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Abstract

Abstract

Steam solid oxide electrolysis (SOE) is a method to transform electrical into chemi-
cal energy in the form of hydrogen with the prospect of very high conversion efficien-
cies, which could play a major role as storage capacity in future electricity systems.
However, its longevity is limited by numerous degradation processes which need to be
addresses before. This thesis elucidates degradation of solid oxide electrolysis cells
(SOEC) by systematically investigating the influence of three key operating parameters

— temperature, hydrogen gas humidity and current density — on cell deterioration.

A detailed understanding of rate limiting processes governing cell performance was
achieved based on experimental results as well as the application of a physico-chemical
model approach. Five processes, separable by electrochemical impedance spectroscopy
were identified: the ohmic resistance accounting for the conduction of ions through the
electrolyte as well as contact resistances, a hydrogen electrode process representing ox-
ygen ion conduction within the hydrogen electrodes’ YSZ backbone coupled with the
charge transfer reaction, the hydrogen electrode charge transfer reaction, the oxygen
electrode’s charge transfer reaction coupled with its oxygen ion transport and finally

mass transport limitations.

In order to study the influence of operating conditions on degradation, a series of
20 SOECs were operated for 1000 h under identical conditions, while only the investi-
gated parameters deviated. The influence of temperature was investigated between
750 °C and 850 °C, the humidity ranged from 40 %MH to 80 %MH, while the current
density varied between OCV and 1.5 A/cm?. This systematic parameter study allowed
for the separation of four independent degradation processes, two of which contribute to
the ohmic resistance and would be inseparable otherwise. Furthermore, it provides

in-sight into the mechanism of each degradation process.

One major source of degradation is caused by unidirectional transport of Ni away
from the hydrogen electrode | electrolyte interface, leaving behind a porous YSZ layer
virtually deprived of Ni, which effectively translates into an increase of the electrolyte’s
thickness. This Ni-depletion is driven by current density and only occurs significantly at
humidities of 80 %MH and temperatures of 800 °C and above. A second degradation
process, also contributing to the ohmic resistance, was identified to be a partial change

of the electrolyte’s crystallographic phase from cubic to tetragonal. This process shows
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a linear progression with the square root of time and is more pronounced at lower tem-
peratures within the investigated range of parameters. Another important source of deg-
radation could be linked to a change in the crystallographic structure of the oxygen elec-
trode, which is dependent on operating temperature but largely unaffected by current
density. Finally, the hydrogen electrode also exhibits degradation for most investigated
conditions. While it is exposed to a series of degradation mechanisms, it is shown that
the degradation mainly originates from a change of the ionic conductivity in the YSZ
backbone while the charge transfer plays a minor role. Thus, observed microstructural
changes resulting in a reduction of the triple phase boundary (TPB) length are not pri-
marily responsible for hydrogen electrode degradation.
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Die Wasserdampfelektrolyse mittels Festoxidzellen (SOE) ist eine Methode elektri-
sche in chemische Energie in Form von Wasserstoff umzuwandeln. Sie hat das Potential
sehr hohe Umwandlungseffizienz zu erreichen und kénnte als Speicher eine grol3e Rolle
in zukinftigen Energiesystemen darstellen. VVerschiedene Degradationsprozesse limitie-
ren jedoch ihre Lebensdauer und missen zunéchst kontrolliert werden. Diese Arbeit
vertieft das Verstandnis der Degradation von Festoxidelektrolysezellen (SOEC), indem
systematisch der Einfluss der drei Schlisselparameter — Temperatur, Brenngasfeuchtig-
keit und Stromdichte — untersucht wird.

Ein detailliertes Verstandnis der Prozesse, welche die Leistungsfahigkeit der Zelle
limitieren, wurde sowohl durch experimentelle Ergebnisse als auch durch die Anwen-
dung eines physiko-chemischen Modells erreicht. Dabei wurden funf durch elektroche-
mische Impedanzspektroskopie unterscheidbare Prozesse identifiziert: der ohmsche
Widerstand, der die Leitung von lonen durch den Elektrolyten sowie Kontaktwiderstan-
de darstellt, der Transport von Sauerstoffionen durch das YSZ-Ruckgrat der Brenn-
gaselektrode gekoppelt mit dem Ladungstransferwiderstand, der Ladungstransferwider-
stand der Brenngaselektrode, der Ladungstransferwiderstand der Sauerstoffelektrode
gekoppelt mit dem Sauerstoffionen Transport und schlieflich Massentransportlimitie-

rungen.

Um den Einfluss der Betriebsparameter auf die Degradation zu untersuchen, wurden
20 SOECs fur 1000 h betrieben. Dabei unterschieden sich die Betriebsbedingungen nur
in dem zu untersuchenden Parameter. Der Einfluss der Temperatur wurde zwischen
750 °C und 850 °C, der Feuchtigkeit zwischen 40 %MH und 80 %MH und der Strom-
dichte zwischen OCV und 1.5 A/ecm? untersucht. Diese systematische Parameterstudie
erlaubte es vier unabhé&ngige Degradationsprozesse zu separieren, wovon zwei zur Er-
hohung des ohmschen Widerstands beitragen und andernfalls nicht unterscheidbar wa-
ren. AulBerdem ermoglicht diese Studie Einsicht in die Mechanismen der jeweiligen

Degradationsprozesse.

Eine Hauptquelle der Degradation liegt im Transport von Ni von der Grenzflache
Brenngaselektrode | Elektrolyt weg. Die zuriickbleibende Schicht ist praktisch von Ni
befreit und entspricht somit einer Erhdhung der Elektrolytdicke. Diese Ni-Verarmung
ist Stromdichte-getrieben und findet in nennenswertem Mal nur bei 80 %MH und min-
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destens 800 °C statt. Ein zweiter Degradationsprozess, der ebenfalls zum ohmschen
Widerstand beitrégt konnte als teilweise kristallographischer Phasenwechsel des Elekt-
rolyten von kubisch zu tetragonal identifiziert werden. Dieser Prozess wéachst linear mit
der Quadratwurzel der Zeit und ist im untersuchten Bereich bei niedrigeren Temperatu-
ren starker ausgepragt. Eine weitere wichtige Quelle der Degradation konnte mit der
Veranderung der kristallographischen Struktur der Sauerstoffelektrode in Verbindung
gebracht werden. Diese héngt von der Betriebstemperatur ab, ist jedoch nahezu unbe-
einflusst von der Stromdichte. SchlieRlich degradiert auch die Brenngaselektrode bei
den meisten der untersuchten Betriebsbedingungen. Wahrend sie verschiedene Degrada-
tionsmechanismen ausgesetzt ist konnte gezeigt werden, dass die Degradation haupt-
séchlich von einer Verschlechterung der Leitfahigkeit des YSZ-Rickgrats herrihrt und
kaum von der Ladungstransferreaktion. Folglich sind mikrostrukturelle VVeranderungen,
die in den Elektroden beobachtet wurden und zu einer Reduktion der L&nge der Drei-
phasengrenze (TPB) flhren nicht hauptverantwortlich fur die Degradation der Brennga-

selektrode.
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1 - Introduction

1 Introduction

The transition to a more renewable electricity generation is accompanied by the
challenge of an increasing mismatch between production and demand, which leads to a
growing electric energy storage (EES) demand.[1] The need for storage technologies is
further driven by the increasing importance of off-grid EES systems such as batteries
for electrical vehicles.

There is a variety of different EES technologies each with individual specifications
which make them desirable for different applications. Fig. 1 offers an overview of sev-
eral EES technologies concerning typical power output, capacity values and discharge
times. Rotation mass of generators and pumped hydro energy storage present the major-
ity of Germany’s grid integrated EES systems and compensate for short (0.1 s — 15 min)
and medium term (15 min — 12 h) peaks. Considering the topographical limitation for
pumped hydro storage it becomes obvious that current systems need to be complement-
ed by technologies with larger capacities if weekly or longer fluctuations like “dark

calms”?! are to be managed.[2, 3]

The transformation of electric to chemical energy for storage has the largest capacity
potential of known EES technologies. Water electrolysis is one example and refers to
the electrochemical production of hydrogen from water using electricity. Its large poten-
tial is based on the fact that hydrogen — the most common element — is used as storage
species and that the storage unit can be scaled independently of the transformation de-
vice. Furthermore, the already existing natural gas network presents an extensive infra-
structure for storage and transportation, where a certain share of hydrogen can be intro-
duced directly. Its full nominal capacity of approximately 200 TWh can be accessed by

processing hydrogen to synthetic natural gas.[2]

The drawbacks of water electrolysis are its high cost and comparably low round-trip
efficiencies, considering electrochemical hydrogen production in an electrolyzer (charg-

ing) and re-electrification in a fuel cell (discharging).[4] However, especially one type

! Refers to a period with low photovoltaic (dark) and little wind power production (calm). Typical-
ly, in central Europe such weather phenomena do not last longer than three weeks.[3]
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of electrolyzer — the solid oxide electrolyzer (SOE) — has potential for very high conver-
sion efficiencies, which can be increased even further by integration of a waste heat
source. Its high operating temperature however, leads to several degradation processes
thus limiting its lifespan. This issue needs to be addressed in order to ready this tech-

nology for large scale implementation.

1GW
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10 MW
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Fig. 1: Overview of typical power output, capacity values and discharge times for several EES
systems [2]

1.1 Scope of the present dissertation

The centerpiece of this dissertation is a systematic study investigating the correlation
between degradation of solid oxide electrolyzer cells (SOEC) and major operating pa-
rameters. A test matrix for a total of 20 comparable 1000 h degradation experiments was
executed in order to isolate the impact of operating temperature, hydrogen gas humidity
and current density. In-situ results are substantiated by post-test analyses allowing es-
tablishing connections between decrease in electrochemical performance and changes
occurring in the cells. To complete this work a physico-chemical model is applied to
provide a detailed understanding of processes limiting cell performance. Based on this

knowledge it is used to elucidate degradation findings.
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In literature there exist no degradation studies systematically investigating the influ-

ence of key operating parameters like the present work. A comparison of different stud-

ies to gain detailed information on parameter dependence is generally tricky as different

studies generally diverge in several parameters. Knowing the parameter dependence of

degradation processes however, is a powerful tool in understanding their underlying

mechanisms. Furthermore, it allows the separation of otherwise undistinguishable deg-

radation contributions.

1.2 Outline of the present dissertation

This dissertation is structured as follows:

Section 1 and 2 provide fundamental information on SOEC technology and a lit-

erature overview over the current state of knowledge on SOEC degradation.

Section 3 describes the scientific concept of this study and subsequently gives

detailed information on experimental as well as theoretical techniques applied.

Section 3.4 dedicates itself to cell characterization. This includes microstructural
properties, electrochemical performance and separation of individual rate limit-
ing processes. Furthermore, a physico-chemical model is parameterized in refer-

ence to a series of measurements and model reduction studies are provided.

Section 5 presents the degradation findings. In-situ as well as post-test results
are shown, parameter dependencies explained and mechanisms discussed. This
section is divided into subsections according to separability of electrochemical
impedance spectroscopy (EIS), i.e. degradation of ohmic resistance, oxygen
electrode polarization, hydrogen electrode polarization and gas diffusion and

conversion.

Section 6 and 7 conclude the thesis and suggests consecutive studies.
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2 Scientific and Technological Background

2.1 Solid oxide electrolysis cell

The term electrolysis describes a method in which an electrical current is used to fa-
cilitate an endergonic electrochemical reaction. Production of hydrogen and oxygen via

electrochemical water splitting reaction is one example:
H,0 2 H, +0.50, (2-1)

There are several types of electrolyzers each with different advantages and at differ-
ent stages of development. The SOEC is one of them owing its name to the ceramic
nature of its electrolyte. It is sometimes also referred to as high temperature electrolysis
for its typical operating temperature between 700 °C and 1000 °C. However, this term is
ambiguous and is also used for other electrolysis techniques.

While research on SOE has intensified during the last decade the cells used for SOE
are commonly based on solid oxide fuel cell (SOFC) materials and architectures.[5]
Consequently, up to now there are hardly any books focusing solely on SOEC, while
the general electrochemical principle and information on materials and designs can be
extracted from SOFC fundamental literature.[6, 7] The following paragraphs will there-

fore only briefly summarize SOEC fundamentals.

2.1.1 Functional principle

A schematic depiction of SOEC functioning principle is displayed in Fig. 2. An ap-
plied external current induces the reduction of water at the hydrogen electrode (cathode)
forming gaseous hydrogen and oxygen ions. The latter pass through the ion conducting
while electronically insulating and gastight electrolyte to the oxygen electrode (anode)
and are oxidized there to form gaseous oxygen. The released electrons are connected to
the electrical power source to complete the electrical circuit.
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This means that in water electrolysis the redox reaction of equation (2-1) is split into
oxidation and reduction reaction occurring at oxygen and hydrogen electrode, respec-

tively, according to the following equations:

Oxidation — Oxygen electrode: 0%~ 20.50, + 2e~ (2-2)
Reduction — Hydrogen electrode: H,0 +2e~ 2 2:3)
H, + 0%~
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Fig. 2: General principle of a solid oxide electrolysis cell.

2.1.2 Cell architectures and materials

There are mainly two geometries for SOECs. The tubular design exhibits good me-
chanical stability and sealing properties, while the planar design is advantageous in
terms of power density and manufacturing cost.[8, 9] Cell architecture depends on the
layer providing mechanical support. Electrolyte supported cells (ESC) provide good

mechanical robustness at the cost of high ohmic resistance and therefore require high
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operating temperatures. To overcome this oxygen electrode (CSC?) and hydrogen elec-
trode supported cells (ASC?) were developed. However, both electrode supported de-
signs exhibit inherent problems, namely high electronic resistance and low redox stabil-
ity. By introducing a metal support to the cell (MSC) many limitations of the previous
cell architectures can be overcome.[10] However, new challenges concerning manufac-

turing and long term chemical stability arise.

The solid oxide cell (SOC) electrolyte has to provide sufficient ionic but low elec-
tronic conductivity, while being chemically stable in both reducing and oxidizing at-
mospheres. ZrO, doped with typically 8 mol% Y203 (8YSZ3) provides good overall
properties. While other candidates such as Sc.O3 doped ZrO. (ScSZ) show higher ionic
conductivities, 8Y'SZ remains today’s most widely applied and proven electrolyte mate-

rial.

A porous cermet of Ni and 8YSZ is most commonly used as hydrogen electrode. In
this system Ni fulfills the function of catalyst as well as electronic conductor, which is
why the Ni phase has to be connected in a percolation network. The 8YSZ backbone
provides ionic conductivity. The charge transfer reaction can only occur at the so called
triple phase boundary (TPB), where gas phase, electronic conductor and ionic conductor
meet. Consequently the electrode’s microstructure has great influence on performance

and durability.[11]

There are two categories of materials typically used as oxygen electrode. Predomi-
nately electronic conducting materials such as LaixSrxMnOs.s (LSM) need to be mixed
with an ionic conductor — typically the electrolyte material — forming a porous layer.
Analog to the hydrogen electrode’s cermet in this setup the electrochemical reaction
occurs at the TPB, thus limiting performance. Materials with good ionic as well as elec-
tronic conductivities (MIEC) such as Lai-xSrxCo1.yFeyOs5 (LSCF) are not limited to the

one dimensional TPB but provide reaction sites all over its surface, resulting in a signif-

2 The abbreviations CSC and ASC originate from SOFC terminology and refer to cathode- and
anode supported cell, respectively.

% The abbreviation translates into Yttria stabilized Zirconia. This name describes the fact that
sufficient Yttria doping levels stabilize the cubic phase of YSZ down to room temperature. This
is desirable as phase changes and the accompanying volume changes could result in me-
chanical stress or even failure. Additionally, the cubic phase provides highest ionic conductivi-

ty.
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icantly higher performance. However, LSCF was reported to have higher degradation
rates.[12] Furthermore, LSCF is reactive towards YSZ forming an insulating SrZrO»
layer at the electrode | electrolyte interface. Therefore a diffusion barrier layer, typically
Ce0.9Gdo.101.95 (CGO) has to be introduced.[13, 14]

2.2 Advantages of solid oxide electrolysis

Solid oxide electrolysis has several advantages. Its high operating temperatures in-
duce rapid reaction kinetics. The resulting low overpotentials translate into high conver-

sion efficiencies.

Further advantages can be explained by thermodynamic considerations of the water
electrolysis reaction as presented in Fig. 3. In order to facilitate better relation to cell
operation each energy value AH was additionally translated into the corresponding volt-

age U according to
U=—— (2-4)

with Faraday constant F and number of electrons participating in the reaction z. It
reveals that the portion of the reaction enthalpy which needs to be supplied as electrical
energy decreases with increasing operating temperature while the thermal energy de-
mand increases accordingly. Consequently, an increasing amount of heat generated dur-
ing operation due to internal resistances can be used directly to satisfy total energy de-
mand. As a result conversion efficiencies of virtually 100 % can be achieved on cell
level while maintaining appreciable reaction rates. . The step in reaction enthalpy in
Fig. 3 at 100 °C represents the reduced amount of energy which has to be provided by
the fuel cell if water is provided in gaseous form. Consequently, the conversion effi-
ciencies on system level can be largely increased, if a waste heat source is available at
sufficiently high level to evaporate the reactant water.
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Fig. 3: Energy demand for water electrolysis as a function of temperature at standard pressure.

Depending on the overall overpotential a SOEC can be operated in three different
modes. If the operating voltage surpasses the total energy demand, i.e. that the overvolt-
ages exceed the thermal energy demand the cell runs in exothermic mode, while a cell
voltage below the total energy demand results in endothermic operation. If the cell volt-
age matches the total energy demand which is approximately 1.3 V at typical operating
temperatures the cell works in thermo-neutral conditions. This is desired for system
application as it reduces system complexity, while operation above and below thermo-

neutral conditions can be deliberately used to adjust system temperature.

Furthermore, SOEC exhibits reactant flexibility. Apart from H20 also CO> can be
electrolyzed. While it is possible to do so with pure CO2 more commonly co-
electrolysis of a mixture of H.O and CO: is realized. The resulting mixture of H, and
CO called forming gas can be used to subsequently synthesize a variety of hydrocarbons
following the Fischer-Tropsch process. More recently the idea of co-electrolysis cou-

pled with internal hydrocarbon synthesis arose [15].

2.3 Degradation rate terminology

The above presented advantages clearly illustrate the potential of SOEC. However,
the high operating temperatures also pose challenges such as unwanted side reactions or
thermal stress. These phenomena generally deteriorate cell performance — the cells de-

grade.
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In literature degradation rates are typically presented as a relative increase in operat-
ing voltage averaged over a certain time, according to

DRy = (Ultlo_—lt]") (2-5)

with the voltage degradation rate DRy, the initial operating voltage U, and the operating
voltage U, at time t. It is commonly presented in the format [% /1000 h]. While this
parameter offers an easy way to evaluate system longevity, it should be treated carefully
when comparing different measurements. It is the author’s opinion that for fundamental
analysis degradation should be defined as increase in resistance. Analog to the voltage
degradation rate DR, the degradation rate DR, based on the increase in resistance can

be calculated as

Ty — T
DR, = (ry — 19) (2-6)

T‘O * t
with the area specific resistance r, and r; initially and after time t, respectively. This
approach only works if a linear polarization curve can be approximated. Otherwise the

differential resistance dr (i) has to be used.

The relation between operating voltage U and area specific resistance r is given as

U(t) = Uyernse(t) +7(8) - i(t) (2-7)

with the Nernst potential Uy.,nst,» @and the current density i. Under galvanostatic condi-
tions and constant gas feed the voltage degradation rate DR;; can therefore be calculated

in relation to the initial and final overall resistance, by

_ . (m—m)-i (2-8)
(UNernst + 19 i) ot
A comparison between equations (2-6) and (2-8) reveals the difference in reporting

DRy

degradation based on increase in operating voltage or overall resistance. Generally, DR,
can be compared unambiguously between different measurements, as it only reflects the
relative increase in resistance. DR on the other hand is additionally influenced by the
gas mixtures via the Nernst potential and the current density applied. This can lead to
the irritating situation that the voltage degradation rate of a sample is larger relative to
another sample even though its resistance degradation rate is lower — since it is operated

at higher current density or at higher py, o/ py, ratio.
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2.4 Literature review on SOE degradation

A multitude of studies investigating SOE degradation on cell as well as stack-level
arose during the past decade. The main difference can be found in stack specific addi-
tional degradation contributions, namely deterioration of interconnect contact and pollu-
tion from tubing and interconnects. Consequently, stack degradation is commonly found
to be higher than cell degradation.[16] However, this work is focusing on degradation
phenomena on cell level which is why stack specific degradation is out of the scope of

this dissertation.

Generally, at cell level a wide range of degradation rates has been reported. One of
the lowest degradations was observed by Schefold et al. for a single cell operated
at -1 A/cm? and approximately 780 °C for 9000 h.[17] They observed a linear increase
in operating voltage until approximately 7600 h, when hardware malfunction caused a
significant voltage step. The mean voltage degradation rate DRy during this time
amounted 3 %y / kh, which translates into a DRy of 18 %r/kh for the given experi-
mental details.* Several other studies show degradation rates as high as DRy > 10 %
corresponding to DRy, of 50 %r/kh and above.[18-21] The situation is furthermore
complicated as degradation often progresses nonlinear, especially within the first hun-
dred hours, making the description of degradation as a summarized value less
useful.[18, 20, 22] Additionally, the mode of operation plays an important role towards
degradation rate. A recent study over several hundred hours of cell operation published
by Graves et al. shows that cell degradation can be largely prevented by alternating be-
tween electrolysis and fuel cell operation.[23]

This brief overview of overall degradation rates reveals that degradation is of great
concern for SOEC viability, while a detailed investigation of underlying processes is
required to understand and finally mitigate performance deterioration. The following
section gives an overview over previously observed SOEC degradation phenomena and
provides explanations to the current state of knowledge. This overview is limited to
mechanisms and studies relevant to the cell composition used in this study, namely
Ni/YSZ|YSZ|CGO | LSCF for hydrogen electrode, electrolyte, diffusion barrier layer

4 In order to calculate the resistance degradation rate the overall Nernst potential was approxi-
mated as mean of inlet and outlet Nernst potential.

10
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and oxygen electrode, respectively. As mentioned above stack degradation is an im-
portant and decisive issue which, however, is out of the scope of this work.

2.4.1 Hydrogen electrode degradation

Processes reported on hydrogen electrode degradation can be divided into two cate-
gories. On the one hand the Ni phase exhibits microstructural changes at typical SOEC
operating conditions. On the other hand the hydrogen electrode Ni/YSZ cermet was

shown to be sensitive to impurities.

The generally higher hydrogen gas humidities in electrolysis operation compared to
typical fuel cell conditions leads to a group of degradation mechanisms. These are based
on the volatility of Ni in water vapor rich atmospheres to form Ni(OH)x species, like
Ni(OH).. Jiao et al.[24] showed a correlation between morphological changes to a po-
rous Ni phase and hydrogen gas humidities even under low humidification ranging from
dry conditions to a steam content of 30 %MH. Furthermore, they revealed the influence
of the gas concentration gradient forming at the TPB under current locally increasing Ni
mobility. They suggested a combined underlying mechanism of humidity enhanced sur-

face diffusion and vaporization—deposition process of volatile Ni species.

Coarsening of Ni microstructure can be one effect resulting in a decreased electrode
performance. This was shown by several studies at moderate humidities of approxi-
mately 50 %MH.[18, 25]

Under extreme conditions of 950 °C, 90 %MH and 2 A/cm? another phenomenon
was observed by Hauch et al.[18]. They observed Ni “filling up” the porous phase close
to the electrolyte leading to a dense layer composed of Ni and YSZ. This was explained
by the transport of volatile Ni species along the gas concentration gradient towards the
most reducing conditions, i.e. the hydrogen electrode | electrolyte interface. Simultane-
ously, an increase of the ohmic resistance by a factor of three was recorded, which was
attributed to the electrochemical deactivation of the formed dense layer resulting in an

effective increase in electrolyte thickness.

More recently a seemingly reverse trend of Ni migration was observed in several
studies.[11, 26, 27] Post mortem measurements revealed that the first few micrometers
of the hydrogen electrode closest to the electrolyte were completely depleted of Ni. The

remaining porous YSZ layer is electrochemically inactive for the charge transfer reac-

11
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tion. Similar to the previously described phenomenon the shift of the active reaction
zone away from the dense electrolyte layer results in an additional contribution to the
ohmic resistance. Its impact is depending on porosity and tortuosity of the electrode’s
YSZ backbone leading to significant resistances even for thin layers. While the mecha-
nism for this process is not yet fully understood Mogensen et al. proposed a hypothesis
suggesting that Ni particles become isolated thus leading to a gradient in activity of vol-
atile Ni species[28] which will be explained in more detail in chapter 5.1.1, while a

study by Hauch et al. identified the overpotential as a driving force.[11]

Impurities were shown to have an influence on hydrogen electrode performance.[18]
Silica poisoning is very common and typically originates form glass sealants or as an
inherent contaminant of the YSZ powder.[18, 29, 30] Under typical SOEC operating
conditions the presence of SiO> leads to a significant Si(OH)4 vapor pressure, causing
degradation due to its corrosive nature.[31] The Si(OH)4 vapor pressure was shown to
increase with increasing temperature, humidification and current density.[21] Due to the
gas concentration gradient impurities accumulate at the TPB hindering accessibility and
increasing electrode polarization resistance. Operating the cell in fuel cell mode thus
reversing the gas concentration gradient can partially remove impurities and reactivate

the cell, as shown by Hauch et al.[19]

2.4.2 Oxygen electrode degradation

Most studies reported in literature were conducted on cells using LSM/YSZ compo-
site as oxygen electrode.[16, 32] Microstructural deterioration finally leading to the de-
lamination of the electrode from the electrolyte is a commonly observed phenomenon
for this system.[22, 30, 33, 34] Virkar developed a model revealing that in electrolysis
very high oxygen pressures can occur at the interface between oxygen electrode and
electrolyte or even within the electrolyte close to the interface. The high oxygen pres-
sure builds up in pores and cavities until finally the limit of mechanical stability is
reached and cracks are formed. The quantity of oxygen partial pressure as well as its
location is depending on several material as well as operating parameters. It was shown
that high current densities leading to high oxygen electrode overpotentials drive elec-
trode delamination. Virkar’s model furthermore predicts that the introduction of minor
electronic conductivity of the electrolyte can significantly decrease the potential for

delamination. However, this is undesirable as it inevitably reduces faradaic conversion

12
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efficiency. Furthermore, the electrode’s microstructure and its processing play an im-

portant role.[18]

The problem of delamination can largely be overcome by employing a mixed ion-
electron conductor like LSCF, avoiding the oxygen pressure build up at the interface of
ionic and electronic conductor.[17, 35] Additionally, the generally higher activity of
LSCF compared to LSM electrode reduces electrode’s overpotential. Furthermore, for
MIECs the charge transfer reaction is not limited to the TPB as for LSM /YSZ compo-
site electrode. This makes it less prone to impurity blocking of the reaction site and the

subsequent build-up of oxygen partial pressure.[36]

An additional degradation phenomenon often observed is the formation of Cr con-
taining secondary phases. This is of large concern on stack level due to commonly Cr
containing stainless steel interconnects. However, even for single cell experiments it is
still relevant as there might be other Cr sources such as tubing or connects. Within the
oxygen electrode Cr reacts to block the TPB in case of a LSM/YSZ electrode, while in

case of LSCF it forms insulating layers.[37-40]

Tietz et al. observed after 9000 h of operation a “broadening” of the original XRD
reflections of LSCF in stack operation “towards lower angles” as well as very low in-
tensity peaks corresponding to Coz0s. At the same time they observed gradients in in-
tensity in BSE-SEM images of LSCF interpreting this as evidence for compositional
changes.[41]

While there are few studies on LSCF degradation in SOEC mode, there is a much
larger pool of studies on LSCF in fuel cell operation. A summary of these can be found
in more detail elsewhere.[42, 43] The knowledge of degradation processes under SOFC
conditions can be helpful, but its adoption to SOEC mode has to be undertaken very
carefully as the difference in local oxygen partial pressure as well as the reversed cur-
rent density have a significant effect on LSCF stability.[44] An example for this is the
phenomenon of Sr segregation. While this is commonly reported for SOFC
conditions[45, 46] the same does not appear to be the case in SOEC operation. A more
recent study even indicates that positive polarization of the oxygen electrode leads to

reincorporation of previously segregated Sr.[47]

13
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2.4.3 Electrolyte degradation

YSZ is not chemically stable in contact with LSCF at typical operating conditions. It
will react to form secondary phases with much lower ionic conductivity such as SrZrOs.
In order to prevent this, a few micrometer thick diffusion barrier layer is introduced
which is usually composed of CeO, doped with 10 mol% Gd (10GDC).[12, 48] While
this adds an additional contribution to the internal resistance of the cell, the high per-

formance of LSCF is generally considered to predominate.[49]

Several reports show that even if a 10GDC diffusion barrier layer is employed the
formation of SrZrOs can still be observed. This is explained by cation transport through
the barrier layer via grain boundary diffusion as well as surface diffusion along
cracks.[50] Although 10CGO is not suitable to completely prevent the formation of sec-

ondary phases, it can be drastically delayed by a well manufactured dense layer.[50]

At high current densities (shown for 1 A/cm? and above) the YSZ electrolyte itself
was shown to deteriorate. Pore formation along YSZ grain boundaries was observed
close to the electrolyte | oxygen electrode interface [35, 41] and was found to be more
severe at higher current densities and temperatures.[20] Jacobsen et al. observed that
evolution of gaseous oxygen can occur within the grain boundaries under high polariza-
tion, by calculating the electromotive force of oxygen inside YSZ.[51] The accumula-
tion of oxygen molecules at the grain boundaries significantly hinders oxygen ion
transport. The resulting increase in ohmic resistance can thus be much larger than ex-
pected from post mortem analyses.[16] The generated pores along the grain boundaries
can grow and finally form cracks in the electrolyte and weaken contact with the oxygen
electrode.[33]

Additionally to the formation of pores along the grain boundaries, intragranular pore
formation was also observed as a result of high current in front-like shapes parallel to
the YSZ | CGO interface.[41] Tietz et al. explain this by the difference in YSZ cation
mobility analog to the formation of “Kirkendall voids”[52, 53], while the removed ma-
terial was found in form of a dense layer at the YSZ | CGO interface. Matus et al.[54]
observed similar deterioration in the YSZ layer of an oxygen pump operated at 1045°C
and 4.5 A/lcm?. The authors suggest an explanation based on the mobility of interstitial
oxygen and oxygen vacancies in an electrical or chemical gradient, resulting in agglom-

eration of complexes of Zr** and oxygen vacancies.
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YSZ was also shown to exhibit an “aging effect”, i.e. a reduction of ionic conductiv-
ity with time. Kondoh et al. systematically investigated this phenomenon at different
temperatures as well as different Yttria levels and summarized previous studies on the
topic.[55, 56, 57 and references therein] They conclude that the most likely mechanism
responsible is the formation of “short range ordering” of oxygen ion vacancies around
Zr** ions, increasing their activation energy and thus decreasing the overall conductivi-
ty. There are more recent studies, which offer a different explanation and show that the
phase transition from cubic to tetragonal can occur at typical SOC operation tempera-
tures despite the fact that cubic 8YSZ is often considered to be fully stabilized down to
room temperature.[58, 59]

The problem with interpreting electrolyte degradation phenomena is that no in-situ
separation via EIS is possible. The situation is further complicated as degradation pro-
cesses of other cell components like the previously described Ni depletion of the hydro-
gen electrode or a change in LSCF perovskite composition leading to a decreased elec-
tronic conductivity also manifest themselves in the ohmic resistance. Therefore it is not
possible to quantify the contribution of each individual processes using solely singular
EIS data and post-test analyses. This can easily result in misleading conclusions if an
increase in ohmic resistance is readily attributed to observations which appear to be

most severe in post mortem measurements.
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3 Scientific Approach and Methodology

3.1 Experimental concept and scientific approach

As described previously there is a large pool of studies on degradation for SOFCs
and a growing number concerning SOECs. However, it is difficult to combine these to a
unified picture as there are always differences in experimental details. Divergence can
be found in elemental topics like different cell architectures or compositions. Even larg-
er are the possible discrepancies in operating conditions such as temperature, current
density, gas compositions at each electrode, gas conversion rates, flow rates or operat-
ing times to name just a few. Additionally to the just mentioned variations in controlled
experimental details there is a high chance for unintentional deviations such as purity of
feed gases, principle and stability of humidification and cell housing design including
sealing concept and quality. Furthermore, the cells inherently possess different proper-
ties depending on the details of cell manufacturing. All these differences hamper a de-
tailed comparison of different studies with the aim of extracting information on the in-

fluence of operating parameters on degradation.

However, knowledge of this correlation can significantly increase the understanding
of degradation in two major ways. It can give insight into the mechanism, kinetics and
driving forces of known degradation phenomena, facilitating the development of strate-
gies tomitigate them. Additionally, it offers the possibility to separate and identify deg-
radation processes due to their different dependence on operating parameters which
would otherwise be undistinguishable. This is of special significance for the ohmic re-
sistance which comprises a large number of contributions as previously described. The

relevance of this point will be demonstrated in detail by the results of chapter 5.1.

In order to establish a clear correlation between degradation processes and operating
conditions a set of experiments was devised. Three parameters — namely the operating
temperature, the current density and the hydrogen gas humidity — were chosen to be
most revealing and the experimental matrix shown in Fig. 4 was devised to identify the
influence of each parameter individually. All other parameters were kept constant for all
degradation measurements. Furthermore, the problem of unintentional deviations be-

tween measurements could be largely overcome by conducting all experiment in the
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same test rig and using highly reproducible commercially produced cells of the same
batch.
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Fig. 4: Test matrix consisting of three temperatures, three humidities and four current densities
devised to individually identify the influence of each investigated parameter on degradation pro-
cesses. A 1000 h degradation experiment is conducted at each of the 20 presented combina-
tions of operating conditions.

An alternative option to the presented test matrix would be a design of experiments
(DoE) approach in which all investigated parameters (independent variables) are
changed simultaneously between experiments. Their individual influence on the inves-
tigated changes (dependent variables) is extracted via statistical analysis of the data.
There are, however, preconditions for this approach to provide reliable results which are
difficult to meet in this study. For instance a strong non-linearity of dependencies — as it
could i.e. be expected close to OCV — is problematic and would have to be previously
known and compensated for by a large number of measurement points. Also, an unam-
biguous quantification of observed changes in the cells is difficult to achieve, especially
when it comes to post-mortem analyses and gets additionally aggravated by statistical
issues such as outliers. Furthermore, not all observed changes (dependent variables)
were known in advance but rather a result of the conducted experiments. As a conse-

quence, it was chosen not to follow a DoE approach but instead conduct the previously
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described test matrix where changes in all investigated parameters can be analyzed indi-

vidually.

A new cell was operated for 1000 h at each of the 20 parameter combinations dis-
played in Fig. 4. Fig. 5 exemplary shows the operation voltage’s progression over the
duration of the experiment for cells operated at 800 °C, 80 %MH and all four different
current densities. In addition to an initial cell characterization the development of each
cell’s resistance was monitored by regular impedance spectroscopy measurements ap-
proximately every 168 h as indicated by the black vertical lines in Fig. 5. After opera-

tion a final characterization was conducted.

1.5
Fuel electrode: 2.083 smL/(s-cm?) of 40 mol% H,0, 60 mol% H,
. . 2 H
Oxygen electrode: 2.083 smL/(s-cm?) Air 15A/ cm?
T =800°C
1.4 4
1.3 4
1.0A [/ cm?
= 1.2 1
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L]
[T
=
21 0.5A / cm?
- T — SRses
1.0 A
b 0.0A/cm?
0.9 4
0.8 T T T T T
0 200 400 600 800 1000
Time/h

Fig. 5: Degradation experiment of four cells measured for 1000 h at 800 °C, 80 %MH and OCV,
0.5A/cm?, 1.0 A/cm? and 1.5 A/cm?, respectively. The black vertical lines indicate the interrup-
tion of current for intermediate cell characterization by EIS measurements.

The gathered impedance data is used to distinguish between individual contributions
of ohmic resistance, hydrogen electrode electrochemistry, oxygen electrode electro-
chemistry and gas diffusion and conversion, as exemplary shown in Fig. 6A for the cell
operated at 800 °C and 80 %MH at OCV. The details of the impedance data analysis
and interpretation will be described in chapter 3.4, while standard deviations of these

measurements are given in Table 5 in chapter 4.2 based on cells in their initial state. For
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better visualization of the individual degradation contributions the resistance values are

displayed as absolute changes in resistance as plotted in Fig. 6B.

After operation each cell was examined by a range of post-test analyses. The cou-
pled information of the observed in-situ degradation and the gathered information on
parameter dependencies in conjunction with changes observed by post-test analyses
allow for an enhanced identification and in-depth interpretation of the major relevant

degradation processes occurring.
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Fig. 6: (A) Progression of each individual resistance contribution during operation compared to
(B) the absolute change of each individual resistance contributions. Both are exemplary shown
for a cell operated at 800 °C and 80 %MH at OCV.

3.2 Experimental set-up

The following section describes the major experimental details. The author chose to
give this topic some additional focus and offer detailed information on the experimental
framework in the believe that this is important for comparing, reproducing or simulating
the presented results as well as explaining possible discrepancies with other studies.
Furthermore, it might be beneficial for people aiming at conducting similar experi-

ments.
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3.2.1 Testrig

For electrochemical operation a test rig with four test sites for reversible measure-
ments of single cells was used. The test rig provides one gas mixture as feed for hydro-
gen- and oxygen electrode, respectively, which are consecutively split into four equal
parts and supplied to each test site. The flow rate for all experiments was
2.08 smL/(s-cm?) (standard milliliter per second and square centimeter). All test sites
are symmetrically arranged inside one furnace. Consequently, cells measured during
one experiment share the same default temperature, while deviations can originate from
differences in current density or sealing quality. The current density for each cell could

be controlled individually up to 1.5 A/cm? in electrolysis as well as fuel cell mode.

Temperatures were monitored by type-K thermocouples in designated holes at vari-
ous positions inside the ceramic cell holders thus avoiding media contact. This was cho-
sen as it prevents possible contamination of hydrogen- and oxygen electrode gases
while avoiding the need for further sealants. Positions of thermocouples were chosen so
that inlet and outlet gas temperature of the hydrogen electrode as well as the cell tem-
perature could be monitored. The latter was measured by a thermocouple located cen-
trally over the oxygen electrode and one millimeter inside the cell holder resulting in an
approximate distance of 1.8 mm above the electrode including the contacting meshes.
As this is the temperature measurement describing the actual cell temperature most ac-

curately it is henceforth referred to as “cell temperature”.

3.2.2 Cell housing

For the measurement of hydrogen electrode supported cells a new cell holder was
designed and implemented. Hydrogen electrode supported cells are commonly designed
in a way that the oxygen electrode is smaller than the hydrogen electrode support and
the electrolyte thus providing the electrolyte as a surface which can be used for sealing
(compare Fig. 7). Due to the low ionic conductivity of the electrolyte any in-plane ef-
fects can be neglected so that the oxygen electrode’ area can be considered as the active
area of the cell. The challenge for any cell holder is to ensure good sealing quality be-
tween both hydrogen- and air-electrode as well as between hydrogen gas compartment
and surrounding air. Conventionally, this is realized by introducing a sealing ceramic as

depicted in Fig. 7B. The problem with this system is that the combined thickness of cell,
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contacting meshes and gold ring have to be estimated accurately, in order to use a seal-
ing ceramic of appropriate thickness resulting in sufficient sealing quality. This is espe-
cially delicate since the thickness of the meshes as well as of the gold ring decreases
during heat up procedure. As consequence, the sealing between hydrogen gas compart-
ment and surrounding air is often improved by introducing silica based sealing materi-
als. The newly designed cell holder concept avoids this by arranging both sealing sur-
faces in a perpendicular orientation as shown in Fig. 7A. This leads to a series of ad-

vantages, among which are:

e One gold ring is sufficient for high sealing quality, thus eliminating the need for
silica based sealing materials.

e The sealing works independent of thickness of cell and contacting meshes and
compensates for settling of gold ring or contacting meshes.

e This cell holder design allows for independent weight load applied to shell, i.e.
pressure on gold ring and oxygen electrode gas distribution unit (GDU), i.e.
pressure on contacting meshes and cell.

e A reducing atmosphere all over the hydrogen electrode substrate is ensured, in-
cluding electrochemically inactive parts of the cell, by providing space next to
the substrate which is flushed with hydrogen electrode gas flow. (compare
Fig. 7) This is crucial for hydrogen electrode supported cells as oxidizing condi-

tions would lead to rapid disintegration of the cell.
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Fig. 7: (A) Sealing concept of implemented new cell holder design compared to (B) sealing prin-
ciple of conventional cell holder designs.

The cells were contacted by different meshes. For the hydrogen electrode two layers
of a Ni-mesh were used. Since the hydrogen electrode substrate provides good electron-
ic conductivity a comparatively coarse mesh was chosen with a wire diameter dy, of
0.1 mm and an opening size py, of 0.225 mm. According to equation (3-1) this results in

a mesh porosity &,, of approximately 0.76.
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2
Yw _ . (dw +pow)
U 2dy,

dwy2
(59 (3-1)

With V,and V), as volume of mesh wires and porous mesh layer, respectively. This
equation is based on the assumption that the thickness of the mesh d,, equals twice the
diameter of the single wire, assuming that the mesh’s ductility under pressure is suffi-
cient to force the interlacing wires to touch, however resulting in no deformation of the

wire cross-section.

dy = 2dy, (3-2)

The oxygen electrode was contacted by a series of Pt meshes: one fine, two medium
and two coarse ones with a wire thickness of 0.04 mm, 0.076 mm and 0.12 mm and an
opening size of 0.125 mm, 0.24 mm and 0.5 mm, respectively. The parameters for all

used meshes can be found in Table 1.

dy dy Pw &M Material
Hydrogen-electrode 0.1 0.2 |0.225| 0.76 Ni
Oxygen-electrode (coarse) 0.12 0.24 0.5 | 0.848 Pt
Oxygen-electrode (medium) | 0.076 | 0.152 | 0.24 | 0.811 Pt
Oxygen-electrode (fine) 0.04 0.08 |0.125| 0.810 Pt

Table 1: Parameters of contacting meshes

3.2.3 Humidification

The hydrogen gas humidification (henceforth solely referred to as “humidity’) was
implemented with a “Controlled Evaporator Mixer” (CEM) in combination with a liquid
water mass flow controller (Cori-FlowTM, Bronkhorst, Netherlands). A flow of liquid
water is being pressed through a nozzle by a gas stream resulting in a spray dispersed in
the carrier gas. This mist is lead into a heated chamber which temperature is sensitive
and has to be chosen high enough for all droplets to evaporate before touching the
chamber walls and low enough to evaporate homogeneously. It therefore has to be con-
trolled precisely and evenly. This is of great importance in order to achieve a stable wa-

ter vapor supply and consequently stable cell voltages.

Carrier gas and liquid water supply can be controlled individually. However, there

are limitations to the ratio. For the desired flow rates a maximum humidity of a little
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over 80 %MH and a minimal humidity of 4 %MH can be realized. In this study only H>
was used as carrier gas so that for all measurements a mixture of only hydrogen and

water vapor are applied as hydrogen electrode gas.

3.2.4 Impedance spectroscopy measurement

Impedance spectroscopy measurements are the main source of in-situ monitoring of
the cells during the experiments. These were conducted using an “IM6 A-level electro-
chemical workstation” as frequency generator and frequency response analyzer in com-
bination with a “PP240 external potentiostat” (both form Zahner, Germany). Measure-
ments were conducted in galvanostatic mode with a root mean square value of the AC
current stimulus of 200 mA or 500 mA. This was chosen so that the maximal resulting
root mean square value of the voltage was approximately 10 mV or lower. The recorded
frequency typically ranged from 500 mHz to 100 kHz, but was adjusted to lower fre-
quencies if necessary. All impedance spectroscopy measurements were conducted under

stable conditions, i.e. temperature, gas flows, etc. were virtually constant.

Data quality was validated according to the Kramers-Kronig relations. The test was
conducted using the program Lin-KK which is based on Boukamp’s idea [60] and re-
fined by Schoenleber.[61, 62] A representative calculation of residuals is displayed in
Fig. 8 and shows that the impedance spectra recorded fulfill the three Kramers-Kronig
conditions: causality, linearity and stability. The residual spike at 50 Hz likely originates

from grid interference.

Distribution of relaxation times (DRT) was calculated with a modified Levenberg-

Marquardt algorithm adapted from Ref.[63].

Residuals

——6— Residual Real
—&6— Residual Imag

Residual [%]

f[Hz]

Fig. 8: Representative Kramers-Kronig test of a recorded impedance spectrum..
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3.2.5 Heat-up, reduction, initiation and cool down

After being mounted the cells were heated up at a rate of approximately 3 K/min up
to 900 °C. The heating rate was defined to limit thermal stress to the cells as well as the

cell holders and ensure their integrity.

At 900 °C the cells were reduced according to the steps in Table 2. After a cool
down to 800 °C the cells were initiated with a polarization-curve up to 1.5 A/cm? at a
rate of 1.5 mA/(s-cm?) in fuel cell mode with hydrogen humidified by 4 %MH steam
and a total flow rate of 2.08 smL/(s-cm?) (standard milliliter per second and square cen-
timeter). Consecutively, impedance spectroscopy measurements were conducted at
4 %MH and 60 %MH at OCV and 8 A/cm? (electrolysis mode), respectively in order to
characterize the initial state of the cells. After this initial characterization the degrada-
tion experiment was started as described in the following chapter. Finally, after the ul-
timate impedance spectroscopic characterization the cells were cooled down in 1.04
smL/(s-cm?) forming gas at a rate of 3 K/min or lower. The oxygen electrode was al-
ways supplied with compressed, dehumidified and filtered air, while the flow rate was

always set to match that of the hydrogen electrode.

. Air elec-
Target Tem- Time at Tar- Hydrogen electrode trode
perature get Temper- Forming

ature Hydrogen Nitrogen gas Xu, Purified air

°C min smL/(s-cm?) | smL/(s-cm?) | smL/(s-cm?) % smL/(s-cm?)
900 15 0 0 0.522 5 0.522
900 60 0.067 1.042 0 6 1.108
900 30 0.133 1.042 0 11 1.175
900 30 0.267 1.042 0 20 1.308
900 30 0.533 1.042 0 34 1.575
900 30 1.067 1.017 0 51 2.083
900 60 2.083 0 0 100 2.083

Table 2: Reduction procedure

3.2.6 Procedure of degradation experiment

After heat-up and initial characterization, the degradation experiment was started.
The desired temperature and humidification were applied and the cells were strained
with the desired current. Flow rates were kept constant after the final reduction step,
which translates into a minimum steam utilization of approximately 3.5 % at 0.5 A/cm?
and 80 %MH and a maximum of approximately 20 % at 1.5 A/cm? and 40 %MH. The
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high flow rates were chosen to reduce gradients across the length of the cell and thus
minimizing the emergence of local degradation effects.

The current was interrupted approximately every 168 h (weekly) for intermediate
cell characterizations. In order to gain comparable data humidification and temperature
were adjusted to 60 %MH and 800 °C, respectively for all impedance spectroscopy
measurements. These were conducted at OCV as well as 8 A/cm? in order to investigate
the effect of degradation in electrolysis operation while keeping the current density low
enough to exclude additional degradation due to the EIS measurement. After characteri-
zation current was reapplied and the degradation measurement was continued. At the
end of the degradation experiment after approximately 1000 h a final characterization
was conducted, again at the previously mentioned conditions, before the cells were
cooled down.

3.2.7 Solid oxide electrolysis cells

The investigated cells are commercial fuel cells produced by CeramTec, Plochingen,
Germany. They are supported by a 290 um hydrogen electrode layer, which is a compo-
site of Ni and 8YSZ produced by warm pressing using a so-called Coat-Mix material
and pre-sintered at 1230 °C. The active electrode of the cells is a porous composite con-
sisting of 8-10 um Ni/8YSZ active layer. The electrolyte consists of a tape-casted 8YSZ
layer with a thickness of 10 um sintered at 1230 °C. In addition a 3-4 um screen-printed
GCO diffusion barrier layer was employed to reduce reactivity between the 8YSZ elec-
trolyte and the LaoeSro4Coo2FensOs5 (LSCF-6428) oxygen electrode, which has a
thickness of approximately 30 um. A detailed characterization of the cells will be pro-
vided in chapter 3.4.

3.3 Post-test measurements

Various diagnostic tools were applied on reference and operated cells in order to
gain insight into changes within the cells. These post-test measurements will be de-
scribed briefly in the following section while special properties and settings will be ex-

plained.
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3.3.1 Scanning electron microscopy

All layers of the cells were investigated for morphological changes by scanning
electron microscopy (SEM), using a Zeiss ULTRA plus. As common for SOFC materi-
als high acceleration voltages (10— 20 kV) were being used, while a carbon layer was
sputtered onto the investigated surface to prevent charge build-up. Angle selective

backscatter (AsB) detector was applied.

Additionally, to these “conventional” measurements, images were taken under spe-
cial conditions. The charge up of the investigated surface can intentionally be exploited
by omitting the carbon layer while using low acceleration voltages of 0.8—1KkV in
combination with an In-Lens Detector (ILD). This results in a contrast between an elec-
tronically conducting percolated phase (white) and isolated particles (dark). Images tak-
en with the Secondary Electron Detector (SED) at the same low acceleration voltages
can provide good material separation. The combination of these two measurements is
especially helpful to highlight the Ni percolation network and distinguish percolated
form isolated Ni particles.

Furthermore, the build in energy-dispersive X-ray spectroscopy (EDS) was imple-
mented to identify target compositions as well as detect local compositional changes
such as demixing. While at typical setting a lateral resolution of 1 um? and below can be

realized, it is limited due to a depth excitation and resonance of several um.

3.3.2 Raman spectroscopy

Raman spectroscopy was applied to investigate YSZ modifications using a Horiba
Jobin Yvon HR ramanspectrometer. For analyses a laser beam with a wavelength of
532 nm was applied. In order to achieve sufficient lateral resolution an optical micro-
scope was employed leading to a focus of approximately 4 um?2. This also leads to a
local increase in sample temperature. While this can be problematic for organic materi-
als like PEM-polymers, the investigated YSZ is designed for high temperature applica-
tion and therefore the measurement should have no significant influence.[64] Data was
generated with a spectral resolution of approximately 2 cm™ and an accumulation of 50

repetitions.
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3.3.3 X-ray diffraction

X-ray diffraction (XRD) was conducted on a STOE-STADI-diffractometer in a
BRAGG-BRENTANO test assembly. The acceleration voltage was set to 45 kV, the
X-ray current intensity was 30 mA, cobalt as tube cathode material. The X-ray path was
influenced by slits and single-crystal monochromators to Co Ky with | = 0.178899 nm;
step time/data point = 3 s; step size = 0.04°; 2q = 15-90°. Data analysis was conducted

using the program “Spectragryph v1.0.6”.

3.3.4 X-ray photoelectron spectroscopy

Surface sensitive analyses of the LSCF layer were conducted by X-ray photoelectron
spectroscopy (XPS) at room temperature using an Al Ko X-ray source (Thermo XR4).
Combined with a lens setup a resolution of 0.8 mm? was achieved. Measurements were
conducted in vacuum (10 mbar base pressure) generated by a Thermo Scientific ES-
CALAB 250. Quantification of analyzed elements is based on peak integrals and sensi-
tivity factors provided from Thermo Scientific. In order to gain information on sub-
surface layers Ar* sputtering was conducted using a Thermo EXO05 ion gun. More de-
tailed information on experimental settings can be found elsewhere.[65]

3.3.5 Image analysis

Image analysis was conducted using the public domain software “ImageJ 1.501”. If
necessary images were processed using the built-in processing functions prior to adjust-
ing gray level thresholds according to desired phase separation. In order to limit noise
effects an area threshold of 10 and 20 square pixel® was introduced for Ni and pore

phase, respectively.

5 The images used for analysis were 144-1024 pixels, leading to a total area of approximately
147-108 square pixel. The area discrepancy due to the introduction of an area threshold is be-
low 1 % relative to total area of the respective phase. However, the threshold is of important
as perimeter / area ratio would be falsified significantly by a large number of wrongly detected
small particles.
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3.4 Model simulation

Simulation was conducted using a 2D modeling framework for planar SOC, origi-
nally presented in [66] and described therein in more detail. Based on physical conser-
vation laws it encompasses transport and conversion in the gas channels and porous
layers as well as coupled electrochemistry and transport in electrodes and electrolyte. It
implements an elementary-kinetic description of electrochemical and heterogeneous
reactions, where multi-step chemical mechanisms account for coupled charge-transfer
and surface chemistry. Mass transport is considered on different levels applying contin-
uum mechanics. Convection and diffusion within the channel is described using Navier-
Stokes conservation equations whereas Stefan-Maxwell diffusion and Darcy viscous
flow are used to describe mass transport in the porous layers. The model furthermore
considers electric potential steps due to interfacial double layers and allows for the pre-
diction of electrochemical impedance spectra. The original model framework has since
been refined and widely applied for various SOC related topics like Ni re-oxidation [67,
68], CO conversion [69, 70], carbon deposition [71, 72], sulfur poisoning [73, 74], pres-
surized operation [75-78], reformate conversion [71] and composite LSCF/CGO oxy-

gen electrodes [79].

The simulation approach was implemented to characterize cells used in this investi-
gation, in order to better understand experimental findings, while model reduction stud-
ies are conducted to elucidate the nature of rate limiting processes. The model parame-
ters used and their respective values are listed in Table 3.

Parameter Value Reference
Ni/YSZ Hydrogen electrode

Thickness of active layer 10 um Experiment
Thickness of support layer 290 um Experiment
Hydrogen electrode porosity 0.37 Experiment
Hydrogen electrode/gas surface specific area 3.0-10°m2-m3 Estimate
Hydrogen electrode pore tortuosity 1.7 Estimate
Ni particle radius 0.5 pum Assumed
Anode pore size 1pm Assumed
Surface site density 6.1-10° mol-m [71, 80]
Interfacial DL capacitance 1.2 F-m? Fit

YSZ Electrolyte

Thickness, dys, 10 pm Experiment
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lonic conductivity of bulk YSZ T/(1.4-10°K)- g (90007ksT) o/ [71, 80]
Surface site density 1.3-10° mol-m~ [71, 80]
Bulk density 6800 kg-m3 [71, 80]
Bulk vacancy/oxygen fraction 0.0401/0.9599 [71, 80]
LSCF/YSZ cathode
Thickness 30 um Experiment
LSCF/gas surface specific area 9.1-10*m2-m-3 [79]
Oxygen electrode porosity 0.37 Experiment
Oxygen electrode pore tortuosity 2 Assumed
Oxygen electrode pore size 0.167 pm [79]
LSCEF particle radius 1pm Assumed
Pore size 1um Assumed
LSCF/gas phase DL capacitance 100 F-m2 [79]
LSCF/CGO Interfacial DL capacitance (0.245-T/K—185)F-m> [79]
Surface site density 1.0-10° mol-m [79]
Bulk density 6890 kg-m3 [79]
Bulk vacancy/oxygen fraction 0.01/0.99 [79]
Current collector mesh
Hydrogen electrode side Ni net 1024 mesh-cm? Experiment
6.4-10%m
Hydrogen electrode mesh porosity, &), 0.78 Experiment
Hydrogen electrode mesh tortuosity 35 Experiment
Hydrogen electrode mesh pore size, py, 80 um Experiment
Oxygen electrode side Pt net 3600 mesh-cm2 Experiment
8.64-10*m
Oxygen electrode mesh porosity, €, 0.83 Experiment
Oxygen electrode mesh tortuosity 3.0 Experiment
Oxygen electrode mesh pore size, py, 128 um Experiment
Gas channel
Length 0.065m Experiment
Thickness 3.0:10°%m Experiment
Inflow velocity 0.125 sL/(cm2-min) Experiment
Experimental conditions
Temperature, T 973 K-1123 K Experiment
Pressure 1 atm Experiment
Hydrogen electrode gas Composition Ha/ H20 (variety) Experiment
Oxygen electrode gas Composition 21 % Oy, 79 % N> Experiment

Table 3: List of parameters used for electrochemical modeling in this study
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4 Cell Characterization

In order to investigate SOEC it is of crucial importance to understand the investigat-
ed cells as thoroughly as possible. Obviously, knowledge of the initial state of the cells
is of great importance, while a detailed understanding of the individual rate limiting

processes is necessary to reliably separate, quantify and interpret degradation processes.

This chapter will provide detailed information about the cells investigated using dif-
ferent approaches. Microstructural properties will be presented by SEM imaging while
image analysis is used for microstructural quantification. The electrochemical perfor-
mance will be investigated based on polarization curves as well as impedance spectro-
scopic data using equivalent circuit approach, which is furthermore substantiated by
DRT analysis. Finally, a physico-chemical model is implemented in a wide range of
operating parameters including model reduction studies in order to elucidate the funda-
mental elementary processes involved and ensure a better understanding of experi-

mental results.

4.1 Microstructural characterization

The cross-section of a reference cell is presented in Fig. 9. The reference cell was
previously only heated up, reduced and cooled down according to the procedure de-
scribed in chapter 3.2.5. Fig. 9 displays the individual layers and reveals their homoge-
neity in thicknesses. The difference in porosity and particle size between substrate and
active electrode is clearly visible. The YSZ electrolyte shows a humber of manufactur-
ing related small holes. The crack along the CGO | YSZ interface as well as signs of
spalling are in all likelihood caused during sample preparation as a result of epoxy resin
shrinkage. The LSCF layer shows a rough topography reaching half way through the
thickness of the layer. This was observed for all cells and is probably caused by the re-

moval of contacting mesh or alternatively production related.
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Fig. 9: Cross-section of a reference cell displaying the respective cell layers

A section of the oxygen electrode close to the electrolyte of a reference cell is pre-
sented in Fig. 10. It shows a fine microstructure with sub-micrometer particles and high
porosity. Furthermore, irregularities within the LSCF can be observed concerning signal
intensities. These are caused by differences in molar weight resulting in varying intensi-
ties of back scattered electrons (BSE). This phenomenon will be further discussed in
section 5.2.

EHT =15.00 kV WD = 82mm Mag= 1000 K X Date :29 Sep 2016 #
LDM-Ref Signal A= AsB DR

Fig. 10: Image of the porous LSCF structure of the oxygen electrode close to the electrolyte of a
reference cell
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Quantification of microstructural properties is important to assess changes objective-
ly. Fig. 11A displays a low acceleration voltage SE-SEM image of a reference cell’s
active electrode with electrolyte (top) and support layer (bottom). The framed section
was used for quantification and presents an area of 8 um by 56 um. This was chosen to
ensure that the results are not influenced by the support. The identical section of the cell
was also investigated using an IL detector as presented in Fig. 11B. Combining the in-
formation of these two images results in the possibility to separate the three phases —
pores, YSZ skeleton and Ni percolation network® — using an image analysis tool. The
result is shown in Fig. 11C where the areas used for quantification are displayed in red
and yellow for pores and percolated Ni, respectively. The remaining area is allocated to
the YSZ phase.

6 Additionally, there is a fourth phase, the non-percolated Ni particles. These could not be sepa-
rated using image analysis software and are allocated to the YSZ phase (compare Fig. 11C).
However, from a quantitative aspect they are of little significance.
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2pm EHT =0.800 k WD= 4.0 mm Mag= 200K X Date :29 Jun 2016
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Fig. 11: Exemplary section of the hydrogen electrode of a reference cell which is used for quan-

titative analysis. Images of this section were recorded using SE detector (A) and IL detector (B).

Combining this information (C) leads to a separation of the three phases pores (red), percolated
Ni (yellow) and YSZ (rest) which can then be used for quantification.

The respective area corresponds to the volume fraction of each phase. While it
would be desirable to extract information about the average particle size and number of
particles per area, this information is dubious since the Ni particles are connected in an
irregularly shaped network and therefore not separable unambiguously. Unfortunately,
it is also impossible to extract the length of the triple phase boundary from this 2D im-
age while 3D reconstruction is required for this type of information. However, the ratio
of perimeter to area of the percolated Ni phase in the cross-section is a good parameter
to describe size and shape of the Ni particles, as it reflects the surface area potentially

available per Ni volume. This will be given as an equivalent radius 7,4, of a theoretical

sphere with the same perimeter P to surface A ratio according to:

24 (4-1)

Tequ = p

The respective parameters are presented in Table 4.
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AYSZ/ % ANi_perc/ % APores/ % r'equ / IJm
Position 1 37.3 44.4 18.4 0.596
Position 2 37.0 43.7 19.3 0.552
Position 3 35.9 46.0 18.1 0.601
Position 4 37.7 47.0 15.3 0.624
Average’ | 37.0+0.67 45.2+1.29 17.8+1.50 | 0.591 +0.026

Table 4: Quantification of microstructural properties of the hydrogen electrode in its initial state.

4.2 Characterization of electrochemical performance

The initial polarization curve of each cell was conducted in fuel cell mode (negative
current®) at low humidities for better performance comparison to SOCs reported in liter-
ature. A representative polarization curve is depicted in Fig. 12. The final current densi-
ty of -1.5 A/lcm? was reached at a voltage of approximately 725 mV which corresponds
to a power density of 1.1 W/cm?. It should be noted that this is not the maximum power
density for these cells. However, the cells where not strained past -1.5 A/cm? during

initial characterization in order to minimize its impact.

1.2

1.2
800 °C
Hydrogen electrode: 4 %MH in H,; 2.083 smL/(s-cm?) e
1.1 Oxygen electrode: Air; 2.083 smL/(s-cm?) _.-" 1
&
1 0.8 s
= 2
~ ~
& 0.9 06 =
(o] (7]
] c
3 S
0.8 04 g
3
a
0.7 0.2
0.6 L 0

0.6 0.8 1.0
- Current density / (A-cm™)

0.2 0.4 1.2 1.4 1.6

Fig. 12: Polarization curve of a representative reference cell in fuel cell mode at 4 %MH after
reduction.

7 Mean value with standard deviation
8 Positive current densities are used to describe electrolysis mode since this work focusses on
electrolysis while negative currents represent fuel cell mode.
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Fig. 13: Representative induction-corrected impedance spectra of cells in their initial state

measured at 4 %MH and OCV, 60 %MH and OCV as well as 60 %MH and -0.5 A/cm2. Image at
the top shows the Nyquist plot of the spectra while the bottom graph shows the imaginary Bode

Initial characterization also included impedance spectra under different conditions as
presented in Fig. 13. The ohmic resistance is virtually identical for all investigated oper-
ating conditions confirming that the furnace temperature was adopted properly to com-
pensate for the DC-bias related temperature change. The increase of humidity from
4 %MH to 60 %MH leads to a drastic decrease of the polarization resistance as ex-
pected. When comparing both spectra recorded at 60 %MH but different current densi-

ties, deviations can be found almost exclusively at the high frequency hydrogen elec-

plot.
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trode processes (102 Hz to 10* Hz). The process at approximately 10 Hz which corre-

sponds to the gas concentration polarization increases only marginally.

Quantification of recorded impedance spectra was realized by fitting spectra to a
previously determined equivalent circuit according to the complex nonlinear least
squares (CNLS). Obviously, the validity of the quantitative results strongly depends on
the quality of the equivalent circuit. To ensure a physically meaningful equivalent cir-
cuit interpretation DRT analysis was applied. This technique improves the separation of
overlapping processes and provides information on their characteristic frequencies. A
typical DRT plot of a cell in its initial state measured at 800 °C and 60 %MH is present-
ed in Fig. 14. Including the ohmic resistance, it shows the existence of five rate limiting
processes separable by impedance spectroscopy. Their characteristic frequencies are
approximately one order of magnitude apart and roughly occur at 10% 103 10? and

10 Hz, respectively.

By varying operating parameters and monitoring their influence on the individual
processes, dependencies can be determined allowing for a physical interpretation of the
respective processes.[81-84] The results suggest that the two high frequency peaks
(~10° and 10* Hz) can be assigned to the hydrogen electrode limitation, the medium
frequency peak (~10?Hz) represents the oxygen electrode charge transfer combined
with its ionic resistance and the low frequency peak (~10 Hz) corresponds to the gas
transport limitation at the hydrogen electrode. These findings are in accordance with the
simulative study presented in chapter 4.3, where also a more detailed explanation of the
physical processes will be given.
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Fig. 14: DRT analysis of an impedance spectrum of a cell in its initial state.

This insight leads to the equivalent circuit model presented in Fig. 15A which was
used for CNLS quantification. Both hydrogen electrode processes are represented by R-
CPE-elements (resistor in parallel with a constant phase element with exponent of 0.9).
The oxygen electrode process is characterized by a closed Gerischer Element, account-
ing for the charge transfer coupled with the ionic transport within the electrode.[81-87]
The gas transport limitation is portrayed by a RC-element®. Additionally, a serial re-
sistance represents the ohmic resistance which is dominated by the ionic resistance of
the electrolyte but also encompasses contact resistances while an inductive element

compensates for inductive interference.

® The gas transport limitation is dominated by gas conversion in contrast to diffusion, as will be
explained in the following chapter. Therefore, this process is not characterized by a Warburg
Element as commonly seen in literature.[81, 83-85]
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Fig. 15: (A) Equivalent circuit model used for quantification of recorded impedance spectra and
(B) location of individual rate limiting steps

A list of these processes can be found in Table 5 summarizing their physical inter-
pretation while also specifying the respective average initial resistance. Fig. 16 visual-
izes the contribution of the separable rate limiting processes. It also reveals high repro-
ducibility for the cells used in this study as illustrated by the good alignment of exem-

plary impedance spectra of four cells in their initial state.
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Fig. 16: Four representative impedance spectra of cells in their initial state recorded at 800 °C,
60 %MH and 0.5 A/cm?2. Contributions of individual rate limiting processes are visualized.

Process | Physical interpretation Characteristic | Average initial Standard devia-
notation frequency / Hz value tion / mQ:cm?
L pompensatlon for inductive i 1-10 nH
interference
Po Ohmic  resistance  (ionic
transport resistance through i o
electrolyte & contact re- 114 mQ-cm 2.1
sistances)
P1 Hydrogen electrode ionic
transport coupled with charge 2-10* 29 mQ-cm? 2.9
transfer reaction
P, Hydrogen e!ectrode charge 10° 34 mQ-em? 26
transfer reaction
P3 Oxygen el_ect_rode charge 102 11 MmO em? 05
transfer and ionic transport
P4 Hydrogen electrode gas 10 17.5 mO-om? 07
transport

Table 5: Processes considered for quantification, their respective physical interpretation, initial
characteristic frequency and typical initial resistance at 800 °C, 60 %MH and 0.5 A-cm—2.

The ohmic resistance represents a series of different contributions. While the ionic
resistance of the YSZ electrolyte is its largest share, it is unfortunately not possible to
separate it from the ionic resistance of the GDC-layer, contact resistances and others.
Furthermore, the resistivity of YSZ produced by tape casting varies depending on the
production procedure. A typical value of 50 Q-cm to 60 Q-cm at 800 °C [88, 89] sug-
gests that the YSZ electrolyte accounts for approximately 50 % of total ohmic resistance

of the cells tested.
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4.3 Simulative characterization

4.3.1 Model validation

One target of the simulative approach in this dissertation is to provide detailed
knowledge of the investigated cells. While there are many cell parameters which can be
determined directly by electrochemical or post-test investigations, there are intrinsic cell
parameters which cannot be measured directly or only investing significant effort. An
accurate and sufficiently detailed model however can provide in-depth knowledge of the

investigated system.

For this the model was parameterized in accordance with a series of polarization
curves and impedance spectroscopic measurements in a broad range of operating condi-
tions. The cells used for model parameterization were previously operated at 800 °C,
60 %MH and 0.5 A/cm? for 500 h. This was mainly done for two reasons:

1) The time necessary to conduct the experiments required to parameterize the
model framework is approximately three days. It is crucial that all cell parame-
ters remain as close to constant as possible during this period. In light of this
demand, the cells’ initial operating period where significant changes occur in
short amount of time is unfit to provide sufficiently stable conditions. (Compare
Fig. 5)

2) Conditions were chosen to represent all cells and their states as well as possible.
Therefore cells were aged for half the usual operating time at average tempera-
ture and humidity while the current density was chosen to be slightly below av-
erage to exclude possible singular effects occurring only at high current densi-

ties.

A comparison between induction-corrected experimental and simulated impedance
spectra at different temperatures, hydrogen gas humidities and current densities are pre-
sented in Fig. 17, Fig. 18 and Fig. 19, respectively in both Nyquist and Bode Plot. There
is a good qualitative and quantitative agreement between modeling and experimental
results concerning number of impedance features, magnitude of resistances and relaxa-
tion frequencies over the complete investigated range of experimental conditions. The
only deviation worth mentioning can be observed at polarization of -0.75 A/cm? shown
in Fig. 19, where the simulated spectra exhibits slightly lower imaginary impedance
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values at 10° Hz and above compared to the experimental data. This could possibly be
explained by high frequency interferences in the experimental data, as indicated by the

drifting of data points towards lower resistances in the very high frequency region of the
Nyquist Plot.

0,3

=
é}J 1123 K 1073 K 1023 K 973K
~
N
]

10" 10" 10° 10°
fl Hz

Fig. 17: Comparison of recorded (dots) and simulated (line) impedance spectra at OCV,
60 %MH and various temperatures.
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Fig. 18: Comparison of recorded (dots) and simulated (line) impedance spectra at OCV, 800 °C
and various humidities.
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Fig. 19: Comparison of recorded (dots) and simulated (line) impedance spectra at 60 %MH,
800 °C and various current densities.

Additionally to the various impedance spectra also reversible SOC polarization
curves were recorded at two temperatures and compared to simulated polarization
curves as depicted in Fig. 20. Again there is a good agreement between the two in the
simulated range. Only at high current densities in electrolysis mode a slight deviation
can be observed where the voltage is higher for the measured data. This can possibly be
explained by a suspected partial bypass of hydrogen gas within the new cell holders,
which would account for the slightly higher than expected increase in voltage at high

current densities.
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Fig. 20: Measured (dots) and simulated (line) polarization curves at 60 %MH and a temperature
of 700 °C and 800 °C.

4.3.2 Reduction studies

The validated model was used to conduct model reduction studies in order to isolate
individual processes as shown in Fig. 21. The original “full 2D”” model which shows the
existence of four processes is reduced in two steps. In the “reduced 1D model” the ef-
fect of gas conversion was excluded by holding the gas concentration over the length of
the channel equal to the inlet gas composition. This reveals that the low frequency con-
tribution is almost exclusively related to gas conversion. As a consequence it needs to
be represented by a RC-element in the equivalent circuit model as described previously
in chapter 4.2. When the model is further reduced to “model of oxygen electrode only”
the resulting impedance spectrum reveals the effect of the oxygen electrode / electrolyte
electrochemistry. It is in good agreement with prior reports of the characteristic frequency
of this process in a comparable system [90]. Furthermore, the shape of this process confirms
the use of a Gerischer element as representative in the equivalent circuit. The small differ-
ence between the “reduced 1D model” and the “model of the oxygen electrode only” in the
low frequency region reveals the contribution of gas diffusion through the hydrogen elec-
trode substrate, with its characteristic frequency in its typical range[81]. However, due to its

strong overlapping and limited contribution compared to the neighboring processes (oxygen
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electrode polarization and gas conversion) it is not possible to reliably quantify this process
using equivalent circuit fitting. Consequently, no corresponding equivalent circuit element
is introduced. Its contribution is instead compensated for by a slight overestimation of the
neighboring processes. This is however acceptable as this study focuses on degradation and

the diffusion through the substrate is expected to be largely unaffected by cell deterioration.

full 2D model
----reduced 1D model
0054 —°° model of oxygen electrode only
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Fig. 21: Model reduction study at OCV, 60 %MH and 800 °C. Comparison between simulatd

impedance of the “full 2D model” (solid black line) and two reduced models: A “reduced 1D

model” (dashed red line) excluding gas conversion and the “model of oxygen electrode only”
isolating oxygen electrode and electrolyte electrochemistry (dash-dotted blue line).

The remaining two high frequency processes are both related to the hydrogen elec-
trode. In order to dissolve them the introduced “reduced 1D model” was used as a basis
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while specific parameters, namely the rate of the charge transfer reaction (CT rate) and
the YSZ content in the active hydrogen electrode, were changed. The effect is displayed
in Fig. 22 and Fig. 23, respectively. An increase or decrease of the charge transfer rate
by 10 % results is a decrease or increase of the resistance of the process at approximate-
ly 10% Hz, respectively. All other processes remain virtually identical revealing that this
process is in fact related to the actual charge transfer reaction. The nature of the second
hydrogen electrode contribution at approximately 10* Hz is more complex as shown in
Fig. 23. A decrease of the YSZ content in the hydrogen electrode by 10 % results in its
increase while there is no influence on any other process. However, an increase of YSZ
content of 10 % causes a reduction in resistance of both hydrogen electrode processes.
This demonstrates that the higher frequency hydrogen electrode process is directly re-
lated to YSZ contribution of the active anode layer and in particular this displays the
coupled behavior of ionic transport throughout YSZ within the electrode and charge-
transfer process at TPB. Interestingly, the decrease of YSZ content does not have any
effect on the charge transfer process, while its increase has a positive impact so that
overall resistance is reduced. This suggests that cell performance could be enhanced by

increasing the YSZ content of the active hydrogen electrode.
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Fig. 22: Change of charge transfer reaction rate (CT rate) in “reduced 1D model” (red line) and

its effect on impedance. Minus sign (-) denotes the decrease of the parameter (dash dot line),

plus sign (+) denotes the increase of parameter (dotted line). Conditions are 800 °C, OCV and
60 %MH for all spectra.
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5

Degradation Study

The following section will address the degradation processes observed during this

study, i.e. the electrochemical degradation monitored in-situ as well as changes to the

cells found during post-test analyses. It is structured so that one subchapter is dedicated

to each process separable by EIS. Changes in resistance will be described in detail as

well as their dependence on operating parameters revealed. Relevant post-test finding

will be presented to finally offer explanations for the observed SOEC degradation.
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Fig. 24: Voltage evolution with time for cells operated at different current densities and
(a) 800 °C and 40 %MH, (b) 800 °C and 60 %MH, (c) 800 °C and 80 %MH, (d) 750 °C and
80 %MH, and (e) 850 °C and 80 %MH.
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Fig. 24 presents the evolution of cell voltage with time for all investigated combina-
tion of operating parameters. It is difficult to find general trends concerning the degra-
dation behavior of the different rate limiting steps, since this study has shown that most
degradation phenomena are influenced by at least two of the three investigated operat-

ing parameters. However, a few general observations can be made:

e The ohmic resistance dominates overall degradation in the investigated range of
conditions. The parameter dependence study will show that at least two degrada-
tion processes contribute.

e While oxygen electrode polarization resistance is initially small, it presents the
second largest contribution to overall degradation for most conditions.

e Hydrogen electrode degradation is moderate for most conditions, while even ac-
tivation (decrease of resistance) was observed. This is to be explained by a sig-
nificant decrease of the charge transfer reaction resistance coupled with a fre-
quency change observed during the first week (~160 h) for all cells operated at
any conditions.

e Resistance of gas conversion and diffusion remain close to constant.

5.1 Ohmic resistance

5.1.1 Ni-depletion

One major change in cell characteristic observed at certain operating conditions is
the unidirectional migration of Ni within the active hydrogen electrode away from the
electrolyte | electrode interface. This process will henceforth be called Ni-depletion. The
resulting shift of the reaction zone of the hydrogen electrode away from the electrolyte
effectively translates into an increase of electrolyte thickness and contributes therefore
to the increase of the ohmic resistance. The findings of this section have also been pub-
lished elsewhere.[91]

5.1.1.1 In-situ results

Fig. 25 presents an overview of the evolution of the ohmic resistance for all 20 cells

investigated in the five long-term experiments. In Table 6, the increase of ohmic re-
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sistance after 1000 h is summarized for all cells, based on the individual initial re-

sistance of each cell.
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Fig. 25: Change in ohmic resistance of cells operated at different current densities and (a)
800 °C and 40 %MH, (b) 800 °C and 60 %MH, (c) 800 °C and 80 %MH, (d) 750 °C and
80 %MH, and (e) 850 °C and 80 %MH.
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Rohm Rohm Rohm Rohm Rohm
750 °C, 80 % | 800 °C, 40 % | 800 °C, 60 % | 800 °C, 80 % | 850 °C, 80 %
[mQ-cm?] [mQ-cm?] [mQ-cm?] [mQ-cm?] [mQ-cm?]
ocv 38 28 30 27 16
0.5 A/lcm? 50 27 31 41 21
1 A/lcm? 54 31 31 59 39
1.5 Alcm? 48 43 38 87 76

Table 6: Overview of the increase of ohmic resistance after 1000 h for all 20 long-term tests.

Cells operated at 40 %MH and 60 %MH show a very similar behavior, indicating
that humidity has a minor effect on ohmic degradation in this range. At 80 %MH, how-
ever, a significant impact can be observed. While cells operated at OCV show an almost
identical resistance increase at 40, 60 and 80 %MH, the effect of humidity increases
with increasing current density. At 1.5 A/cm? the degradation of the ohmic resistance of
the cell operated at 80 %MH is roughly twice as large compared to the cell operated at
40 and 60 %MH.

A clear trend with temperature can be observed for cells operated at OCV, where the
strongest increase in resistance is measured for the cell operated at 750 °C, while higher
temperatures leads to a smaller increase in the resistance. This trend can also be ob-
served for cells operated at 0.5 A/cm?. However, at 1.0 A/cm? the degradation of the
cell operated at 800 °C is already slightly larger compared to the cell operated at
750 °C. At 1.5 A/cm? the cells operated at 800 °C and 850 °C exhibit a similar degrada-
tion which is significantly larger compared to that at 750 °C.

The fact that humidity has no influence on the resistance increase at OCV, along
with the observed temperature dependence is an indication that the associated degrada-
tion at OCV is not originating from the hydrogen electrode, as will be substantiated by
post mortem analysis later. It is assumed to be mainly dominated by 8YSZ electrolyte
degradation and independent of current.[92] Thus, the impact of the current can be

largely isolated by referring to the degradation at OCV as a baseline.

In general, during all tests a more pronounced increase of the ohmic resistance was
observed with increasing current densities. At 40 and 60 %MH (800 °C) the effect of
current is very similar where hardly any effect up to 1.0 A/cm? is detectable for both

humidities, while a small increase at 1.5 A/cm? can be observed. However, at 80 %MH
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a clear influence of the current density can be observed, where even the cell operated at
0.5 A/cm?, displays an increased ohmic resistance degradation compared to the cell op-
erated at OCV. The extent of this degradation further progresses with increasing current

density.

Also at 750 °C the influence of the current density is comparatively small. While
cells operated under current show higher ohmic resistance increase than the cell at
OCV, the corresponding values are very similar to each other. Thus, at 750 °C no clear
trend regarding the influence of current density can be identified. At 800 °C (80 %MH)
and 850 °C, however, a clear correlation between increase in current density and en-
hanced degradation can be observed. At 800 °C the impact of current is already pro-
nounced at 0.5 A/cm? (ARohm = 41 — 27 = 14 mQ-cm?) while at 850 °C there is only a
small impact of operating at 0.5 A/cm? (ARohm = 21 — 16 = 5 mQ-cm?). Nevertheless, at
1.5 Alcm? the effect of current density on the resistance increase is very similar with
60 mQ-cm? for both cells operated at 800 and 850 °C. This translates into a dispropor-
tional increase in ohmic resistance with current density for both temperatures. At
800 °C the increase in ohmic resistance is four times larger at 1.5 A/cm? compared to

0.5 A/cm?, whereas at 850 °C it is more than ten times larger.

5.1.1.2 Post-test results

Results of post mortem SEM analysis are presented in the following to identify the

nature and location of the observed increase in ohmic resistance.

To investigate microstructural changes in the functional hydrogen electrode layer,
particularly the ones related to the Ni phase, low-energy SEM imaging was used. This
technique enables distinguishing the percolated from the non-percolated Ni phase and
the ceramic YSZ matrix allowing for the separation of four different phases: YSZ,
pores, percolated and non-percolated Ni. The effect of this technique is exemplarily

illustrated on a reduced reference sample in Fig. 26.

Fig. 27 displays the influence of the current density by showing SEM images of the
electrolyte | hydrogen electrode interface of four cells operated at 800 °C, 80 %MH and
OCV, 0.5, 1.0 and 1.5 A/cm?. While the SEM image of the cell operated at OCV looks
very similar to the one of the reference cell, Ni depleted regions close to the electrolyte
become visible with increasing current density. At 0.5 A/cm? this phenomenon is only

apparent in certain regions, however, at 1.0 A/cm? and 1.5 A/cm? Ni depletion occurs

54



5 - Degradation Study

on a length scale of 1 — 2 um along the whole electrolyte/hydrogen electrode interface,
which results in a layer virtually depleted of Ni. Fig. 27 also reveals the existence of
non-percolated Ni particles. While in cells operated up to 1.0 A/cm? only small amounts
can be detected a significantly higher quantity can be found in the cell operated at
1.5 A/lcm?. The analogue dependence of the Ni depletion process and the increase in
ohmic resistance on current density is an indication that the behavior of the ohmic re-

sistance degradation in Fig. 25is associated to Ni depletion.

Fig. 28 displays how hydrogen gas humidity influences Ni depletion. All three cells
presented were operated at 800 °C and high current density, that is, 1.5 A/cm?, since
current density appears to be a driving force for Ni depletion. A Ni deprived layer is
clearly formed at 80 %MH, while the cells operated at lower humidities do not show Ni
depleted areas. An increased number of non-percolated Ni particles can also only be

found for the sample operated at 80 %MH.

In order to reveal the influence of temperature, Fig. 29 compares cells operated at
750 °C, 800 °C and 850 °C, at 80 %MH and 1.5 A/cm?. In agreement with the observed
influence of temperature on ohmic resistance increase in Fig. 25, a similar extent of Ni
depletion can be observed at 800 and 850 °C. At 750 °C significantly less pronounced
Ni depletion was found. For this cell, certain areas at the electrolyte/hydrogen electrode
interface were depleted of Ni, however, no Ni-vacated layer was formed. Only for the
cell operated at 800°C an increased number of non-percolated Ni particles can be found,

while the cells operated at 750 and 850°C do not exhibit this increase.
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Fig. 26: SEM image of the electrolyte | hydrogen electrode interface of a reference cell. It was recorded at low acceleration voltages and without prior carbon
depositioning in order to distinguish the following phases: YSZ, pores, percolated and non-percolated Ni.
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Fig. 27: Images of the elec-
trolyte | hydrogen electrode
interfaces of four cells oper-
ated at 800 °C and 80 %MH
for 1000h. The cells pre-
sented were measured at
OCV, 0.5A/cm?, 1.0A/cm?
and 1.5A/cm?, respectively.
The SEM-Legend displayed
for the cell operated at OCV
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Fig. 28: Images of the elec-
trolyte | hydrogen electrode
interfaces of four cells oper-
ated at 800°C and
1.5A/cm2. The cells pre-
sented were measured at
40 %MH, 60 %MH, 80 %MH,
respectively. The dark spots
in the percolated Ni-phase
of the 409%MH-image are
caused by problems during
sample preparation.
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Fig. 29: Images of the elec-
trolyte | hydrogen electrode
interfaces of four cells oper-
ated at 80%MH and
1.5A/cm? for 1000h. The
cells presented were meas-
ured at 750°C, 800°C and
850°C, respectively. The
dark spots in the percolated
Ni-phase of the 750°C-
image are caused by prob-
lems during sample prepara-
tion.
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5.1.1.3 Discussion

The post-test results clearly show that — depending on the combination of operating
parameters — Ni is transported unidirectionally away from the electrolyte leaving behind
parts of the electrode completely deprived of Ni. For operating conditions which cause
only little Ni-depletion, this is limited to small areas at the electrolyte | hydrogen elec-
trode interface. In case of more severe Ni-depletion, a whole layer of the cermet elec-
trode is depleted of Ni, leaving behind a layer of porous YSZ next to the dense YSZ
electrolyte. Since the reaction zone is shifted away from the electrolyte the oxygen ions
produced in the hydrogen electrode have to be transported through this porous YSZ

layer. This represents an additional contribution to the ohmic resistance.

Cells operated at OCV display a very similar Ni distribution compared to the refer-
ence cell. Therefore, the increase of the ohmic resistance of the cells operated at OCV is
not caused by Ni depletion but can be assumed to have its origin in electrolyte degrada-
tion. It is expected to occur at the same rate for cells at the same temperature, as con-
firmed by the values at 800 °C in Table 6.[92] Furthermore, resistance increase at low
humidities (40 %MH and 60% MH), where no indication of Ni-depletion can be found
by SEM imaging, behaves almost independently of current, suggesting the electrolyte

degradation being independent of the applied current.

To assess the magnitude of the ohmic resistance increase due to Ni depletion, its ad-
ditional resistance is estimated for the cell operated at 800 °C, 80 %MH and 1.5 A-cm™,
In this case the Ni-depleted layer is approximately 2 um thick. The equivalent thickness
of a dense layer de is then calculated according to

Tysz -
dEff = dNi—depl .,3_5 (5-1)
YSz

where volume fraction Bys; equals 0.37 in accordance with microstructural analysis
(compare Table4) and tortuosity tyg, being 2 [93-96] which leads to a value of
10.8 um. Typical values of 50 Q-cm to 60 Q-cm are reported for 8YSZ resistivity at
800 °C, which suggests that the YSZ electrolyte (dysz = 10 um) accounts for an ohmic
resistance  Rerr of 55mQ-cm? and, therefore, approximately 50 %
(55 mQ-cm?/114 mQ-cm?) of the total ohmic resistance of the tested cells. [88, 89]

With this value, the additional resistance of the Ni-depleted layer Refs amounts to
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d
E = 59 mQ - cm? (5-2)
dysz

Rerr = Rysz *

This value is in good agreement with the measured change of the ohmic resistance
attributed to Ni depletion (ARohm = 87 mQ-cm? — 27 mQ-cm? = 60 mQ-cm?).

The above results show a strong correlation between the Ni depletion observed by
SEM imaging and an increase in ohmic resistance. The influence of all three investigat-
ed operating parameters on Ni depletion was found to correlate with the increase in
ohmic resistance. Furthermore, the calculated impact of the Ni depleted layer is in good
agreement with the measured ohmic degradation (subtracted by the base degradation
attributed to the other cell components). These findings strongly suggest that Ni deple-
tion in the active hydrogen electrode is one of the major processes responsible for
SOEC degradation. The established quantitative correlation between microstructural
and electrochemical degradation might possibly be used for predicting the effect of Ni
depletion on electrochemical degradation, once a detailed understanding of the Ni de-
pletion mechanism and its kinetics are established.

Possible mechanism of Ni-depletion:

The observed Ni depletion in the anode functional layer is probably caused by a Ni
diffusion process, either in the solid state or in the gas phase as evaporated Ni species.
In general, possible drivers of these diffusion processes could be a gradient in gas com-
position, the potential gradient perpendicular to the electrode | electrolyte interface with-
in the porous electrode as well as a gradient in temperature. In the following, several

possible mechanisms are discussed.

Gradient in gas concentration:

During SOEC operation steam is reduced to hydrogen at the electrode and therefore
conditions are increasingly reducing closer to the electrolyte as schematically depicted
in Fig. 30. Since the transport of Ni via volatile species occurs along the concentration
gradient towards more reducing conditions, Ni should be transported towards the elec-
trolyte. This behavior was indeed observed by Hauch et al. for cells operated at high
current densities (2 A-cm~2 in SOEC mode) and 950 °C.[18] However, the present study
shows transport away from the electrolyte, which is consistent with other studies at op-
erating temperatures of 850 °C or lower.[11, 28, 97] Consequently, the gas concentra-

tion gradient cannot be the reason for Ni-depletion.
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Fig. 30: Schematic depiction of the gas concentrations in a SOEC hydrogen electrode in de-
pendence of the distance from the electrolyte. The change in gas compositions results in a gra-
dient of the redox potential, i.e. in stronger reducing conditions closer to the electrolyte.

Difference in polarization of Ni particles:

Another possible explanation for a gradient in ay;on), is a difference in the polari-
zation of Ni particles. Due to its good electronic conductivity Ni particles within the
percolation network have close to identical potential. This means that Ni particles would
have to be non-percolated in order to allow for a significant difference in polarization.
In fact the existence of non-percolated Ni particles can be observed to a limited degree

in all cells affected by Ni depletion (compare Fig. 27 to Fig. 29).

Mogensen et al. formulated a hypothesis for the Ni-depletion mechanism based on
polarization differences between Ni particles as driving force.[28] It can briefly be
summarized as two steps leading to Ni depletion. The initial step is the loss of contact
between Ni and YSZ particles close to the electrolyte, while two possible driving forces
are suggested: First, due to the high negative polarization the volume of the YSZ parti-
cles will be slightly reduced, sufficiently for Ni and YSZ particles to lose contact. Sec-
ondly, the strong negative polarization might cause a change in interfacial energy be-
tween Ni- and YSZ-particles causing loss of contact due to dewetting. The second ini-
tial step is the loss of percolation between the Ni particles. This might again be caused

by a change in interfacial energy due to the strong negative polarization. These two
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steps, the loss of Ni | YSZ contact and the loss of percolation between Ni particles, were
experimentally observed by Mogensen et al. [11, 26, 28, 98]. Both cause a shift of the
reaction zone away from the electrode | electrolyte interface. The electrochemical poten-
tial of the isolated Ni particles is solely determined by the steam to hydrogen ratio,
which is more oxidizing than that of the negatively polarized percolated Ni, leading to
migration of Ni via volatile Ni(OH).-species away from the electrolyte towards the
reaction zone. A schematic summary of this postulation is shown in Fig. 31, where Ni
migration from electrolyte (due to potential difference) and from the support (due to gas

concentration gradient) converge at the active reaction zone.
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Fig. 31: Hypothesis on Ni-depletion as presented by Mogensen et al.[28]. In the electrode close
to the electrolyte Ni particles have lost contact to the YSZ structure as well as to each other
(Lost contact zone, LCZ). The reaction zone is shifted away from the electrolyte to the intact
structure zone (1SZ). Ni migrates from the support along the steam gradient to the reaction
zone, while Ni also migrates from the nonpolarized isolated particles close to the electrolyte.

It is difficult to assess how operating parameters influence the formation of isolated
Ni particles due to insufficient knowledge about the mechanisms and kinetics of the
underlying processes [28]. Significantly increased amounts of non-percolated Ni could
only be observed for the cell operated at 1.5 A-cm2, 800 °C and 80 %MH. Consequent-
ly, no clear dependence of the investigated parameters on the formation of non-
percolated Ni particles can be derived. The fact that there are cells with Ni depleted lay-

ers but no significant amount of non-percolated Ni particles could be explained if the
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loss of percolation is the rate limiting step for Ni depletion at these conditions. It could
also indicate that it is not the loss of percolation and the accompanying gradient in po-
larization which is responsible for Ni depletion. However, the present data does not al-

low for a clear statement.

In Fig. 32 gap formation between the Ni and YSZ phase is investigated. Fig. 32a
shows a SEM image by Hauch et al. [11] that illustrates the loss of contact between Ni
and YSZ phase. However, an exemplary SEM image of one of our cells operated under
similar operating conditions in Fig. 32b depicts no visible similar gap formation. The
absence of visible Ni-YSZ contact loss was confirmed by SEM analysis of all other
cells examined in this study (not shown here). These results question whether the Ni-
YSZ contact loss is indeed a prerequisite for the proposed mechanism of Ni depletion,
or if the loss of Ni percolation is sufficient to trigger the Ni(OH)x formation process.
However, such a qualitative comparison of cells with different origin and possibly dif-
ferent microstructure and processing conditions is always difficult and is insufficient to

definitely exclude the hypothesized Ni-YSZ contact loss.
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Fig. 32: Comparison of two cells operated in SOEC mode. Cell A (1000 h, 800 °C, 1.25 A/cm-?,
90/10 H20/H2) [11] clearly shows the loss of contact between Ni and YSZ patrticles (red arrows).
The cell in Fig. 32B (1000h, 800 °C, 1.5 A/cm-2, 80/20 H20/H:) does not show this gap formation

and is representative for the cells degraded during this study.

As mentioned before, a significant difference in potential can only occur if Ni parti-
cles lose contact to the percolation network. The question is, however, if the loss of con-
tact between the Ni particles and the YSZ-phase is also an essential prerequisite for Ni-
depletion. In principle, non-percolated Ni particles that are still connected to the YSZ
skeleton behave like reference electrodes. This means there is a potential difference
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between them and the Ni-percolation network corresponding to the local overpotential
assuming that the gas concentration at their TPB is identical for both particles as well as
the chemical potential of the oxygen ions within the YSZ p2- ;. This scenario is vis-
ualized in Fig. 33A. If the non-percolated Ni particle is closer to the electrolyte (or fur-
ther away), there is an additional contribution to the potential difference. This is caused
by the difference in u,2- g, at the TBP of one particle relative to the other and corre-
sponds to the overvoltage necessary to induce the O%-ions flux though the YZS-shaft as
displayed in Fig. 33B. This shows that non percolated Ni particles which still are con-
nected to the YSZ backbone can indeed have a more positive potential relative to the Ni
percolation network and consequently a higher ay; o, Hence, the loss of contact be-

tween Ni particles and YSZ backbone is not a prerequisite for Ni depletion.

Percolated Percolated Ni

Percolated Ni

Percolated
Ni

Fig. 33: Potential difference between percolated and non-percolated Ni particles both connected
to the YSZ skeleton. (A) displays a scenario where the gas concentration as well as the p,2- are
identical, resulting in a potential difference equal to the Ni overpotential. (B) describes a scenar-
io where both Ni particles are located at different distances from the electrolyte, resulting in an
additional potential difference caused by difference in u,2-, i.e. the overvoltage necessary to
transport the O%-ions through the YSZ shaft.

In the present study, the Ni depletion was observed to be more pronounced for high-
er hydrogen gas humidities. Increased hydrogen gas humidity should lead to increased
Ni(OH)x formation. Thus, the observed trend is in agreement with the hypothesis of Ni
transport via Ni(OH)x formation.
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Moreover, a correlation of more significant Ni depletion with increased current den-
sities was observed in the present study. As higher current densities correspond to larger
cathodic (Galvani) potential steps, that is, larger overpotentials, Ni particles are more
negatively polarized and stronger potential gradients emerge within the porous elec-
trode. According to the hypothesis by Mogensen et al., this should lead to an increasing
Ni-Ni contact loss and facilitated formation of volatile Ni species. Increased current
densities also entail higher py,/ pu,o Vvalues, generally reducing the activity of
Ni(OH)x. However, due to the small fuel utilization values in the present study (< 20 %
for all experiments) and low diffusion resistances of the used cells, this effect is proba-
bly limited. According to the hypothesis of Mogensen et al., Ni depletion can be ex-
pected to be mainly driven by the potential gradient within the porous electrode. This is

consistent with the present results.

In this study, a similar extent of Ni depletion was observed for experiments at 800
and 850 °C. However, only little degradation was found at 750 °C, although hydrogen
electrodes at lower temperatures are operated at significantly higher cathodic Galvani
potential steps (i.e., larger cathodic overpotentials) and therefore, display larger poten-
tial gradients between percolated und non-percolated Ni. However, formation of volatile
Ni species is a thermally activated process and according to thermodynamic calculations
the vapor pressure of Ni gas species in a 80 %MH hydrogen gas is lowered by approxi-
mately one order of magnitude (from 5-10-10 atm to 5-10-11 atm) when the tempera-
ture is decreased from 850 to 750 °C.[99, 100] Thus, the high overpotentials at operat-
ing temperature of 750 °C are probably compensated for by a general decrease in Ni
mobility via volatile gas species, resulting in a stable operating regime where no signifi-
cant microstructural damage is caused to the hydrogen electrode.

Thus, the mechanism of Mogensen et al. is in good qualitative agreement with the
parameter dependencies observed in the present study, while the lack of non-percolated
particles for cells operated under most conditions is remarkable and needs to be investi-
gated further. It should be noted that in principal the formation of non-percolated Ni
particles might not be the cause of Ni relocation, but could theoretically also be its ef-
fect. Ni particles could lose connection when finer “bridges” between them are depleted,
leaving behind non-percolated Ni particles. The observed interplay of the operating pa-
rameters humidity, current density and temperature in determining the occurrence and

extent of Ni depletion in the hydrogen electrode demonstrates the non-linearity of this
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process and underlines that a more advanced understanding of the occurring process is
required to predict the onset of Ni depletion.

Electromigration:

Electromigration is the forced diffusion of charged atoms in a conductor as a result
of two effects: the electrostatic force on the charged atoms resulting from the exposure
to a local electrical field and the force due to the momentum transfer between electrons
and the charged atoms — also referred to as “electron wind”. The electrostatic force is
oriented in direction of the electrical field while the electron flow and hence their mo-
mentum is oriented in the opposite direction.[101] The occurrence of electromigration is
driven by an applied current densities and the corresponding electrical field. Many stud-
ies focus on high current densities (10* A/cm?2 and above) where electromigration is re-
ported to be effective.[101-103]

In the present study a maximum current density of 1.5 A/cm2 was applied. Taking
into account the Ni volume fraction of 0.45 (compare Table 4) in the cermet electrode
and assuming a Ni tortuosity of 2 the effective current density in the Ni percolate
amounts approximately 7 A/cmz2. This current density is orders of magnitudes lower
compared to the previously mentioned studies. However, susceptibility strongly varies
depending on operating conditions where moisture, temperature, microstructure and
contamination are relevant parameters.[104] A computational study on electromigration
in SOFC suggests the existence of electromigration even at 0.25 A/cm? when exposed to
PHa3.[105]

The direction of ion migration due to electromigration is not readily predicted be-
cause of the two previously described driving forces opposing one another. Because of a
shielding effect of the electrons the electrostatic force on the charged atoms is generally
smaller and the net force is dominated by the electron momentum.[106] In SOEC opera-
tion electrons at the hydrogen electrode are conducted in the Ni percolation network
towards the electrode | electrolyte interface where they are consumed in the reduction
reaction. Consequently, the migration of Ni due to electromigration should lead to an
accumulation of Ni at the electrode | electrolyte interface. This theoretical considera-
tions are in good agreement with a computational study on electromigration in SOFC
operation [105] where Ni transport away from the electrode | electrolyte interface is
suggested due to electromigration. Furthermore, the current density in the Ni percola-

tion network decreases closer to the electrolyte as increasingly more electrons are con-
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sumed in the reduction reaction. This leads to a decreasing effect of electromigration
closer to the electrolyte.

In summary it can be said that Ni migration due to electromigration might be possi-
ble at given operation conditions. However, the expected direction of Ni transport
would be towards the electrode | electrolyte interface and consequently electromigration
is not expected to be the mechanism behind the Ni depletion observed in the present

study.

Difference in temperature of Ni particles:

Additionally to the discussed polarization gradient as driving force, there is a tem-
perature gradient through the cell in electrolysis mode due to the heat generation at the
hydrogen electrode’s electrochemically active zone. This leads to a change in Ni(OH)x
activity and, thus, could contribute to Ni transport away from the electrolyte. A rough
assessment of the temperature profile can be made based upon the reversible and irre-

versible heat losses as shown in the following. By using the standard reaction entropy

values (at

p‘; HZO = 1) for hydrogen electrode (As = 67.3 J-K™*-mol™) and oxygen electrode
2

(As = -123 J-K*-mol?) reactions at 800 °C reported in ref.[95, 107], the reversible heat
consumption can be calculated according to Q,.,= —T AS. The respective scheme of
reversible heat consumption/generation at the electrodes in SOEC mode is depicted in
Fig. 34a. Additionally, irreversible losses at the electrodes and at the electrolyte are tak-
en into account as shown for an SOEC at thermo-neutral voltage in Fig. 34b. At thermo-
neutral conditions the overall endothermic reversible heat consumption over the cell is
compensated by irreversible losses at hydrogen electrode, electrolyte and oxygen elec-
trode, which in this case corresponds to a total overpotential of 0.31 V. This overpoten-
tial is attributed to electrodes and electrolyte proportionally to the magnitude of their
initial resistance according to Table 5. For comparison the heat generation regime of a
SOFC is also illustrated for reversible conditions (Fig. 34c) and considering irreversible
losses (Fig. 34d).

On the basis of this simplistic consideration of heat generation, it can be deduced
that in SOEC mode there will be a temperature gradient from hydrogen to oxygen elec-
trode and also from the hydrogen electrode functional layer to the gas channel. This
would cause a higher activity of volatile Ni species at the functional layer and could

contribute to Ni migration away from the electrode | electrolyte interface, where an in-
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crease of 20 °C approximately leads to a factor of two in ay;om),-[99, 100] However,
to make quantitative statements about the magnitude of this temperature gradient, and
thus, a reliably estimate of its effect on Ni migration, the temperature profile in the po-
rous electrode has to be calculated with a more sophisticated method, for example with
a non-isothermal model that incorporates all necessary heat transport equations for heat

conduction, convection and radiation, as implemented in ref.[108].
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Fig. 34: Schematic depiction of local heat generation (positive voltages) and consumption
(negative voltages) in electrolysis and fuel cell mode. (a) Local heat generation for a SOEC with
ideally non-polarizable electrodes. (b) Local heat generation for a SOEC at thermo-neutral con-

ditions (sum of heat source and sink terms equals zero), with reversible heat genera-
tion/consumption from (a) and irreversible terms at hydrogen electrode (P1+P2), electrolyte (Po)
and oxygen electrode (P3) estimated based on initial resistance values in Table 5. (c) Local heat
generation for a SOFC with ideally non-polarizable electrodes. (d) Local heat generation for a
SOFC assuming the same irreversible losses as for the SOEC in (b). Heat generation based on
mass transport is assumed to be negligible.
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5.1.2 YSZ-aging

The phenomenon of Ni-depletion described in the last chapter does not fully account
for the observed ohmic degradation. In-situ results reveal the existence of at least one
other major degradation process. The following chapter will show that a decrease in
conductivity of the YSZ electrolyte occurs during operation and the process will hence-
forth be called “YSZ-aging”.

5.1.2.1 In-situ results

As described earlier polarization is the driving force for the process of Ni-depletion.
Nevertheless, degradation of the ohmic resistance can also be observed in cells operated
at zero current. This reveals the existence of a second degradation phenomenon. The
ohmic degradation of cells operated at OCV is displayed in Fig. 35, where the influence
of temperature as well as humidity can be found. Interestingly the degradation is strong-
er at lower operating temperature and diminishes with increasing temperature. Addi-
tionally, no influence of the humidity on this phenomenon can be observed. The similar
result of cells run at different humidities also implies a good reproducibility of this pro-
cess. Furthermore, all cells show identical behavior in that they undergo a rapid initial

deterioration and afterwards demonstrate a diminishing progression.
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Fig. 35: Degradation of the ohmic resistance at OCV and different temperatures (left) and differ-
ent humidities (right).

All of the above mentioned findings refer to cells operated at OCV. However, this
does not mean that the described form of degradation only occurs at zero current. The
comparison of cells operated under current load but conditions where no Ni-depletion

was observed (i.e. cells operated at 40 %MH and 60 %MH, compare Fig. 28) shows that
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the ohmic degradation is almost identical for those cells!®. This suggests that the here
described degradation phenomenon occurs under all investigated operating conditions

and is largely independent of applied current density.

In Fig. 36 the change in ohmic resistance was plotted against the square root of time.
It reveals that the degradation progresses at a rate proportional to t°. This finding pro-
vides further information about the degradation mechanism and will be discussed in

detail later on.
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Fig. 36: Time dependence of ohmic degradation at OCV based on the square root time.

5.1.2.2 Post-test results

The difficulty in interpreting ohmic degradation originates from the several different
processes which are included in the ohmic resistance. Apart from the electrolyte mainly
the electronic conductivity of the MIEC oxygen electrode and the CGO diffusion barrier
layer contribute. Both of these were subjected to post-test investigations which are pre-

sented in chapters 5.2 and 5.1.3, respectively. However, no correlations with the de-

10 While the mentioned cells show only small differences, at high current densities slightly higher
ohmic degradation can be observed. This difference is small compared to the degradation of
cells at OCV or low current densities. It is very well possible that the small variation is caused
by the onset of Ni depletion or a further degradation mechanism and the process of YSZ-
aging is completely independent of polarization.
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scribed in-situ findings were present and no explanation, especially for the curious tem-
perature dependence, could be found. The following section will solely address experi-
mental results of changes to the YSZ electrolyte, while other ohmic contributions will

be presented in their respective chapters.

The YSZ electrolyte was examined by SEM imaging and EDS analysis. These do
not reveal any changes that could explain the previously described ohmic degradation.
As they cover some other often discussed degradation mechanisms their results will be
presented and further discussed in chapter 5.1.3.

Due to insufficient lateral resolution of the X-ray diffractometer (XRD), analysis of
the electrolyte cannot be conducted without prior removal of electrode and diffusion
barrier layer. Unfortunately, this is very difficult to achieve and it is impossible to en-
sure sample integrity during preparation. Consequently no XRD measurements were

conducted, which could further elucidate phase composition.

The electrolyte was instead analyzed using high resolution Raman spectroscopy. As
presented by Hattori et al.[58] Raman spectroscopy can be used to identify the crystal-
lographic nature of the YSZ phase. The Raman spectra of the reference cell and two cell
operated at 80 %MH, OCV and 750 °C and 850 °C, respectively are shown in Fig. 37A.
All three samples show distinct characteristics of tetragonal YSZ [109-111], while the
double peak between 600cm™ and 650cm™ reveals the existence of the cubic
phase.[58] This is unexpected as 8YSZ is generally believed to be fully stabilized in the
cubic phase down to room temperature [112, 113]. Possible explanations for the exist-
ence of tetragonal phase in the reference sample can be found in the production proce-

dures and are possibly linked to insufficient sintering time or temperatures [114].

In order to detect changes to the phase composition during operation, the area nor-
malized Raman spectra of the reference cell was compared to the spectra of operated
cells, as shown in Fig. 37B. In both cases the difference demonstrates distinct character-
istics of the spectrum of tetragonal YSZ revealing that tetragonal phase is being formed
during operation. Furthermore, Fig. 37C shows that the tetragonal phase is more pro-

nounced for the cell operated at 750 °C compared to the cell operated at 850 °C.
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Fig. 37: (A) Area normalized Raman spectra of two cells operated at 750 °C and 850 °C, respec-
tively, in comparison with the reference cell. For better visualization intensities of cell ‘750 °C’
are shifted by 0.25 and of cell ‘850 °C’ are shifted by 0.5. Peaks dominant in the spectrum of
tetragonal and cubic phase of YSZ are marked with x and y, respectively. (B) Difference be-
tween spectra of operated cells and reference sample (C) Difference between spectra of cells

operated at 750 °C and 850 °C. Degraded cells were operated at OCV and 80 %MH.
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5.1.2.3 Discussion

Deterioration of the ionic conductivity of YSZ during heat treatment is a complex
phenomenon which has been subjected to many an investigation in the last two decades
of the previous century and still is up to now. Many alternative explanations for experi-
mentally observed YSZ-aging have been postulated where even more pronounced theo-
ries often lack kinetic description [55]. Although, previous studies cover a wide variety
of dopant levels and temperatures, most focus on YSZ deterioration at 1000 °C — the
temperature originally expected for SOFC operation. In 1998 Kondoh et al. conducted
an extensive study while reviewing many previous studies.[55, 56, 57 and references
therein] They identified phase transformation towards lower symmetrical crystal struc-
ture at higher temperatures (1200 °C and above) and short range ordering of oxygen ion
vacancies towards Zr** at lower temperatures (800 °C and 1000 °C) to be likely respon-
sible for YSZ-aging. However, more recent studies [58, 59] reveal the existence of te-
tragonal phase in 8YSZ even at 1000 °C and 950 °C, respectively and conclude a corre-
lation between tetragonal phase and decrease of ionic conductivity. Both these studies
target the influence of dopant level on the YSZ-aging and show that significant aging
occurs at 8YSZ which decreases with increased dopant level towards 10YSZ. Neverthe-
less, to the author’s knowledge there is no recent study investigating the influence of
temperature around 800 °C comparable to the observations of this study.

The formation of a lower symmetry phase and the accompanying compositional
change would explain a decrease in ionic conductivity and the resulting increase in
ohmic resistance observed. This is in good agreement with the findings of the Raman
investigation. Fig. 37A shows that in operated cells, as well as in the reference sample
both tetragonal and cubic phase exist. The tetragonal characteristics, however, increase
during operation as presented in Fig. 37B. Also the in-situ correlation, that degradation
is stronger at lower operating temperatures is reflected in the Raman study, as shown in
Fig. 37C, where the cell operated at 750 °C exhibits a larger intensity of tetragonal
phase compared to the cell operated at 850 °C. This correlation between in-situ and
post-test analyses strongly suggests that indeed a phase transition towards tetragonal

phase is responsible of the increase in ohmic resistance.

The phase compositions of YSZ at thermodynamic equilibrium in dependence of
temperature and Yttria doping level can be extracted from the Yttria-Zriconia phase

diagram. Since Duwez et al. [115] first published their original phase diagram many a

74



5 - Degradation Study

study was conducted refining and improving it. One of the most recent versions pub-
lished by Lakiza et al. [116] in the year 2006 is displayed in Fig. 38. Additionally, to the
boundaries of the respective thermodynamically stable phases, lines marking metastable
diffusionless transformation were introduced, which mark the respective conditions
where a phase transformation from cubic phase to tetragonal phase or from tetragonal
phase to monoclinic phase can occur without the necessity for diffusion (line 1 and
line 2, respectively). This is of great importance as cation diffusion in YSZ is slow at
relevant operating temperatures leading to kinetically stabilized systems [55, 113, 117].
The slow diffusion of Y3* in YSZ is illustrated in Fig.39 by presenting the time
necessary to reach a mean diffusion distance of 1 nm, 5 nm and 15 nm for Y** compared

to 1 um, 5 pm and 15 pum for O% in dependence of temperature.
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Fig. 38: Zirconia-Yttria phase diagram according to Lakiza et al. [116] including the lines (dotted)
for metastable diffusionless transformation from cubic to tetragonal (line 1) and from tetragonal
to monoclinic (line 2).
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Fig. 39: Temperature required to achieve a mean diffusion distance of 1 nm, 5 nm and 15 nm for
Y3+ and of 1 um, 5 um and 15 um for O? after a certain time in YSZ. Calculation is based on
diffusion data extracted from [113, 118, 119].

The phase diagram reveals that the three operating temperatures investigated in this
study are all within the cubic + monoclinic area. This means that the originally cubic
YSZ (due to sintering at 1230 °C) is not thermodynamically stable at these conditions
but would eventually separate into two phases after indefinite time. This process, how-
ever, can only occur by cations diffusing to establish the respective thermodynamically
(meta-)stable compositions of the respective phases. Since cation diffusion is very slow
in YSZ [55, 113] this process is strongly kinetically stabilized. Also the phase transition
towards lower symmetry does not happen directly from cubic to monoclinic but in two
steps via the tetragonal phase. The underlying mechanism of this phase transition will
be discussed in the following, by investigating possible rate limiting steps, analyzing
their parameter dependencies and finally comparing them to the experimental findings
of this study.

Diffusion limited growth:

Schelling et al. [120] concluded from their molecular dynamics simulation that the
phase transition cubic to tetragonal is first order, which means that its kinetics are lim-
ited by nucleation and growth. Furthermore, the model of Fan and Chen [121] on the
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microstructural evolution of YSZ phase transitions, which coincides well with previous

experimental studies is also based on first order phase transition kinetics.

The diffusion controlled and interface controlled nuclei growth can be given in the
following compact form [122]. At time t, the volume Y of a particle nucleated at time 7

is calculated by:

d
‘ m 5-3
Y(t,r)=g<fv-dt> 5-3)
T
where g is the particle geometry factor in mm—_z v is the growth velocity, d is the

number of dimensions in which the particle grows and m is the growth mode parameter.

Assuming the growth of a spherical particle g will be given as gn and d
equals 3.[123] As described earlier, phase transition of 8YSZ at relevant operating tem-
peratures can only occur with the involvement of diffusion. In the case of long range
diffusion the growth mode parameter m becomes 2.[124] Assuming the particle was

nucleation at the time 7 = 0 equation (5-3) will simplify to:

3
Y(t) = gn<f v dt>2 (5-4)
0

In case of diffusion controlled growth the growth velocity v can be substituted by:
—Ep 5-5
v= DY,YSZ(T(t)) =Dy e(RT(t)) (>9)
with Dy ys7 as the temperature dependent diffusion constant for Y3* in YSZ, D, as
the pre-exponential factor, E, as the activation enthalpy of diffusion and R as the uni-
versal gas constant [125]. Since temperature remained constant for the duration of the
degradation experiments equation (5-4) evolves to

—-FE 1 1 -
r(©) = (Dy - TP - 12 &0

assuming growth of a spherical particle.

The growth rate of the radius of such a particle is in good agreement with the exper-
imentally observed time dependence of the degradation of the ohmic resistance as pre-
sented in Fig. 36. The temperature dependence on the other hand is a more complex

matter. With increasing temperature the diffusion coefficient Dy ys; and hence the
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growth rate of the particle increases. However, the concentration difference between the
homogeneous 8YSZ solution and the concentration of metastable transformation is
strongly temperature dependent. Fig. 38 reveals that at 850 °C the concentration differ-
ence is larger compared to 800 °C and again compared to 750 °C, as represented by the
black dotted lines. Simplified calculations show that the effects of increased diffusion
and larger concentration difference at higher temperatures roughly counterbalance other
with a slightly stronger influence of concentration difference. Uncertainties especially

concerning the phase diagram make a more detailed calculation unreliable.

These theoretical considerations show that diffusion limited growth does not only
match the observed kinetics, but could also account for the observed temperature de-

pendence.

Nucleation Kinetics:

The Kkinetics of nucleation are complex and there is a variety of different modes with

1
different time dependencies including « tz. Most of these are based on the classical
theory of nucleation rate. It states that the rate of formation of particles of supercritical
size per unit volume N can be given by

. - AG*(T(t))+QN)
N(T(t)) =Ny -e RT(t)

(5-7)
where N, is the temperature independent nucleation rate, AG™ the critical free energy

for nucleus formation and Q the activation energy for the jumping of atoms through the

matrix | nucleus interface.[125] This is only valid if merely a small fraction of the origi-

nal phase is transformed so that particle growth is unaffected by one another [124].

The temperature dependence of nuclei growth is ambiguous. In case of large under-
cooling AG™ becomes negligible compared to RT and consequently the nucleation rate
increases with temperature. However, at low undercooling AG* can become large, sig-

nificantly increasing nucleation rate by a temperature reduction.

In general however, a polycrystalline sample with preexisting tetragonal phase, grain
boundaries and defects should provide sufficient nucleation seeds, so that nucleation

does not become rate limiting.
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Short range ordering of oxygen vacancies

In contrast to the formation of tetragonal phase [58, 59] limited by nucleation and
growth Kondoh et al. identify short range ordering of oxygen vacancies (SRO) as ex-
planation for aging of 8YSZ at 800 °C and 1000 °C in their previously mentioned study
[55-57]. Although, this does not coincide well with the Raman findings of this thesis
SRO will be discussed briefly. Their theory states that oxygen vacancies aggregate in
the vicinity of Zr** ions in order to relax anisotropic distortion in the crystal lattice
caused by Yttria doping. These oxygen vacancies are not inactive for oxygen ion
transport, but require higher activation energy of migration thereby reducing the ionic

conductivity.

SRO was also observed by Butz et al. [59] before and after aging of samples. Their
results indicate that no significant change in SRO occurred during aging. However,
quantification of this phenomenon was unfortunately not possible, which is why they
could not exclude a change to the SRO.

In analogy to long range ordering Kondoh et al [55] conclude that thermodynamical-
ly SRO is more distinct at lower temperatures. Their kinetic considerations state that the
diffusion of O%-ions contributes to the SRO formation kinetics. To address the complex
phenomenon the concept of mean first passage time should be adapted. Unfortunately,
the announced study on detailed kinetics was never published. Furthermore, it should be
noticed that Kondoh’s experimental results for the aging of 8YSZ at 800 °C do not co-

incide with the experimental results of this study as they show decreasing slope when

1
plotting AR versus tz [55].

Summary:

Experimental findings suggest that a diffusion limited phase transition from cubic to
tetragonal YSZ is most likely rate limiting for this degradation process. The diffusion
limitation coincides well with the time dependence, while the temperature dependence
can be explained with the concentration gap towards the composition of metastable dif-

fusionless transformation, which decreases with decreasing temperature. Considering
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that the YSZ phase diagram is continuously being improved!, especially the lines of
metastable diffusionless transformation are prone to errors.[112] Assuming a minor
uncertainty towards higher Yttria concentrations the diffusion limited phase transition
as rate limiting mechanism of degradation does account well for all experimental obser-

vation.

5.1.3 Further investigations regarding ohmic resistance

Diffusion barrier layer:

A commonly observed degradation phenomenon is the diffusion of components of
the oxygen electrode perovskite through the diffusion barrier layer and the subsequent
reaction to form undesirable phases, such as SrZrOs or La>Zr,07.[126] This was inves-
tigated in the operated cells by EDS linescans through the electrolyte and CGO towards
the oxygen electrode as shown in Fig. 40A. For comparison, the measured intensities
were normalized to the average intensity of Zr within the YSZ electrolyte of each re-
spective sample. The distribution profile of Zr, Y, Sr and La of various operated cells
are presented in Fig. 40C through F, respectively, where the YSZ|CGO interface and
the CGO | LSCF interface are located at approximately 14 um and 18 um, respectively.
No deviation between operated of reference sample can be observed for Zr or Y. The
stated intensity of Y within the LSCF layer can be explained by the overlapping EDS
peaks of Y and Sr. No change in La intensity at the electrolyte was measured in any
sample, meaning that the formation of significant amount of La-Zr-oxides during opera-
tion can be excluded. The concentration of Sr did not change in most samples compared
to the reference cell. Only the cell operated at 850 °C and to a limited amount the cell
operated at OCV show an accumulation of Sr at the YSZ|CGO interface. The SEM
image of the linescan of the cell operated at 850 °C reveals the existence of an irregular
indent at the location in question (compare Fig. 40B, dashed circle). However, this ap-
pears to be an isolated phenomenon which was not found repeatedly. Furthermore, in-

situ results show no indication of increased ohmic degradation of this specific cell rela-

11 The slow diffusion makes it difficult to experimentally investigate phase transitions. Obviously,
achieving steady state becomes increasingly problematic with decreasing temperature. Since
the lines of metastable diffusionless transformation are calculated based on the thermody-
namically stable phase transition lines, an inaccuracy has to be expected [116, 148].
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tive to others. The slightly increased Sr concentration at the YSZ | CGO interface of the
reference cell has to originate from cell manufacturing. No indication of significant Sr

diffusion due to cell operation could be detected. The Sr signal measured within the

electrolyte can be attributed to the presence of Y as previously explained.
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Fig. 40: EDS linescans through electrolyte and diffusion barrier layer towards oxygen electrode.
(A) and (B) show SEM images of linescan location of reference cell and cell operated at 850 °C
and OCV, respectively. The dashed red circle shows a singular indent with increased Sr con-
centration. (C) to (F) show the intensity profiles of Zr, Y, La and Sr for various investigated cells.

81



5 - Degradation Study

Microstructural deterioration:

Another often reported degradation phenomenon is the delamination of the oxygen
electrode or the formation of cracks at the YSZ | CGO interface. This occurs under high
polarization, if the oxygen partial pressure within the electrolyte increases above a cer-
tain level as often observed experimentally and theoretically explained by Virkar.[127
and references therein] More recently, the formation of nanometer sized pores at grain
boundaries of the YSZ electrolyte was reported after 9000 hours of electrolysis opera-
tion.[27, 41]

Fig. 41 presents SEM images of the electrolyte of the reference cell, and cells oper-
ated at 1.5 A/cm? at 750 °C, 800 °C, and 850 °C, respectively. No distinct alteration of
the electrolyte can be observed in the cells operated at 800 °C and 850°C, while the
sample operated at 750 °C showed signs of minor deterioration. This observation could
be explained by larger potential gradients for the same current density at lower tempera-
tures and is in good agreement with the previously mentioned studies. The shorter oper-
ating time compared to the study presented by The et al. [27] and Tietz et al.[41] could

also explain the lack of more severe deterioration, especially at higher temperatures.

In-situ results show no significant ohmic degradation which can be attributed to mi-
crostructural deterioration of cells. A minor effect can possibly be found in cells operat-
ed at 40 %MH and 60 %MH which show almost identical degradation from OCV up to
1.0 A/cm?, while only at 1.5 A/cm? an increase can be observed. This additional deterio-
ration could be the result of an onset of microstructural degradation which is just not
detectable in SEM. However, the results do not allow for an unambiguous assignment

of this minor effect.
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Fig. 41: SEM images of electrolytes of different cells for comparison of microstructural integrity.
(A) reference cell, (B), (C) and(D) cells operated at 1.5 A/cm?, 80 %MH and 750 °C, 800 °C and
850 °C, respectively.

5.2 Oxygen electrode resistance

5.2.1 In-situ results

The oxygen electrode was also subjected to significant degradation as documented
in Fig.42 and Fig. 43. Cells operated under different current densities but otherwise
identical conditions show significantly different increases in oxygen electrode polariza-
tion resistance. However, no obvious trend which could be attributed to differences in
polarization can be found. Instead there appears to be scattering between different cells
concerning this process. Fig. 42C for example shows the degradation of cells operated at
850 °C, 80%MH and different current densities. The cells operated at OCV and

1.0 A/lcm? show similar and both significantly higher rates of degradation compared to
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the cells operated at 0.5 A/cm? and 1.5 A/cm?. The fact that the timeline of each indi-
vidual cell exhibits a continuous behavior clarifies that data acquisition or interpretation
is not the source for this scattering, but instead differences between the cells or experi-
mental conditions are responsible. A general trend can be observed that cells operated at
1.0 A/lcm? and exhibit stronger degradation compared to cells run at different current
densities but otherwise identical conditions. The same was observed for cells operated
at OCV in 3 out of 5 cases (Fig. 42C and Fig. 43B & C). In each degradation experiment
the same measurement position within the test-rig was used for the same current densi-
ty, suggesting a systematic influence of the test-rig to this position. The nature of this
postulated systematic influence is yet to be determined by the time of writing this dis-

sertation.

Following the observation that the current density has no significant influence on the
degradation, one approach to make the data better revisable is the introduction of the
average degradation rate for all cells operated at the same temperature and hydrogen gas
humidity. Fig. 42 displays the influence of temperature on the oxygen electrode degra-
dation. At 750 °C only a very limited increase with an average of approximately
7 mQ-cm™ can be observed after 1000 h of operation. An increase of operating tempera-
ture to 800 °C leads to a significantly increased degradation rate roughly 2.5 times larg-
er compared to 750 °C. At 850 °C the average degradation rate is again slightly higher
compared to 800 °C. However, it should be noted that especially at 850 °C there is a
large deviation from mean since here additionally to the 1.0 A/cm? line the OCV line

shows strongly increased degradation.

A second approach to negate the observed scattering is based on the assumption that
an unknown source causes individual cells to degrade faster. Consequently, these cells
could be neglected and only “unaffected” ones be considered. Obviously, this is a very
subjective approach and results should therefore be treated with caution. However, the
cells operated at 0.5 A/cm? and 1.5 A/cm? show almost identical behavior for each in-
vestigated temperature as displayed in Fig. 42. Considering only those, an increase in
resistance of 5.8 mQ-cm?, 15.2mQ-cm? and 15.3 mQ-cm™ occurs at 750 °C, 800 °C
and 850 °C, respectively.

Both ways of interpreting the data results in the finding that there is only little deg-
radation at 750 °C and significantly more at 800 °C. A further increase in temperature to
850 °C has hardly any additional effect on degradation rate.
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Fig. 43 presents the influence of the hydrogen gas humidity on the degradation of
the oxygen electrode. As expected there appears to be no correlation and average degra-
dation rate is similar for all three humidities, while scattering likely accounts for any

minor deviations.

It is noteworthy that under certain operating conditions the degradation of the oxy-
gen electrode largely contributes to the overall degradation. For example at 850 °C and
0.5 A/cm it amounts approximately 40 % of the overall degradation, however, espe-
cially at 750 °C it has hardly any impact.
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Fig. 42: Influence of operating temperature on degradation of oxygen electrode process. Cells
operated at (A) 750°C, (B) 800°C and (C) 850 °C, current densities of OCV, 0.5 A/cm?,

1.0 A/lcm?, 1.5 A/lcm? at each respective temperature and 80 %MH.
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Fig. 43: Influence of operating temperature on degradation of oxygen electrode process. Cells
operated at (A) 40 %MH, (B) 60 %MH and (C) 80 %MH, current densities of OCV, 0.5 A/cm?,
1.0 A/icm?, 1.5 A/lcm? at each respective humidity and 800 °C.
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5.2.2 Post-test results

After operation each cells’ oxygen electrode was analyzed for microstructural altera-
tion but no changes could be detected. Additionally, BSE-SEM analysis was conducted
and signs of compositional inhomogeneities were detected as demonstrated by different
levels in back scattering intensities. These were found in all operated samples as well as
the reference sample. The fact that no qualitative difference between the reference sam-
ple (Fig. 44A) and an operated sample exhibiting significant degradation (Fig. 44B, cell
operated at 800 °C, 80 %MH and 1.0 A/cm?) can be observed suggest that the observed
compositional inhomogeneities are production related and do not originate from sample

operation.

Furthermore, the chemical composition of the oxygen electrode was analyzed using
REM-EDS. For sampling the region close to the CGO layer with an approximate dis-
tance of 5—10 um was chosen. The LSCF-cation concentrations of operated cells in
comparison with the reference sample are shown in Fig. 45. For neither of the respective
elements a considerable change relative to the reference sample can be detected. Results
might indicate a minor loss of Sr on A-site in all cells during operation. However, no
correlation with temperature or current density is detectable. On B-site also no distinct
changes were found, while Co does show a somewhat higher variance. This could be
explained by the significantly lower signal intensity of Co and hence stronger scattering.
Furthermore, the oxygen electrodes of all operated cell revealed traces of Pt. Its pres-
ence can be attributed to the use of Pt-meshes for oxygen electrode contacting. It should
be noted that results deviate from the expected LSCF-6428 composition. This can be
explained by the porous nature of the sample influencing EDS analysis as well as a lack
of specific calibration for the investigated elements. Observed changes relative to the

reference cell are unaffected by this and retain validity.
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Fig. 44: BSE-SEM images of the oxygen electrode of (A) reference sample and (B) the cell
operated at 800 °C, 80 %MH and 1.0 A/cm? for 1000 h
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Fig. 45: Average A- and B-site composition of LSCF layer in vicinity of electrolyte measured by
REM-EDS analysis of cells operated at combinations of temperature (750 °C, 800 °C and
850 °C) and current densities (OCV, 0.5 A/cm?, 1.0 A/cm?, 1.5 A/cm?). All cells were operated at
80 %MH.

Additionally, to the general chemical composition the LSCF layer was also investi-
gated with a surface sensitive method using XPS analysis. Measurements were conduct-
ed on top of the LSCF layer, i.e. where the LSCF layer was contacted. The analysis was
conducted on the reference sample as well as on samples operated at 800 °C and

80 %MH and a current density of OCV and 1.5 Alcm?, respectively. Fig. 46 compares
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the depth profile of the three samples, which was obtained by Ar*-sputtering. Since the
sputtering system was not calibrated for the investigated material no precise sputtering
depth can be specified. However, known sputtering rates of comparable materials sug-

gest a sputtering depth of approximately 10 nm after 100 s.

On the very surface both sample as well as the reference show increased Sr occu-
pancy on A-site accompanied by a decreased La content. This trend is more pronounced
for the reference cell, while both operated cells show virtually identical characteristics.
Concerning B-site both operated samples show a slightly increased Fe and decreased Co
occupancy towards the surface. The reference sample exhibits the same trend but to a
hardly noticeable degree. This shows that current density has no influence on LSCF
surface composition. Analogous to the EDS measurements the equipment was not cali-
brated for the investigated elements, accounting for possible variations from expected

composition.

Apart from the LSCF ions traces of Pt were found as well, which in all likelihood
originate from the contacting meshes as mentioned earlier. Furthermore, large amounts
of carbon were detected on all three probes. These were highest with approximately
43 mol% on the surface of the reference sample and with 29 mol% and 24 mol% lower
for the sample operated at 1.5 A/cm? and OCV, respectively. After sputtering for 100s
the carbon concentration was still between 5mol% and 10 mol% for all three samples.
The fact that the largest concentration of carbon was found on the reference sample
suggests the source to be production related, while the nature of the carbon species and

its effect on the electrode’s activity remain unknown.
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Fig. 46: XPS analysis of LSCF cation concentration on surface of LSCF structure. The meas-
urements were conducted on the LSCF surface previously in touch with the contacting mesh.
Beside the reference, two cells operated at 800 °C, 80 %MH and a current of OCV and
1.5 A/cm?, respectively were investigated. (Compare Fig. 42B for respective in-situ results)

Apart from analysis of the oxygen electrode concerning general and surface chemi-
cal composition, XRD measurements were conducted to examine crystallographic struc-
ture. Fig. 47 compares the XRD spectra of cells operated at 750 °C, 800 °C and 850 °C
and different current densities. All cells operated at 750 °C show very similar spectra
relative to the reference sample and no distinctive difference can be observed. At 800 °C
all operated cells show the formation of new peaks alongside the peaks of the reference
structure at slightly lower diffraction angles, indicating the formation of a secondary
phase. The same can be observed for all cells operated at 850 °C, where new peaks are

formed in correspondence to the original peaks but at slightly lower diffraction angles.

The crystallographic nature of these phases is not easily determined. Several detailed
XRD studies suggest rhombohedral system for LosSo4Co2F0803.s operated under the
applied conditions [128-132]. There is, however, a phase transition from rhombohedral

to cubic above certain temperatures. For LosSo0.4Co.sF0.203-5 this was found to be at ap-
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proximately 500 °C, while the authors state an increase of transition temperature for a
perovskite with increasing Fe content on B-site [133-135]. The gathered XRD data is
not suitable to unambiguously identify the crystallographic nature of the LSCF phases,
where both cubic and rhombohedral structures are possible while both phases could

coexist as well.

In order to compensate for this uncertainty, determination of crystallographic pa-
rameters of the reference sample was conducted for both cubic and rhombohedral struc-
ture. Fig. 48 shows how they can be used very similarly to describe the spectrum of the
reference cell while the residuals confirm similar fit quality. The rhombohedral crystal

parameters were transformed into the pseudo-cubic lattice parameter ayseyao—cubic

from its crystal volume Vzpomponearaicapo,) according to the following formulas:

Apseudo—Cubic = ’ ’ VA303 (5.8)

a3 -1 = 3cos?a + 2cos3a (5.9)
VRhombohedrai(aBo;) = 2

with a and a representing the cell angle and lattice parameter of the rhombohedral
structure, respectively. This is a commonly used approach to provide comparability be-
tween different crystallographic systems [128, 129, 133]. The pseudo-cubic lattice pa-
rameters of the rhombohedral structure are in good agreement with the cubic lattice pa-
rameters as listed in Table 7.

Since the results are very similar for both crystallographic systems, the cubic struc-
ture was chosen for the analysis of degraded samples. In order to account for the addi-
tional peaks found in samples operated at 800 °C and 850 °C a secondary cubic phase
was assumed for fitting. Samples operated at 750 °C were fitted assuming only one cu-
bic phase as no secondary peaks are detectable. An exemplary fit is shown in shown in
Fig. 49 for the cell operated at 800 °C and OCV, while the corresponding residuals re-
veal a good representation. The lattice parameters for both phases of each degraded cell

are listed in Table 7.

The analysis indicates a minor increase in lattice parameter of the original phase for
all cells during operation, while no distinct trend with temperature or current density
can be found. The increase in lattice parameter averages at approximately 0.003 A for
all degraded cells while their standard deviation amounts roughly 0.0015 A.
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The new phase which is found in samples degraded at 800 °C and 850 °C differs

from the original phase by approximately 0.035 A and no clear trend between lattice

size and current density or temperature can be detected. Also the fraction of the second-

ary phase is similar in average for cells operated at 800 °C and 850 °C. However, strong

variation between individual cells can be observed.

Primary Secondary Fraction
phase phase
a v a v primary secondary
phase phase
Unit A A3 A A3 % %
Ref - rhombohedral 2 | 3.8728 58.060 - 100
Ref - cubic 3.8722 58.084 - 100
750 °C - OCV 3.8739 58.138 - 100
750 °C - 0.5 Alcm? 3.8780 58.321 - 100
750 °C - 1.0 A/cm? 3.8744 58.157 - 100
750 °C - 1.5 Alcm? 3.8752 58.196 - - 100 -
800°C-0CV 3.8737 58.128 3.9091 59.737 64 36
800 °C - 0.5 Alcm? 3.8755 58.209 3.9102 59.785 67 33
800 °C - 1.0 Alcm? 3.8758 58.223 3.9099 59.774 46 54
800 °C - 1.5 Alcm? 3.8754 58.204 3.9117 59.856 60 40
850 °C - OCV 3.8748 58.178 3.9050 59.549 59 41
850 °C - 0.5 Alcm? 3.8724 58.068 3.8990 59.271 75 25
850 °C - 1.0 Alcm? 3.8777 58.307 3.9081 59.689 51 49
850 °C - 1.5 Alcm? 3.8765 58.253 3.9065 59.618 71 29

a Pseudo cubic lattice constant as cube root of ABO3 cell volume

Table 7: Crystallographic lattice parameters of oxygen electrode’s phases of reference sample
as well as operated cells.
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Fig. 47: XRD spectra of LSCF layer of cells operated at (A) 750 °C, (B) 800 °C and (C) 850 °C and different current densities of OCV, 0.5 A/cm?, 1.0 A/cm?2 and
1.5 A/lcmz respectively, in comparison with a reference sample. Cells operated at 750 °C show no significant changes. Cells operated at 800 °C and 850 °C show
the formation of additional peaks at slightly lower angles relative to the peaks of the reference sample, suggesting the formation of a secondary phase.
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Fig. 48: Recorded XRD spectrum of reference sample with fits (top) and corresponding residuals (bottom). The reference spectrum was fitted assuming cubic
(Pm3m) or rhombohedral (R3c: R) structure.
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5.2.3 Discussion

Both SEM-EDS and XPS analyses do not reveal any changes occurring during oper-
ation which could be correlated with in-situ degradation. XPS analysis of Sr is of spe-
cial interest, since Sr segregating at the LSCF’s surface is an often reported degradation
mechanism for SOFC operation [46, 47, 136]. However, comparison of surface compo-
sition between reference and operated cells (compare Fig. 46) clearly shows that this is
not the case for the cells investigated in this dissertation. While the operated cells do
show an increasing Sr content towards the surface, this gradient is even more pro-
nounced in the reference sample. A few nanometers inside the LSCF structure the Sr
content is equal in operated and reference samples. This shows that there is Sr enrich-
ment at the surface — likely evolving during sintering — which decreases during opera-
tion. However, no Sr segregates form as a result of cell operation. Furthermore, no dif-
ference in surface composition between the cell operated at OCV and 1.5 A/cm? can be
detected, while polarization is reported to play an important role on the formation of Sr
segregation. [47]

A distinct conformity between in-situ degradation and post-test measurements can
be found in that an increase in polarization resistance is accompanied by changes in
crystallographic structure. Both describe the same general behavior with temperature.
At 750 °C there is only very limited electrochemical degradation and the XRD spectra
reveal no obvious alteration. At 800 °C and 850 °C, where a significant increase in re-
sistance is observed, XRD analysis reveals the formation of a new crystalline phase.
Furthermore, for neither in-situ nor XRD measurements a trend with current density can
be observed. In addition, an analogy for each individual cell was observed between the
quantity of the new phase formed during operation (compare Table 7) and the increase
in polarization resistance. For example at 850 °C (Fig.42C) the cell operated at
1.0 A/cm? experienced the strongest degradation closely followed by the cell operated at
OCV. These cells also show the highest quantity of secondary phase with 49 % and
41 %, respectively. The cells operated at 1.5 A/cm? and 0.5 A/lcm? both show signifi-
cantly lower degradation with a slightly higher rate at 1.5 A/lcm?. This is as well in ex-
cellent agreement with the 29 % and 21 % of the new phase, respectively. The very ana-
log behavior of in-situ degradation and changes in XRD characteristics strongly sug-

gests a correlation between the two.
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There are previous studies which observed similar change in XRD spectra of LSCF
after operation. However, so far no convincing interpretation has been offered. A study
reported a phase change from rhombohedral to cubic after 100 h of operation at 800 °C
[137]. The observed increase in electrode polarization resistance was attributed to this
phase change. However, no explanation for this statement was offered. Another study
reporting on a stack operated for 9000 h in electrolysis mode revealed a broadening of
XRD reflections towards smaller diffraction angles, which was attributed to composi-
tional changes within the LSCF structure as observed by BSE-SEM imaging [41]. Un-
fortunately, no such measurement of the initial state was offered for comparison. This is
of importance since in this thesis compositional inhomogeneities were detected in the
operated samples as well as in the reference sample (compare Fig. 35), while no signifi-
cant change due to operation was found. At the same time XRD analyses clearly do
show a change in crystallographic structure after operation at certain conditions. Fur-
thermore, operation does not lead to a broadening of peaks as observed in the previously
mentioned study but the formation of a distinct secondary crystalline phase. Conse-
quently, the partially de-homogenized state of the LSCF recorded by BSE-SEM imag-
ing cannot explain the change in crystallographic structure observed during operation.
Based on these studies from literature the underlying mechanism of the change in LSCF

crystallographic structure detected in this work remains unclear.

One possible scenario to explain the experimental findings is the formation of grains
with different chemical composition. In order to check the plausibility of this scenario
the change in chemical composition necessary to achieve the observed shift in lattice
parameter will be estimated in the following. The lattice parameter a can be calculated

according to

a=+V2- (ry +19) (5.10)

with r,, and r, for the ionic radius of A-site cations and oxygen-ions, respectively,
under the precondition that the Goldschmidt tolerance factor t;,;; [138] is close to one.

This is calculated by

_TatTo (5.11)
V2 - (5 +10)

with rg for the ionic radius of B-site cations.

tGoldschmidt =
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While the A-site cations have distinct properties determination of the B-site ionic
radius is somewhat more difficult. On the one hand the ions can exhibit different oxida-
tion states and there are theoretical studies providing approximate values. [44] On the
other hand Fe®* and Co®" can exist in low spin and high spin configuration. In order to
encompass these uncertainties a maximum and minimum value for t;,;4 is calculated,
which equals 1.016 and 0.979, respectively. Both extremes are sufficiently close to one,

which means that the preconditions for equation (5.10) are satisfied.

Consequently, the change in A-site ionic radius Ar, which corresponds to an in-
crease in lattice parameter Aa of 0.035 A (difference between lattice parameter of sec-

ondary and original phase, compare Table 7) can be calculated pursuing equation (5.10):

Aa o
4y === 00247 A (5.12)

Accordingly, the corresponding change in A-site Sr occupancy ny g, is

Ary—r
Any o = —2 S0 =031 (5.13)

Tra3+ — Tsr2+

This means that the XRD reflections of the secondary phase could be explained by a
new phase with an A-site occupancy of 0.29 for La®* and 0.71 for Sr?*. This is a result
within a physically meaningful range which could explain the observed change. Exper-
imental findings by Tai et al. [129] suggest an even further change in occupancy of ap-
proximately 0.5. There are, however, difficulties concerning this theory. If indeed a
change in chemical composition is occurring, one would expect a gradual change which
would lead to a phase broadening. Instead in the present study the formation of well-
defined peaks was observed, which means only one discrete phase would be forming.
Furthermore, if one Sr-enriched phase is forming the remaining phase has to be Sr de-
pleted, since no large scale change in chemical composition was observed. This remain-
ing phase would consequently experience a change in lattice parameter as well, which

was also not observed.

This estimation calculation is not meant to prove or rebuff the described theory but
verify its theoretical viability. It shows that the chemical composition necessary to
match the observed secondary XRD reflections is in a reasonable range, while also re-
vealing issues such as the unchanged XRD reflections of the original phase and the
presence of a discrete secondary phase. The complex nature of perovskites opens up a

series of possibilities, like oxygen deficiencies or understoichiometric site occupancy to
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explain remaining inconsistencies. The ionic radii used for this calculation are listed in
Table 8.

lonic radii [A] | Relative occupancy | Average ionic radius [A]
A-site 1.392
Las* 1.36 0.6
Sr2* 1.44 0.4
B-site - minimum 0.5437
Fe3* 0.55 0.64
Fe4* 0.585 0.16
Codt 0.545 0.18
Co* 0.53 0.02
B-site - maximum 0.6162
Fes* 0.645 0.64
Fe4 0.585 0.16
Cod* 0.61 0.18
Co#* 0.53 0.02
Anion 1.4
0z 14 1

Table 8: List of ionic radii of LSCF ions according to [139]

Another scenario to explain the observed changes is the occurrence of a phase
change possibly from rhombohedral to cubic. On the one hand this could occur without
a change in chemical composition, which would be in agreement with several experi-
mental findings. For this case no change to the crystallographic properties of the origi-
nal phase and no overall changes to chemical composition are expected. Furthermore, in
this case a stronger phase transition is expected for higher temperatures [133], which
matches well with the low degradation observed at 750 °C but does not explain the
small difference between 800 C and 850 °C.

A third scenario could be a deficiency driven phase change. It is well known that Sr
deficient LaxSr(-x)-zCoyFe1.yOs.s shows stable perovskite structure even for large Sr de-
ficiencies Z [128, 131, 132, 140, 141]. With increasing deficiency the phase is shifted
towards cubic system [131, 132]. However, the deficiency values investigated in these
studies are with 50 % and higher significantly larger than the very limited Sr loss ob-
served after operation. Furthermore, the Sr deficient cubic phase was reported to have
significantly better electrochemical performance compared to stoichiometric rhombohe-

dral phase [132], so that this deficiency driven phase change can neither explains the
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observed performance degradation nor does it coincide with the analyses of chemical

composition.

The data of this study reveal a strong correlation between performance degradation
and crystallographic changes. However, none of the presented scenarios can unambigu-
ously explain the experimental findings and there are questions which remain to be an-
swered. If a phase change is present what is driving it and if it is occurring from cubic to
rhombohedral why should it decrease electrochemical performance? Secondly, the tem-
perature dependence remains difficult to explain: Why is there only a small difference
between the samples operated at 800 °C and 850 °C, while there is a substantial one
between 750 °C and 800 °C? Due to the complex nature of the perovskite material
LSCF a consecutive study focusing on LSCF degradation is required to answer these

questions.

5.3 Hydrogen electrode resistance

The present section will investigate the effect of operation on the hydrogen electrode
charge transfer resistance, that is, the two high-frequency contributions P; and P; identi-
fied in Fig. 14 and described in Table 5. The interpretation of results is complex since
both processes P1 and P, are coupled, and as a consequence different degradation pro-
cesses related to the hydrogen electrode resistance are difficult to distinguish. While the
Ni depletion process previously discussed is a hydrogen electrode degradation process,
it is reflected by an increase in ohmic resistance and is therefore not presented here. The
findings of this section have also been published elsewhere.[91]

5.3.1 In-situ results

The change in hydrogen electrode polarization resistance of all cells is presented in
Fig. 50. Each figure contains the information of the total hydrogen electrode polariza-
tion resistance (P1 + P2), as well as the individual contributions of P1 and P2. The quanti-
tative separation of these two processes is difficult due to their similar characteristic
frequencies caused by the increase of the characteristic frequencies of P2 during opera-
tion as will be explained later (compare Fig. 51). Furthermore, it has been demonstrated
that the high-frequency hydrogen electrode processes can be modeled with a transmis-
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sion line model in a more physically meaningful way than with two R-CPE

elements.[82, 142] This can result in an uncertainty regarding the determined resistance

values of P; and P2. However, further quantitative information about the electrode’s

microstructure is required as input parameters to reduce the number of fitting parameter

in a transmission line model. Moreover, the high-frequency hydrogen electrode process-

es have successfully been modeled with two R-CPE elements before.[143]
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Fig. 50: Change in hydrogen electrode resistance of the cells operated at (a) 800 °C and
40 %MH, (b) 800 °C and 60 %MH, (c) 800 °C and 80 %MH, (d) 750 °C and 80 %MH, and (e)
850 °C and 80 %MH. The graphs show the increase in total hydrogen electrode resistance P1 +
P2 in the left panel and the increase of the individual contributions P1 and P2 in the right panel.
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For all operating conditions except at 40 % humidity, the resistance increase of the
combined hydrogen electrode process P1+P2 is significantly lower than the ones of the
ohmic resistance depicted in Fig. 25. Furthermore, a general trend observed for almost
all cells is an initial decrease of the charge transfer resistance P2 within the first 150 h
followed by a comparatively stable behavior for the remaining operation. This behavior
Is witnessed at all operating conditions, except for the cells operated at the lowest inves-
tigated humidity (40 %MH) and high current densities (1.0 A/cm? and 1.5 A/cm?), indi-
cating that the reaction overvoltage might be a possible driving factor. These cells show

an increase of P> followed by a decrease.

The initial conditioning of the cells is accompanied by a large shift of the relaxation
time especially of the lower frequency hydrogen electrode process towards higher fre-
quencies, which is illustrated in Fig. 51 by the imaginary impedance plots of cells oper-
ated at 800 °C and 80 %MH. While the two peaks related to the hydrogen electrode
process can be distinguished at the initial EIS measurement, they merge into one visible
peak after longer testing times. During this conditioning time, the imaginary impedance
plots confirm a decrease of the intensity of P, and an increase of P1 in agreement with
the obtained fitting values in Fig. 50. This Ni/YSZ electrode conditioning has not been
reported in literature so far. Apart from this initial change no clear correlations concern-
ing the influence of operating parameters on P> can be identified. Degradation of the
hydrogen electrode mainly originates from an increase in P1. For most conditions, P1
tends to increase with current densities. For cells operated at 80 %MH, degradation is
larger at 800 °C and 850 °C compared to 750 °C, indicating the detrimental effect of
temperature on anode microstructure. No obvious trend with humidity change was ob-
served. Thus, in the present study, the hydrogen electrode degradation is dominated by
an increase of Py, while P2 barely changes.
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Fig. 51: Bode Plots of cells operated at 800 °C, 80 %MH four fdifferent current densities of OCV,
0.5 A/cm?, 1.0 A/cm? and 1.5 A/cm?Z, displaying the change of impedance characteristics during
1000 h of operation.

5.3.2 Post mortem results

Operated cells were investigated by SEM imaging coupled with image analysis to
gain microstructural insight. This was conducted analog to the characterization of the
reference cell’s microstructure as described in 4.1. The microstructural characteristics
for cells operated at different combinations of temperature and humidity are presented
in Table 9. This includes only cells operated at OCV, since phenomena like Ni-
depletion occurring under polarization lead to significant changes of (local) electrode
characteristics which make it impossible to unambiguously define relevant electrode

section for quantification.

The area of the YSZ backbone is similar for all cells, while any deviations originate
in all likelihood from statistical inhomogeneity of cell manufacturing. Generally, there

appears to be an increased share in Ni phase with increasing activity of volatile Ni spe-
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cies, i.e. at high temperatures and humidities, while the pore volume decreases accord-
ingly. Additionally, an increase in characteristic Ni particle size can be observed. It is
quantified by the equivalent radius 7.4, of a spherical particle with same cross-section
area to circumference ratio (compare equation (4-1). At 850 °C and 80 %MH 7, Is

18 % larger compared to the reference electrode.

Avsz! % Ani_perc / % Apores | % lequ / UM
Ref 37.0 45.2 17.8 0.59
750 °C — 80 %MH 36.9 47.1 16.0 0.62
800 °C — 80 %MH 38.1 46.5 154 0.64
850 °C — 80 %MH 37.0 50.6 12.4 0.70
800 °C — 40 %MH 37.5 46.3 16.2 0.58
800 °C — 60 %MH 37.8 44.8 17.4 0.61

Table 9: Hydrogen electrodes’ microstructural characteristics of cells operated at OCV in com-
parison to reference cell.

The hydrogen electrodes of all operated cells were furthermore subjected to EDS
analysis. However, no noteworthy change could be detected. Only in the cell operated at
800 °C, 80 %MH and OCV detectable amounts of Si were found. This, however, does
not appear to have any appreciable effect on electrochemical performance (compare
Fig. 50).

5.3.3 Discussion

The increased degradation of P1 at higher temperatures and current densities corre-
lates well with the observed Ni depletion behavior. As described previously, the longer
ionic path in the Ni-depleted electrode leads to an increase of the ohmic resistance,
which can be explained by an effective extension of the electrolyte once regions at the
interface are fully depleted of Ni. However, the partial removal or loss of percolation of
Ni particles without the formation of fully Ni depleted regions would be expected to
rather entail an increase of the resistance of the hydrogen electrode process P; that con-
tains the coupled ionic conduction and charge transfer since the reaction zone is extend-
ed. This is a possible explanation for the observed behavior of P1. This is also consistent
with Hauch et al., who have observed the degradation of P1 to be dominant in a
Ni/3YSZ electrode and a simultaneous loss of Ni percolation and depletion at the elec-
trode/electrolyte interface.[11]
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An additional explanation for the increasing resistance of P1 could be the decreasing
ionic conductivity of the 8YSZ in the hydrogen electrode (YSZ-aging). Its contribution
to the degradation of P1 is expected to occur analogue to the findings presented in chap-
ter 5.1.2. Consequently, this contribution to the increase of P1 is not expected to be
dominant, since the degradation of P1 and the effect of YSZ aging show opposite tem-

perature dependencies.

The resistance of P> does not considerably increase over time. Consequentyl, Ni de-
pletion at the electrode/electrolyte interface does not have a significant influence on the
hydrogen electrode charge transfer resistance. It appears that any Ni removed from the
reaction zone results in a shift of the active reaction zone away from the electrolyte.
However, it apparently does not affect the triple phase boundary length density and re-
action kinetics in the new reaction zone. From this it can be deduced that the removed
Ni is mainly transported out of the active electrode into the electrode support. This is
substantiated by the similar amount of Ni found in the active electrodes of all operated
cells as presented in Table 9. Also pronounced Ni coarsening seems not to be the pre-
sent in the studies cells. Recently, it has been shown that the transition of the reaction
zone from the functional to the support layer leads to a significant increase in hydrogen
electrode resistance due to slower kinetics.[144] Since this is not observe in the present
study the cells’ electrodes appear to be sufficiently thick so that the active reaction zone
remains within the electrode structure. However, the lack of an increase in P> for the
duration of the experiment does not negate the fact that Ni is removed from the elec-
trode. If continued, loss of Ni percolation or Ni removal is expected to shift the reaction
zone into the electrode support thus reducing the TBP length density and consequently,
should lead to increase of Pa.

The present CNLS fitting procedure was guided by the calculation of DRT for all
impedance spectra, as frequently done in literature to improve fitting accuracy.[145—
147] However, uncertainties in the reliable separation of the processes P1 and P2 could
still arise due to the non-physical nature of an equivalent circuit model based on R-CPE
elements, making a definite deconvolution of the hydrogen electrode processes difficult.
Furthermore, a more detailed understanding of the origins of P1and P2 and how they are
affected by different microstructural parameters is still missing, which makes the inter-

pretation of the present degradation results difficult.
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5.4 Gas Diffusion and Conversion

The combined contribution of gas conversion and gas diffusion through the substrate
do not undergo any significant change during operation at any investigated conditions.
This is very plausible as the effect of gas conversion is largely determined by inlet and
outlet gas composition. A cell deterioration significantly altering outlet gas composition
at constant inlet composition and flow rates as well as steady current density would
mean large scale leakage and is equivalent to cell failure. Additionally, the gas concen-
tration profile over the length of the cell has a minor influence on the gas conversion
rate. This can, however, be assumed to be virtually stable as a high flow rate and conse-
quently a low steam conversion were chosen, so that reaction rates are largely homoge-

neous over the length of the cell.

Gas diffusion through the hydrogen electrode support is mainly influenced by sup-
port layers porosity and tortuosity as well as by the reaction profile over the length of
the cell. As previously explained the latter is not prone to significant changes. Strong
alteration in tortuosity and porosity would have to be induced either by large scale im-
purity depositing or by high mobility of the supports’ solid phases. However, no sign of
either was detected.

In summary it can be said that for neither gas conversion nor gas diffusion through
the cells’ support a noteworthy change is expected. In-situ and post-test results are con-

sistent with this consideration and show no changes.
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6 Conclusion

The present dissertation provides a deepened understanding of major degradation
processes limiting SOEC lifespan. A series of 20 comparable long term degradation
measurements elucidates the influence of the major operating parameters temperature,

hydrogen gas humidity and current density on individual degradation processes.

This approach allows the identification of four independent degradation processes.
Two of them contribute to the ohmic resistance and are only distinguishable due to their
different dependence on operating conditions. One of these degradation processes — Ni-
depletion — is driven by current density and, is therefore, not observed at OCV. Fur-
thermore, there appears to be a “threshold” for humidity and temperature of 80 %oMH
and 800 °C, respectively, for this process to occur. The resulting Ni-depleted layer ef-
fectively increases electrolyte thickness by a porous YSZ layer, thus increasing ohmic
resistance. The underlying mechanism was identified to be related to Ni transport via
volatile Ni(OH)x species. The driving force likely originates from a difference in polari-
zation between the percolation network and previously isolated Ni particles. Additional-
ly, a temperature gradient from the hydrogen electrode towards the support occurring
during SOEC operation could contribute.

The second degradation process influencing the ohmic resistance was identified to
be caused by a reduction in YSZ’s ionic conductivity, which results from a crystallo-
graphic phase change from cubic to tetragonal. It is neither influenced by current densi-
ty nor by hydrogen gas humidity, but exhibits faster degradation rates at lower tempera-
tures, while its degradation rate is proportional to t®°. While there are several possible
theories on the underlying mechanism, the observed dependencies suggest a diffusion

limited phase change to be rate determining.

Furthermore, the oxygen electrode is subject to another major degradation process,
which is independent of current density as well as hydrogen gas humidity and only oc-
curs at operating temperatures of at least 800 °C. Performance deterioration can clearly
be linked to a change in the crystallographic nature of the LSCF layer. The responsible
mechanism is likely a phase change possibly as a result of minor chemical demixing.
Definitive determination is difficult, since the oxygen electrodes experience some indi-

vidually diverging deterioration.
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Finally, the hydrogen electrode exhibits altering effects during operation. These
mostly represent a deterioration of performance. However, especially at low current
densities and temperatures electrode activation is observed. Microstructural analysis
reveals that with increasing humidity and temperature the Ni phase is experiencing ag-
glomeration. Nevertheless, electrochemical results unambiguously reveal that the per-
formance degradation is mainly not originating from the charge transfer resistance, but

rather from the ionic transport through the hydrogen electrode’s porous YSZ backbone.

From these findings, a recommendation for operating conditions and cell parameters
for maximal longevity can be given. All except one degradation process exhibit signifi-
cantly lower deterioration rates at 750 °C. Only the aging of the YSZ electrolyte shows
higher degradation rates, which can be overcome by slightly increasing Yttria levels in
YSZ. Consequently good conditions for stable long term operation are 750 °C, where
current densities of up to 1.5 A/cm? can be realized at 80 %MH without the onset of
accelerated degradation, while the cell’s electrolyte should be doped with approximately
10 mol% Y. If higher temperatures are required in order to achieve higher conversion
efficiencies or lower operating voltages at certain current densities (BOP considera-
tions), it is important to limit hydrogen gas humidity to 60 %MH, thereby eliminating
Ni-depletion. Nevertheless, operation at 800 °C is accompanied by degradation of the
oxygen electrode. This however, should be of diminishing importance for longer term
operation due to its increase with the square root of time. Even though no measurements
were conducted at 850 °C and 60 %MH, results suggest that at these conditions high
current densities and efficiencies can be realized without considerably increasing overall

degradation rate, making this point interesting for operation at maximal power densities.

113



7 - Outlook

7 Outlook

This work identifies and explains degradation mechanisms occurring during SOEC
operation. This understanding is based on 1000 h measurements allowing for a compre-
hensive parameter study. In order to investigate how rates change for each degradation
process over the duration of a cell’s typical lifetime, future work should encompass
measurements over longer durations (preferably > 10000 h). This should be done at
chosen conditions already investigated in this study and at which all identified degrada-

tion processes are known to occur, e.g. 800 °C, 80 %MH and 1.0 A/cm?.

The results of this study furthermore suggests that operating conditions of 850 °C
and 60 %MH should offer an desirable combination of high efficiencies and compara-
tively low degradation rates even at high current densities. This should be verified in a
long term degradation experiment. Also operation of a cell with slightly increased Yttria
content should lead to beneficial results.

Additionally, investigations should be devised based on the obtained understanding
to answer final questions concerning the mechanisms of the individual degradation pro-
cesses. For Ni-depletion this should encompass a study with cells operated at identical
conditions which are terminated at different times to get post-test information at differ-
ent stages of this process providing insight to its progression. Concerning the electrolyte
a degradation study with different Yttria doping levels could be conducted, while also
the influence of the annealing temperature on YSZ aging should be investigated. Oxy-
gen electrode degradation was shown to be independent of polarization so that temper-

ing experiments should be suitable to tackle questions concerning LSCF alteration.
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