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Abstract

Abstract

Steam elid oxide electrolysigSOE)is a method to transforelectrical into chemi-
cal energyin the form of hydrogenvith the prospect of very high conversion efficien-
cies which could play a major role as storage capacity in future electricity systems.
However, its longevitys limited bynumerous degradation pexsesvhich need to be
addresses befar@his thesis elucidates degradation of solid oxide electrolysis cells
(SOEC) by systematically investigating the influenceéhoéekey operating parameters
i temperaturehydrogengas humidity and current densityn cell deterioration.

A detailed understanding of rate limiting processes governing cell performance was
achievedbased on experimental results as wellhesapplication o& physicechemical
model approach. Five processesparable by electrochemicaipedance spectroscopy
were identified: the ohmic resistanaecounting for the conduction of ions through the
electrolyte as well as contact resistane@gsydrogen electrodprocess representing ox-
ygen ion conduction within thBydrogen electroded Y $Kbond cmupled withhe
charge transfer reaction, theydrogen electrodeharge transfer reaction, the oxygen
el ectrodeds charge transfer reaction coupl

mass transport limitations.

In order tostudythe influenceof operating conditions on degradati@nseries of
20SOECs were operated f@000h underidentical conditions, while only the investi-
gated parameters deviatethe influence of temperature was investigated between
750°C and 850C, the humidity rangefom 40%MH to 80%MH, while the current
densityvaried between OCV and 1Mcm?. This systematic parameter studjfowed
for the separation of four independent degradation processes, two ofashiciuteto
the ohmic resistancand would beinseparale 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 thehydrogen electrodjelectrolyte interface, leaving behind a porousZYi@yer
virtually deprived of Ni, whicre f f ect i vely transl ates into an
thickness. This Ndepletion isdriven bycurrent density and only occurs significantly at
humidities of 800MH and temperaturesf 800°C and above. A sead degradation
processalso contributing to the ohmic resistaneas identified to be a partial change
of the electrolytebs cryst alThiopgocesspshows phas e
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a linear progression with the square root of time and is pram@ounced at lower tem-
peratures within the investigated range of paramefersther important source of deg-
radation could be linked to a change in the crystallographictste of the oxygen elec-
trode, which is dependent on operating temperature bgglJaunaffected by current
density. Finally, thénydrogen electrodelso 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 chanfiéhe ionic conductivity in the YSZ
backbonewhile the charge transfer plays a minor roléus observed microstructural
changes resulting in a reduction of the triple phase boundary (TPB) length are not pri-
marily responsible fohydrogen electroddegrad#on.
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Zusammenfassung

Die Wasserdamgfektrolyse mittels Bstoxidzellen(SOE)ist eine Methodelektri-
sche in chemischiénergiein Form von Wasserstotfmzuwandeln. Sie hat das Potential
sehr hohe Umwandlungseffizienz zu erreichen und kdnnte als Speickgrolie Rolle
in zukunftigen Energwysemen darstellerVerschiedene Degradationsprozesse limitie-
ren jedoch ihre Lebensdauer und missen zun&chmtolliert werden Diese Arbeit
vertieft das Verstandnis der Degradation von Festoxidelektrolysezellen (SOEC), indem
systemasch der Einfluss der drei Schllisselparamét&éemperatur, Brenngasfeuchtig-
keit und Stromdichté untersucht wird.

Ein detailliertes Verstandnis der Prozesselche die Leistungsfahigkeit der Zelle
limitieren, wurde sowohl durch experimentelle Ergebniateeauch durch die Anwen-
dung einephysikachemischen Modells erreicht. Dabei wurden fiinf durch elektroche-
mische Impedanzspektroskopie unterscheidbare Prozesse identifiziert: der ohmsche
Widerstand der die Leitung von lonen durch den Elektrolyten sowoatiktwiderstan-
de darstellt der Transport von Sauerstoffionen durch das Y8xkgrat der Bremn
gaslektrodegekoppeltmit dem Ladungstransferwiderstandy deadungstransferwider-
stand der Brenngaselektrode,r deadungstransferwiderstand der Sauerstoffetele
gekoppeltmit dem Sauerstoffionen Transport und schlie3lich Massentransportlimitie-

rungen.

Um den Einfluss der Betriebsparameter @diefDegradation zu untersuchemurden
20 SOECs fur 1000 betriebenDabei unterschiedesich dieBetriebsbedingungenur
in dem zu untersuchenden Parameter. Der EinflussTeeperaturwurde zwischen
750°C und 850°C, der Feuchtigkeit zwischen 4&MH und 80%MH und der Strom-
dichte zwischerOCV und1 . 5 Z2Aintersucht. Diese systematische Parameterstudie
erlaube es vier unabhéngige Degradationsprozessseparierenwovon zwei zur Er-
hohung des ohmschen Widerstands beitragenandérnfallsnicht unterscheidbawa-
ren. AulRerdem ermoglictdiese StudieEinsicht in die Mechanismen der jeweiligen

Degradationsprozesse

Eine Haupguelle der Degradatiolegt im Transport von Ni von der Grenzflache
BrenngaselektrodgElektrolyt weg Die zuriickbleibende Schicht iptaktischvon Ni
befreit undentsprichtsomit eine Erh6hung der Elektrolytdicke. Dieséi-Verarmung

ist Sromdichtegetrieben und findet in nennenswertem Mal3 nur b&oBMH und min-
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destens 800C statt. Ein zweiter Degradationsprozedsr ebefalls zum ohmschen
Widerstand beitragt konnte als teilweise kristallographischer Phasenwechsel des Elekt-
rolyten von kulisch zu tetragonal identifiziert werden. Dieser Prozess wachst linear mit
der Quadratwurzel der Zeit und ist im untersuchten Bereich bei niedrigeren Temperatu-
ren starker ausgepragt. Eine weitere wichtige Quadie Degradation konnte maer
Veranderung dekristallographischen Struktur der Sauerstoffai@tte in Verbindung
gebracht werden. Died#ngt von der Betriebstemperatur ab, ist jedoch nahezu unbe-
einflusst von der Stromdichte. Schlie3lich degradiert auch die Brenngaselektrode bei
den meisten der uatsuclien Betriebsbedingungen. Wahrend sie verschiedene Degrada-
tionsmechanismen ausgesetzt ist konnte gezeigt werden, dass die Degradation haupt-
sachlich von einer Verschlechterung der Leitfahigkeit des-R8&kgrats herrihnind

kaum von der Ladungstransfeaktion. Folglich sind mikrostruktelle Veranderungen,

die in den Elektroden beobachtet wurden und zu einer Reduktion der Lange der Drei-
phasengrenze (TPB) fuhren nicht hauptverantwortlich fur die Degradation der Brennga-

selektrode.
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1 - Introduction

1 Introduction

The transition to anore renewable electricity generation is accompanied by the
challenge of an increasing mismataétweenproductionand demand, whickeadsto a
growing electricenergy storage (Ef demandl] The need for storage technologies is
further driven by theincreasingimportance of oHgrid EES systems such batteies
for electrical vehicles.

Thereis a variety of different EES technologies each with individual specifications
which make them desirable for different applicatidfig. 1 offers an overviewof sev-
eral EES technologies concerning typical power output, capacity values and discharge
times.Rotation mass of generatasd pumped hydro energy storage present therma
ity of Germanyo6s grid integrated 1E@mf systen
and mediunterm (15 mini 12 h) peaks. Considering the topographical limitafimm
pumped hydro storagehbecomes obviouthat current systemseed to beomplement-
edby technol ogies with | arger capacities if
c a | hasedo be managdd, 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 ofjdrogen from water using electricity. Its large poten-
tial is based on the fact that hydrogethe most common elementis used as storage
species and that the storage unit can be scaled independently of the transformation de-
vice. Furthermore, the alrea@xisting 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 Z00h can be accessed by

processing hydrogen torshetic natural gai]

The drawbacks oivater electrolysisire its high cost and comparably low roung
efficiendes considering electrochemical hydrogemoduction in an electrolyzer (charg-

ing) and reelectrification in a fuel cell (dischargin§)] 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]



1 - Introduction

of electrolyzefi thesolid oxide electrolyzer (SOE)has potential for very high conver-

sion efficiencies, whichan 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 todoelressedn order to ready this tech-

nology for large scalimplementation.

1sec

1G6W
100 MW A
10 MW

]

2

& 1MW foo

° 5

% ,,,,,,,,,,

o ] (NiMH and Li ion)
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Energy

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

1.1 Scope of the present dissertation

Thecenterpiece of thidissertations a systematic study investigating ttegrelation
betweendegradation of solid oxide electrolyzer cel®JEQ and major operating pa-
rameters. A teghatrix for a total of 20 comparable 100@egradation experiments was
executedn orderto isolate thempactof operating temperaturaydrogengas humidity
and current densityin-situ results are substantiated pysttestanalysesallowing es-
tablishing connections between decrease in etattemical performance and changes
occurring in thecells. To complete this work a physiehemical model is applied to
provide a detailed understanding of processes limiting cell performance. Based on this

knowledge it is used to elucidate degradationifigs.
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In literature hereexist no degradation studisgstematically investigating the influ-
ence of key operating parameters like phesentvork. A comparison of different stud-
ies to gain detailed information on parameter dependsmganerally trickyasdifferent
studiesgenerally divergen severalparameters. Knowing the parameter dependence of
degradation processes however, is a powerful tool in understatiiingunderlying
mechanisms. Furthermong,allows the separation of otherwise undististpable deg-

radation contributions.

1.2 Outline of the present dissertation

This dissertation is structured as follows:

A Sectionl and2 providefundamental information on SOEC technology and a lit-

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

A Section3 describes the scientific concept of this study and subsequently gives

detailed information oexperimental as well as theoretical techniques applied.

A Section3.4 dedicates itself taell characterization. This includes microstructural
properties, electrochemical performance and separation of individual rate limit-
ing processes. Furthermore, a phgstbemical model is pameterized in refer-
ence to a series of measurements @odel reduction studies apeovided.

A Section5 presents the degradation findings-situ as well agosttestresults
areshown 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 plarization, hydrogen electrodg@olarization and gas diffusion and

conversion.

A Section6 and7 concludethe thesis and suggestsnsecutive studies.
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2 Scientific and Technological Background

2.1 Solid oxide electrolysis cell

The €rm dectrolysisdescribesa methodin whichan electrical cuent is used to fa-
cilitate an endergonic electrochemical reactienoeduction of hydrogen and oxygen via

electrochemicalvater splitting reaction is one example:
O0f O MO (2-1)

There are several types @ectrolyzes eachwith differentadvantageand at differ-
ent stages of development. TBOECis one of them owing its name to the ceramic
nature of its electrolytdt is sometimes also referred to as high temperature ele@rolys
for its typical operating temperature between 700and 1000C. However, this term is

ambiguous and is also used for other electrolysisigqabs.

While research o8OEhas intensified during the last decdlle cells used foEOE
are commonlybased onsolid oxide fuel cell 8OFQ materials and architecturfs
Consequentlyup to now there are hardly atwypoks focusingolely on SOEC, while
the generalelectrochemical ginciple and information on materials and designs can be
extracted fom SOFC fundamental literatuj@ 7] The following paragrapwill there-
fore only brieflysummarizeSOECfundamentals.

2.1.1 Functional principle

A schematic depiction of SOEfQnctioning principleis displayedin F i 2 An ap-
plied external currenbducesthe reduction of water at thgydrogen electrodécathode)
forming gaseous hydrogen and oxygen ions. The latter pass through the ion conducting
while eledronically insulating and gastiglelectrolyte to the oxygen electrode (anode)
and are oxidized there to form gaseous oxygen. The released electroosreetedo

the electrical power source to complete the electrical circuit.
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This means that in watetectrolysis theedoxreactionof equation(2-1) is split into
oxidation and reduction reaction occurring at oxygen laydrogen electroderespec-

tively, according to the following equations:

Oxidationi Oxygenelectrode: 0 f MO ¢Q (2-2)
Reductioni Hydrogen electrode 00 ¢Q 4 2.3)
O 0
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Electrolyte
Anode - Cathode -
Oxygen electrode Fuel electrode

F i & General principle of a solid oxide electrolysis cell.

2.1.2 Cell architectures and materials

There aremainly two geometries for SOECs. The tubular desghibits good me-
chanical stability andsealing propertieswhile the planar design is advantage in
terms of power density andanufacturing cog8, 9] Cell architecture depends on the
layer providing mechanical suppo€lectrolyte supported cells (ESC) progidjood

mechanical robustness at the cost of high ohmic resistance and theegiare high
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operatingtempeatures. To overcome this oxygen electr¢@8C) andhydrogen elec-

trode supported cells (ASY 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 (MS@any limitations of the previous

cell architectures can be overcoftt®] However, newchallengesoncerning manufac-
turing and long term chemical stability arise.

The solid oxide cell §OQ electrolyte has to provide sufficient ionic but low elec-
tronic conductivity, while being chemicyglistable in both reducing and oxidizing at-
mospheres. ZrOdoped with typically 8nol% Y203 (8YSZ% provides good overall
properties While other candidates such $@03 doped ZrQ (ScSZ) show higher ionic
conductivites8 YSZ r emains todayos most widely appl

rial.

A porouscermet of Ni and 8YSZ imost commonlyusedashydrogen electrodén
this systemNi fulfills the function of catlyst as well aselectronic conductomvhich is
why the Niphase has to be connected in a percolation network8YB8& backbone
provides ionic conductivity. The charge transfer reaction can only attue so called
triple phase boundary (TPByheregas phase, electronic conductor and ionic conductor
meet. Coseequently the electrodeb6s microstructu
and durabilityf11]

There are two categories of materials typically usedxygen electrodePredomi-
natelyelectronic conducting materials suchLasxSxMnOz.; (LSM) need to be mixed
with an ionic conductor typically the electrolyte materidl forming a porous layer.
Analog to thehydrogen electrodes ¢ erthis eseétupthe electrochemical reaction
occus at the TPB, thus limiting performance. Materials wjtiod ionic as well as elec-
tronic conductivities (MIEC) such as 1.&rCoyFg0z.4 (LSCF) are not limited to the

one dimensional TPB but provide reaction sites all agesurface 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 rgggbto have higher degradation
rates[12] Furthemore, LSCF is reactive towards YSZ formiag insulating SrZrQ
layerat the electrodgelectrolyte interface. Therefore a diffusion barrier layer, typically
Ce.9Gh.101.95 (CGO) has to be introducdti3, 14]

2.2 Advantages of solid oxide electrolysis

Solid oxide electrolysishasseveral advantagels high operating temperaturgs
ducerapid reaction kineticsThe resultindow overpotential¢ranslate into high conver-

sion efficiencies.

Further advantages can be explained by thermodynamic considerations of the water
electrolysis reaction as presentedFin 3 Ln order to facilitate betterelationto cell
operationeach energy value "Qvasadditionallytranslated intdhe corresponding volt-
age“Yaccording to

~ 30
Y Fa (2-4)
with Faraday constar& and number of electrons participating in the reactmorit
reveas that the portion othe reactiorenthalpywhich needs to be supplieaselectrical
energy decreases with incraagioperating temperature while the thermal eneatgy
mand increases accordingly. Consequently, an increasing amount of heat generated dur-
ing operation due to internal resistances can be disectly to satisfy total energy de-
mard. As a result conversion efficiencies wiftually 100% can be achieved orelt
level while maintaining appreciable reaction rate$he step in reaction enthalpy in
F i at 100°C represents theeducedamount of energy whichasto be provided by
the fuelcell if water is provided in gaseous fori@onsequently, the conversion effi-
ciencies on system levelnbe largely increased, if a waste heat source is available at
sufficiently high level to evaporate the reactant water
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F i & Energy demand for water electrolysis as a function of temperature at standard pressure.

Depending on theverall overpotentiah SOECcan 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 théotal energy demand results in endothermic operatighelfell volt-
agematches the total energy demamklich is approximately 1.9 at typicaloperating
temperatureghe cell works in thermeneutral conditions. This is desired for system
application ast reduces system complexity, while operation above and below thermo

neutral conditions can hieliberatelyused to adjust system temperature.

Furthermore SOEC exhibits reactant flexibility. Apart from2@8 also CQ can be
electrolyzed. While it is posddle to do so with pure COmore commonly co-
electrolysis of a mixture of #0 and CQ is realized The resulting mixture of Hand
CO called forming gas can be usedttsequentlgynthesize a variety ¢fydrocarbons
following the FischeiTropsch procesdViore recentlythe idea ofco-electrolysis cou-

pledwith internal hydrocarbon synthesis ar¢$8].

2.3 Degradation rate terminology

The above presented advantages clearly illustrate the poten8&EE. However,
the high operatintemperaturgalsopose challenges such asnamted side reactions or
thermal stress. These phenomena genedallgrioratecell performancé the cells de-

grade.
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In literature degradation rates dypically presented as a relative increase in operat-
ing voltageaveraged over a certain tinagcording to
oy — 1 25
Yto
with the voltage degradation ra@'Y, the initial operating voltag&’ andthe operating
voltage™ at timeo. It is commonly presented in the format [#000h]. While this
parameter offers an easy way to evaluate system longevity, it should be treated carefully
when comparing different measurememts. i s t he aut Hundadentalopi ni or
analysisdegradation should be defined as increase in resestanalogto the voltage
degradation rat® 'Y the degrad#don rateO'Y based on the increase resistance can
be calculate@s
oY L (2-6)
|1 to
with the area specific resistanc andi initially and aftertime t, respectivelyThis
approach only works if a linear polarization curve can be approximated. Otherwise the
differential resistanc® i "“Qhas to be used.

Therelationbetween operating voltag¥andarea specificesistancé is given as

Yo Ty o 10w (2-7)

with the Nernst potentidly , and the current densit2Under galvanostaticondi-
tionsand constant gas fedélae voltage degradation ra@'Y can therefore be calculated
in relation to thenitial and final overalresistanceby

oY | [ tQ (2-8)

2

Y i tQto

A comparisorbetween egatiors (2-6) and(2-8) reveals tle differencen reporting

degradation based on increase in operating voltage or overall resiGanegally,0"Y
canbe comparedinambiguouslypetween different measurements, as it only reflects the
relative increase in resistand.Y on the othehand is additionally influenced by the
gas mixtures via th&lernst potential rd the current density appliedhis can lead to
the irritating situation thathe voltage degradatiorate of a sampleis largerrelativeto
another sample even thouthiresistance degradatioateis loweri since it is operated

athighercurrent density or dtigherry 71 ratio.
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2.4 Literature review on SOE degradation

A multitude of studiesnvestigatingSOE degradatioron cell as well as staelevel
arose duringhe pastdecade Themain difference can be found stack specifiaddi-
tional degradation contributions, namely deterioration of interconnect contact and pollu-
tion from tubing and interconnectSonsequently, stack degradation is commonly found
to be higler than cell degradatiga6] However, this work is focusing on degradation
phenomena on cell level which is why stagecificdegradations out of the scope of

this dissertation

Generally, at cell level a wide range of degradation rates has been refortedt
the lowestdegradatios was observed by Schefold et &r a single cell operated
at -1 A/cn? and approximately 780C for 9000n.[17] They observed a linear increase
in operating voltage until approximately 7600wvhenhardware malfunction caused a
significant voltage stepThe mean voltage degradation rd@eY during this time
amounted 346y /kh, which translates inta O°Y of 18%r/kh for the given experi-
mental detail$. Several other studies show degradatiatesas high asO'Y >10%
corresponding tdO°Y of 50%r/kh and abovgl8i21] The situation is furthermore
complicated as degradation often progresses nonlinear, esp&gtaih 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 rateA recentstudyover sevedl hundred hours of cell operatigrublished
by Graves et al. shosthatcell degradation can be lalgepreventedoy alternating be-

tween electrolysis and fuel cell operati@3]

This brief overviewof overall degradation ratesveals that degradation is of great
concern for SOEC viability, whil@ detailed investigation of underlying processes
required to understand and finally mitigate performance deteriorafios.following
section give an overview over previously obsex SOEC degradation phenomena and
provides explanations to the current state of knowledge. This overgelmited to
mechanisms and studies relevant to the cell composition used in this study, namely
Ni/'YSZ | YSZ|CGO|LSCF forhydrogen electrodeeledrolyte, 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, respectiveMs 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 dgdrogen eletrodedegradation can bdividedinto two cate-
gories. On the one hand the Ni phase exhibits microstructural changes at typical SOEC
operating conditions. On the other hand tyelrogen electrod®i/YSZ cermet was

shown to be sensitive to impurities.

The generally higheinydrogengas humidities in electrolysis operation compared to
typical fuel cell conditions leads to a group of degradation mechanisms. Théssede
on thevolatility of Ni in water vapor rich atmospheres flrm Ni(OH)x species, lik
Ni(OH).. Jiaoet al[24] showed a correlation between morphological changes to a po-
rous Ni phase anklydrogengas humiditiegven under low humidification ranging from
dry conditions to ssteam contentf 30%MH. Furthermore, they revealed the influence
of the gas concentration gradiéatming atthe TPBunder current locally increasing Ni
mobility. They suggested a combineaderlying mechanism of humidity enhanced sur-

face diffusion and vaporizatidbdeposition process of volatile Ni species.

Coarsening of Ni microstructure can be @fiectresulting in a decreased electrode
performance. This was shown by several studiesoderatehumidities of approxi-
mately 50%6MH.[18, 25]

Under extreme conditions of 98Q, 90%MH and 2 A/lcm? another phenomenon
was observed by Hau&t al[18]. Th ey obs er v ed epbrousfpliaselclbse n g
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. tinydrogen electrodielectrolyte 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 recentlya seemingly reverse trend of Ni migration was observed in several
studieql11, 26, 27]Post mortem measurements revealed that the firstrfenometers
of thehydrogen electrodelosest to the electrolyigerecompletely depleted of Ni. The

remaining porou¥’SZ layer is electrochemically inactive for the charge transfer reac-

11
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tion. Similar to the previously described phenometloa shift of the active reaction

zone away from théenseelectrolytelayer results inan additional contribution to the

ohmic resistancdts impact isdepending orporosity and tortuositp f t he el ectr o
YSZ backbone leading tsignificantresistances even for thin laye&hile the mecha-

nism for this pocess is not yet fully understood Mogense¢ml. proposed a hypothesis

suggesting that Ni particles become isolated thus leading to a gradient in activity of vol-

atile Ni specie8] which will be explained in more detail in chapted.l, while a

study by Hauch et al. identified the overpotential as a driving fafde.

Impuritieswereshown to have an influence digdrogen electrodperformancg18]
Silica poisoningis very commorand typically originatesorm glass sealasbr as an
inherent contaminant of théSZ powder[18, 29, 30]Under typical SOEC operating
conditions the presence of Si(@ads to a significant Si(OkYyapor pressure, causing
degradation due to its corrosive nat[8&] The Si(OH) vapor pressure was shown to
increase with increasing temperature, humidification and current dgiEjtpue to the
gas concentration gradient impurit@scumulateat the TPBhindering 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 ef 9]

2.4.2 Oxygen electrode degradation

Most studies reported in literature were conducted on cells using LSM/YSZ compo-
site as oxygen electrod®6, 32] Microstructural deterioration finally leading to the de-
lamination of the electrode from the electrolyte is a commonly observed phenomenon
for this systenj22, 30, 33, 34NVirkar develped 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 uffitilally the limit of mechanical stability is
reached and cracks are formed. The quantity of oxygen partial pressure as well as its
location isdependingon several material as well as operating parameters. It was shown
that high current densities leading igh oxygen electrode overpotentials drive elec-
trode delaminationvVi r kar 6 s mode |l sthattheidtreductiom ofeinopr edi ct
electronic conductivity of the electrolyte can significantly decrease the potential for
delamination. However, this isndesirable as it inevitably redsckaradaic conversion

12
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efficiency. Further mor e, the electrodeds m
portant rolg18]

The problem of delamination can largehe overcome by employing mixed ion
electron conductdike LSCF, avoiding the oxygen pressure tduip at the interface of
ionic and electronic conductfit7, 35] Additionally, the generally higér activity of
LSCF compared to LSM electrode redforces el e
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 reagteand the

subsequent buildp of oxygen partial pressuf&s]

An additional degradation phenomenon often observed ifotheation of Cr con-
taining secondary phaseEBhis is of large concern on stad&vel due tocommonlyCr
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 readb block the TPB in case of a LSM/YSZ electrode, while in
case of LSCF it forminsulating layer$37i 40]

Tietz et al. observedfter 9000h of operation a fibroadening
reflectionsof LSCF in stack operationt o wawes langl eso as wel | a
tensity peaks corresponding to {Oa. At the same time they observed gradients in in-
tensity in BSESEM images of LSCF interpreting thés evidence for compositional
changes[41]

While there ardew studies on LSCF degradation in SOEC mddere is a much
larger pool of studies on LSCF in fuel cepleration A summary otthesecan be found
in more detail elsewhefd2, 43] The knowledge of degradation processes under SOFC
conditions can be helpfubut its adoption to SOEC mode has to be undertaken very
carefuly as thedifference in locabxygen partial pressure as well as theersedcur-
rent density have a significant effect on LSCF stabjfig]. An example for this is the
phenomenon of Sr segregation. Whithis is commonly reported for SOFC
condition$45, 46]the samedoesnot appear to be the case in SOEC opera#tomore
recent studyevenindicatesthat positive polarization of the oxygen electrode leads to

reincorporation of previously segregated 4t}

13
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2.4.3 Electrolyte degradation

YSZ is not chemically stable in contact with LSCF at typical operating conditions
will react to form secondary phases with much lower ionic conductivity such assSrZrO
In order to prevent this, a femicrometerthick diffusion barrier layer is introduced
which is usually composed &eO, doped with 1Gmol% Gd (10GDC)[12, 48] While
this adds an additionabatribution to the internal resistance of the cell, the high per-

formance of LSCF is generally considered to predomid&Xe.

Several repds showthat evenf a 10GDC diffusion barrier layer is employed the
formation of SrZrQ@ canstill be observed. Thiss 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 detilyy a well manufactured dense lajg0]

At high current densitiegshown forl A/lcm? and above}he YSZ electrolyte itself
was shown tadeteriorate Pore formation along YSZ grain bowaries was observed
close tothe electrolyte] oxygen electrodénterface[35, 41] and was found to be more
severe at higher current densities and temperdg2@¢slacobsen et abbservedthat
evolution of gaseous oxygen can occur within the grain boundaries under high polariza-
tion, by calculating the electromotive force of oxygen inside Y84 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 analyg&6] The generated pores along the grain boundaries
can grow and finally form cracks in the electrolyte and weaken contacthgitixygen
electrodd33]

Additionally to the formation of pores along the grain boundamésagranular pore
formation was also observed as a result of high current in-likenshapes parall to
the YSZ | CGO interfacd41] Tietz et al. explain thiby the difference in YSZ cation
mobiltyanal og t o the f or ma532j58]while the rémdved rkae nd al |
terial was found in form of a dense layer at the YSBO interfaceMatus et a[54]
observed similar deterioration in the Y&#&erof an oxygen pump operated at 1045°C
and 4.50/cm?. The authorsuggestin eyplanation based on the mobility of interstitial
oxygen and oxygen vacancies in an electrical or chemical gradient, resulting in agglom-

eration of complees of Zf* and oxygen vacancies.
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YSZwasalsos hown t o exhibit an fAaging effecto,
ity with time. Kondoh et al. systematically investigatbés phenomenon at different
temperatures as well as different Yttria levels and summarized prestisdieson the
topic.[55, 56, 57 and referers thereinThey conclue that the most likely mechanism
responsible is the formation of #Ashort ran
Zr* ions, increasing their activation energy and thus decreasing the overall conductivi-
ty. There are more cent studies, which offer a different explanatard showthat the
phase transition from cubic to tetragonal can occur at typical SOC operation tempera-
tures espite the fact thatubic8YSZ is often considered to be fully stabilized down to
room temperate.[58, 59]

The problem with interpreting electrolyte degradation phenomena is thatsito
separation via EI$ possibleThe situationis further complicated as degradation pro-
cesses of other cell components like the previously described Ni deplktimhydro-
gen electroder a change in LSCF perovskitempositionleading to a decreased elec-
tronic conductivity also manifest themselves in the ohmic resistaheseforeit is not
possible to quantify the contribution of each individual processieg solely singular
EIS data angosttestanalses 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 describedpreviouslythere 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 therare alwaysdifferencesin experimentaletails.Divergence can
be found in elementabpicslike different cellarchitecturs or compositios. Even larg-
er are the possible discrepancies in operating conditions such as temperature, current
density, gas congsitionsat eachelectrode, gas conversion rates, flow ratespmrat-
ing times to name just a few. Additionally to the just mentionadiations in controlled
experimental details there ish@h chancdor unintentionaddeviations such gsurity of
feed gases principle and stability of humidificatiorand cell housing desigmcluding
sealingconceptand quality.Furthermorethe cells inherently possess different proper-
ties depending on the details of cell manufacturkifthese differencebampera de-
tailed comparison ddlifferent studieswith the aim of extractingnformation on the in-

fluence of operating parameters on degradation.

However, knowledge of this correlation can significantly increase the understanding
of degradation in two major wayl can give insight into the mechanism, kinetics and
driving forcesof known degradation plnemena facilitating the development of strate-
gies tanitigate themAdditionally, it offers the possibilityfo separate and identifjeg-
radation processedue totheir different dependence on operating parameters which
would otherwisebe undistnguishable. This is a$pecialsignificancefor the ohmic re-
sistancewhich comprises a large number of contributions as previously described. The
relevance of this point wibe demonstrated idetail by the results ahapters.1

In order toestablish a clear correlation betwekegradation processand operating
conditions a setfoexperiments was deviset@lhree parameteris namely theoperating
temperaturethe current density anthe hydrogengas humidty i were chosento be
most revealing and the experimental matrix showhR ingwas devised to identify the
influence of each parameter individual®ll other parameters were kept constant for all
degradation measurementurthermorethe problem of unintentional dewans be-

tween measurements could be largely overctsneonducting all experiment in the
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same testig and usinghighly reproduciblecommercially producedells of the same
batch.

1.0 A/lcm?

850 °C
850 °C
N gsoo°c | sof
850 °C
4
° 800°C | 80 4
o 850 °C
= H
© S g800°c | 800°¢ 80%MH
2 &
e 800°C | 800°C 800 °C >
E « 1.5 Alcm
=l & 40%MH | 60%MH | 80 %MH
§
Q

750°C
80 %MH

4

H
4

——— 0.5 A/lcm?
\_‘\

OoCV

Hydrogen Gas Humidity

F i 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 simultzeously 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-lw@arity of dependencigsas it
could i.e. be expected close to OC\s problematic and would have to be previously
known and compensated for by a large number of measurement points. Also, an unam-
biguousquantification of observed changes in the cells is difficult to achieve, especially
when it comes to poshortem 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-

guence, 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 1000at eachof the 20 parameter combinations dis-
played inF i 4 F i §exemplary shows the operation voltage pr o gverdr®s i on
duration ofthe experimentfor cells operated at 808C, 80%MH andall four different
current densitiedn addition to an initial cell characterization thevelopment of each
cellés resistancevas monitored by regular impedance spectroscopy measureapents
proximately every 168 as indicated by the black vertical linesF i % 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
S~
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

F i % 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 gathezdimpedance dats used tadistinguish between individual contributions
of ohmic resistancehydrogen electrodelectrochemistry, oxygen electrode electro-
chemistry ad gas diffusion and conversion, as exemplary shovimniir@A.for the cell
operated at 800C and 80®6MH at OCV. The details of thempedance data analysis
and interpretatiorwill be described in chapte3.4, while standard deviations of these

measurements are givenlina bSlinechapter.2 based on cells in their initial statéor
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better visualization of the individual degradation contributions the resistance aatues
displayed as absoluthanges in resistanesplotted inF i &B.

After operation each cell was examined by a rangposttestanalyses. The cou-
pled information of the observed-situ degradation and the gathered information on
parameter dependenci@s conjunction with changesbserved byposttest analyse
allow for an enhanced identification anddapth interpretation of the major relevant

degradation processes occurring.

150 50

1404 —— — O hmic

1304 404 | === Fuel Electrode
120'/_.—_ — Ohmic e Oxygen Electrode
188- e Fuel Electrode Diffusion & Conversion

90 = Oxygen Electrode 301
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Change in resistance / mG-cm’
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Time / h

0 500 1000
Time/h

F i @ (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 followingsection descrilsthe major experimentaletails 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 all 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 with four test sitegor reversible measure-
ments ofsingle cellswas used. The tesg provides one gas mixture as feed ligdro-
gen and oxygen electrode, respectively, which are consecutively split into doat e
parts and supplied to each test sifthe flow rate for all experimentsas
2.08sml/(s-cn?) (standard milliliter per second and square centimefdhtest sites
are symmetrically arranged inside one furnace. Consequently, cells measured during
one experiment share the sadefaulttemperature, while deviations canginate from
differencesin current density or sealimguality. The current density for each cethuld

be controlled individually up to 1.5 A/chin electrolysis as well as fuel cell mode.

Temperatures were monitored by tyie¢hermocouplesn designatedolesat vari-
ous positios inside theeeramiccell holderghusavoidingmedia contactThis wascho-
senas t prevents possible contaminatiaf hydrogen and oxygen electrodgases
while avoiding the need for further sealamssitions of thermocouples were chosen so
that inlet and outlet gas temperature of llyelrogen electrodas well as the cell tem-
perature could be monitored. The latter was measured by a thermocouple located cen-
trally over the oxygen electrode and an#li meterinside the cell holderesulting inan
approximate distance of 1n8m above the electrode including tbentacting meshes.
As this is the temperature measurement describing the actual cell temperature most ac-

curately it is healcleftoempmerraetflierea®.d t o as

3.2.2 Cell housing

For the measurement bfydrogen electrodsupported cells a negell holder was
designed antmplementedHydrogen electrode supported cells are commonly designed
in a way that the oxygen electrode is smaller than the bgdrelectrode support and
the electrolyte thus providing the electrolyte as a surface which can be used for sealing
(compareF i Q..Due to the low ionic conductivitgf the electrolyte any wplane ef-
fects can be neglected so that the oxygen eledirodacaneba considered as the active
area of the cellThe challenge for any cell holder is to ensure good sealing quality be-
tween bothhydrogen and airelectrode as ®all as betweemydrogengas compartment
and surrounding air. Conventionalthis is realized by introducing a sealing ceramic as

depicted inF i . The problem with this system is that the combitiecknessof cell,
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contactingmeshesandgold ring have to be estimatedcuratelyin order to use aeal-

ing ceramic of appropriate thickas resulting irsufficient sealing quality. This is espe-
cially delicate sincehe thickness of the meshes as well as of the gold ring decreases
during heat up procedure. A®nsequencehe sealing betweemydrogengas compart-
ment and surrounding air igten improved by introducing silica based sealngteri-

als Thenewly designectell holder concept avoids this by arranging both sealing sur-
faces in a perpendicular orientation as showF in¢A. This leads to a series of ad-

vantages, among which are:

1 Onegold ringis sufficient for high sealing qualitythus elininatingthe need for
silica based sealing materials

1 The aling works independent of thickness of @it contacting mesheand
compensates for settling of gold ring or contacting meshes.

1 This cell holderdesignallows for independeniveight load appliedo shell i.e.
pressure on gold ring and oxygen electrg@de distribution unit GDU), i.e.
pressure ogontacting mesheand cell

1 A reducing atmosphere all over thgdrogen electrodsubstratdas ensuredin-
cluding electrochemically inactive parts thie cell by providing space next to
the substrate which is flushed with hydrogen electrode gas flovmp@e
F i @ Thisis crucial for hydrogenlectrode supported cells as oxidizing condi-

tions would lead to rapid disintegration of the cell.

21



3 - Scientific Approach and Methodology
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F i @ (A) Sealing concept of implemented new cell holder design compared to (B) sealing prin-
ciple of conventional cell holder designs.

The cdls were contacted by different meshes. Forhtdrogen electrodevo layers
of a Nkmeshwere used. Since thkRydrogen electrodsubstrate provides good electron-
ic conductivity a comparatively coarse mesh was chosen with advgneeterQ of
0.1mm and an opening siZe of 0.225mm. According teequation(3-1) this results in

ameshporosity- of approximately0.76.
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cQ

(3-1)

With  andw as volume of mesh wires and porous mesh layer, respectiasy.

equationis based on the assumption that the thickness of the ‘thesljuals twice the

diameter of the single wirgssuming h a t

t he

meshodés ductii

cient to face the interlacing wires to touch, however resulting idefmrmation otthe

wire crosssection.

Q cQ

(3-2)

The oxygen electrode was contacted by a seri® mieshesone fine, twomedium

and twocoarseoneswith a wire thickness of 0.0zam, 0.076nm and 0.12nm and an

opening size of 0.12%m, 0.24mm and 0.3nm, respectivelyThe parameters forlla

used meshes can be foundlim bll e

- o, Z- Ey Material
Hydrogenelectrode 0.1 0.2 |0.225| 0.76 Ni
Oxygenelectrodgcoarsg 0.12 0.24 | 0.5 | 0.848 Pt
Oxygenelectrodgmedium) | 0.076 | 0.152 | 0.24 | 0.811 Pt
Oxygenelectrodgfine) 0.04 0.08 | 0.125]| 0.810 Pt

T a b1: Rarameters of contacting meshes

3.2.3 Humidification

The hydrogengashumidification( hencef or t h
ACont rMilIxleeedd HVCEpPW)Tr atnorcombi nat i

implementedvi t h a

water mass flow controller (CeRlowTM, Bronkhorst, Netherlandsi flow of liquid

water is being pressed through a nozzle by a gas stream resulisgraydispersed in

the carrier gas. This mist Isadinto a heated chambevhich temperaturas sensitive

ity

solely wmazferred

and has to behosen high enough for all droplets to evaporate before touching the

chamber walls and low enough to evapotaimogeneouslyit therefore has to be con-

trolled precisely and evenly. This is afe@t importance in order to achieve a stable wa-

ter vapor supply and consequently stable cell voltages.

Carrier gas and liquid water supply can be contraitetividually. However there

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

water vapor are applied as hydrogen electrode gas

3.2.4 Impedance spectroscopy measurement

Impedancespectroscopyneasurements are the main source ¢fititnmonitoring of
the cells during the experi menlkwlelecidiese we.l
chemical workstatiomas frequency generator and frequeresponse analyzer in com-
bination with a APP240 external Mpasdreenti ost
ments wereonducted in galvanostatic mode with a root mean square value ACthe
currentstimulusof 200mA or 500mA. Thiswas chosen so that timaximal resulting
root mean square ua@ of thevoltagewasapproximatelylOmV or lower. Therecorded
frequencytypically ranged from 50hHz to 10kHz, but was adjusted to lower fre-
guencies if necessarill impedance spectroscopy measurements wereumbed under

stable conditions, i.e. temperature, gas flows,ve¢ce virtually constant

Data quality was validategiccording to the Krameisronig relations. The test was
conducted using the program tkfhK  whi ch i s based60jamdreBoukamp
fined by Schoenlebg61, 62] A representative calculation of residuals is displayed in
Fig.8 and shows that the impedance spectra recorded fulfill the three Krinosig
conditions: causality, linearity and stability. The residual spike &ilikely originates

from grid interfeence.

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

Marquardt algorithm adapted from Hé8].

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 &ite ofapproximagly 3 K/min up
to 900°C. The heating rate was defined to limit thermal stresbdacells as well aghe

cell holdes and ensure their integrity.

At 900°C the cels were reduced according the steps inl a b2l Adter a cool
down to 80C°C thecells wereinitiated with a polarizatiorcurve up to 1.5A/cm? at a
rate of 1.5 mA/@s-cn?) in fuel cell mode with hydrogen humidified byYdMH steam
and a taal flow rate of 2.0&mL/(s-cn?) (standard milliliter per second and square cen-
timeter) Consecutively,impedance spectroscopy measurements were conducted at
4%MH and60%MH at OCV and 8A/cm? (electrolysis mode)respectively in ordeto
characterize the initiadtate of the cellsAfter this initial characterizatiorthe degrada-
tion experiment was started as described infdthewing chapter. Finallyafter the ul-
timate impedance spectroscopic characterization the cells were cooledid.04
smL/(s-cn?) forming gas at a rate of Kkmin 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 thgdrogen electrode

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

ature Hydrogen Nitrogen gas 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

T a b2: Reduction procedure

3.2.6 Procedure of degradation experiment

After heatup and initial characterization, thieegradation experimentas 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 utilizatiof approximately 3.%6 at 0.5A/cm?
and 80%MH and a maximum of approximately 20 at 1.5A/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 H@&eekly) for intermediate
cell characterizations. In order to gain comparable data humidification and temperature
were adjusted to 6®WMH and 80CC, respectively for all impedance spectroscopy
measurments. These were conducted at O&\vell a8 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 measuréitentharacteri-
zation current was reapplied and the degradation measurement was continued. At the
end of the degradation experiment after approximately h0@G@inal characterization
was conductedagain at the previously mentioned conditions, befoee dblls 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 @ hydrogen electrodiyer, which is a compo-
site of Ni and 8YSZ produced by wa pressing using a smlled CoatMix material

and presintered at 230°C. The active electrode of the cells ip@ouscomposite con-

sistingof80e m Ni / 8YSZ active | ayer . -cabthd8YXI| ectr ol

layer with a thickness of s i nt er e d Inaadditidn 2 34@ mA € epringed n
GCO diffusion barrier layer was employed to reduce reactivity between the 8YSZ elec-
trolyte and the bo.6Sro.4Coo.2Fen 803 (LSCF6428) oxygen electrode, which has a
thickness of approximately 3dm. A detailedcharacterizatiorof the cells will be pro-

vided in chapteB.4.

3.3 Post-test measurements

Various diagnostic tools werappliedon reference and operatextlls in order to
gain insight into changes within the cells. Thessttest measurements will be de-
scribed briefly in the following sectiowhile special propertieandsettings will be ex-

plained.
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3.3.1 Scanning electron microscopy

All layersof the cells wee investigated for morphological changes by scanning
electron microscopy (SEM), using a Zeiss ULTRA plyss.commonfor SOFC materi-
als high acceleration voltages (120kV) were being used, while a carbon layeas
sputtered onto the investigated surfdoepreventcharge buildup. Angle selective

backscatter (AsBdletectorwasapplied.

Additionally, to theseficonventionad measurements, images were taken usger
cial conditions.The charge up of the investigated surface can intentionally be exploited
by omitting the carbon layewhile using low acceleration voltages of G.8LkV in
combination withan InLens Detector(ILD). This resultsn a contrast betweeam elec-
tronically corductingpercolatedohasgwhite) and isolad particleg(dark). Imagesak-
en withthe Secondary ElectroDetector(SED) at thesame low acceleration voltages
can provide good material separatidime combination of these two measuremasits
especially helpful to highlight the Ni percolation network and distinguish percolated
form isolated Ni particles.

Furthermorethe build in @ergydispersive Xray spectroscop(EDS) was imple-
mented to identify target compositions as well as detect local compositional changes
such as demixing/Vhile a typical setting a lateral resolutiofi bum? and belowcanbe

realized, itis limited due to aepth excitation and resonance of sevgmal

3.3.2 Raman spectroscopy

Raman spectroscopy wagpliedto investigate YSZ modifications using a Horiba
Jobin Yvon HRramanspectrometeFor analyses daser beam with a walength of
532nm wasapplied. In order t@chieve sufficientateral resolution an optical micro-
scope was employed leading to a focus of approximdtgiy?. This also leads to a
local increase in sample temperature. While this @prbblematic for organic materi-
als like PEMpolymers, the investigated YSZ is designed for high temperature applica-
tion and therefore the measurement should have no significant infllezfjd@ata was
generated with apectralresolution of approximately @n?! and an accumulation of 50

repetitions.
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3.3.3 X-ray diffraction

X-ray diffraction (XRD) was conducted on a STE&ETADI-diffractometer in a
BRAGG-BRENTANO test assembly. The acceleratimitage was set to 45 kV, the
X-ray current intensity wa30 mA, cobalt as tube cathode material. Theay path was
influenced by slits and singlerystal monochromators to Caxwith | = 0.178899 nm;
step time/data point = 3 s; step size = 0.04°; 2qi19Q% Data analysis wasonducted

using the program ASpectragryph v1.0.60.

3.3.4 X-ray photoelectron spectroscopy

Surfacesensitive analyses of the LSCF layer were conducted-tayXhotoelectron
spectroscopy (XPS) at r o eaysdureenfthermaXR4)r e us i |
Combined with a lens setup a resolution ofrAr8” was achieved. Measurements were
conducted in vaasm (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 Arsputteing was conducted using a Thermo EX05 ion gun. More de-
tailed information on experimental settings can be found elseigre.

3.3.5 Image analysis

|l mage analysis was conducted using the pu
necessary images were processed using theibyilbcessing functions prior to adjust-
ing gray level threholds according to desired phase separation. In order to limit noise
effects an area threshold of 10 and 20 square %pixa$ 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.

28



3 - Scientific Approach and Methodology

3.4 Model simulation

Simulation was conducted using a 2D modeling framework forapl&®C, origi-
nally presented ifi66] and described therein in more det&éased on physical conser-
vation laws it encompasses transport and ewion in the gas channels and porous
layers as well as coupled electrochemistry and transport in electrodes and eledttrolyte.
implements arelementarykinetic description ofelectrochemicaland heterogeneous
reactions where multistep chemicamechanisms account for coupled chatrgasfer
and surface chemistrivlass tansport is considered alifferentlevelsapplyingcontin-
uummechanicsConvection and diffusion within the channel is described usanger
Stokes conservatiorquationswhereasStefanMaxwell diffusion andDarcy viscous
flow are used to describmasstransport in the porous layerBhe model furthermore
considers electric potential steps due to interfacial double layers and allows for the pre-
diction of electrochemical impedanspectra.The original model frameworkas since
been refined and widely applied for various SOC related topics like-dkidation[67,

68], CO conversioifi69, 70} carbon deposidn [71, 72] sulfur poisoning73, 74} pres-
surized operatioffi75i 78], reformate conversiofy1l] and compsite LSCF/CGO oxy-
gen electrodel/9].

The simulation approach wamplementedo characterize cells used in this investi-
gation in order to better understand experimental findimgsle modelreduction stud-
ies are conducted to elucidate the nature of rate limiting proc&dsesnodel parame-
ters used and their respective values are list@a@le3.

Parameter Value Reference
Ni/YSZ Hydrogen electrode

Thickness of active layer 10 um Experiment
Thickness of support layer 290um Experiment
Hydrogen electrodporosity 0.37 Experiment
Hydrogen electrodgas surface specific areq 3.0-1¢m?-m 3 Estimate
Hydrogen electrodpore tortwsity 1.7 Estimate
Ni particle radius 0.5um 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

ThicknessQ 10um Experiment
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lonic conductivity of bulk YSZ T/(1.4-10K). gl90000keT) o/ [71, 80]
Surface site density 1.3:10°mol-m'2 [71, 80]
Bulk density 6800 kgm'3 [71, 80]
Bulk vacancy/oxygen fraction 0.0401/0.9599 [71, 80]
LSCF/YSZ cathode
Thickness 30pum Expefiment
LSCF/gas surface spfic area 9.1-1¢m?m 3 [79]
Oxygen electrode porosity 0.37 Experiment
Oxygen electrode pore tortuosity 2 Assumed
Oxygen electrode pore size 0.167pm [79]
LSCF particle radius 1pm Assumed
Pore size 1um Assumed
LSCF/gas phase DL capacitance 100 F-m? [79]
LSCF/CGO Interfacial DL capacitance (0.245LT [/ 2K [79]
Surface site density 1.0.10° mol-m'2 [79]
Bulk dengty 6890 kgm'3 [79]
Bulk vacancy/oxygen fraction 0.01/0.99 [79]
Current collector mesh
Hydrogen electrodside Ni net 1024 mesh-'2 Experiment
6.4-10*m
Hydrogen electrodeesh poosity, - 0.78 Experiment
Hydrogen electrodeesh totuosity 3.5 Experiment
Hydrogen electrodenesh pore sizé 80um Experiment
Oxygen electrode side Pt net 3600 mesh-m'2 Experiment
8.64-10*m
Oxygen electrode mesh porosity, 0.83 Experiment
Oxygen electrode mesh tortuosity 3.0 Experiment
Oxygen electrode mespore size” 128 pum Experiment
Gas channel
Length 0.065m Experiment
Thickness 3.0-10%m Experiment
Inflow velocity 0.125 sL/(cmamin) Experiment
Experimental conditions
Temperature’Y 973 Ki 1123 K Experiment
Pressure 1 atm Experiment
Hydrogen electrodgas Corposition Ho/ HO (variety) Experiment
Oxygen electrode gas Composition 21% Q,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 importat@anderstand the investigat-
ed cells aghoroughlyas possibleObviously knowledge of the initial state ofie¢ cells
is of great importance, whila detailed understanding of the individual rataiting

processes isecessaryo reliably separate, quantify and interpret degradation processes.

This chapter willprovidedetailedinformationaboutthe cellsinvestigatedusingdif-
ferent approachedicrostructural properties will be presented M imagingwhile
image analysiss usedfor microstructuralquantification 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 stiattd by
DRT analysis. Finallya physicechemical models implementedin a wide range of
operating parameteiscluding model reduction studi@s order to elucidate the funda-
mental elementary processewvolved and ensure a better understanding ofeexp

mental results.

4.1 Microstructural characterization

The crosssection of a reference cell is presented-in @ The reference cell was
previously only heated up, reduced and cooled down according to the procedure de-
scribed in chapteB.2.5 F i @displays the individwal layersand reveks their homoge-
neity in thicknesses. The difference in porosity and particle size eatwebstrate and
active electrode is clearly visible. The YSZ electrolyte shows a numbeadfactur-
ing relatedsmall holes.The crack along the CG[YSZ interfaceas well as signs of
spalling aren all likelihood caused during sample preparatamaresult of epoxy resin
shrinkage The LSCF layer shows augh topographyeachinghalf way through the
thickness of the lagr. This was observdar all cells ands probablycaused by the re-

moval of contacting mesh or alternatively production related.
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R S AR A TN
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F i @ Cross-section of a reference cell displaying the respective cell layers

A section of the oxygen electrode close to the electraf/&e reference celk pre-
sented irFig. 10. It shows a fine microstructure with suficrometerparticles and high
porosity. Furthermorarregularitieswithin the LSCF can be observed concerrsignal
intensities These are caused by differences in molar iteigsulting in varying intensi-
ties of back scattered electroBSE) This phenomenon will be further discussed in
section5.2

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 propertiesimportantto asses changes objective-
ly. F i HIA displaysa low acceleration voltag8ESEM image ofar ef er enc e
active electrode with electrolyte (top) and support layer (bottdim. framed section
wasusedfor quantification angresents an area ofud by 56um. This was chosen to
ensurehattheresults are not influenced by the supp®tte identical section of the cell
was also investigated using an IL detector as presentéd ififlB. Combining the in-
formation of these two images results in the possibility to separate the three iphases
pores, YSZ skeleton and Ni percolation netWdrkusinganimage analysis toolThe
result is shown irfF i HIC where the areas used for quantification are displayed in red
and yellow forpores and percolated Ni, respectively. The remaining areazatdt 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 F i H1C).
However, from a quantitative aspect they are of little significance.

33



4 - Cell Characterization

2pm EHT =0.800 k WD= 4.0 mm Mag= 200K X Date :29 Jun 2016
- LDM-Ref Signal A= SE2

F i @fl: 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 respectivearea corresponds to the volume fraction of each phatee it
would bedesirableto extract information about the average particle sizenamaber of
particles per aredhis informatio is dubious since the Ni particles are connected in an
irregularly shapednetwork and thereforaot separableinambiguouslyUnfortunately
it is also impossible to extract the length of the triple phase boufi@anythis 2D im-
agewhile 3D reconstruction is required for this type of informatioowever, the ratio
of perimeter to area of the percolated Ni phasthe crosssectionis a good parameter
to describesize andshapeof the Ni particlesas it reflects the surface area potaihyi

available per Ni volume. This will be given as an equivalent radiusof a theoretical

sphere with the same perimeteto surfaced ratio according to:

<o (1)
0

The respective parameters are presentddanb4l e
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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+ 0.67 452+ 1.29 17.8+1.50 | 0.591 + 0.026

T a b4: @uantification of microstructural properties of the hydrogen electrode in its initial state.

4.2 Characterization of electrochemical performance

The initial polarization curvef each cellwas conducted in fuel cell modeegative
currenf) at low humidities for better performance comparison to SOCs reported in liter-
ature. A representative polarizatiourve is depicted iR i 12.The final current densi-
ty of -1.5A/cm? was reached at a voltage of approximately m&which corresponds
to a power density of 1.1 W/@mit should be noted th#tisis not the maximum poer
density for thesesells However the cells where not strained pat5A/cm? during

initial characterization in order to minimiis 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

F i ©2: 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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F i 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

plot.

Initial characterization also included impedance spectra under different conditions as

presented ifr i IB.. The ohmic resistance v&tually identical for all investigated oper-

ating conditions confirmi
pensate for théC-bias
4%MH to 60%MH lead

ng that tHfarnace temperature was adopted properly to com-
related temperature change. The increadeuofidity from

s to a drastic decrease of the polarization resistance as ex-

pected. When comparing both spectra recorded &&NdBl but different current densi-

ties, deviations can be found almost exclusively at the high frequemtrggenelec-
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trode processes (£Hz to 10 Hz). The process at approximately H® which corre-
sponds to the gas concentration polarization increases only marginally.

Quantification of recorded impedance spectra was reabgefitting spectrato a
previously detamined equivalent circuitaccording to the complex nonlinear least
squares (CNLS)Obviously,the validity of the quantitative results strongly depeowls
the quality of the equivalent circuit.o ensure a physically meaningfetuivalent cir-
cuit interpreaition DRT analysis was applie@ihis technique improves the separation of
overlappingprocesses angdrovidesinformation on their characteristic figuencies A
typical DRT plotof a cell in its initial statene asur ed at 8 0i®prefedt- and 60
ed inFig. 14. Including the ohmic resistance sihows the existence t¥e rate limiting
processes separable by impedance spectrosddygyr characteristic frequenciese
approximatelyone order of magnitudapartand roughly occur at10?, 10}, 10> and
10Hz, respectively.

By varying operating parameteasid monitoringtheir influence on the individual
processesdependenciesan be determineallowing for a physicainterpretation of the
respective processf&li 84] The results suggest théte two high frequency peaks
¢ 10° and 10 Hz) can be assigned to thgdragen electroddimitation, the medium
frequency peak< 10°Hz) represents thexygen electrodeharge transfecombined
with its ionic resistancaand the low frequency peak 10Hz) corresponds tehe gas
transport limitation at thaydrogen electrodd hese finéghgsare in accordance with the
simulativestudypresentedn chapter4.3, where also anore detailedgxplanation of the
physrcal processewill 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 modalesented irfFig. 15A which was
usedfor CNLS quantification Both hydrogen electrodprocesses are represented by R
CPEelements resistor in parallel with aonstant phase element with exponent 0f.0.9)
The oxygen electrode process is characterized blpsedGerischer Element, account-
ing for thecharge transfecoupled withthe ionic transport within the electroffdli 87]
The gas transport limitation is portrayed by a-8@ment. Additionally, a serial re-
sistance represents thémic resistance which is dominated by ttwic resistance of
the electrolyte but alsencompassesontact resistanceshile 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, 83i 85]
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Py el Po |le
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> n T |
3
02 IP4I H2
Electrolyte
Py Anode - Cathode -

Oxygen electrode Hydrogen electrode

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 ia bSIs@mmarizing their physical inter-
pretation whilealso specifying the respective average initial resistafog.16 visual-
izes the contribution of the separable rate limiting proce#isatso revealsigh repro-
ducibility for the cells usedin this studyasillustratedby the goodalignmentof exem-

plary impedancspectra ofour cellsin their initial state
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= Zimag [ Q-CmM?
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0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

Z,../Qcm?

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 ton P FP
L Qompensaﬂon for inductiv i 1-10 nH
interference
Po Ohmic  resistance  (ioni
transport resistance throug )
electrolyte & contact re i 114mq L & m 2.1
sistances)
Py Hydrogen electrode ionic
transport coupled with charg 2-10° 29 mal 2.9
transfer reaction
P, Hydrogen e_Iectrodecharge 1068 34 mAL ¢ 26
transferreaction
Ps Oxygen eIectr_ode charg 102 11 maL ¢ 05
transfer and ionic transport
Py Hydrogen electrode gas 10 17.5 #q 07
transport

T a b8: Rrocesses 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 diffemrttibutions While the ionic
resistance of th& SZ electrolyte is its largesthare it is unfortunately not possible to
separate it from the ionic resistance of the GBy¥&r, contat resistances and others.
Furthermorethe resistivity of YSZ produced by tape casting varies depending on the
production procedar. A typical value ob0q L. ¢ m60¢ b can800°C [88, 89] sug-
gests thathe YSZ electrolyte account®r approximately 506 of total ohmic rsistance

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 ceWhile there are many cell parameters which can be
determined directly by electrochemicalpmsttestinvestigations, there are intrinssell
parameters which cannot be measured directly or only investing significant effort. An
accurate and sufficiently detailed model howeverprawide indepth knowledge of the

investigated system.

For this the model was parameterizadaccorcance witha series ofpolarization
curves and impedance spectroscopic measurenmeatsroad range of operating condi-
tions. The cells usedor model parameterizationvere previously operated at 8T0,
60%MH and 0.5A/cm? for 500h. This was mainly done for tweasons:

1) The time necessary to condutie experiments required to parameterize the
model frameworks approximately three dayk is crucial thatall cell parame-
tersremain as close to constant as possihlgng this periodln light of this
demand,the c e | initial dperatingperiod where significant changesoccur in

shortamountof timeis unfit to providesufficiently stable conditiongCompare
Fi 9.

2) Conditions wereehosen 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 theurrent density was chosen to be slightly below av-
erage to exclude possible singular effemtcurringonly at high current densi-

ties.

A comparison betweeimductioncorrectedexperimentaland simulatedmpedance
spectra at different temperaturégdrogengas humidities and current densities jare-
sentedn Fig.17, F i IBandFig. 19, respectivelyn both Nyquist and Bode Plot. There
is a good qualitative and quantitativeagreement between modeling and experimental
results concerning number whpedance features, magnitude of resistaacel relaxa-
tion frequencies over theomplete investigated range of experimental conditidhs.
only deviation worth mentioning can besaoved apolarization of-0.75A/cm? shown
in Fig.19, where the simulated spectra exhilstgghtly lower imaginary impedance
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values at 1®Hz and above compared tioe experimental data. This could possibly be
explained by high frequency interferendeshe experimental datas indicated by the
drifting of data points towards lower resistances in the very hegiuéncy region of the
Nyquist Rot.

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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F i 38: 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 alsgersible SOCpolarization
curves were recorded at two temperatures and comparsdntdated polarization
curvesas depicted i i 2..Again there is a good agreement betweem tihio 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 bypaséyafrogengas within thenew cell holders,
which wouldaccount forthe slightly higherthan expectedhcrease in voltagat high

current densities.
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F i 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 sindiederto isolate
individual processeasshown inF i 2L. The originalfifull 2D6 modelwhich shows the
existence of four processesreduced intwstepsl n t he #fAr eduheefd 1D mo
fect of gas conversion was excluded by holding the gas otatien over the length of
the channel equal to thelet gas composition. This reveals that the low frequency con-
tribution isalmost exclusivelyelated to gas conversion. Ascansequece it needs to
berepresented by a R€lement in the equivalent cuit modelasdescribedoreviously
in chapter4.2 When themodel is further reduced o A mo d e | of oxygen el
theresulting impedancspectrunreveals the effect of thexygen electrodéelectrolyte
electrochemistrylt is in goal agreement witprior reportsof the characteristic frequency
of this pocess in a comparable systf30]. Furthermorgthe shape of this process confirms
the use of a Gerischer element as reptasigr inthe equivalent circuit The small differ-
encebetween théreduced 1D modeland thefimodel of the oxygen electroden | y 0 i n t he
low frequency regiomeveals the contributionf gasdiffusion through theéhydrogen elec-
trodesubstratewith its characteristic frequency in its typical raf@f. Howeverdue to its

strong overlapping and lined contribution compared to the neighboring processes (oxygen
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electrodepolarizationand gas conversion) it is not possible to reliably quantify this process
using equivalent circuit fittingConsequentlyno corresponding equivalent circuit element
is introduced Its contributionis insteadcompensatedor by a slight overestimation of the
neighboring processes. Thisheweveracceptable as this study focuses on degradatidn

thediffusion through the substrate is expected ttabgely unaffected bgell deterioration.

full 2D model
----reduced 1D model
0054 —°° model of oxygen electrode only
i
Q
G
£
I\I] R ¢
0,00 L
T T '
0.1 0.2 0,3
Z | Qem’
re
10" 4 full 2D model
1 - - -~ reduced 1D model
1 — - = model of oxygen electrode only
k=
Q
G
g 1077
N
107 5
™

F i 21: Model reduction study at OCV, 60 %MH and 800 °C. Comparison between simulatd

impedance of the ffull 2D modeld(solid black line) and two reduced models: A freduced 1D

modelo(dashed red line) excluding gas conversionandthefimodel of oxygen
isolating oxygen electrode and electrolyte electrochemistry (dash-dotted blue line).

The remaining two high frequency procesaes both related to theydrogen elec-
trode In order todissolvethemthe introducedireduced 1D modélwasusedas a basis
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while specific parametersiamely the rate of the charge transfer reaction (CT rate) and
the YSZ content in the activeydrogen electrodevere changed. The effect is displayed

in Fi 22andF i 28.respectivelyAn increase or decrease of the charge transfer rat
by 10% results is a decrease or increase of the resistaribe pfocess at approximate-

ly 10°Hz, respectively. All other processes remain virtually identieealingthat this
process is in fact related to the actual charge transfer reathiemaure of the second
hydrogen electrodeontribution at approximately 181z is more complex as shown in

F i 2B.A decrease of the YSZ content in tmgrogen electrodby 10% results in its
increase whilghere is no influence on any other processwever, an increase of YSZ
content 0f10% causes aeduction inresistance of bothydrogen electrodprocesses.

This demonstrates that timgher frequencyydrogen electrodprocesss directly re-

lated to YSZ contribution of the active anode layer and in parti¢hiadisplays the
couplel behavior ofionic transport throughout YSZ within the electrode and charge
transfer process at TPB. Interestingly, the decrease of YSZ content does not have any
effect onthe charge transfer process, while its increase has a positive impact so that
overall resistancas reducedThis suggests that cell performance couldebdancedy

increasing the&' SZ content oftheactivehydrogen electrode
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F i 22: Change of charge transfer reaction rate (CT rate) in freduce d 1 D rfreddire) 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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49

3 i
‘ ‘
10° / t

F i 23: Change of YSZ content of hydrogen electrode in fireduced 1D modelo(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
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5 Degradation Study

The following sectionwill addressthe degradatiomprocesse®bserved during this
study, i.e.the electrochemicategradatiormonitored insitu as well as changes to the
cells found duringpost-testanalysesilt is structured so thatnesubchapter is dedicated
to eachprocess sepdoée by EIS.Changes in resistance will be described in detsiil
well astheir dependece on operating parameters revealRdlevantposttestfinding

will be presented to finally offer explanatiofts the observed SOEC degradation.

1.8

a —__ocv 800°C,40% H,0,60 % H, b 18 —(cy 800 °C, 60 % H,0, 40 % H,
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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 presentghe evolution of cell voltagwith time for all investigated combina-
tion of operating parameters.is difficult to find generaltrendsconcerning the degra-
dation behavior of the flerent rate limiting steps, since this study has shown that most
degradation phenomena are influeshbg at least two of the three investigated operat-

ing parameters. However, a few general observatandemade:

1 The ohmic resistanagominatesoverall degradation in the investigated range of
conditions. The parameter dependence switlyshow that at least two degrada-
tion processes contribute.

1 While oxygen electrode polarization resistancenigally small, it presents the
second largest contributida overall degradatiofor most conditions

1 Hydrogen electroddegradation is moderate forostconditions, while even ac-
tivation (decrease of resistance) was observed. i$h beexplained bya sig-
nificant decrease of the charge transfer reactiontaesiscoupled with a fre-
guency change observed during the first wgek60h) for all cells operated at
any conditions

1 Resistance of gas conversion and diffusion remain close to constant

5.1 Ohmic resistance

5.1.1 Ni-depletion

One majorchangein cell characteristic observed at certain operating conditions is
the unidirectional migratiolf Ni within the activehydrogen electrodaway from the
electrolyte electrode interfacelhis process will henceforth be aadINi-depletion.The
resulting shift ofthe reaction zone of theydrogen electrodaway from the electrolyte
effectively translates into an increase of electrolyte thickreess contributes therefore
to the increase of the ohmic resistantee findings of this section have also been pub-
lishedelsewherg91]

5.1.1.1 In-situ results

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

investigated in the five lonterm experiments. ITable 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 %
[mmycm?] [mmcm?] [mmycm?] [mmycm?] [mmycm?]
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 400MH and 60%MH show a very similar behavior, indicating
that humidity hag minoreffect on ohmic degradation in this range. A8MH, how-
ever, a significant impact can be observed. While cells operated at OCV show an almost
identical resigance increase at 40, 60 and%WMH, the effect of humidity increases
with increasing current density. At51A/cm? the degradation of the ohmic resistance of
the cell operated at 3®MH is roughly twice as large compared to the cell operated at
40 and 60%6MH.

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@; While higher
temperatures leads to a smaller increase in the resistance. This treridocha ab-
served for cells operated atb@/cm?. However, at 1) A/lcm? the degradation of the
cell operated at 80WC is already slightly larger comped to the cell operated at
750°C. At 15 Alcm? the cells operated at 860G and850°C exhibit a similardegrada-

tion which is significantly larger compared to that at 760

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 nobriginating from thehydrogen electrodeas will be substantiated by
post mortem analysis later. It is assumed to be mainly dominated by 8YSZ electrolyte
degradation and independent of cut{i®2] 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 ent densities. At 40 and 80MH (800°C) the effect of
current is very similar where hardly any effect up 1 A/cm? is detectable for both

humidities, while a small increase abA/cm? can be observeddowever, at 8@ MH
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a clear influence of the current density can be observedgevaven the cell operated at
0.5 A/lcm?, 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 currertensity 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, &€ Te0clear
trend regarding the influence of current denstn be identified. At 800C (80 %MH)
and 850°C, however, a clear correlation between increase in current density and en-
hanced degradation can be observed. At°8¢the impact of current is already pro-
nounced at ®.A/cm? ( quRh=411 27 = ¥ winlg at 850°C there is only a
small impact of operating atDA/cm? ( qeRh=2171 1 6 = -&P). Neyerthéess, at
1.5 Alcm? the effect of current density on the resistanmuedase is very similar with
60 m g-cn¥ for both cells operated at 800 and 880 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 largersad/tm? compared to

0.5 Alcm?, whereas at 85%C it is more than terires 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 functidryalrogen electrodéyer,
particularly the ones related to the Ni phase,-&wergy SEM imaging was used. This
technique enables distinguishing the percolated from thepamolated Ni phase and
the ceramic YSZ matrivallowing for the separation of four different phas¥$z,
pores, percolated and ngercolated NiThe effect of this technique is exemplarily

illustrated on a reduced reference sample in2%6..

Fig. 27 displays the influence of the current density by shgviEM images of the
electrolyte| hydrogen electrodmterface of four cells operated at 800 80 %MH and
OCV, 0.5, 1.0 and 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. A& Alcm? this phenomenon is only

apparent in certain regions, however, & A/cm? and 1.5 A/lcm? Ni depletion occurs
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on a length scale of il 2 um along the whole electrolyteydrogen electrodmterface,

which results in a layevirtually depleted of Ni.Fig.27 also reveals the existence of
nonpercolated Ni particles. While in cells operated up @Afcm? only small amounts

can be detected a significantly highguantity can be found in the cell operated at
15 A/cm?. 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 Fig. 25is associated to Ni depletion.

Fig. 28 displays howhydrogengas humidity influences Ni depletion. All three cells
presented were operated at 8@and high current density, that is5B/cm?, since
current density appears to be a driving force for Ni depletion. A Ni deprived layer is
clearly formed at 8@6MH, while the cells operated at lower humidities do not show Ni
depleted areas. An increased number of-percolated Ni particles can also only be

found for the sample operated at®®MH.

In order to reveal the influence of temperatu¥igy. 29 compares cells operated at
750°C, 800°C and 850°C, at 80%MH and 15 A/cm?. In agreement with the observed
influence of temperature on ohmic resistance incraabegi 25, a similar extent of Ni
depletion can be observed at 800 and 8%0At 750°C significantly less pronounced
Ni depletion was found. For this cell, certaneas at the electrolyteydrogen electrode
interface were depleted ofi, however, no Nivacated layer was formed. Only for the
cell operated at 800°C an increased number ofpernolated Ni particles can be found,

while the cells operated at 750 é8&D°C do not exhibit this increase.
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F i 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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800 °C - 80 %MH
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800 °C - 1.5 Alcm?
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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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80 %MH - 1.5 A/cm?
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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 posttestresults clearly show thédtdepending on the combination of operating
parameter$ Ni is transported unidirectionally away from the electrolyte ilegbehind
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 electrolitgdfogen elec-
trodeinterface. In case of more severeddipletion, avhole layer of the cermet elec-
trode is depleted of Nieaving behinda layer of porous YSZ next to the dense YSZ
eledrolyte. Since the reaction zone is shifted away from the electrolyte the oxygen ions
produced in théhydrogen electroddave to be transportetirough this porous YSZ

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

Cells operate 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 80C in Table6.[92] Furthermore, resistance increagdow
humidities (40%0MH and 60% MH), where no indication of #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 titemic resistance increase due to Ni depletion, its ad-
ditional resistance is estimated for the cell omatatt 800C, 80%MH and 15 A-cm'2,
In this case the Nilepleted layer is appximately2 pm thick. The equivalent thickness

of a densédayer ds is then calculated according to

Q Q ?T— (5-1
wherevolume fractiori equals0.37in accordance with microstructural analysis
(compareT a b4) a&nd tortuosityt  being 2[93i96] which leads to a value of
10.8um. Typical vcar uteoscnbelie repofed fipr 8YSZ resistivity at
800°C, which suggests that the YSZ electrolytesgd= 10 um) accounts for an ohmic
resistane Rer of 55maq.cn? and, tlrerefore, approximately 5
(55mq-cn?/114mq-cm?) of the total ohmic resistance of the testadls. [88, 89]

With this value, the additional resistance of theddpleted layer & amounts to
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Q o
Y Y g— uvamdi (5-2)

This value isin good agreement with the measured change of the ohmic resistance
attributed t @m=Ni8 7ecmijiqR7enty i @ w601 gIR é).m

The above results show a strong correlation between the Ni depletion observed by
SEM imaging and an increase in ohmesistance. 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 ohrdegradation (subtracted by the base degradation
attributed to the other cell components). These findings strongly suggest that Ni deple-
tion in the activehydrogen electrodés one of the major processes responsible for
SOEC degradation. The establishechmjitative 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 astablished.

Possible mechanisof 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 tifese diffusion processes could be a gradient in gas com-
position, the potential gradient perpendicular to the @ldefrelectrolyte interface with-
in the porous electrode as well as a gradient in temperature. In the following, several

possible mechanisnase discussed.

Gradientin gas concentration:

During SOEC operatiogteam is reduced to hydrogen at the electeoaktherefore
conditions are increasingly reducing closer to the electrolyte as schematically depicted
in Fig. 30. Since the transport of Niia volatile speciesccurs along the concentration
gradienttowards more reducing conditiorisj should be transported towards the elec-
trolyte. This behavio was inded observed by Hauch et dbr cells operatedat high
current densities (A-cm'?in SOEC modeand 950°C.[18] However, the present study
shows transport away from the electrolyte, which is consistent with other studies at op-
erating temperatures of 85Q or lower[11, 28, 97]Consegently, the gas concentra-

tion gradient canndie the reason for Nlepletion.
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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 possibleplanation fora gradient ind is a difference irthe polari-
zation of Ni particlesDue to its good electronic conductivity Ni particles within the
percolation network have close to identical potentials means that Ni particles would
haveto be norpercolatedn order to allow for a significant difference in polarization
In fact the existence of ngpercolated Ni particles can be observed to a limited degree

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

Mogensen et al. formulated a hypothdsisthe Nidepletion mechanism based on
polarization differences between Ni particles as driving {fi28¢ It can briefly be
summarizedastwo stepsleading toNi depletion.The initial step is the loss of contact
between Ni and YSZ pactes close to the electrolyte, while tyossible driving forces
are suggestedrirst, due to the high negative polarization the volume of the YSZ parti-
cles will be slightly reducedsufficienty for Ni and YSZ particles to lose conta8ec-
ondly, the strong negative polarization might cause a change in interfacial energy be-
tween Nt and YSZparticlescausing loss of contact due to dewetting. The second ini-
tial step is the loss of percolatitbetween théNi particles. This might again be caused

by a change in interfacial energy due to the strong negative polarizatimse two
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steps, the loss of NI¥SZ contact and the loss of percolation between Ni pesfizere
experimentally observed by Mogenserak{11, 26, 28, 98]Both cause zhift of the
reaction zone away from the electrgeéectrolyte interfacerhe electrochemical poten-
tial of the isdated Ni particles is solely determined by the stetrhydrogen ratip
which is more oxidizinghan that of the negatively polarized percolatedi®iding to
migration of Ni via volatile Ni(OH)speciesaway from the electrolyte towards the
reaction zoneA schematic summary of this postulation is showtrigr 31, where Ni
migration from electrolytédue to potential differeng@ndfrom thesupport(due to gas

concentration gradientpnvergeat the active reaction zone

N 1
:
LCZ ISz i
I
l
pH,0 !
I
1
aNi(OH) :
\ |
I
I
] S
0 | d’
n :
l
E
YSZ | " J \_ ~ J
bulk Electrode Support

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 formatisaolated
Ni particles due to insufficient knowledge about the mechanisms and kinetics of the
underlying processd28]. Significantly increased amounts of nparcolated Ni could
only be observed for the cell operated &tA-cm'2, 800°C and 80%MH. Consequent-
ly, no clear dependence of thevastigated 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 ngercolated Ni particles could be explained if the
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loss of percolation is the ratiniting 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 stataent.

In F i 3R.gap formation between the Ni and YSZ phase is investig&ted2pa
shows a SEM image by Hauch et[all] 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 if i 3Pb depicts no visible similar gap formation. The
absence of visible NYSZ contact loss was confirmed by SEM analysis of all other
cells examined in this study (not shown here). These results questiamewtiet 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 oagith possibly dif-
ferent microstructure and processing conditions is always difficult and is insufficient to

definitely exclude the hypothesized-N5Z contact loss.

Date :15 Jul 2015 #,
Signal A= AsB o

F i 82: Comparison of two cells operated in SOEC mode. Cell A (1000 h, 800 °C, 1.25 A/cm-2,
90/10 H20/H2) [11] clearly shows the loss of contact between Ni and YSZ patrticles (red arrows).
The cellin F i 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 beforea significant difference in potential can only occur if Ni parti-
cles lose contact to the percolation netwditke questions, however f the loss of con-
tact between the Ni particles and the Y@2ase is also an essential prerequisite fer Ni
depletion.In principle, ron-percolatedNi particles that are still conoted to the YSZ
skeleton behave likeeference elgrodes This means there is a potential difference
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between them and the {gercolation networlcorrespondindo the local overpotential
assuminghat thegas concentration at tinelPB is identical for both particles as well as
the chemical potential ohé oxygen ions within the YSZ | . This scenario isis-
ualizedin Fig. 33A. If the nonpercolated Ni particle is closer to the electrolge fur-

ther away)there isan additional contribution to the potential differen€his is caused

by thedifference in°  at the TBP of one patrticle relative to the other and corre-
sponds to thevervoltage necessary ittducethe G-ions flux though theYZS-shaftas
displayed inFig.33B. This shows that non percolated Ni particles which still are con-
nected to the YSZ backbone can indeed have a more positive patelatiak to the Ni
percolation networkand consequently a higher . 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 * 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* , 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 hydrogengas humidities. Increasdyydrogengas humidity should lead to increased
Ni(OH)x formation. Thus, the observed trend is in agreement with the hypothesis of

transport via Ni(OH)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, thatlarger 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 foation of volatile Ni species. Increased current
densities also entail highe 7n values, 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 difsion 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 preseresults.

In this study, a similar extent of Ni depletion was observed for experiments at 800
and 85C°C. However, only little degradation was found at 780 althoughhydrogen
electrods at lower temperatures are operated at significantly higherdatGalvani
potential steps (i.e., larger cathodic overpotentials) and therefore, display larger poten-
tial gradients between percolated und-pencolated Ni. However, formation of volatile
Ni species is a thermally activated process and according toatignamic calculations
the vapor pressure of Ni gas species 80&MH hydrogengas is lowered by approxi-
mately one order of magnitude (fromlBi 10 atm to 510i 11 atm) when the tempera-
ture is decreased from 850 to 780[99, 100] Thus, the high overpotentials at operat-
ing temperature of 750C are probably compensatéor by a general decrease in Ni
mobility via volatile gas species, td8ng in a stable operating regime where no signifi-
cant microstructural damage is caused tcharogen electrode

Thus, the mechanism of Mogensen et al. is in good qualitative agreement with the
parameter dependencies observed in the present study, while the lackpefromated
particles for cells operated under most conditions is remarkable and needs to be investi-
gated furtherlt shouldbe noted that in principahe formation of nonpercolated Ni

particles might not be the cause of Ni relocation,dmutld theoretically also bies ef-

fect. Ni particlecouldl ose connecti on when f i epeted, ibr i dg

leaving behind nomercolated Ni particleslhe observed interplay of the operating pa-
rameters humidity, current density and temperature in determining the occurrence and

extent of Ni depletion in thaydrogen electroddemonstrates the ndmeaiity of this

66



5 - Degradation Study

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 atama conductors a result
of two dfects: the electrostatic foraen the charged atomesultingfrom the exposure
to a local electrical field and the force due to the momentum transfer between electrons
and the charged atonisa | s 0 r e f electrom dindt The edestrosiatic forcesi
oriented in direction of the electrical field while the electron flow and hence their mo-
mentum is oriented in the opposite directjd@1] The occurrence of electromigration is
driven by an applied current densities and the corresponding electrical field. Many stud-
ies focus on high current densities {&cm? and above) where electromigration is re-
ported to be effectivELl01i 103]

In the present study a maximum current density ofAlctn2 was applied. Taking
into account the Ni volume fraction of 0.45 (comp@ra b4) ie the cermet electrode
and assuming &li tortuosity of 2 the effective current density in the percolate
amounts approximately A/cm2. This current density is orders of magnitudes lower
compared to the previousiypentioned studies. However, susceptibility strongly varies
depending on operating conditions where moisture, temperature, microstructure and
contamination are relevant paramefé®4] A computationaktudy on electromigration
in SOFC suggests the existence of elecigoation even at 0.23/cm? when exposed to
PHz.[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 charges isgenerally
smaller and the net force is dominated by the electron momgmh@6hin SOEC opera-
tion electrons at the hydrogen electrode are conducted in the Ni percolation network
towards the electrodeelectrolyte interface where they atensumed in the reduction
reaction. Consequently, the migration of Ni due to electromigration should lead to an
accumulation of Ni at the electroflelectrolyte interfaceThis theoretical considera-
tions are in good agreement with a computational studglectromigration in SOFC
operation[105] where N transport away from the electrode | electrolyte interface is
suggested due to electromigratidturthermore, 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 reductioreaction. 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 givenoperationconditions. However, the expected direction of Ni transpor
would be towards the electroflelectrolyte interfaceandconsequently electromigration
is not expected to be the mechanism behind the Ni depletion observed in the present

study.

Difference intemperatur®f Ni particles:

Additionally to the discussedofarization gradient as driving force, there is a tem-
perature gradient through the cell in electrolysis mode due to the heat generation at the
hydrogen electrodes el ectrochemically activexzone.
activity and, thus, couldantribute 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:—% = 1) forhydrogen electrodgss = 67.3J-K1.mol?) and oxygen electrode
2

(3s=-123J-K1-mol?) reactions at 80€C reported in ref95, 107] the reversible heat
consumption can be calculated according)to = i T 33 The respective scheme of
reversible heat consumption/generation at the electrodes in SOEC mode is depicted in
F i 3da. Additionally, irreversible losses at the electrodes and at the electrolyte are tak-
en into account as shown for an SOEC at thenenairal voltage ik i 34b. At therme

neutral conditions the overall endothermic reversible heat consumption over the cell is
compensated by irreversible lossedydrogen electrodeslectrolyte 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 fb a b5l F®r comparison the heat generation regime of a

SOFC is also illustrated for reversildenditions(F i 3fc) and consideng irreversible

losseqF i 3/d).

On the basis of this simplistic consideration of heat generation, it can be deduced
that in SOEC mode there will be a temperature gradient lfrganogento oxygen elec-
trode and also from thkeydrogen electrodéunctional 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 thedectrodd electrolyte interface, where an in-
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crease of @ °C approximatelyleads to a factor dfvo in @ [99, 100]However,

to make quantitative statements about the magnitude of this temperature gradient, and
thus, a reliably estimate of its effect omrNigration, the temperature profile in the po-

rous electrode has to be calculated with a more sophisticated method, for example with
a nonisothermal model that incorporates all necessary heat transport equations for heat

conduction, convection and rad@ti, as implemented iref.[108].
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F i 84: 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 T a b3. () 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 Mlepletion described in the last chapter does not fully account
for the observe@hmic degradationln-situ results reveal the existence of at leaisé
other major degradation process. The following chapter will sthat a decreasm
conductivity of the YSZ electrolyteccurs during operation andetprocess will hence-
forth be -xqildgegdad nAYSZ

5.1.2.1 In-situ results

As described earligvolarization is the driving force fdahe process of Ndepletion.
Neverthelessdegradation of the ohmic resistance can also be observed in cells operated
at zero current. Thisevealsthe existence of a second degradation phenomélhe
ohmic degradation of cells operated at OCV is displayddiir@p,.where the influence
of temperature as well as humidity can be found. Interestingly the degradation is strong-
er at lower operatingemperatureand diminishes with increasing temperatuheldi-
tionally, no influence of the humidity on thghenomenomran be observed’hesimilar
result ofcellsrun at different humidities alsmplies a good reproducibility of thisro-
cess. Furthermorall cells show identical behavior in that they undergopédranitial

deterioration and afterwards demonstrat@nainishingprogression.

—— 750 °C - 80 %MH ---800°C-40 %MH
40]| ——800 °C - 80 %MH 40| oo 800 °C - 60 %MH
<« — 850 °C - 80 %MH — ——800°C - 80 %MH
£ =
(& (&
G s 1 e
é é ’_,-.b“"’ =
T 201 e 201 e
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Dé =
0 , ; . 0 " T : y
0 500 1000 0 500 1000
Time / (h) Time / (h)

F i 8b: Degradation of the ohmic resistance at OCV and different temperatures (left) and differ-
ent humidities (right).

All of the abovementioned findingsefer tocells operated at OC\However this
does not meathatthe describedorm of degradation only occurs at zero current. The
comparison of cedl operatedunder currentoad but conditionswhere no Nidepletion
was observed.€. cells operated at0%MH and6 @6MH, comparerig. 28) shows that
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the ohmic degradation @most identical for those celfs This suggests thdhe hee
described degradation phenomeramtursunder all investigated operating conditions

andis largelyindependent odppliedcurrentdensity

In F i 3pthe changén ohmicresistance was plottedainst the square root of time.
It reveals thathe degradation progressat a rate proportional t8t Thisfinding pro-
vides further informatin about the degradation mechanism and will be discussed in

detaillateron.

40 -
35 o 750 °C - 80 %MH
] o 800 °C - 80 %MH
304 o 850 °C - 80 %MH A
— o 800 °C - 40 %MH
E 25 ] A 800 °C - 60 %MH

0 10 20 30
Time'? / (h"?)

F i 86: 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 originafeom the several different
processesvhich are included in thehmic resistance. Apart from the electrolgtainly
the electronic conductivity of thHdIEC oxygen electrodandthe CGO diffusion barrier
layer contibute Both of these were subjectedfosttestinvestigatons which are pre-

sented inchapters5.2 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.

71



5 - Degradation Study

scribed insitu findings were present and no explanation, especially for the curious tem-
perature dependenceould be found. The following section wiblely addresexperi-
mental results o€hanges tdahe YSZ electrolytewhile other ohmiacontributionswill

be presented in their respective chapters.

The YSZ electrolyte wasexamined bySEM imaging and EDS analysi$hesedo
not reveal any changes that coebplainthe previously described ohmic degradation.
As they cover sometheroftendiscussed degradation mechanisms their results will be
presented and furthéiscussedn chapter5.1.3

Due to insufficientiateralresolution of theX-ray diffractometer(XRD), analysisof
the electrolyte cannot be conducted without prior removal of electrode and diffusion
barrier layer. Unfortunately, this is very difficult to achieve @nid impossible to en-
sure sample integrity during preparatid@onsequently no XRD measurements were

conductedwhich could further elucidate phase composition

The electrolyte wamsteadanalyzed usindpigh resolutiorRaman spectroscopps
presented Y Hattori et al[58] Raman spectroscoman be used to identify the crystal-
lographic nature of the YSZ phase. The Ramantspetthe reference cell and tveell
operatecat80%MH,OCV and 750 AC andureshdbwhifAIGQYA. respect
All three samples show distinct ahacteristics of tetragonal YJ209 111], while the
double peak between 6067 and 65@m’ revealsthe existence ofthe cubic
phasd58] This is unexpected as 8YSZ is generéiglievedto befully stabilized in the
cubic phase down to room temperat[k&2, 113] Possible exianations for the exist-
ence of tetragonal phase in the reference saogriée found in the production proce-

dures andirepossibly linked to insufficient sintering time or temperatyids}].

In order to detect changes to the phase composition during opeth@cerea nor-
malized Raman spectra of the reference cell gmspared tadhe spectra of operated
cells, as shown i i 3yB. In both cases thdifferencedemonstratedistinct character-
istics of the spectrum of tetragonal YSZ revealing that tetragonal phésenigformed
during operation. Furthermoré€&, i 3/C shows thathe tetragonaphase ismore pro-

nounced for the cell operated at 7&0compared to the cell operated at 860
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5.1.2.3 Discussion

Deterioration of thaonic conductivity of YSZ duringheat treatmenis a complex
phenomenon which has been subjected to many an investigation in the ldstcades
of the previous century and still is up to ndvany alternativeexplanations foexperi-
mentally observed SZ-aging have been postulatetiereeven more pronounced theo-
ries often lack kinetic descriptidb5]. Although, previousstudies cover a wide variety
of dopant levels and temperaturespstfocus onYSZ deterioratio at 1000C 1 the
temperature originally expected for SOFC operatloril998 Kondoh et al.conducted
an extensivestudy while reviewing many previous studigsb, 56, 57 and references
therein] Theyidentified phase transformation towards lower symmetrical crystaic-
tureat higher temperatures (12800 and aboveand short range ordering of oxygen ion
vacancies towards Zrat lower temperatures (860G and 1000C) to belikely respon-
sible forYSZ-aging However, more recent studifs8, 59] reveal theexistenceof te-
tragonal phasa 8YSZeven atl000°C and 950C, respectively and conclude a corre-
lation between tetragonal phase and decrease of ionic conduddetty.these studies
target the influence of dopant level on the Y&¥ng andshowthat significantaging
occurs at 8YSZvhich decreases with increased dopant level towards 10M8¥erthe-
less to the authds knowledge there iso recentstudyinvestigatingthe influence of
temperature around 80C comparable to the observationslof study.

The formation of a lower symmetry phase and the accompanying compositional
changewould explain a decrease in ionic conductiviand the resulting increase in
ohmic resistance observethis is in good agreement with the findings of the Raman
investigation F i A 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 presentedfni 3¥/B. Also the insitu correlation, that degradation
is stronger at lower operating temperatures is reflected in the Raman ststipvan in
F i 3rC, where the cell operated at 78D exhibits a larger intensity of tetragonal
phase compared to the cell operated at “®0This correlation betvem in-situ and
posttest analyses strongly suggests that indeed a phase transition towards tetragonal

phase is responsible of the increase in ohmic resistance.

The phasecompositios of YSZ at thermodynamic equilibriunin dependence of
tempergéure and Yttia doping levelcan be extracted from the Yttri&xiconia phase

diagram.Since Duwez et a[115] first publishedtheir original phase diagram many a
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study was conducted refining and improving it. One of the mexs#nt versiongub-
lished by Lakiza et a[116] in theyear 2006s displayed irF i 38..Additionally, to the

boundaries of the respective thermodynamically stable pHasesmarkingmetastable

diffusionless transfonation were introduced, whichark the respective conditions

wherea phase transformation from culpbaseto tetragonaphaseor from tetragonal

phaseto monoclinic phasecan occur without the necessity for diffusiofline 1 and

line 2, respectively) This is of great importance as cation diffusion in YSZ is slow at

relevantoperatingtemperatures leading tonetically stabilized systen|§5, 113, 117]

The slow diffusion of ¥" in YSZ is illustrated n Fig.39 by presenting the time

necessary to reach a mean diffusion distancenafi,15nm and 1% m for Y** compared

to 1 um, 5pm and 15um for & in dependence of temperature.
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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 ym, 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 revedlst the three operating temperatures investigated in this
study are all within the cubiemonoclinic area. This means that theginally cubic
YSZ (dwe to sintering at 123TC) is not thermodynamically stabkg these conditions
but would eventuallyseparate into two phasaferindefinite time. This processhow-
ever, can only occur by cations diffusing éstablishthe respective thermodynamically
(meta)stable compositianof the respective phaseSince cation diffusion is very slow
in YSZ [55, 113]this process is strongly kinetically stabilizédso the phase transition
towards lower symmetry does nmippendirectly from cubic to monoclinidout in two
steps via theéetragonalphase The underlying mechanism of this phase transition will
be discussed in the following, hgvestigating possible rate litmg steps,analyzing
their parameter dependencies and finatiyparing thento the experimental findings

of this study.

Diffusion limited growth

Schelling et al[120] conduded from their molecular dynamics simulation that the
phase transitiogubic to tetragonak first order, which means that its kinetics are lim-
ited by nucleation and growth. Furthermotfee model of Fan and Chgh21] on the
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microstructural evolution of YSZ phase transitiowfich coincides well with previous
experimental studies is also based on firdeo phase transition kinetics.

The diffusion controlled and interface controlledclei growth carbe given in the
following compact fornj122]. At time ¢, the volumew of a particle nucleated at tinfe

Is calculated by:

o N e 5-3
w onf Q U Qo &3

where"Qis the particle geometry factor ir—, * is the growth velocity,Qis the

number of dimensions in which the particle gsamdd is the growth mode parameter.

Assuming the growth of a spherical particl@ will be given as-“ and Q
equas 3.[123] As described earliephase transition of 8YSZ atlevantoperating tem-
peratures can only occur with the involvement of diffusion. In the case of long range
diffusion the growth mode parametér becomes 2124] Assuming the particle was

nucleation athe timet  mequation(5-3) will simplify to:

T . (5-9)

In case of diffusion controllegrowth the growth velocity can besubstituted by

— 5-5

0 Orp “Yo 0 (5-5)
with O  as the temperature dependent diffusion constant f6inYYSz, O as

the preexponential factqgrO as the activation enthalpy of diffusion aidas the uni-

versal gas constaft25]. Since temperatureemainedconstantfor the duration of the
degradation experimenégjuation(5-4) evolves to

o oM (5-6)

assuming growth of a spherical particle

The growth rate of the radius of such a patrticle is in good agreement wekpbe
imentally observedime dependence of the degradation of the ohmic resistance as pre-
sented inF i 3p.. The temperature dependence on the other hand is a more complex

matter. With increasing temperature the diffusion coeffici@nt and hence the
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growth rate of the particle increasetwever, the concentration difference between the
homogeneous 8YSZ solution and thencentrationof metastable transformation is
strongly temperature dependeRti 38 reveals that at 85TC the concentration differ-
ence is largecompared to 800C and agairtcompared to 750C, as represented by the
black dotted lines. Simplified calculations show that the effetincreased diffusion
andlarger concentration diffenceat higher temperatur@sughly counterbalancether
with a slightly stronger influeze of concentration difference.ntertainties especially

concerning the phase diagram make a more detzaledlationunreliable.

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

pendence.

Nucleationkinetics

The kinetics of nucleatioarecomplex and there is a variety different modesvith

different time dependencies includihgd . Most of theseare based on the classical
theory of nucleation rate. It states that the rate of formation of particles of supercritical
size per unit volumé can be given by
6 Yo 0 tQ 7

where0 is the temperature independent nucleation tat@the critical free energy
for nucleus formation andl the activation energy for the jumpgif atoms through the
matrix | nucleus interfacglL25] This is only valid ifmerelya small fractiorof the origi-
nal phases transformed so thgiarticle grovth is unaffected by one anotté&e4].

Thetemperature dependence of nuclei growth is ambiguousase of large under-
cooling w "Obecomes negligible compared % ™and consequently the nucleation rate
increases with temperature. Howevatr low undercoolingy "Ocan become largeig-

nificantly increasingiucleation ratédy atemperatureeduction

In general howeves polycrystalline sample with preexisting tetragonal phase, grain
boundaries and defecshould provide sufficient nucleation seeds, so that nucleation
does not become rate linmg.
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Short range ordering of oxygen vacancies

In contrast tathe formation of tetragonal phagg8, 59] limited by nucleation and
growth Kondohet al. identify short range ordering of oxygen vacancies (SRO) as ex-
planation foraging of 8YSZ at 800C and1000°C in their previously mentioned study
[55i 57]. Although, this does not coincide well with tRamanfindings of this thesis
SRO will be discussed briefly. Heir theory states that oxygen vacancies aggregate in
the vicinity of Z** ions in order to relax anisotropic distortion in the crystal lattice
caused by Yttria dopingTheseoxygen vacancies are not inactive for oxygen ion
transport, but requirbigheractivation energyf migrationthereby reducing the ionic

conductivity.

SRO was also observed Bytz et al.[59] before and after aging of sampl@eir
results indicate that no significant change in S&@urred during aging. However,
quantification of this phenomenon was unfortunately not possiiech is whythey
could not exclude ahange to the SRO

In analogy to long range ordering Kondoh €ef5&l] conclude thathermodynamical-
ly SRO is moralistinct at lower temperatureBheir kinetic considerationstate that the
diffusion of G -ions contributes tthe SRO formation kinetic3.o address the complex
phenomenon the concept of mean first passage time should be adapted. Unfortunately,
the announcedtudy ondetailedkinetics waseverpublished. Furthermoré& should be
noticed that Kodresdlis foitlse agng of 8¥SZ at 808 danot co-

incide with the experimental results of this study as they show decreasingvlepe

plotting 3°Y versuso [55].

Summary

Experimental findings suggest thatli#usion limited phase transitidinom cubc to
tetragonal YSZ is most likely rate limiting for this degradation prac€ks diffusion
limitation coincides well withthe time dependence, while the temperature dependence
can be explainewith the concentration gap towards the composition of nedibesdif-

fusionless transformation, which decreases with decreasing temperature. Considering
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that the YSZ phase diagram is continuously being imprdyvedpecially the lines of
metastable diffusionless trdosmation are prone to errof$12] Assuming aminor

uncertaintytowards higher ¥ria concentrationshe diffusion limited phase transition
as rate limiting mechanism of degradatawes accounwell for all experimental obser-

vation.

5.1.3 Further investigations regarding ohmic resistance

Diffusion barrier layer

A commonly observedegradation phenomen is the diffusion ofcomponents of
the oxygen electrode perovskiterough the diffusion barrier layemd the subsequent
reaction to formundesirable phases, such as SeZwOLaZr,07.[126] This was inves-
tigated in the operated cells by EDS linescans through the electrolyte and CGO towards
the oxygen electrode as shownRn 4PA. For comparisonthe measured intensities
were normalized to the average intensity of Zr within the YSZ electrolytach re-
spective sampleThe distribution profile of Zr, Y, Sr and Laof various operated cells
are presented iff i 40C through F, respectivelyhere he YSZ|CGO interfaceand
the CGO LSCF interfaceare located at approximately fith and 18um, respectively.
No deviationbetween operated of reference sangde be observed for Zr or Y. The
statedintensity of Y within the LSCF layer can be explained by the overlapping EDS
peaks of Y and SMNo change inLa intensity at the electrolytevas measureth any
samplemeaning thathe formation of significant amount of LZr-oxides during opera-
tion can be excludedrhe concentration of Sr did not change in most sangolepared
to the reference celDnly the cell operated &50 °C andto a limited amounthe cell
operated aDCV showan accumulation of Sr at the YZGO interfaceThe SEM
image ofthe linescanof thecell operated a8 5 0 reve@ls the existence of an irregular
indentat thelocation in questiorfcompareF i 40B, dashectircle). However, this ap-
pears to be an isolated phenomemdrich was not found repeatedly. Furthermone

situ results show no indication of increased ohmic degradation ddgbdsficcell 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 concentrat@anthe YSZ CGO interfaceof the
reference celhas to originate from cethanufacturingNo indication of significant Sr
diffusion due to cell operation could be detect€de Sr signal measured within the

electrolyte can battributed to the presence of Y as previously explained.
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F i 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.
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Microstructural deterioratian

Another often reported degradation phenomenon isiéhemination of the oxygen
electrode or théormationofc r a ¢c k s a €GOtintedaceY Thid octurs under high
polarization if the oxygen partial pressure within the electrolyte increases above a cer-
tain level asoften observed experimentally and theoretically explaime®irkar.[127
and references thereiMore recently the formation ofnanometesized poresat grain
boundariesof the YSZelectrolyte was reportedfter 900thours of electrolysis opera-
tion.[27, 41]

F i 41 presents SEM images of the electrolyte of the reference cell, and cells oper-
ated at 1.%\/cm? at 750°C, 800°C, and 850C, respectively. Nalistinct alteration of
the electrolyte can be observed in the cells operated &tC3@dd 850°C while the
sample operated at 78Q showedsigns of minor deterioratio.his observation could
be explained by larggrotential gradientfor thesame curreindensity at lower tempera-
turesand isin good agreement with the previously mentioned studies.shorter oper-
ating timecompared to the study presentedTheet al.[27] and Tietz et aj41] could

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

In-situ results show nsignificantohmic degradatiorwhich can beattributedto mi-
crostructural deterioratioof cells A minor effect can possibly be foundéells operat-
ed at 40%0MH and 60%MH which show almost identicalegradatiorfrom OCV up to
1.0 A/cm?, while only at 1.5 A/crhan inaease can be observed. This additional deterio-
ration could be the result of an onset of microstructural degradation vghjaktinot
detectable in SEMHowever, the results do not allow for anambiguousassigment

of this minor effect
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F i 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 subjecteditmificantdegradatioras documented
in Fi 42.andF i 4B. Cells operated under different current densities but otherwise
identical conditions show significantly different increasesxggen electrodgolariza-
tion resistance. Howevenp obvious trend which could be attributed to diffexes in
polarizationcan be found. Instedtiere appears to Iseattering between different cells
concerning this procesB.i 4PC for example shows the degradataijrcells operated at
850°C, 80%MH and different current densities. The cells operated at OCV and

1.0A/cm? show similar and both significantly higher ratef degradation compared to
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