect on Dchem. The calculated activation energies are
also within the same range and therefore agree well (see Table 7). The reduction from 0.015 bar
to 0.010 bar pO; exhibits a slight deviation from the other activation energies, which explains the
higher measurement uncertainties at T < 650 °C and the absence of Dchem-values at 600 °C. Due to the
higher activation energy of kchem compared to Dchem, this is becoming even more prevalent at lower

temperatures, which explains the absence of Dchem-values at 600 °C in Figure 26.
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Figure 26 Arrhenius representation of chemical diffusion coefficients Dcnem of LNCO291 [39] and LNO
from this work and from literature [91] at different oxygen partial pressures.
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Table 7 Activation energies of LNCO291 and LNO calculated by linear regression analysis of the data in

Arrhenius representation of the chemical diffusion coefficients of oxygen Dchem.

E./k] mol?
Dchem ox red ox red
0.10-0.15 bar 0.15-0.10 bar 0.010-0.015 bar | 0.015-0.010 bar
LNCO0291 [39] 58+4 54 +2 53+3 5812
LNO 60t4 56+7 54+9 78+ 14
LNO [91] 58 +5 - - -

The overall oxygen exchange kinetics of nickelates is frequently dominated by the surface exchange
process, rendering the determination of oxygen diffusivities a challenging endeavor. Dchem values of
LNO by Egger and Sitte [91] (Figure 26) could only be determined after depositing a thin layer of silver
on the sample, acting as a catalyst for the surface oxygen exchange kinetics. It was not necessary to
artificially enhance the oxygen surface exchange kinetics of LNCO291, as the surface exchange rates

were sufficiently high to permit the determination of oxygen diffusion coefficients.

The previously calculated thermodynamic factors (see Table 5) and the kinetic parameters can be used
to calculate the self-surface exchange coefficients ko and the self-diffusion coefficients Do of oxygen

according to the following equations:

Dchem = Do Yo 52

kchem = ko Yo 53

The complete dataset of the oxygen exchange kinetics measurements is summarized in Table 8

including the calculated values of Dg and ko.
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Table 8 Chemical surface exchange coefficients keem, self-surface exchange coefficients ko,
self-diffusion coefficients Do and chemical diffusion coefficients Dchem, of LNCO291 [39].

T/°C Kchem / cm st ko/cms? Dchem [ cm? st Do / cm?s?
650 2.78x103 5.36x10°® 4.26%x10° 8.21x108
700 5.22x103 1.05x10° 4.78x107 9.66x108
750 8.88x103 1.87x10° 7.97x10° 1.67x107
800 1.08x102 2.37x10° 1.07x10* 2.36x107
850 1.24x107 2.82x10° 1.51x10* 3.45x107

Figure 27 presents a comparison of the self-diffusion coefficients of oxygen of LNCO291 with results
from the literature. There is a good agreement between the diffusivities reported for LNO by Song et
al. [95] and the results of LNCO291 from this work. However, the self-diffusion coefficients of oxygen
from Kilner and Shaw [32] for LNCO291 are lower by a factor of 4 - 5. Nevertheless, the activation

energies are found to be in close agreement between all data sets.
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Figure 27 Arrhenius representation of self-diffusion coefficients Do of oxygen of LNCO291 [32,39] and
LNO [95] at different oxygen partial pressures.

It is important to note that the data from Song et al. [95] were determined using dc-conductivity
relaxation measurements, in a manner analogous to the LNC0O291 data presented in this work. In order
to determine the oxygen tracer diffusion coefficients, Kilner and Shaw [32] employed the use of

IEDP-SIMS. The cause of the discrepancy between the data obtained from CR-measurements and

180-tracer experiments remains uncertain.
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5.1.6 lonic conductivity of oxygen

Figure 28 presents results of the ionic conductivity of oxygen oi, which were determined using the

Nernst-Einstein equation:

_4F2(4+6) Dy
0 = RTV, 54

with the self-diffusion coefficients Do and the molar volume Vi, (Vim = 57.0 cm?® per mole formula unit
for LNCO291 and Vi, = 57.2 cm?® per mole formula unit for LNO [89]) obtained by Rietveld refinement.
The values are shown as oT in Arrhenius representation (see Figure 28) at 0.10 bar pO; and the

activation energies were calculated again using linear regression.
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Figure 28 lonic conductivities of oxygen o; and the associated activation energy of LNCO291 [39] in
comparison with LNO-values from literature [60,71,96].
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The ionic conductivity values of LNCO291 agree well with those of the Co-free material as reported by
Egger [60]. Since the oxygen self-diffusion coefficients Do of LNCO291 are found to be close to those
of the Co-free material LNO, and these are included in the Nernst equation, no major difference in
ionic conductivity is expected due to Co-substitution. However, when comparing these results with
those of g; of LNO from the work of Shaula et al. [96], the agreement is not as good. Values are quite
close at 850 °C, but due to differences in the activation energies considerable discrepancies in the ionic
conductivities arise at lower temperatures. The results of LNO from the research of Bassat et al. [71]
are in good agreement with those of Shaula et al. [96] at 700 °C. However, they show a significantly
lower activation energy, which in turn is closer to the results of LNCO291 found in this work. The
substantial disparity between the ionic conductivities of oxygen and their activation energies may be
attributed to differences in the preparation procedure of the samples (e.g. affecting relative densities)
or may be a consequence of the different measurement techniques employed. For determining o,
Shaula et al. [96] measured the oxygen permeation flux through an LNO membrane. In contrast,
Bassat et al. [71] calculated the ionic conductivities, as in this work, from the self-diffusion coefficients
of oxygen using the Nernst-Einstein equation. It should therefore be noted that data obtained by using
near-equilibrium methods, as in this work, cannot be directly compared with techniques which involve

large oxygen activity gradients.
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5.2 Effect of surface modification by acid etching

In the following section, the surface modification of the Co-free rare earth nickelate La;NiOg4+s (LNO)
with acid is discussed regarding the effects on the electronic conductivity and oxygen exchange

kinetics.

5.2.1 Electronic conductivity

The electronic conductivity (oe) was measured using a linear four-point geometry. The theoretical

background of the method is described in Chapter 3.1.1.

The electronic conductivity of the bar-shaped sample was measured as a function of temperature and
oxygen partial pressure. Within a temperature range of 600 to 800 °C and an oxygen partial pressure
of 0.10 bar, the electronic conductivity is between 72 and 92 S cm™. The results of the electronic

conductivity are shown in Figure 29.

Similar to LNC0291, the electronic conductivity of LNO declines with rising temperature, indicating a
p-type electronic conduction mechanism. This was to be expected from our previous investigations

[39,97] and other literature sources dealing with LNO [59,60,90,98].

The impact of etching the sample with 1 M HNOs on the electronic conductivity was evaluated. The
same bar-shaped sample was subjected to the etching process as described in Chapter 4.3.2, after
which g. was measured at 0.1 bar pO, between 600 and 800 °C. The results of the unetched and etched
material are compared in Figure 29. It can be clearly seen that the surface modification has no impact
on the electronic conductivity. This was to be expected, as the conductivity is a bulk property while
etching is affecting only the surface. As emphasized in Chapter 3.1.1 using Equation 3.1, the area of
the cross-section and the distance between the voltage probes exert a pivotal influence on the
electronic conductivity. Neither of these parameters was influenced by etching, since the decrease in
thickness was only in the 8 — 10 um for a 4.68 mm thick sample and since the position of the gold

contacts was not changed by etching.
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Figure 29 Electronic conductivity c. of the unetched and etched LNO sample as a function of
temperature at 0.10 bar pO.. Lines serve as visual guides for the eye.

5.2.2 Oxygen exchange kinetics

The oxygen exchange kinetics of La;NiOa.s (LNO) - especially with regard to surface modification with

1 M HNO:s - are discussed in this section.

The Arrhenius plot of the surface exchange coefficients kchem Of 0xygen between 0.10 and 0.15 bar pO;
and a temperature range between 600 and 800 °C of the unetched and etched samples are presented
in Figure 30. The values of the unetched bar-sample are in line with those reported in the literature
[60,95,98] and the trend, that kcem increases with increasing temperature is also known for materials
in this class [42,59]. The calculated activation energies are in good agreement with other published

values [60,91].

A comparison of the surface exchange kinetics of oxygen of the unetched (blue) and the etched (red)
bar-shaped sample of LNO in this oxygen partial pressure range reveals a clear improvement in the
oxygen surface exchange rates of the material after etching with 1 M HNOs. Moreover, a significant

decrease in the activation energies can be observed. The activation energy is reduced to approximately
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one third of its original value (E;=45-46 k) mol? for the etched and E,=130-134 kJ mol? for the

unetched sample) as a consequence of the surface treatment.
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Figure 30 Arrhenius representation of chemical oxygen surface exchange coefficients kchem Of the
unetched and etched LNO samples between 0.10 and 0.15 bar pO..

The chemical diffusion coefficient Dchem is depicted in Figure 31 as a function of temperature and

oxygen partial pressure. Dchem is temperature-dependent and increases with increasing temperature.

This trend has already been observed in rare earth nickelates [39,97].
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Figure 31 Arrhenius representation of chemical diffusion coefficients Dchem Of 0xygen of the unetched
and etched LNO samples between 0.10 and 0.15 bar pO:.

In contrast to the oxygen surface exchange kinetics, the surface modification has no impact on oxygen
diffusion, as the Dcem-values and the associated activation energies of the etched and unetched

samples are very close. It can be thus reasonably inferred that this is solely a surface phenomenon.

Wu et al. [72] found that a temperature-dependent decomposition process takes place on the surface
of LNO, as explained in more detail in Chapter 3.2.3. This results in a higher activation energy for the
diffusion process on the surface as compared to the bulk. Etching of the sample seems to interfere
with this decomposition process as the activation energies are significantly improved. It is therefore
necessary to observe the effect at a constant elevated temperature and to look more closely at the
surface chemistry. Figure 32 and Figure 33 show the evolution of kchem and Dchem Over 30 days at 600°C

and a pO; of 0.10 bar.
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Figure 32 Long-term stability of chemical oxygen surface exchange coefficients kcnem Of the etched
sample at 600 °C and 0.10 bar pO,. The grey data points on the left side are equivalent to the data

points in Figure 30 of the etched sample.
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Figure 33 Long-term stability of chemical diffusion coefficients Dcwem Of 0xygen of the etched sample at
600 °Cand 0.10 bar pO,. The grey data points on the left side are equivalent to the data points in Figure

31 of the etched sample.
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The effect of the surface modification is irreversible, at least at 600 °C. A long-term test at 800 °C is
being considered, as Wu et al. [72] also assume a temperature range between 600 and 800 °C for the

surface decomposition.

5.2.3 Surface roughness

The results of the electronic conductivity (EC) and conductivity relaxation (CR) measurements clearly
demonstrate that the etching of the sample is a surface effect. Consequently, further investigations
were required to gain a deeper understanding of this phenomenon. Figure 34 illustrates the surfaces

of the unetched sample (top row) and the etched sample (bottom row), as observed by field-emission

scanning electron microscopy (FESEM).

Figure 34 Secondary electron FESEM images of the unetched and unpolished sample surface (a, b) and
the etched sample surface (c, d) at different magnifications.

The grooves that can be seen in SEM images of the unetched sample are caused by the diamond wire

during cutting. Signs of superficial chipping by the embedded diamond particles can be seen, thereby
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rendering the surface structure uneven. The etching process results in the uneven removal of the
surface, accompanied by the formation of a sponge-like structure in the area close to the surface.
Visual comparison of the images suggests an increase in the surface area by the etching process, which

might serve as a first explanation for the increase in the surface exchange rates.

In order to pursue this hypothesis further, the surface of the unetched sample and the sample etched
with 1.0 M HNOs were examined using a laser-scanning microscope (VK-X3000, Keyence). With this
technique, the samples were scanned with a laser perpendicular to the sample surface, and a multiple
line measurement was taken. It is important to note, however, that not all pores could be completely
captured by the laser in this way, as the 90-degree position of the laser relative to the surface of the
sample could not capture all pores. The developed interfacial area ratio (Sdr) is defined as the
percentage of the additional area that is due to the texture in comparison to a perfectly flat definition

area [99]. The Sdr-value of a perfectly flat surface would therefore be 0.

To obtain representative results, four different areas were analyzed for each sample. In Figure 35
Altitude color profiles of the unetched and etched samples used to determine the interfacial area ratio
(Sdr). the altitude color profiles of the unetched and etched samples used to determine the interfacial
area ratio (Sdr) are shown. For the unetched sample, the grooves caused by the diamond wire saw are
clearly visible as horizontal stripes. The Sdr-value of the unetched sample was used as a reference and

compared against the Sdr-value of the etched sample. The results are summarized in Table 9.
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Figure 35 Altitude color profiles of the unetched and etched samples used to determine the interfacial
area ratio (Sdr).
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Table 9 Values of the developed interfacial area ratio (Sdr) of the unetched and etched samples.

Area Sdr/% average Sdr/%

1 7.09
2 7.32

unetched sample 5.92+1.48
3 4.70
4 4.59
1 40.63
2 40.45

etched sample 38.37+2.61
3 35.30
4 37.11

Taking the Sdr-values into account, etching resulted in an increase in area from 0.528 x 0.529 to
0.607 x 0.608 cm?. Thus, when considering the increase in surface area from a purely geometric
standpoint, an increase in kchem by a factor of approximately 1.3 would be expected, which is much
lower than the actual observed enhancement (see Figure 36). This is also illustrated in the Arrhenius

plot in Figure 36, which shows the original values of the chemical oxygen surface exchange coefficient

of LNO compared to calculated values resulting from an increased surface area by a factor of 1.3.
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Figure 36 Arrhenius representation of chemical oxygen surface exchange coefficients kcnem of the etched
and unetched LNO bar-sample between 0.10 and 0.15 bar pO; considering the increase in surface area
due to etching.

As already mentioned, changes in activation energies of kcem caused by etching (see Figure 30) also
indicate that the observed effect cannot be attributed solely to an increase in surface area, as this
would not change the activation energy. Therefore, the surface chemistry was analyzed in more detail,

which is discussed in the following section.

64



5. RESULTS AND DISCUSSION

5.2.4 X-ray photoelectron spectroscopy

In order to study the surface properties of LNO, the unetched and etched samples were investigated

via X-ray photoelectron spectroscopy (XPS). Figure 37 shows the X-ray photoelectron spectra of both

samples in the Ni3p and La4d region.
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Figure 37 X-ray photoelectron spectra of Ni3p of the unetched (top, left) and the etched LNO sample
(top, right) and the spectra of La4d of the unetched (bottom, left) and the etched LNO sample (bottom,
right). In figures a) and b) (Ni spectra), the red and green lines correspond to the Ni3p 3/2 (red) and
Ni3p 1/2 (blue) orbitals. For fitting a spin-orbit splitting of 1.0 eV an area ratio of 2:1 was used. The
green line describes the shakeup peak often observed in Ni3p transition [100]. Figures c) and d) show
the La4d region. The red component describes the La4d 5/2 orbital while the blue component describes
La4d 3/2. A spin-orbit splitting of 3.1 eV was used for the fit with an area ratio of 3:2 in line with
literature [101]. The green component with the highest binding energy could correspond to the

formation of surface carbonates in air [102].
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Upon examination of the atomic ratio of nickel to lanthanum, it becomes evident that etching results
in a reduction of nickel on the surface, thereby creating a Ni-depleted or La-enriched phase. The atomic
ratios Ni:O and La:O demonstrate an increase in oxygen content following the surface treatment with

1 M HNOs. The element ratios are listed in Table 10.

Table 10 Atomic ratios of the unetched and etched LNO samples.

peak area ratio peak area ratio change in peak area ratio
unetched sample etched sample unetched - etched
Ni:La 7.88 7.39 -6.32 at.-%
Ni:O 9.63 11.52 +19.61 at.-%
La:0 1.22 1.56 +27.69 at.-%

Figure 38 points out that the O1s signal can be divided into two distinct peaks at approximately
528.7 eV and 531.1 eV. These peaks can be attributed to lattice oxygen (0%), with the peak at 528.7 eV

corresponding to a La;03; phase and the peak at 531.1 eV corresponding to the lattice oxygen in La;NiO4

[103—-105].
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Figure 38 X-ray photoelectron spectra of O1s of the unetched (left) and the etched LNO sample (right)
divided into a La;NiOy (red line) and La;03; component (blue line).
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The relative content of lattice oxygen in La;Os increases as a result of surface modification and is shown

in Table 11. The shift towards lower binding energy indicates a lower electron affinity [106].

Table 11 Integrated peak area of the O1s peak divided into a La,NiO4 and La,03; component.

peak area
O1s
unetched sample etched sample
LazNiOas 26400 12233
La20s3 4781 7313
Laz203 in at.-% 15.3 374
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5.3 Electrochemical properties

In this section, the investigated materials are discussed in an application-oriented manner. The
electrochemical properties of the electrode materials are investigated by /-V-curves and

electrochemical impedance spectroscopy (EIS).

First, it is investigated whether the activating effect of etching can be transferred to porous nickelate-
based oxygen electrodes, thus increasing their performance. However, preliminary attempts to etch
screen-printed and sintered electrodes turn out to be unsuccessful and result in partial removal or
even delamination of the electrode layer [107]. In a next step it is thus attempted to modify the surface

composition by means of infiltration.

For this purpose, four symmetrical cells are investigated:

o symmetrical cell #1: LNO-electrode on a CGO-electrolyte substrate

o symmetrical cell #2: LNO-electrode on a CGO-electrolyte substrate

o symmetrical cell #3: LNO-electrode infiltrated with nickel on a CGO-electrolyte substrate

o symmetrical cell #4: LNO-electrode infiltrated with lanthanum on a CGO-electrolyte substrate

As shown by XPS-analysis, etching a bar-shaped sample leads to an increased accumulation of
lanthanum on the surface. In this respect, the performance of La-infiltrated electrodes (i.e. cell #4) is

of particular interest.

Moreover, the performance of LNCO291 as electrode material is evaluated in a full button cell by
means of I-V-curves in SOEC, solid oxide fuel cell (SOFC), and in reversible solid oxide cell (RSOC) mode.
The cell test and the post-test analyses of Chapter 5.3.2 have already been shown in Eisbacher et al.

[108].
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5.3.1 Symmetrical cells with La;NiO,.s-electrodes

The symmetrical cells were analyzed by means of electrochemical impedance spectroscopy (EIS). In
order to compare the results, resistances were normalized with respect to the area of the oxygen
electrode and are thus stated as area-specific resistance (ASR) in Q cm?2. This was done using the

following equation for the real part of the impedance.

, 1 d*m
Zpsr = 5 (z' - Ro)(T) 5.5

The resistance of the electrolyte Ry was subtracted from the real part Z', and the resulting value was
multiplied by the area of a single oxygen electrode (1.33 cm? / diameter of electrode is 13 mm for all
cells). As the cells are symmetrical and therefore have two identical electrodes, a factor of % is applied
to obtain the (average) contribution of a single electrode. The ASR is dependent on the temperature

and the thickness of the electrolyte [:

l 1 1 [
RO = p(T) Z= mz ASR =R0A = p(T)l= m 5.6

In this context, p represents the electrical resistivity, while A denotes the area of the electrode. o

corresponds to the electrical conductivity in S cm™.

The normalization of the imaginary part Z" was carried out analogously to the calculation of the
area-specific resistance of the real part, after subtracting the purely inductive contribution of the setup

(wires).

n 1 n dzn
AR = 5 z" - ZﬂfLo)(T) 5.7

The EIS measurements were conducted between 700 and 850 °C over a frequency range of 102 to
10° Hz and are depicted in Figure 39. To study the extent of degradation of the electrode, each series
of measurements was performed thrice with an interval of approximately 24 hours. All impedance

spectra were evaluated using the WinFit software (Novocontrol).
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Figure 39 Nyquist plots of EIS data of cells #1-4 (a-d) at different temperatures.

Degradation can be observed for all cells. On the one hand, this is due to an increase in the polarization
resistance Rpo and, on the other hand, a decrease in the series resistance Rs can be observed. The
decrease in Rs over time might be due to the absence of a current collector layer, as the effect of

decreasing R has also been observed for composite electrodes without current collector [109].

A comparative analysis of the cells is presented in Figure 40. Figure 41 shows values of Ry (left) and

Rs (right) in Arrhenius representation.
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Figure 41 Arrhenius representation of Ry (left) of the symmetrical cells #1-4 (first run) and R; (right) of
the symmetrical cells #1, #2 and #4 (first run). As the logarithm of negative numbers is not defined, it
is not possible to provide an Arrhenius representation of R; for the Ni-infiltrated cell #3.
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It can be observed in Figure 40 that the results of the non-infiltrated cells #1 and #2 differ considerably
from each other, despite identical production and sintering procedures. This is indicative of a poor
reproducibility, but it is unclear whether this originates from the cell preparation or the setup. In any
case, the reproducibility might be improved by the application of a current collection layer with a

significantly higher electrical conductivity than the LNO electrode.

When assessing the nickel-infiltrated cell #3, negative values of the real part Z' at temperatures below
800 °C (after subtracting the contribution of the electrolyte) can be noticed, which is of course
physically not possible. A tentative explanation for this phenomenon is an effective enlargement of
the electrode area resulting from the metal nitrate solution's migration beyond the electrode
boundaries onto the electrolyte during infiltration. Since a complete removal of the nitrate solution
from the electrolyte substrate was not possible, this area might become electrochemically active after
sintering, thus enlarging the effective electrode area and reducing the electrode resistance. The
reduction of the Rs with decreasing temperature also appears to be non-physical, but an explanation

cannot be provided at this stage.

The impedance spectra of the lanthanum-infiltrated cell #4 feature striking differences when
compared to the non-infiltrated cells. In particular, a considerable reduction in the electrode
polarization resistance (Rpa) is evident, especially at lower temperatures. Moreover, the activation
energy of Ry is also significantly reduced by La-infiltration (see Figure 41). This agrees perfectly with
results from the etching study (see Chapter 5.2), which suggest that La-enrichment on the surface
strongly enhances the rate and reduces the activation energy of the oxygen surface exchange process
— an important step in the overall electrode reaction and captured by Rp.. However, the overall
electrode performance in dc-operation (corresponding to the low-frequency intercept of the spectra)
is very poor for the La-infiltrated electrodes, which is due to a pronounced increase in the ohmic
contribution R.. This, however, might be an artifact arising from poor current collection due to the
formation of an insulating layer of lanthanum oxide on the electrode surface by infiltration (see also

results from SEM analyses below).

Results from post-test SEM analyses of the cross sections of the cells #1-4 are given in Figure 42. It can

be seen that the oxygen electrodes show good adhesion to the CGO electrolyte substrate.
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cell #1 cell #2

Figure 42 SEM image in BSE mode of the electrode-electrolyte interface. (a) and (b) correspond to the
non-infiltrated symmetrical cells #1 and #2. The nickel-infiltrated symmetrical cell #3 is shown in (c) and
image (d) corresponds to the lanthanum-infiltrated symmetrical cell #4.

Patches of NiO are visible on the surface of the Ni-infiltrated electrode (cell #3). Agglomerations can
be recognized within the electrode, although the SEM images cannot be used to conclude with
absolute certainty that there are NiO deposits on the inner surface of the LNO backbone. The presence
of nickel oxide on the electrode surface can be discerned through the use of EDX line scans across the
cross-section, as demonstrated in Figure 43, where it can be seen that there is more nickel (green line)

on the electrode surface than in the electrode cross-section.
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Figure 43 EDX-line scan through the Ni-infiltrated cell #3 along the orange line. The blue line shows

carbon, green and red correspond to nickel and lanthanum, respectively. The violet and yellow lines
refer to cerium and gadolinium, respectively.

Likewise, lanthanum was deposited on the surface of the La-infiltrated cell #4, as can be seen in Figure
42d and Figure 44.
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Figure 44 EDX-line scan through the La-infiltrated cell #4, along the orange line. The yellow line shows
carbon, dark blue and light blue correspond to nickel and lanthanum, respectively. The red and violet
lines show the cerium and gadolinium content, respectively. The oxygen signal is colored green.

Top-view SEM images of the oxygen electrodes of the non-infiltrated cells #1 and #2 in top view (Figure
45a and b) display a homogeneous and porous structure across the surface of the electrode. Despite
the disparate performance of the cells, no differences could be discerned between the two

non-infiltrated cells in the SEM post-test analysis.

In the case of the nickel-infiltrated cell #3 (Figure 45c), a furrowed layer is covering the LNO electrode.
This layer is likely to be nickel oxide, which has a rather low electronic conductivity even at high
temperatures [110]. However, as previously stated, the infiltration step results in enhanced cell

performance, indicating successful deposition of nickel oxide on the electrode backbone.
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For the La-infiltrated cell #4 (Figure 45d), a rather dense layer was formed on the surface of the
electrode as a consequence of the infiltration process. This layer consists most likely of lanthanum
oxide and appears to be more compact in comparison to the NiO-layer of cell #3. It is to be expected
that such layer will impede the exchange of oxygen with the porous electrode structure, which makes
the low polarization resistance observed in the impedance spectra of this cell is quite surprising.

Lanthanum oxide can be regarded as an electrical insulator [111], a fact supported by the large ohmic

contribution in the EIS spectra of the infiltrated cell.

Figure 45 SEM images in SE mode of the LNO electrodes in top view. (a) and (b) correspond to the
non-infiltrated symmetrical cells #1 and #2. The nickel-infiltrated electrode of symmetrical cell #3 is
shown in (c) and image (d) corresponds to the lanthanume-infiltrated electrode of symmetrical cell #4.

It is important to highlight that the utilization of a dedicated current collection layer is a crucial aspect
for future investigations. This approach would guarantee low contact resistance and the effective

extraction of electronic current from the active electrode layer of the cell.
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5.3.2 ESC-button cell with La;Nip9C0¢.104.5-electrode

For the cell preparation, the powder was processed to an ink (65 wt.-% LNC0O291) with a commercially
available terpineol-based ink vehicle (fuelcellmaterials, USA). The electrode was screen-printed on an
electrolyte-supported cell (ESC) substrate provided by Fraunhofer IKTS (Germany). Scandia-stabilized
zirconia (ScSZ) was used as electrolyte. To avoid the formation of La-zirconate at the

electrode-electrolyte interface, the cell contained a CGO-diffusion barrier layer.

Electrochemical measurements in SOFC, SOEC and RSOC mode were performed with H,/H,O mixtures
containing between 50 and 90 vol% H,0. In Figure 46, the I-V curves (SOFC, SOEC and RSOC mode) at

800 °C are shown.
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Figure 46 I-V curves (SOFC, SOEC and RSOC mode) and I-P curve corresponding to the SOFC mode of an
ESC with LNC0O291 oxygen electrode at 800 °C and H,/H,O mixtures containing between 50 and
90 vol.-% H,0 [108].

Current densities of up to -900 mA cm™ were applied in SOEC mode, and up to 500 mA cm™ in SOFC
operation. At 800 °C and 50 vol% H,0O, the cell behaves completely reversible (RSOC mode). The
77



5. RESULTS AND DISCUSSION

ASR (area specific resistance) values were calculated from the /-V slopes. The ASR in the electrolyzer
mode is lower than in the fuel cell mode (ASRsoec ~0.50 Q cm? over the whole SOEC range vs.
ASRsorc ~0.6 Q cm? at 400 mA cm™). It is suggested that at high current densities in SOEC mode a large
interstitial oxygen concentration is built up in nickelate electrodes, which may improve the mass

transport of oxygen [112,113].

The electrode microstructure is shown in Figure 47 (left), which gives a top view image of the
screen-printed electrode sintered for 2 h at 1100 °C. The electrode has a thickness of approximately

25 um. The cross-section image of the electrode-electrolyte interface (Figure 47, right) confirms good

adhesion between both layers.

Figure 47 SEM image in SE mode of a screen-printed LNCO291 electrode after sintering for 2 h at
1100 °Cin top view (a) and cross-section SEM image in BSE mode of the electrode-diffusion barrier layer
interface (b) [108].

Based on the results of the /-V-curves and SEM-images, it can be stated that LNCO291 may be
considered a promising oxygen electrode material for application in solid oxide cells. However, further
investigations into the long-term stability - especially with regard to application in SOECs - should be
conducted in future research, as degradation of the oxygen electrode is an important factor in limiting

the lifetime of cells and stacks.
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6 SUMMARY AND CONCLUSIONS

Within this work, the K;NiFs;-type rare earth nickelate La;NiO4.s (LNO) was analyzed with regard to
fundamental material properties, especially oxygen exchange kinetics and electrochemical properties
relevant for application as oxygen electrode in SOECs. The effect of partial substitution of nickel with
10 % cobalt on the B-site (see Eisbacher-Lubensky et al. [39]), as well as the effect of surface

modification by acid etching with 1 M HNOs were evaluated.

LNO and the cobalt-substituted analogue LazNipsC00.104+5 (LNCO291) were synthesized via the citric
acid-EDTA sol-gel method. X-ray powder diffraction and Rietveld refinement provided information on

phase purity, lattice parameters and atomic positions of both materials.

A comprehensive characterization of the material properties of LNCO291 at varying oxygen partial
pressures and temperatures was conducted through the utilization of thermogravimetry and
dilatometry, in addition to electronic conductivity and dc-conductivity relaxation measurements. The
thermal expansion coefficient of LNCO291 ranges between 13.4 x 10 and 14.0 x 10°® K within the
oxygen partial pressure range 0.001 < pO,/bar <1 between 100 and 900 °C. The values are in good
agreement with those of LNO. With regard to the application in SOCs, however, it is of particular
importance that the TECs match those of the common solid electrolyte materials used in SOCs, which
is the case here. The oxygen non-stoichiometry is significantly increased by the substitution of nickel
with 10 % cobalt. The ionic conductivity of the oxygen in LNCO291 was calculated using the
Nernst-Einstein equation. A comparison of the values of LNCO291 with those of LNO reveals a good
degree of agreement between the two sets of results. Furthermore, the self-surface exchange
coefficient and the self-diffusion coefficient of oxygen were determined using the thermodynamic
factor of oxygen and the oxygen exchange kinetic parameters. These results are also consistent with
those reported in the literature for the Co-free rare earth nickelate. It is important to note, however,
that the literature data obtained using the analogue measurement technique is consistent with the

present results, in contrast to data determined using other measurement techniques.

The investigation of the chemical diffusion coefficients of oxygen indicates that neither the substitution
of nickel with 10 % cobalt nor the surface modification with acid exerts any influence on Dchem. The

situation is different with regard to the surface exchange coefficient of oxygen kchem. Both LNCO291
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and the etched LNO demonstrate enhanced surface exchange kinetics. As shown in Figure 48, the

effects lead to higher kchem values and reduce the activation energy.
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Figure 48 Comparison of the surface exchange coefficients kchem of LNCO291 (yellow) [39], LNO (blue)
and LNO etched with 1 M HNOs (red) as a function of temperature at 0.10 — 0.15 bar pO;. The activation
energies were calculated by linear regression analysis of the data in Arrhenius representation.

In evaluating the two effects, it is important to note that the surface modification with HNO; has the
additional benefit of further improving the surface exchange kinetics. This is evidenced by a higher
value for kchem, as well as an even lower activation energy (LNCO291: E, = 64 kJ mol?; LNO etched with
1 M HNOs: E; = 46 k) mol™). In order to rule out the possibility that the significant enhancement in
oxygen exchange kinetics is solely attributable to the increase in the surface area through etching, the
surface roughness was assessed. The findings indicated, however, that this variable is not a primary
determinant. In order to obtain deeper insights into the surface chemistry, the unetched and etched
LNO was also analyzed using X-ray photoelectron spectroscopy. The results indicate the formation of

a nickel-depleted phase, presumably La,0s, on the surface. Further investigations of the surface with
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high lateral resolution, for example transmission electron microscopy (TEM), could provide additional

insights.

The electronic conductivity of LNCO291 between 600 and 850 °C at an oxygen partial pressure of
0.10 bar lies between 58 and 70 S cm™, which is lower than that of LNO. The surface treatment,

however, has no influence on the values of the electronic conductivity, as illustrated in Figure 49.
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Figure 49 Comparison of the electronic conductivity c. of LNCO291 (yellow) [39], LNO (blue) and LNO
etched with 1 M HNO; (red) as a function of temperature at 0.10 bar pO,. Lines serve as visual guides
for the eye.

Furthermore, symmetrical cells were produced with sol-gel wet infiltrated LNO electrodes to assess
their viability as oxygen electrodes in SOECs via EIS. The tests carried out showed that infiltration with
nickel resulted in an enhancement in cell performance. An infiltration test with lanthanum showed the
opposite trend. Finally, it should be noted that the use of a dedicated current collector layer is
imperative in future investigations, as it would ensure low contact resistance and efficient extraction
of the electronic current from the active electrode layer of the cell. This is especially important for

electrode materials with moderate electronic conductivity, such as nickelates. In order to facilitate
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future work, it is also essential to gain a more comprehensive understanding of the infiltration
technique itself and further optimize the infiltration procedure. The utilization of templates for wet
infiltration may prevent the solution from spilling over onto the electrolyte, thus coating some parts
of the electrolyte substrate with poorly defined layers which can influence the cell performance.
Alternatively, the diameter of the electrode could be increased, thus leaving a smaller fraction of the
electrolyte substrate open for contamination with the infiltration solution. Infiltration in a vacuum
could facilitate the absorption of the stock solution into the porous structure, which would result in a

more even distribution and enhanced adhesion of the infiltration material.

An LNCO291 oxygen electrode, which was applied to an ESC button cell, demonstrated excellent
adhesion to the electrolyte, as well as promising performance in SOEC, SOFC and RSOC mode [108].
Therefore, LNCO291 may be considered a promising material for application as an oxygen electrode
material in solid oxide cells. Further results of rare earth nickelates, which were analyzed in the context
of the dissertation, demonstrated that the substitution of nickel with 10 % cobalt on the B-site leads

to an improvement in cell performance [108].
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