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Abstract (English)

Solid oxide cells (SOCs) are electrochemical devices that have been generating interests
worldwide in the energy scenario in the last decades. Among the main advantages of this
technology there are high efficiency, possibility of operating with a variety of fuels (hy-
drogen, hydrocarbons, and natural gases), and the fact that the same cell can be operated
as a solid oxide fuel cell (SOFC) for the production of electricity or as a solid oxide elec-
trolysis cell (SOEC) for energy storage. However, the widespread use of the cells has been
limited by performance degradation preventing SOCs to be competitive with other tech-
nologies in a time frame of 4-5 years. The microstructural evolution has been observed
to play a primary role in cell degradation. Therefore, studying the changes occurring dur-
ing cell operation is crucial for identifying the phenomena that mainly contribute to the
loss in cell performance. This dissertation focuses on the changes of Ni/yttria stabilized
zirconia (YSZ) fuel electrodes for SOCs studied via microstructural characterization and
modelling.

The characterization work is based on scanning electron microscopy (SEM), focused ion
beam (FIB) - SEM tomography, and energy dispersive X-ray spectrometry (EDS). These
techniques can provide different microstructural information: more extended areas of the
electrodes (hundreds of microns) can be characterized by SEM and EDS techniques while
smaller localized regions can be investigated with FIB-SEM tomography. Besides, more
detailed microstructural characteristics (such as triple phase boundaries -TPB- density
and particles size distribution) can be extracted from the 3D reconstructions obtained via
FIB-SEM. In this work, a cell tested as part of a stack for approximately one year is char-
acterized. This sample is technologically relevant since the local operating conditions to
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which the cell is exposed in the stack are different from the single cell testing and this
affects the microstructural evolution. Moreover, the selected sample allows investigating
the changes in the microstructure, after long term testing, due to the local operating con-
ditions in different locations of the Ni/YSZ electrode. Besides that, the fact that the same
cell can be operated as SOFC and as SOEC is of interest to investigate similarities and
differences in microstructural changes when testing the cell in one or the other operation
mode. To do so the test is designed to operate two cells at the same temperature (800°C)
with the same gas composition (pH2O/pH2 = 0.5/0.5) for 1000 hours reversing the direc-
tion of the current for the two operating modes (± 1 A/cm

2
). While the Ni coarsening is

observed to occur to a similar extent both in the SOFC and in the SOEC, the depletion
of Ni in the innermost area of the Ni/YSZ electrode is detected only for the SOEC. To
explain this behavior, hypotheses are done considering that the wettability properties of
Ni on YSZ are affected by operating conditions, in particular by the current density and
therefore the pO2 gradient.

A complementary tool to the microstructural characterization is represented by microstruc-
tural modelling. Being able to predict the changes in the Ni/YSZ electrode under the
specific cell operating conditions is relevant for predicting the microstructure degradation
and therefore the electrochemical performance of the cell. In this dissertation, a phase-
field modelling approach is used for reproducing the phenomenon of Ni coarsening and
Ni depletion in the active fuel electrode. The validation of the model against experimental
results is performed using tomographic data recorded in an ex-situ X-ray experiment. The
experimental datasets used are particularly suitable for validating the model because the
same microstructural features can be observed evolving and a direct comparison with the
modelling results can be performed. Moreover, microstructural characteristics (particle
size, TPBs, and surface and interface areas) are computed over the whole domain and are
used for comparing experimental and simulations results. After the model is validated,
the phenomenon of Ni migration away from the electrode/electrolyte interface observed
experimentally can be reproduced with phase-field simulations. The migration of Ni to-
wards regions with lower Ni chemical potential (lower contact angle of Ni on YSZ) is
hypothesized to be the main driving force for the studied phenomenon. The gradient in
pO2 in the active fuel electrode generates a gradient in the contact angle of Ni on YSZ
and the simulation results prove that this drives Ni motion. Moreover, different initial
microstructures are used for the simulations of Ni migration, a coarser structure obtained
after mild operation of the cell in SOFC mode results in less prone to the depletion of Ni
in the active fuel electrode when the cell is operated in SOEC mode.
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The understanding of degradation phenomena of Ni/YSZ microstructures is crucial for de-
veloping more durable electrodes to reduce the loss of cell electrochemical performances.
Being able to suggest actions for limiting the reduction of active electrochemical sites
is fundamental to extend the cell operation life and keep the operational cost affordable.
These actions will contribute to the widespread application of SOCs for promoting a more
sustainable energy landscape.



viii



Abstract (Danish)

Fastoxidceller (Solid Oxide Cells, SOCs) er elektrokemiske enheder til energikonverter-
ing, for hvilke der har været en stigende interesse over hele verden i lyset af de sidste par
årtiers udvikling indenfor energiscenarier og energisystemer. Blandt de vigtigste fordele
ved SOCs er deres højeeffektivitet, mulighed for at anvende en række forskellige brænd-
sler (brint, naturgas og andre kulbrinter), og det faktum at den samme elektrokemiske celle
kan anvendes som en fastoxidbrændselscelle (Solid Oxide Fuel Cell, SOFC) til produk-
tion af elektricitet eller som en fastoxidelektrolysecelle (Solid Oxide Electrolysis Cell,
SOEC) til lagring elektrisk energi og produktion af brændsler. Udbredt anvendelse af
SOCs har imidlertid været begrænset på grund af tab af ydeevne, der forhindrer SOCs
i at være konkurrencedygtige med andre energikonverteringsteknologier, hvor en levetid
på mindst 4-5 år kræves. De mikrostrukturelle ændringer, der er observeret i SOC elek-
troderne, spiller en primær rolle i cellernes forringede ydeevne over tid. Derfor er studier
af ændringerne, der opstår under drift over tid, afgørende for at identificere de processer,
der bidrager signifikant til tabet i cellernes ydeevne. Denne afhandling omhandler æn-
dringerne i Ni/yttria-stabiliseret-zirkonia (YSZ) baserede elektroder til SOCs og projektet
fokuserer på mikrostrukturel karakterisering og modellering.

Karakteriseringsarbejdet er baseret på scanning elektronmikroskopi (SEM), fokuseret ion-
stråle (FIB) - SEM-tomografi og energidispersiv spektroskopi (EDS). Derudover er mere
detaljerede mikrostrukturelle karakteristika, såsom tætheden af tre-fasegrænser og par-
tikelstørrelsesfordelinger ekstraheret fra 3D-rekonstruktioner opnået via FIB-SEM. I dette
ph.d.-projekt er der lavet karakterisering af en celle, der har været testet som en del af en
stak i cirka et år. Denne celle er teknologisk relevant, da de lokale driftsbetingelser, som
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cellen er blevet udsat for i stakken, er forskellige fra test af en enkelt celle, og dette
påvirker de mikrostrukturelle ændringer. Desuden giver den valgte prøve mulighed for at
undersøge ændringerne i mikrostrukturen efter langvarig test – ca. 1 år - ved forskellige
”lokale” driftsbetingelser, idet forskellige udsnit af Ni/YSZ-elektroden undersøges. Desu-
den er det interessant at undersøge ligheder og forskelle i mikrostrukturelle ændringer,
afhængig af om cellen er blevet anvendt som en SOFC eller en SOEC, med andre ord
effekt af strømretning. For at lave en sådan undersøgelse er der kørt test, som er designet
således, at to celler kører ved samme temperatur og samme indstrømmende gassammen-
sætning (pH2O/pH2 = 0.5/0.5) i 1000 timer, men én test køres som en brændselscelle (1
A/cm2), mens den anden køres som en elektrolysecelle (-1 A/cm2). Mens Ni forgrovnin-
gen forekommer i sammenlignelig grad for SOFC og SOEC drift af cellerne, har resul-
taterne i ph.d.-projektet vist, at der er tab af Ni i det inderste område af Ni/YSZ-elektroden
alene for cellen, som blev anvendt som elektrolysecelle dvs. SOEC. For at forklare disse
eksperimentelle resultater, er der opstillet en hypotese, der belyser hvorledes Ni’s over-
fladeegenskaber på YSZ påvirkes af driftsbetingelserne, i særdelshed af strømtætheden
hvilket er medbestemmende for pO2 gradienten i elektroden.

Som et komplementært værktøj til mikrostrukturel karakterisering er der i projektet an-
vendt mikrostrukturel modellering. At være i stand til at forudsige ændringerne i Ni/YSZ-
elektroden under de specifikke driftsbetingelser, er vigtigt for at kunne forudsige ældning
og nedbrydning af elektrodersmikrostrukturer og deraf følgende tab af elektrokemiske
ydeevne for SOCs. I denne afhandling anvendes en ”phase-field” modelleringsmetode
til at beskrive og karakterisere Ni forgrovning og nicklens bevægelse væk fra den ak-
tive brændselselektrode (Ni migrering). Modellen er valideret ved sammenligning med
eksperimentelle resultater fra tomografiske data opnået i et ex-situ røntgeneksperiment.
De anvendte eksperimentelle datasæt er særlig velegnede til validering af modellen, fordi
de samme mikrostrukturelle karakteristika kan observeres, mens de forløber, og en direkte
sammenligning med modelleringsresultaterne kan opnås. Desuden beregnes mikrostruk-
turelle karakteristika (fx partikelstørrelse, tre-fase-grænser og overflade- og grænsefladers
størrelser) over hele det undersøgte område og bruges til sammenligning af eksperimentelle
og simuleringsresultater. Efter at modellen er valideret, kan fænomenet med Ni-migrering
væk fra elektrode/elektrolyt grænsen, som er observeret eksperimentelt, gengives med
fase-feltsimuleringer. Migrering af Ni mod områder med lavere kemisk potential (mindre
kontaktvinkel for Ni på YSZ) antages at være den vigtigste drivkraft for det observerede
Ni migreringsfænomen. Gradienten i pO2 i den aktive brændselselektrode skaber en gra-
dient i kontaktvinklen for Ni på YSZ, og simuleringsresultaterne viser, at dette driver
migreringen af Ni. Desuden anvendes forskellige forsimplede mikrostrukturer til indle-
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dende simuleringer af Ni-migrering og viser, at en grovere struktur fx opnået via mild
brændselscelle-drift (SOFC) af cellen, resulterer i mindre tilbøjelige til Ni migrering i
den aktive brændstofelektrode, når cellen efterfølgende anvendes som en elektrolysecelle
(SOEC).

At forstå ældning- og nedbrydningsfænomener for Ni/YSZ-mikrostrukturer er afgørende
for at udvikle mere holdbare elektroder og dermed reducere tabet af elektrolysecellernes
elektrokemisk ydeevne. At være i stand til at begrænse reduktionen af elektrokemiske
aktive ”sites” er nøglen til at forlænge elektrolysecellernes levetid, bevare høj ydeevne
og derigennem holde driftsomkostningerne lave. Dette vil skabe grobund for udbredt
anvendelse af SOCs på vejen mod et mere bæredygtigt energisystem.
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CHAPTER 1

Introduction

1.1 Motivation

Nowadays, energy systems are still dominated by fossil fuels (coal, oil, and gas) having
a high production of carbon dioxide (CO2) and other greenhouse gases. These emissions
are one of the main causes of climate changes and global warming. In this regard, 197
countries signed the Paris Agreement in December 2016 [1]. The reduction of greenhouse
emission is one of the primary challenges that the members of the Paris Agreement try to
fight with. In particular, actions are taken to accomplish one of the key points stated in
the Paris Agreement: reducing the temperature increase to 1.5°C above the pre-industrial
period [1].

However, the good purposes of the Paris Agreement have to face the current and future
energy scenario where, according to the Internal Energy Outlook 2017 (IEO 2017), an
increase of 28% in the energy consumption from 2015 to 2040 is expected [2]. In this
regard, increasing the use of renewable energy sources and improving the efficiency of
energy systems are key points. In 2017, 40% of the increase in primary energy demand
was met by renewable energy sources indicating that the "coal era" is approaching its end.
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Nevertheless, coal power plants already under constructions have been increasing by 900
GW from 2000 and an additional increase by 400 GW of coal power is expected together
with the increase of oil and natural gas use by 2040 [3]. On the other side, power gen-
eration from renewables is expected to increase fast accounting for 80% of the electrical
capacity in the European Union after 2030 [3]. The characteristics of renewable energy
sources to be intermittent (such as wind and solar) requires an effort to keep the grid load
balanced in terms of voltage and frequency. In this regard, an important role is played by
technologies able to convert and store energy. Among the different types of devices that
can be used (such as pumped storage, compressed air, flywheel, fuel cells, and batteries),
electrochemical devices can convert chemical energy into electrical energy and vice-versa
using electrochemical reactions.

Solid oxide cells (SOCs) are electrochemical devices that can be used for electricity pro-
duction when operated as fuel cells (SOFCs) and energy storage when operated as elec-
trolysis cells (SOECs) on request. The high efficiency of these devices (45-60% for SOFC
[4] and around 90% for SOEC [5]) makes these devices appealing for the market. In ad-
dition to the fact that the same cell can be operated both as fuel and electrolysis cell
(reversible SOCs), these cells are also suitable to operate with a variety of fuels such as
hydrogen, hydrocarbons, and natural gases [6]. The cells are usually operated in the tem-
perature range 500-1000°C [7] and while the current density is in the range ± 0.5-1.0
A/cm2 [4] [8].

Despite the good potentiality of SOCs, the performance degradation during operation (i.e.
the increased overpotential necessary to maintain cell operation) prevents the widespread
application of the technology [9] [10]. In particular, changes in the microstructure of the
cell components are among the main degradation phenomena of the cell. The cost of op-
erating the cell increases when the cell degrades, the energy requested for cell operation is
higher when fewer sites are active for electrochemical reactions. Therefore, reducing the
degradation will reduce the cost of operation of this technology. In this regard, the inves-
tigation of microstructure evolution for deeply understanding the degradation processes
in the cell is crucial for improving the technology.
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1.2 Working Principles of Solid Oxide Cells

Figure 1.1a-b illustrates the basic working principle of solid oxide fuel and electrolysis
cells, respectively. A solid oxide cell is composed of a dense electrolyte placed between
two porous electrodes (a fuel electrode and an air/oxygen electrode). Among the advan-
tages of SOC is the fuel flexibility, indeed, the cells can operate well using hydrogen or
hydrocarbons as fuel that can be electrochemically oxidized directly [11]. Moreover, easy
access and low cost of the state of the art materials (e.g. no precious metals) for solid
oxide cells are key points for promoting the widespread commercialization of the SOC
technology.

Figure 1.1: Working principle of a solid oxide fuel cell (a) and a solid oxide electrolysis
cell (b).

State of the art materials are: yttria stabilized zirconia (YSZ) as oxide ion-conducting
electrolyte, a cermet of Ni/YSZ as fuel electrode, and strontium doped lanthanum man-
ganite (LSM) or cobalt and strontium co-doped lanthanum ferrite (LSCF) for the air/
oxygen electrode. To improve the performance when the LSCF is used for the air/oxygen
electrode, a gadolinium-doped ceria (CGO) barrier layer is usually added between the
electrode and the electrolyte to avoid interfacial reactions. On the other side, when non-
ionic conductor LSM is used, the electrodes are produced as LSM/YSZ composites. To
guarantee good cell performance during operation several factors have to be taken into
account when defining the materials and the manufacturing technique of the cell: match
of thermal expansion coefficient (TEC), occurring of undesired reactions, materials cost
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and durability, sintering, etc. The dense electrolyte has the role of conducting O2− ions
from the cathode were the ions are formed to the anode. The ionic conductivity of zir-
conia doped with 8 mol% Y2O3 has been measured to be 0.1 S/cm at 1000°C [12]. In
fuel cell mode the O2− ions react with H2 at the anode producing H2O and electrons, the
chemical reactions occurring are expressed by Equation 1.1. When the cell is operated
as electrolyzer, H2O and electrons produce O2− ions that are separated into oxygen and
electrons at the air/oxygen electrode, the chemical reactions are reported in Equation 1.2.

SOFC

anode : H2 +O2− −−−→ H2O+2e−

cathode : 1
2 O2 +2e− −−−→ O2−

over al l : H2 + 1
2 O2 −−−→ H2O

(1.1)

SOEC

anode : O2− −−−→ 1
2 O2 +2e−

cathode : H2O+2e− −−−→ H2 +O2−

over al l : H2O −−−→ H2 + 1
2 O2

(1.2)

The theoretical voltage of a SOC operating at the open circuit voltage (OCV) is given by
the Nernst equation [13] and is ~ 1.1 V at typical SOC operating temperatures and, for
instance, feeding hydrogen with 4% steam at the fuel electrode and oxygen at the air/fuel
electrode. However, when a load is applied to the cell, polarization losses are present and
the potential of the cell E , in fuel cell mode, is lower than the reversible cell potential at
the OCV (E0). Therefore, the cell potential can be expressed as:

E = E0 −ηΩ−ηD −ηR −ηct . (1.3)

Where:

• ηΩ is the ohmic loss given by the resistance of conducting ions through the elec-
trolytes, electrons in the electrode, and the resistances due to the contacts.
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• ηD is the diffusion or concentration polarization due to mass transport effects. This
contribution is dominant at high current densities when the diffusion of reactants
and products is slower than the fuel oxidation.

• ηR is the reaction polarization due to the slow supply of reactants and removal of
products, also known as conversion resistance.

• ηct is the charge transfer or activation polarization due to the overpotential required
to overcome the activation energy of electrochemical reactions and is dominant at
low current densities.

These polarization losses are influenced by both cell operating conditions (temperature,
current density, and gas composition) and cell microstructure.

1.3 Microstructural Characterization and Modelling of
Ni/YSZ Electrodes

This work focused on the degradation mechanisms occurring in SOC Ni/YSZ fuel elec-
trodes. The main purpose of the fuel electrode is to guarantee the transport of gas, ions,
and electrons from the respective sources to the active reaction sites called active triple
phase boundaries (TPBs) where electrochemical reactions occur. The choice of Ni and
YSZ for the metal-ceramic composite of the fuel electrode is due to a variety of factors;
in particular, Ni has good electro-catalytic and catalytic activity together with good elec-
tronic conductivity (2x104 S/cm [14]). Moreover, the similar TEC of Ni and YSZ [15]
guarantees the stability of the Ni/YSZ cermet in a wide range of temperature.

A proper engineering process of the electrode microstructure to ensure high TPBs density
is crucial for the cell operation. Indeed a higher value of TPBs density reported lower
activation overpotential and, therefore, better cell performance [16]. Not only the num-
ber of TPBs affects the performance of the cell but also the tortuosity and the quality of
each phase (Ni, YSZ, and pore) pathway affect the transport properties of the electrode
[17]. An additional parameter to be taken into account when characterizing Ni/YSZ mi-
crostructure for SOC is the surface area, especially for the Ni phase, that is affected by
the phenomenon of Ni coarsening [18] [19] [20] [21].
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Scanning electron microscopy (SEM) is extensively used for characterizing SOC mi-
crostructure, the technique can provide overviews on the cm to µm scale as well as de-
tailed characterization of the cell microstructure. The chemical composition of the mate-
rials can be determined by using energy dispersive X-ray spectroscopy (EDS). Imaging
analysis is fundamental to extract the information present in the 2D SEM micrographs.
Moreover, using stereology principles, 3D parameters can be retrieved from 2D measure-
ments [22]. For example, Figure 1.2a shows a typical SEM image used for microstructural
analysis computing particle size using the mean intercept length principle. Moreover,
phase fractions and TPB sites (highlighted by red arrows in Figure 1.2a) can be obtained
from this type of analysis. Previous studies made extensive use of SEM technique for in-
vestigating degradation phenomena occurring in Ni/YSZ electrodes at the microstructural
level [19] [23] [24] [25] [26]. However, 3D reconstructions are necessary for obtaining
parameters such as percolating TPBs density that can be used for linking the cell mi-
crostructure to the cell performance. Focused ion beam-scanning electron microscopy
(FIB-SEM) was initially used for Ni/YSZ microstcructural characterization by Wilson et
al. [27]. This technique is based on subsequent milling of the surfaces recording SEM
images after the removal of each layer. In this way, a stack of SEM images is obtained
and can be post-processed to obtain the 3D reconstructed volume of the cell. Figure 1.2b
shows the 3D reconstruction of Ni/YSZ structure. Microstructural characteristics such as
electrochemical active TPBs sites can be identified on the reconstructed volume as shown
in Figure 1.2c. The parameters that can be extracted from 3D reconstructions are crucial
for studying correlations between microstructural changes and loss in cell performance in
SOCs [17] [19] [28] [29].

Among the degradation processes in the Ni/YSZ electrodes, Ni coarsening has been
proved to play a key role in reducing the active TPB sites [30] [31]. Moreover, more
recent studies brought light on the phenomenon of Ni depletion in the region close to the
electrode/electrolyte interface when the cell is operated in electrolysis mode [19] [25] [26]
[32] [33] [34]. Therefore, a deep understanding of this degradation phenomena is impor-
tant to develop preventive measures to reduce such microstructure deterioration and con-
sequent performance losses. The modelling of such phenomenon in real microstructures
is a suitable tool providing insights about the driving forces for predicting the evolution
and degradation of the cell microstructure under different operating conditions.

Phase-field modelling represents one of the state of the art modelling approaches used
for simulating Ni coarsening in real Ni/YSZ electrodes microstructure [21] [35] [36] [37]
[20]. In this modelling approach, the boundaries of the materials are described with a
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Figure 1.2: SEM micrograph of a Ni/YSZ electrode of a solid oxide electrolysis cell (a),
FIB-SEM reconstruction of a Ni/YSZ structure (b), and percolating TPBs of
the same structure (c).
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diffuse interface having a finite thickness. Each phase in the multiphase system (i.e. Ni,
pore, and YSZ) is represented by an order parameter (OP) equals to 1 inside the phase
of interest, 0 outside it, and varying smoothly across the interface. The OP includes the
information of the interface while the mass conservation and the interaction between Ni
and YSZ are taken into account by the no-flux and contact angle boundary conditions,
respectively.

1.4 Objectives

This work aims to combine microstructural characterization and modelling of Ni/YSZ
electrodes to define measures for reducing and possibly preventing performance degrada-
tion of the solid oxide fuel and electrolysis cells. To reach this objective, the microstruc-
ture of several Ni/YSZ electrodes tested in fuel cell and electrolysis cell mode must be
investigated. The 2D characterization based on SEM micrographs is mainly used for pro-
viding an overview of the cell microstructure allowing to quickly analyze selected regions
of the cell further away from each other, this is particularly suitable to check the homo-
geneity of the cell structure. On the other side, local 3D characterization provides details
on a small volume of the cell. Therefore, 2D and 3D measurements can be used simul-
taneously to consolidate the analysis and supplement one another. A crucial step in the
characterization process is the selection of microstructural parameters that can be related
to electrochemical performance, such as TPBs sites. The microstructural parameters are
used to compare a long-term tested cell with a cell, ideally from the same production
batch, in the pristine state (i.e. a cell where NiO is reduced to Ni without further test-
ing). Particular emphasis was also put on investigating to which extent the microstructural
degradation occurs at the fuel inlet and outlet side being aware that the testing conditions
are different in the two locations. Moreover, a good characterization of the microstructure
is crucial for understanding the main degradation processes and, therefore, defining the
simulation tools for reproducing the observed degradation phenomena.

From an operation point of view, different microstructural evolutions are observed when
the cell is operated in fuel cell or electrolysis mode (see Chapter 5). However, different
testing conditions, cell production process, and materials used make it hard to compare
the microstructures and find relations linking the degradation processes to the operation
mode taking into account all the variables involved. One of the main differences when
operating a cell as SOFC or SOEC is the direction of the current which affects the cell
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polarization. Therefore, designing an experiment that guarantees conditions as similar
as possible having as only one difference the cell polarization, can provide information
on the degradation processes related to the direction of the current. Gas conversion, local
temperature, and current density distribution in the electrode suggest that the most suitable
location for investigating such microstructural difference is at the fuel inlet side of the cell.

The extensive microstructural work presented in this thesis is integrated by modelling
studies for simulating the main degradation phenomena observed in Ni/YSZ electrodes:
Ni coarsening and Ni depletion. While the simulation of Ni coarsening in Ni/YSZ elec-
trodes was previously performed [21] [35] [36] [37], simulating the phenomenon of Ni de-
pletion at the electrode/electrolyte interface represents a new area of interest. The phase-
field modelling approach adopted in the current study was proved to have the potential
for simulating the depletion of Ni in the mentioned region of interest and hence is con-
sidered suitable for simulating the main degradation mechanisms of Ni/YSZ electrodes
investigated in this work. Experimental data were used to validate the modelling results.
For this purpose, the datasets recorded by De Angelis et al.[38] with ex-situ X-ray to-
mography were used. These datasets are particularly suitable for phase-field modelling
validation because the evolution of the same microstructure in atmosphere can be ob-
served. Therefore, using the pristine geometry scanned before starting the experiment as
input for the simulations, the simulated volumes can be directly compared with the exper-
imental results.

Combining experimental results and a reliable modelling approach gives the possibility of
predicting the microstructure of the Ni/YSZ electrodes after the cell operation and, there-
fore, the cell performance as well. Moreover, processing and testing solutions for pre-
venting microstructural deterioration can be based on modelling to develop more durable
cells.

1.5 Outlines

This thesis is organized such that the first chapters provide an introduction to the tech-
niques used for the characterization, analysis, and modelling of Ni/YSZ fuel electrodes
of solid oxide cells. The results achieved are reported in the form of a published paper
on the characterization of a SOEC tested as part of a stack, and two papers ready for sub-
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mission: one about the comparison of SOFC and SOEC Ni/YSZ electrodes degradation,
and the other on simulation of Ni coarsening. Moreover, additional characterization and
modelling results are presented and future work is suggested. A summary of each chapter
is presented in this section.

Chapter 2 presents the microscopy techniques used for the characterization of Ni/YSZ
electrodes. Besides the theoretical aspects of the technology used, the practical prepara-
tion of the sample and the setups of the microscopes for different purposes are explained.
Moreover, details on the imaging and data analysis of all the techniques implemented are
presented.

Chapter 3 presents phase-field modelling theory. Particular attention is paid to simulating
Ni coarsening in Ni/YSZ electrodes with a smoothed boundary method (SBM) approach.
The chapter also includes validations of the algorithm used.

Chapter 4 presents the results of Ni/YSZ electrode microstructural characterization for
a SOEC operated as part of a stack for one year. Preliminary results for the cell char-
acterized were published in [19] and the full manuscript is included in this dissertation
(Appendix B). Here, two locations of interest, at the fuel inlet and outlet side, were inves-
tigated and compared with the microstructure of a reference cell where NiO was reduced
to Ni and no further test was performed. Particular attention was paid to the degradation
occurring to a different extent at the two locations analyzed for the tested cell focusing
on the phenomenon of Ni migration. Additional 3D reconstructions were performed to
investigate the tested cell under the glass sealing and the effect of different reduction con-
ditions on the microstructure, the results are presented in Appendix C.

Chapter 5 presents the microstructural characterization of Ni/YSZ electrodes of a SOFC
and a SOEC tested under the same operating conditions and opposite current direction.
Different degradation phenomena in the Ni/YSZ electrode of the two cells are analyzed
and compared with a reference cell. Moreover, a correlation between wettability proper-
ties of Ni on YSZ and cell testing conditions is proposed.

Chapter 6 presents the comparison of phase-field modelling simulations of Ni coarsen-
ing with experimental results. The comparison is based on microstructural parameters
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computed on the 3D structures. Moreover, the simulated morphological evolution of Ni
during the coarsening process is compared with the one observed with X-ray tomography
in an ex-situ experiment. Preliminary results of this work were published in [20], the full
text is included in Appendix D.

Chapter 7 presents preliminary results of a simulation study on Ni depletion (experi-
mentally observed in Chapter 4 and Chapter 5) using the phase-field modelling approach
introduced in Chapter 3 and Chapter 6.

Chapter 8 summarizes the results presented in the thesis suggesting future work to be
performed both from a characterization and modelling point of view.
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CHAPTER 2

Experimental Methodology

This Chapter describes the experimental procedures adopted to obtain the results pre-
sented in Chapter 4, Chapter 5, and Chapter 6. Details on the sample preparation, data ac-
quisition via scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), focused ion beam (FIB) - SEM, and the data post-processing for the different
microscopy techniques used are presented in this Chapter.

2.1 Sample Preparation

Understanding materials properties is a key point for improving the properties and engi-
neering of new materials and structures for dedicated applications. Electron microscopy
plays a primary role in this framework enabling the micro/nanostructure and chemical
composition characterization of the materials. In this work, electron microscopy tech-
niques are used to investigate Ni/YSZ electrodes of SOFC and SOEC and to analyze
microstructural characteristics. In particular, the cross sections were embedded in epoxy
resin and then polished. This sample preparation facilitates the quantitative analysis pre-
sented in Chapter 4 and Chapter 5 of this dissertation. However, fractured cross sections
not embedded in the epoxy resin can be used to qualitatively study the electrode mi-
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crostructure via SEM images (e.g. nanoparticles identification).

A SOEC stack and several single cell (SOFC and SOEC) samples have been prepared
for SEM investigations. Slightly different sample preparation methods were used for the
stack and the single cells. The SOEC stack analyzed in Chapter 4 was tested for approx-
imately 9000 hours at the European Institute for Energy Research (EIfER). After the test
of the stack, the two end plates were removed and the stack was divided into two pieces
(the first from cell 1 to 10 and the second from cell 11 to 25). The lower part (from cell 11
to cell 25) was embedded in epoxy and cut obtaining nine pieces of interest. Additional
cutting was necessary to make the pieces fit into sample holders for the microscope. The
preparation of single cells samples consisted of cutting small pieces from the region of in-
terest and cold vacuum embedding them in the epoxy mixture EpoFix from Struers®. The
vacuum embedding guarantees optimal infiltration of the pores with epoxy resin, this pro-
cedure makes sure to have the right contrast between the pores and the other two phases
of interest (Ni, and YSZ). In this way, bright un-infiltrated pores can be avoided making
easier the segmentation process as explained later in this Chapter.

The results of the analysis performed in this work (SEM, EDS, and FIB-SEM) have been
proved not to be affected by the epoxy embedment [39]. To have an adequate surface
for microscopy analysis, after the epoxy embedment, all the samples were ground with
Si-paper and polished with diamond suspensions from Struers® with diamond grains of
9, 3, and 1 µm. Depending on the type of analysis performed the samples were coated
with carbon (low voltage EsB images, EDS, and FIB-SEM) or left uncoated (low voltage
Inlens images).

2.2 Scanning Electron Microscope

Scanning electron microscopy is a state of the art technology used for acquiring high mag-
nification images of samples surfaces with a nanometer resolution. An electron beam is
focused on the sample and the interaction of the electrons with the atoms on the surface
of the sample produces several signals providing topographic and compositional infor-
mation. Many types of electromagnetic radiations are emitted by such interaction and
different signals are produced: secondary electrons (SE), back-scattered electrons (BSE),
and characteristic X-rays.
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Figure 2.1 illustrates a schematic representation of an SEM microscope. The column
is equipped with an electron gun that accelerates the electrons in the range 0.5-30 keV.
By applying a strong potential gradient the electrons are emitted from the source and
then focused on the sample surface with a series of condenser and objective lenses. The
electrons of this incident beam are called primary electrons. Two types of scattering can
result from the interaction of the primary electrons with the electron shells of the sample
surface atoms:

• Elastic scattering when the trajectory of the incident electrons is changed without
changing their kinetic energy. Backscattered electrons resulting from one or more
elastic scatterings are primary electrons escaping the sample surface with high ki-
netic energy.

• Inelastic scattering when the incident electrons transfer energy to the electron shells
of the sample atoms. Several electromagnetic radiations are emitted from this type
of interaction. In this work, we focus on the secondary electrons ejected from an
atom valence or conduction band. It has to be mentioned that the emitted electron
can belong to an inner shell. The hole created in the inner shell can be filled with an
electron from the outer shell releasing the energy difference between the outer and
inner shell as X-rays. The X-ray signal can be used for measuring the elemental
composition of the sample.

The detectors represented in Figure 2.1 detect the different types of signals. The arrows
in Figure 2.1 represent the different type of electrons: red arrows for the backscattered
electrons detected by the BSE detector, purple arrows for the BSE filtered by the grid
and the ones detected by the energy selective backscattered (EsB) detector, the secondary
electrons detected by the lateral SE2 detector are represented by orange arrows while sec-
ondary electrons detected by the Inlens detector are exemplified with green arrows, the
X-rays emitted are detected by the EDS (energy dispersive X-ray spectroscopy) detector
providing information of the sample composition. In the current work, we analyze the
signal coming from secondary and backscattered electrons, and X-rays. Inlnes, EsB, and
X-ray detectors are used for analyzing the two dimensional surface of the sample while
images acquired from both SE2 and Inlens detector are used for 3D reconstructions (see
section 2.4).
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Figure 2.1: Schematic of the main components of a SEM including EsB, Inlnes, SE2,
and BSE detectors. The electrons beam, emitted from the electron gun, is
represented in yellow. The backscattered electrons (BSE) detected by the
BSE detector are represented by red arrows. The purple arrows represent the
backscattered electrons filtered by the filtering grid and the ones that reach
the EsB detector. The secondary electrons detected by the lateral SE2 detec-
tor and by the Inlens detector are represented with orange and green lines,
respectively.
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It is of interest to mention that four different types of secondary electrons are produced:
SE1, SE2, SE3, and SE4. As the electron beam enters the surface of the sample the
SE1 are emitted containing high resolution information of the incident location. The SE2
are emitted when the BSE are produced. Larger interaction volumes for backscattered
electrons are produced for higher acceleration voltages, therefore, the information carried
by the SE2 electrons interest a wider area of the sample depending on the acceleration
voltage. Finally, SE3 and SE4 contribute to the image noise: SE3 are released from
backscattered electrons hitting the objective lens or the walls of the microscope chamber
while SE4 are generated when the primary electron beam hits an aperture in the electron
column. Median filters are used in the imaging analysis to remove the noise produced by
SE3 and SE4.

2.2.1 Low Voltage EsB Images

A Zeiss Merlin thermal field emission gun SEM (FEG-SEM) equipped with an EsB de-
tector was used for investigating SOCs microstructure. An example of low voltage EsB
image is shown in Figure 2.2a. The samples used for this type of analysis were carbon
coated and carbon tape was used to connect the sample to the holder to guarantee electri-
cal contact. The particle size and phase fractions were computed on the three phases of
interest: Ni, YSZ, and pores. While the porosity is easily distinguishable the other two
solid phases (Ni and YSZ) have close backscatter coefficients for acceleration voltages in
the range 10-20 kV [40], resulting in too low contrast to perform a high-quality automated
segmentation for further analysis [17] [41] [42]. Additionally, the high penetration depth
at high acceleration voltage produces a signal coming not only from the surface but also
from the solid structures beneath the thin layer of carbon coating. On the other hand, us-
ing the EsB detector at low voltage and high current (2.5 kV and 18-22 nA, respectively)
guarantees good contrast between Ni and YSZ and, therefore, acquisition of high-quality
images, as the one in Figure 2.2a, that can be used for qualitative microstructural charac-
terization. A working distance between 3.9 and 4 mm was used and the grid for filtering
backscattered electrons detected with the EsB detector was set to 1.5 kV. These setting
conditions give the possibility to perform a semi-automated segmentation [19].

The semi-automated segmentation approach for EsB images was performed by drawing
10 lines spaced of 0.8 µm from each other in the innermost 8 µm of the active fuel elec-
trode (i.e. starting from ~ 1 µm away from the electrolyte into the fuel electrode and
terminating ~ 1 µm before reaching the support layer). The analysis included all the
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particles crossing each line, even if the same particle is crossed by multiple lines. The
semi-automated segmentation was performed with "ManSeg" software [43] which com-
putes the intensity gradient along a line on the image and suggests the phase interface
location in correspondence of local gradient maxima. The further classification of each
location is manually performed. This segmentation process is less prone to image artifacts
than a fully automated approach and human bias is prevented by allowing interfaces only
where there are local maxima of the intensity gradient. More than 1000 particles covering
an overall length of ~ 300 µm were included in the analysis to reduce the confidence inter-
vals and obtain smoother distributions. From this analysis it was possible to use Equation
2.1 and Equation 2.2 for computing the phase fraction (PF ) and the mean intercept length
(M I L) for each phase, i.e. Ni, YSZ, and pores.[19] The "bootstrapping" method [44] was
used for estimating the standard deviation of the M I L [19].

PFi = over al l l eng th phasei∑
i (over al l l eng th phasei )

(2.1)

M I Li =
∑

k lk

k
(2.2)

Where the superscript i is the i th phase (Ni, YSZ, and pores), k is the number of seg-
ments obtained for phase i and lk is the length of the k th segment. The 1D measurements
performed on 2D SEM micrographs allow covering a large area of the electrode and in-
vestigating different locations of interest. The low voltage EsB images of the single cells
tested as SOFC, SOEC, and the respective reference cell were used for computing the
porosity fraction in different regions of the fuel electrode as explained in the "Experimen-
tal and Methodology" section in Chapter 5.

2.2.2 Low Voltage Inlens Images

A Zeiss Merlin thermal FEG-SEM was used for acquiring images as the one illustrated
in 2.2b with the Inlens detector using a low acceleration voltage of ~ 1 keV [40]. The
samples used for this type of analysis are non-coated and the surrounding epoxy is fully
covered with conducting carbon tape to guarantee electrical contact to the sample holder
and avoid charging effects. This type of images is used for visualizing percolating and
non-percolating Ni network [40]. Quantitative analysis can be performed using the im-
ages recorded with the Inlens detector and low acceleration voltage, however, it has to
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be taken into account that this analysis can lead to an over-estimation of Ni particle size
and therefore of Ni phase fraction [45] [46]. Although this study allowed only qualita-
tive observations, visualizing the degree of percolation in the Ni/YSZ electrode provides
information on the degradation of the electrode itself. Indeed, a decrease in percolation
entails a decrease of active sites for electrochemical reactions. The technique used here
was developed by Thydén et al. [40] to investigate Ni/YSZ structure to identify: non-
percolated Ni, percolated Ni, YSZ, and pores indicated by orange, green, red, and blue
arrows in Figure 2.2, respectively.

The secondary emission coefficient at low-voltage is higher than 1 for many materials
[40]. The electrons emitted from the percolated Ni can be replaced generating a high
secondary yield while the emitted electrons cannot be replaced in the non-percolated Ni
and insulating phases. This effect causes the positive charge of the non-conductive phases
[47]. Using a short working distance (typically between 3.5 and 4 mm) guarantees that
SE1 can well reach the Inlens detector. A satisfactory signal/noise ratio for the final image
is obtained averaging over approximately 150 frames at the highest scan speed. This type
of images was obtained only for single cell samples to qualitatively observe percolation
losses between SOFC and SOEC operation modes.

Figure 2.2: Examples of SEM images for a reference cell obtained with the microscope
setup described for the EsB detector (a) and of a tested cell at the outlet side
recorded with the Inlens detector (b). YSZ and pores are indicated by red
and blue arrows respectively. The light green arrow points the Ni in the EsB
image (a) and the percolated Ni in the Inlens image (b). The non-percolated
Ni in (b) is pointed out by the orange arrow.
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2.3 Energy Dispersive X-Ray Spectroscopy

EDS analysis is used to analyze the chemical composition of the investigated samples.
The detector is located into the microscope chamber and is equipped with a crystal that
becomes conductive absorbing the energy of emitted X-rays by ionization and produces
an electrical charge bias. Therefore, the absorbed X-rays are converted into proportional
electrical voltages that correspond to the characteristic X-rays of the elements. The re-
sulting energy spectrum plots the X-ray counts versus energy (keV) and is analyzed with
EDS software to quantify the presence of specific elements.

In this work, EDS analysis was used for obtaining compositional information of the sam-
ples. In particular, quantifying the amount of Ni present in different regions of the Ni/YSZ
electrode is important for understanding the phenomenon of Ni depletion in the innermost
area of the electrode. For the stack sample, a Zeiss Supra 35 thermal FEG-SEM equipped
with an energy dispersive X-ray detector (Thermo Electron Corporation – NORAN Sys-
tem SIX) was used for EDS analyses performed on the stack cell and the corresponding
reference cell. An acceleration voltage of 15 kV giving an interaction volume of ~ 600
nm3 (calculated with Casino - monte CArlo Simulations of electroN trajectory in sOlids
- softwareS) was used for X-ray mapping, wide line scans, and area analysis to calcu-
late the Ni/(Zr + Y) atomic ratio in different regions of interest of the electrode (close
to the electrode/electrolyte interface and in a large area of the support layer) using Proza
(Phi-Rho-Z) correction. Areas of 25 x 3 µm2 and 50 x 3 µm2 were used close to the
electrode/electrolyte interface while bigger regions of 25 x (3 to 10) µm2 and 50 x (3 to
20) µm2 were used for the support layer. The line scans were recorded perpendicular to
the electrode/electrolyte interface, each line scan started ~ 4-5 µm into the electrolyte and
extended for ~ 38 µm towards the support layer. Each spectrum acquired gave ~ 30 000
nickel counts and a background of ~ 2 500 counts.
The samples tested as single cell were analyzed with a Zeiss Merlin FEG-SEM equipped
with an X-ray detector (Quantax X-ray detector – Bruker) for EDS analysis. Line scans
were used to quantify the Ni/(Ni + Zr + Y) atomic ratio at different distances from the
electrode/electrolyte interface to compare the changes in Ni content in the: "inner” part of
active fuel electrode (2 µm away from the electrode/electrolyte interface), “outer” part of
active fuel electrode (8 µm away from the electrode/electrolyte interface), “inner” part of
electrode support layer (12 µm away from the electrode/electrolyte interface), and “sup-
port” layer (30 µm away from the electrode/electrolyte interface). An acceleration voltage
of 15 kV giving an interaction volume of ~ 600 nm3 was used for the line scans. The 100
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points along each line scan were spaced of approximately 1 µm step size and a spectrum
was obtained for each point with an acquisition time of 10 minutes for each line scan and
the quantification of the spectra was performed with a Quantax Esprit 1.9 Bruker soft-
ware using a ZAF correction. Two line scans were recorded for each location covering an
overall length of 200 µm. The value Ni/(Ni + Zr + Y) atomic ratio for each location was
obtained as the average of the ratios computed from each spectrum of the lines.

It is worth noting that although the line scans were recorded for the same purpose and
analyzed with the same methodology for both samples, two different correction methods
were used due to the specific setup of the microscope used. The difference in Ni mass and
atomic percentage by using one or the other method was calculated to be approximately
3%.

2.4 Focused Ion Beam - Scanning Electron Microscopy

In the focused ion beam (FIB) technology, a beam of focused ions (usually gallium ions) is
used for slicing a small region of the sample. FIB and SEM can be combined (FIB-SEM)
and used as state of the art techniques for obtaining 3D datasets of a limited volume of
a sample. FIB-SEM allows automatizing the process of imaging acquisition and surface
milling (for a stationary sample). Widespread use of FIB-SEM for SOC characterization
has taken place in the last decade [17] [48] [49] [50] [51] [52] [53]. In this work, we used
FIB-SEM for the characterization of Ni/YSZ electrodes of reference and aged cells. The
detailed microstructural comparison is important to understand the degradation mecha-
nisms occurring during the operation of the cell under different conditions [19] [28]. A
schematic and a picture of the FIB-SEM of the Zeiss XB1540 microscope used in this
work is shown in Figure 2.3. Both Inlens and SE2 detectors are used to simultaneously
record two images that will be used for the image post-processing.

2.4.1 Data Acquisition

The procedure for data acquisition has been standardized and partially automatized over
the years. The following steps compose the procedure:

• The sample is inserted into the microscope and tilted by 36° to be perpendicular
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Figure 2.3: Schematic of the main components of the dual beam FIB-SEM configuration
(a): the angle between the electron beam and the ion beam is 54 ° and the ion
beam is perpendicular to the sample. An image of the FIB-SEM configuration
inside the microscope chamber is illustrated (b).
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to the ion beam of the FIB angled 54° to the SEM. A correction for the tilting is
applied with the SmartSEM software to consider the sample orientation.

• Once the location to be analyzed has been selected, a first trench is milled and a
surface is cleaned for image acquisition, the size of the first trench is decided so
that issues due to re-deposition and shadowing effects are limited. The data quality
of the first trench is not important since the images are not recorded for further use,
therefore higher currents (5, 10 nA) can be used at this stage for speeding up the
process. Higher FIB-current results in faster milling and rougher surface after the
cut.

• Before starting to record the tomographic dataset the surface is refined using a lower
current ion probe, usually, the same one used for the rest of the data acquisition
(500pA, 1nA, or 2nA depending on the sample).

• At this stage, data acquisition can be started. The milling is performed continuously
and images are acquired every 25-30 seconds. The voxel size was chosen to be
approximately 25 x 25 x 30-40 nm

3
and, for each dataset, the reconstructed volumes

were approximately 10-15 x 8 x 12-20 µm
3
. It is worth reminding that the sample is

milled continuously and not in discrete steps, therefore the thickness of each "slice"
removed is controlled by the milling time between two consequent images. Two
images are recorded simultaneously (one from the SE2 detector and the other from
the Inlens detector, Figure 2.4a-d). To periodically adjust the focus manually the
time for frame averaging was set to be a bit shorter than the acquisition time.

• Several hundred images are collected creating two stacks (one for each detector) of
raw data.

Once the data acquisition is completed both image stacks (SE2 and Inlens) are used for
the post-processing to remove artifacts caused by the procedure.

Figure 2.4 illustrates micrographs from the Inlens and SE2 detector recorded at a milling
distance of 3.5 µm. It is possible to observe that the interface between the milling front
and the surface of the sample (red dashed line in Figure 2.4a-d) moved upwards during the
data acquisition. Consequently, the region of interest for microstructural characterization
(purple rectangle in Figure 2.4a-d) is also shifted. Moreover, Figure 2.4a-d shows a non-
uniform illumination and high intensity vertical bands. These effects are due to the milling
process and are more pronounced in the lower part of the images while they are lessened
in the area inside the purple rectangle.
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Figure 2.4: a) and b) raw images obtained during the milling process with the Inlens
detector at the beginning of the milling job (a) and after approximately 3.5
µm (b). c) and d) micrographs recorded simultaneously with a) and b), re-
spectively, using the SE2 detector. e) histogram of intensity gradient versus
intensity value of each voxel of the Inlens images stack after alignment and
illumination correction. f) histogram of intensity values of each voxel of the
Inlens images versus intensity values of each voxel of the SE2 images after
alignment and illumination correction of the image stacks. The logarithmic
color scale is used for the histograms in e) and f).
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2.4.2 Data Post-Processing

The semi-automated post-processing procedure used in this work was developed in [45]
and includes image alignment, illumination correction, and image segmentation.

2.4.2.1 Alignment

During data acquisition, some drifting occurs due to the microscope setup; the fact that the
sample is tilted by 36° results in the systematic upwards movement of the edge between
the surface of interest and the polished surface of the sample (red dashed line in Figure
2.4a-d). This systematic drifting is, in principle, taken into account by the tracking of the
working distance option of the SmartSEM software. However, the additional adjustments
are necessary also for considering the random movement of the sample that can be caused
by the electron and ion beams, and additional factors such as thermal changes and external
vibrations. Therefore, the total drifting of the sample is unpredictable. The established
alignment procedure was previously developed as explained in [45]. The methodology has
two fundamental steps: i) detection of reference markers on the polished surface of the
sample (features highlighted by blue arrows in Figure 2.4c), ii) translate each image such
that the reference markers coincide for all images. The coordinates for the alignment are
changed smoothly using a spline fitting rather than raw coordinates. This is particularly
important to obtain smooth phase boundaries in the aligned stack of images. It is worth
noticing that the region of interest (purple rectangle in Figure 2.4a-d) must be visible in all
the images. Moreover, the comparison between different structures has to be performed
on 3D reconstructions of the same size. Therefore, the smallest dataset acquired limits the
size of the comparable volumes of the samples.

2.4.2.2 Illumination Correction

A spatial gradual difference in the intensity of all phases can be observed in Figure 2.4a-d
for images recorded with both detectors (Inlens and SE2). In particular, for the SE2 de-
tector, it is possible to observe that the bottom left corner is darker while the upper right
corner appears brighter. This non-uniform illumination is due to the shadowing effect
caused by the geometry of the detectors setup. The illumination is related to the ability
of the electrons emitted from the sample surface to reach the detector. The automatic
illumination correction used in the current work was developed in [45]. The method was
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built up for the specific setup adopted for the Zeiss CrossBeam 1540 microscope used
in this work and it is based on the estimation of the illumination field. The correction
of non-uniform illumination is fundamental for the next step of the post-processing (seg-
mentation). Moreover, the presence of high intensity milling artifacts should be taken into
account when performing illumination correction. It can be noticed that this issue is less
pronounced in the region of interest inside the purple rectangle.

The automatic illumination correction takes the aligned stack of images as input and per-
forms the correction on each image individually since differences in intensity were ob-
served from image to image. Three fundamental steps compose the method: i) sampling
the spatial changes in illumination, ii) fitting the surfaces to the sampled points with po-
sition (x and y coordinates) and intensity value to estimate the illumination field, and iii)
normalizing the intensity of each slice to the overall intensity level of the stack. After
having corrected the illumination of both image stacks (Inlens and SE2), the data are used
for segmentation.

2.4.2.3 Segmentation

The FIB-SEM raw data show different values on the gray scale for the three phases of
interest (Ni, YSZ, and pores). The segmentation process consists of labeling each voxel
of the tomographic reconstruction with a phase. The segmentation process is fundamental
since the microstructural parameters will be computed based on the segmented volume.
However, it is challenging to perform an automated segmentation on the overall 3D vol-
ume. Issues arise when two different phases show similar intensities and it is not trivial
to label the pixel with the correct phase. This can happen at the interface between two
different phases when the phases show similar secondary electrons coefficients, and in
case that some of the pores were not infiltrated by epoxy. Two intensity histograms are
produced in order to segment the dataset: one reporting the intensity gradients versus the
intensity value of each voxel for the Inlens detector (Figure 2.4e) and a second histogram
showing the intensity value of each voxel of the Inlens detector raw data versus the inten-
sity value of each voxel of the SE2 detector images (Figure 2.4f). The logarithmic color
scale is used for the histograms in Figure 2.4e-d. The segmentation process is performed
thresholding the intensity maps of the histograms; all the voxels having intensity in a se-
lected region of the map will be assigned to a specific phase. Low intensity gradients are
found in the inner part of each phase while high values of the gradient are characteristic
of the interfaces. The histogram in Figure 2.4e is used for identifying each phase leaving
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the interface regions unassigned. The intensity histogram in Figure 2.4f is used for as-
signing the voxels closer to the interfaces. Moreover, the area highlighted by the orange
dashed line in Figure 2.4f corresponds to un-infiltrated pores which have "high intensity"
in Inlens images and "low intensity" in SE2 images. Un-infiltrated pores are highlighted
by the orange arrow in Figure 2.4a and Figure 2.4b and need to be segmented as part of
the pores network.

2.4.3 Data Analysis

Once the segmented stack has been produced microstructural parameters such as triple
phase boundaries (TPBs) density and surface areas can be computed to characterize the
structure. The results highlight the microstructural degradations of the aged cells when
compared to the reference one. The degradation of the Ni/YSZ electrodes can be directly
correlated with the degradation of the cell electrochemical performance. Moreover, data
on Ni/YSZ microstructure evolution presented in this dissertation can give useful infor-
mation for improving the manufacturing process to produce more durable electrodes.

2.4.3.1 TPB Density and Surface Areas

The TPBs are the locations where the Ni, YSZ, and pores coexist. If all the phases at a
TPB are connected to a source/destination of the respective carrier (electrons in the Ni,
oxygen ions in the YSZ, and gas in the pores) the TPB site is active and electrochem-
ical reactions can occur. The active TPB sites are called percolating TPB because they
constitute a percolating network. Detecting the density of total and percolating TPB is
important to understand the degradation of the cell electrochemical performance. In this
regard, it is also relevant to detect the surface area of the phases. The method developed
for the detection and computation of TPB, as applied in this thesis, was developed by
Jøergensen et al. [54]. The algorithm polygonized the two-phase interfaces (Ni-YSZ,
Ni-pore, and pore-YSZ) then detect the edges of the polygons shared between three poly-
gons belonging to three different phases (Ni, YSZ, and pores) and classified them as TPB.
The TPB length is calculated by adding together the length of all the edges classified as
TPB. For each phase, the surface area is obtained by summing up the area of the polygons
separating two phases.
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2.4.3.2 TPB Tortuosity and Characteristic Pathway Diameter

The triple phase boundary sites are connected to the source/destination of the respective
carrier. The tortuosity of the pathway is given by the ratio between the shortest possi-
ble percolating pathway connecting the TPB and the source/reference and the Euclidian
distance between the two points. The measure of tortuosity for each TPB site gives a
distribution of TPB tortuosity. This parameter was computed as proposed by Jøergensen
et al. in Ref. [17] where the source is represented by the edge of the analyzed volume and
the destination is represented by the voxels of the specified phase at the TPB. For all the
three phases, a distance map is computed and the value of the distance between the TPB
and the source is obtained.

An additional measurement of the quality of the pathway was performed using the con-
cept of characteristic pathway diameter. This is the diameter of the largest sphere that can
pass through the pathway of a phase connecting the TPB to the source (Figure 2.5). The
computation of the characteristic pathway diameter is performed by checking the perco-
lation between the source and the TPB while eroding the network step by step. Once the
TPB site becomes non-percolating through the analyzed network, the value of the char-
acteristic pathway diameter is defined. The calculation of this parameter for all the TPB
sites returns a distribution of characteristic pathway diameters. Since the measurement
of TPB tortuosity and characteristic pathway diameter is affected by the choice of the
source plane, the calculations were performed for all the 6 faces of the analyzed volumes
to consider anisotropies in the sample [17].
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Figure 2.5: Schematic of a Ni/YSZ structure highlighting the characteristic pathways di-
ameter of the three phases (dNi , dY SZ , and dPor e ). In the picture Ni is red,
YSZ is gray, and the pores are transparent.
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CHAPTER 3

Phase-Field Modelling

3.1 Modelling of Solid Oxide Cells

In the last decades, the modelling of SOCs has been extensively used to study and pre-
dict the electrochemical performance of the cell. Different models have been developed
to optimize the operation parameters and the microstructure of the cell. Moreover, con-
trol systems and strategies have been proposed based on modelling results. Combining
modelling and experimental results aims to develop actions for extending the lifetime
of the cells. Several models have been developed and validated to analyze the electro-
chemical performance of the cells. A review of the different electrochemical modelling
approaches ranging from 0D to 3D is presented by Wang et al. [55]. Wang et al. include in
the review equivalent circuit models with electrochemical impedance spectroscopy (EIS),
system models, and physical model simulating the distribution of temperature, current
density, and gas composition inside the cell. It is well known that the electrochemical per-
formance of the cell is strongly linked with the cell microstructure. Therefore, developing
electrochemical models that account for the 3D microstructures plays a crucial role in
analyzing SOC performance degradation. In particular, microstructural properties (such
as porosity, particle size distribution, and pathway tortuosity) can be computed on the
simulated 3D structures and used for predicting the electrochemical performance of the
cell. Golbert et al. [56] produced virtual electrodes starting from spherical structures then
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expanded for creating the porous structure used for the computation of microstructural pa-
rameters and modelling transport phenomena through the different phases. Cai et al. [57]
[58] used Monte Carlo simulations for generating the 3D electrodes structures further
used for electrochemical simulations. The next step towards a more accurate modelling
approach is represented by simulating the evolution of real 3D microstructure over time.
The final goal is to combine 3D electrochemical and microstructural modelling. In partic-
ular, the transport phenomena through the different phases networks can be predicted, and
the electrochemical reactions at active sites can be simulated while the microstructure is
evolved with time-dependent microstructural modelling. Therefore, the electrochemical
performance of the cell can be accurately predicted.

Simulating microstructure evolution over time requires to track the interface of the differ-
ent phases composing the studied system. In general, two methods are used for studying
the evolution of a multi-phase system: i) the sharp interface method where material prop-
erties change sharply at the interface between two different phases and the position of
the interface has to be located at each iteration of the simulation; ii) the diffuse interface
method where the system components are represented by functions called order parame-
ters (OPs) that vary smoothly at the interface. While in the first approach the interface has
its own properties (e.g. surface tension), these information are enclosed in the OP in the
diffuse interface approach. The gradients of the OP affect the evolution of the system by
minimizing the total free energy of the system and, therefore, the interfaces information
results to be embedded in the time evolution of the system. A comparison between the
phase-field diffuse interface approach and the sharp interface is presented by Caginalp
and Xie in their study of metal alloys [59].

It is well known that the evolution of Ni/YSZ electrode microstructure strongly affects
the cell electrochemical performance by reducing the active TPB density where electro-
chemical reactions occur and by deteriorating the phases networks [17] [38]. In particular,
changes of the Ni phase, mainly due to the coarsening process, have a strong impact on the
electrode microstructure and therefore on the electrochemical performance of the cell [18]
[19] [20] [21] [30] [31]. The coarsening of Ni in Ni/YSZ electrodes is a free-boundary
problem that consists of solving partial differential equations (PDEs) for the unknown
OP c representing the Ni phase on an unknown domain with not known boundaries. The
solution of this problem in the sharp interface framework is, however, computationally
expensive because the phase boundaries have to be tracked explicitly, therefore using
phase-field models based on the diffuse interface approach is convenient in this case.
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In the past years, several models have been used to simulate Ni coarsening in Ni/YSZ
electrodes and correlate the evolution of electrode microstructure with cell electrochemi-
cal performance. One of the key parameters changing as a consequence of Ni coarsening
is the particle size and few studies focused on tuning modelling parameters of 0D mod-
els to fit experimental observations. Vaßen et al. [60] and Gao et al. [61] implemented
Fick´s law-based models for the coarsening of two adjacent spherical Ni particles to find
the correlation between Ni particle size and time. With the same purpose of predicting
Ni particle size, Kennouche et al. [18] used a power law to fit the increase in Ni particle
size observed experimentally, while Faes et al. [31] tuned the parameters of a charging

capacitor model to fit their experimental observations. These models give an indication
on the microstructure evolution and are based on the experimental observation that as the
Ni particle size increases the performance of the cell decreases [23] [62] [63]. However,
modelling the evolution of real 3D microstructure allows to resolve detailed morpholog-
ical changes and therefore to compute microstructural properties (such as pathway tortu-
osity and phase connectivity) after each iteration. Developing reliable models for such a
purpose is crucial. Only a few studies have been performed to observe the evolution of
the same 3D Ni/YSZ microstructure [18] [38], in these studies, X-ray tomography was
used for scanning the sample in the pristine state and after aging at different temperatures.
These datasets are suitable for the model validation because the morphology of the simu-
lated geometries can be directly compared with the experimental results investigating the
evolution of single features in detail. Phase-field modelling has been used in the past years
for simulating Ni coarsening in Ni/YSZ electrodes [19] [21] [35] [36] [37]. The predic-
tion of the microstructure under different testing conditions will support electrochemical
modelling of the cell performance being able to predict the cell lifetime. Moreover, a
better understanding of the degradation mechanisms of Ni/YSZ electrodes contributes to
the detection of possible better solutions for better engineering of the microstructure that
can reduce electrochemical performance degradation and extend the cell lifetime.

The model validation is crucial for the reliability in predicting the evolution of complex
3D microstructures. Besides simple case study to validate the code itself (such as the
evolution of a square towards a circular shape and the coarsening of a cube on a substrate
that will be presented in this Chapter), the model validation can be performed by com-
paring microstructural parameters (Ni particle size, TPB density, surface areas, and net-
work connectivity) computed on the simulated structures with experimental results and by
comparing simulated and experimental morphology of specific features of the microstruc-
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ture. Experimental datasets for comparing microstructural parameters can be obtained,
for example, from FIB-SEM tomography and the trend of the parameters of the simu-
lated geometry can be compared with the average values computed on real geometries at
a specific time (Appendix D). The second validation of the model requires experimental
observation on the evolution of the same feature over time. X-ray tomography datasets are
suitable for such purpose. A first attempt of this latter type of validation will be presented
later in this dissertation (Chapter 6) where the pristine geometry of a Ni/YSZ electrode
is used as input for phase-field modelling and the simulation results are compared with
the 3D reconstruction of the same geometry after three hours of annealing obtained with
X-ray tomography. Using a diffuse interface approach in this case where the 3D system is
composed of three phases is computationally convenient compared to the sharp interface
approach.

This Chapter focuses on the mathematical formulation of the phase-field modelling used
for Ni coarsening simulations and includes the validation of the code against simple case
studies.

3.2 The Phase-Field Modelling and Smoothed Boundary
Method

3.2.1 Modelling Approach

Phase-field models are used for simulating free-boundary problems where the diffuse in-
terface approach is used for tracking the interface, as already mentioned. This type of
modelling is suitable for many problems in material science where multiple phases are
involved such as dendrite growth and solidification [64] [65], alloy solidification [66],
phase transitions [67], Ostwald-ripening [68], and coarsening [21] [35]. Each phase of
the multi-phase system is represented with an OP assuming a constant value inside as
well as outside of the represented phase while varying smoothly at the interface that is
defined by a region of finite thickness. The OPs include the boundary information so that
the interface can be implicitly tracked resulting in computational advantages, as compared
to the explicit interface tracking necessary for the sharp interface approach, especially for
the 3D case.
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The work on superconductivity by Ginzburg and Landau [69] is considered the first study
where OPs are included in the expression of the free energy density. A few years later
Cahn and Hilliard [70] proposed the expression of the free energy functional as a func-
tion of the OPs and their spatial derivatives. Such expression includes immiscibility and
interfacial energy summing a bulk free energy term with a gradient energy term that is
weighted with an energy penalty (ε). The thickness of the interface in phase-field models
can be controlled with an appropriate choice of the modelling parameters. Choosing the
parameters to have an interface as thin as possible increases both computational cost and
model accuracy, while increasing the interface thickness decreases the computational ex-
penses at the cost of the model´s capability of resolving small features. The extreme case
of zero interface thickness corresponds to the sharp interface case. Therefore, in the limit
of the interface thickness approaching zero, the phase-field solution must reproduce the
solution of the sharp interface approach. This is proved by a formal asymptotic analysis
in the limit of the diffuse thickness approaching zero [71] [72].

Several studies used phase-field models for simulating Ni coarsening in solid oxide fuel/electrolysis
cells [21] [35] [36] [37]. Conserved Cahn-Hilliard equation [70], previously used for sim-
ulating Ni coarsening in other studies [21] [35] [37] [73], has been used for the simulations
performed for this work. The assumptions made for developing the model are based on
experimental observations and reported in section 3.3 Phase-Field Model. In particular,
at typical cell operating temperature (500-1000°C [7]), the YSZ can be considered stable
compared to the Ni phase which has higher mobility. Therefore, the YSZ is not evolved
during simulations making it possible to simulate microstructural changes evolving only
one OP (the one for the Ni phase that coarsens) by solving the phase-field equation. In
this work, phase-field equations are solved in the framework of the smoothed boundary
method (introduced in the next section) and details on the equations and parametrization
are reported in section 3.3 Phase-Field Model.

3.2.2 Smoothed Boundary Method

The problem of Ni coarsening analyzed is solved here by solving phase-field PDEs. To
solve the problem, boundary conditions (BCs) have to be imposed at the domain bound-
aries and at the complex shaped triple phase boundaries where Ni, YSZ, and pores coexist.
To do so, the smoothed boundary method (SBM) was used. Using the SBM allows im-
posing BCs on complex internal boundaries (i.e. boundaries not aligned with the grid)
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using a finite difference scheme [74] [75]. The smooth interface of the domain parame-
ters guarantees that the normal is always defined in each point of the grid. The SBM is
based on the introduction of a function (the domain parameter ψ) that assumes a constant
value in the domain where the partial differential equation is solved and varies smoothly
at the boundary where BCs need to be imposed. The domain parameter is incorporated in
the PDEs that have to be solved. One of the advantages of this method is the possibility of
applying boundary conditions on a moving boundary without the need of dynamic mesh-
ing of the domain for manually tracking the interface. Indeed, the domain parameter is a
phase-field like function equal to 1 inside the domain of interest where the PDE is solved
and 0 outside, the diffuse interface makes it possible to implicitly track the interface of
the domain parameter in case that it is not stationary. In this work, the phase-field PDEs
are solved on a cubic domain where the three phases (Ni, YSZ, and pores) are present
and the internal boundaries are implicitly considered with the domain parameter ψ equal
to 0 inside the YSZ and 1 outside. The equations do not have to be solved inside the
stable YSZ. In particular, the initial construction of the domain parameter ψ is obtained
by transforming the distance function of the domain of interest with a hyperbolic tangent.
For what concern the BCs, these can be imposed by rearranging the equations as will be
described later in the Chapter. Similar to the phase-field approach, the convergence of the
SBM to the sharp interface case when the interface thickness approaches zero is proved
by performing an asymptotic analysis [74].

Four cases of SBM applications for solving PDEs with different boundary conditions were
reported by Yu et al. [74] [75]. In particular, the authors showed that the SBM method
can be used to impose contact angle boundary conditions in a three-phases system using
Cahn-Hilliard or Allen-Cahn equation for governing the evolution of the system [75]. This
approach was later applied by Chen et al. [21] to the specific case of Ni/YSZ electrode
of solid oxide fuel cells. The contact angle between Ni and YSZ contains information
about the surface energies of the phases composing the system and therefore contributes
to governing the dynamics of the evolution. In this work, the implementation of contact
angle BCs is done assuming that the phases of the system (Ni, YSZ, and pores) satisfy
Young´s equation for a contact angle with a locally flat surface [21]. The contact angle
is treated as done by Warren et al. [76] and more details on the phase-field formulation,
including the imposition of contact angle BCs in the SBM framework, are given in the
next section.
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3.3 Phase-Field Model

The algorithm presented here is based on previous work [21] [35]. The evolution of Ni
in the YSZ is dictated by the Ni mobility that can assume different forms. In particular,
three different mobilities were implemented: i) a bulk constant mobility, ii) a polynomial
function of the order parameter, and iii) a combination of hyperbolic functions of the or-
der and domain parameter.

The assumption of stable YSZ allows simulating the evolution of the three-phase system
with only two OPs. Since one of the two OPs is stationary only one OP c(xxx, t ) needs to be
evolved for modelling Ni coarsening. The pore phase changes consequently. Moreover,
Ni evaporation at SOCs operating temperature (500 - 1000° [11]) is considered negligible
and, therefore, the volume of each phase is considered to be conserved and the conserved
Cahn-Hilliard equation (Eq. 3.1) is used as the governing equation:

∂c

∂t
=∇·M∇µ (3.1)

where M is the mobility function, and µ is the chemical potential.

Initially, simulations were run imposing a constant value to the mobility M for Ni lat-
tice (bulk) diffusion. Successively, according to the previous simulation and experimental
work [21] [35] [77], only the contribution of Ni surface diffusion was considered and two
different functions were implemented. Considering only the contribution of the surface
diffusion to the mobility is justified by the difference between Ni lattice (bulk) diffusion
(~10−16 m2/s) and Ni surface diffusion coefficient (~1.4x10−11 m2/s) [77]. Moreover,
the effect of crystallographic orientation was neglected considering the interfacial energy
isotropic and constant in the structure. Therefore, the free energy functional F represent-
ing the total energy of the system can be expressed by the following equation as done by
Chen et al. [21]:

F =
∫

V

[ε2

2
|∇c|2 + f (c)

]
dV (3.2)

where the integral is done on the volume of the system V , ε is the gradient energy co-
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efficient, and f (c) is a generic double well potential expressed by a fourth-order Landau
polynomial f (c) = Q

4 c2(1− c)2, where Q is the height of the energy barrier. The minima
corresponding to the equilibrium concentrations of the two phases contacting at a planar
interface are obained for f (c): c−0 = 0 and c+0 = 1.

The study "On the Theory of Superconductivity" [69] by Ginzburg and Landau is consid-
ered to be the pioneer for introducing OPs in the expression of the free energy density.
Following the Ginzburg-Landau formalism [69] [78] the chemical potential can be ex-
pressed as follow [21]:

µ= δF

δc
= ∂ f

∂c
−ε2∇2c (3.3)

Considering the 1D case for Equation 3.1 and Equation 3.3, the steady-state solution of a
planar interface is given by c(x) = 1−t anh( x

2δ )
2 [70] where δ is the interface thickness. The

interfacial energy γ is expressed by [70]:

γ= ε2
∫ +∞

−∞

( dc

d x

)2
d x = ε

∫ c+0

c−0

√
2 f (c)dc = ε

√
Q

72
. (3.4)

The interface thickness can be expressed as function of Q and ε as δ= ε
√

2
Q [21].

In the SBM framework, the domain parameter ψ multiplies the phase-field equation on
both sides giving

∂(cψ)

∂t
=∇· (ψM∇µ)−M∇µ ·∇ψ. (3.5)

The no-flux boundary conditions (BCs) are imposed at the Ni/YSZ interface to guaranty
mass conservation and immiscibility by setting M∇µ·∇ψ= 0. The interaction between Ni
and YSZ is considered by applying contact angle BCs at the TPB. The contact angle θ can
be expressed using Young´s equation as a function of ψ and c as (∇ψ/|∇ψ|) · (∇c/|∇c|) =
−cosθ, where the negative sign comes from the convention of ∇ψ/|∇ψ| pointing inward
the YSZ phase and ∇c/|∇c| pointing outward Ni phase. Using the planar solution of
thermodynamic equilibrium at the interface, we obtain the relation |∇c| = √

2 f /ε that is
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used for obtaining the relation

∇ψ ·∇c =−|∇ψ|cosθ

√
2 f

ε
. (3.6)

Therefore, the relation governing Ni coarsening in Ni/YSZ electrodes including no-flux
and contact angle boundary conditions can be expressed by the following


∂(cψ)
∂t =∇· (ψM∇µ)

µ = d f
dc − ε2

ψ

(
∇· (ψ∇c)+ |∇ψ|

p
2 f

ε cosθ
) (3.7)

In addition to the constant value of mobility used in the first version of the code, two func-
tions were implemented and investigated for the surface mobility: i) one was introduced
by Chen et al. [21] and is referred here as M1, ii) the other one was reported by Davis et
al. [35] and is referred in this work as M2:

M1 = M0c2(1− c)2 (3.8)

M2 = M0

{
a1

[
1− t anh

( |∇ψ|2
ω

)]
t anh

( |∇c|2
ω

)
+

a2t anh
( |∇ψ|2

ω

)
t anh

( |∇c|2
ω

)
+

a3

[
1− t anh

( |∇c|2
ω

)]
t anh

( |∇ψ|2
ω

)} (3.9)

where M0 is the mobility pre-factor that can be expressed as a function of the diffusion
coefficient M0 = Ds

(
∂2 f
∂c2

)−1
[35], with Ds being the surface diffusion coefficient of Ni and

the derivatives f being calculated in the bulk. While M1 is a function of the OP c only,
M2 is a function of both the OP c and the domain parameter ψ. The three terms on the
right hand side of M2 account for Ni-pore, Ni-YSZ, and YSZ-pore interface, respectively.
These three terms are weighted by the three pre-factors chosen to be a1 = 1.0, a2 = 0.1,
and a3 = 0.1 [35] while contribution of the OP c and the domain parameter ψ to the mo-
bility function is controlled by ω equal to 0.1 in the this work. It has to be noted that the
mobility pre-factor M0 was chosen to be equal to 16 when using M1 (Equation 3.8) and 1
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for the implementation of M2 (Equation 3.9).

The numerical solution of Equation 3.7 requires to introduce the following dimensionless
parameters:

L = L

L0
, t = t

τ
, ε2 = Q

2E
, Q = QL2

0

Eδ2
2

, M 0 = M0Eτ

L2
0

(3.10)

where L0 is the characteristic length (equals to 18 nm in this work), τ is the characteristic
time, the reference energy density E is introduced as proposed by Davis et al. [35], and δs

is the physical interface thickness chosen equal to the interatomic distance of 3.5x10−10

m [77].

The characteristic time depends on the mobility function implemented. The following
expression for τ1 is derived following the asymptotic analysis by Chen [79]:

τ1 ∼ L4kB T Nν

γs Dsδs
. (3.11)

where kB is the Boltzmann constant equals to 1.38x10−23 m2kg/sK, T is the temperature
in K, Nν is the Ni atomic density (~ 9.14 x 1028 atoms/m3), and γs is the interface energy
set to be 1.9 J/m2 in this study.
The expression of the characteristic time τ2 used by Davis et al. [35] when the mobility
function is given by Equation 3.9 is:

τ2 ∼
L4

0

(
∂2 f
∂c2

)
ceq

EDsδ
2
s

' ε2L4
0

Dsδ
2
s

(3.12)

The system of equations 3.7 was solved using a central finite-difference method with
a grid spacing of ∆x = ∆y = ∆z = 1.0L0. The time discretization was performed with a
forward-Euler scheme defining the time step following the criteria given by Von Neumann
analysis for stability: ∆t ≤ ∆x4

kMε2 , where the constant k is equal to 8, 32, and 72 for the
1D, 2D, and 3D case, respectively. The maximum value assumed by the mobility function
M is used for the computation of the time step. The algorithms were implemented in
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C++ and the Message Parsing Interface (MPI) protocol was used for parallelization. For
all the simulations performed the domain was decomposed in nearly cubic sub-domains
distributed among the processors.

3.4 Validation

In this section two case studies for validating the code are presented: i) a two-phase 2D
case where a square is evolved until a circular shape is reached, and ii) a three-phase
3D case for checking the implementation of contact angle and no-flux BCs. The 2D
validation is performed for the three mobility functions used in this work (i.e. constant
mobility M = 1, M1 expressed by Equation 3.8, and M2 expressed by Equation 3.9) while
the 3D validation is presented only for the mobility function M2. An additional validation
fro the mobility function M2 is proposed in Appendix A.

3.4.1 2D Validation

The geometry chosen for the 2D validation was a square domain of 202 x 202 pixels
centered in a bigger square domain of 302 x 302 pixels, as shown in Figure 3.1a. The
smaller inner square is evolved using Cahn-Hilliard equation 3.1 with no-flux boundary
conditions to ensure mass conservation. The curvatures gradient is minimized by the evo-
lution of the square towards a circular shape, indeed the circle has the least perimeter per
surface area and constant curvature (in space). Therefore, the initial square is expected
to evolve towards a circular shape reaching the equilibrium for a diameter deq = 2dp

π
L0.

The measure of the distance d shown in Figure 3.1a was tracked over time and the results
are shown in Figure 3.2. For each simulation the grid size was chosen to be ∆x = ∆y =
1 and the geometry was initialized with a hyperbolic tangent function giving an interface
thickness of approximately four grid points. To keep the thickness of the interface equal
to four grid points during the simulation, the parametrization was done choosing ε and Q

equal to 0.1 and 0.02, respectively. The characteristic length L0 was chosen to be 18 nm
in agreement with the simulations performed to validate the model against experimental
data in Chapter 6. Moreover, the mass conservation and the reduction of the free energy
functional are checked for each simulation and shown in Figure 3.2.

Figure 3.1 shows the qualitative evolution of the initial square geometry towards a circle
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at six dimensionless time steps (t∗) selected for each of the three mobility functions an-
alyzed. The shapes plotted in Figure 3.1 are obtained by plotting the isoline of the order
parameter for c = 0.5. The first time step illustrated in Figure 3.1b was chosen such that
similar shapes of the geometry could be compared for the three mobility functions, the re-
maining five time steps illustrated in 3.1c-g were selected by approximately doubling the
time from the previously selected iteration until the circular shape was reached. Despite
that similar evolution was observed regardless of the implemented mobility, it can be ob-
served that the simulation performed with a constant mobility, M = 1, reaches a circular
shape for a dimensionless time of t∗ = 1.4x106 faster than the one with the two surface
mobility functions M1 and M2. The dimensionless time necessary for reaching the circu-
lar shape when using the mobility function M1 is one order of magnitude longer than the
one with constant mobility of 1. The third simulation performed with the surface mobility
function M2, expressed by Equation 3.9, requires an almost doubled dimensionless time
than that with M1 to reach the circular shape illustrated in Figure 3.1g.

Figure 3.2 shows the time evolution of the length d highlighted in Figure 3.1a (Figure
3.2a-b-c), mass conservation (Figure 3.2d-e-f), and free energy functional decrease (Fig-
ure 3.2g-h-i). The results of the validation are shown for the three mobility functions
implemented: constant mobility equal to 1 (Figure 3.2a-d-g), M1 expressed by Equation
3.8 (Figure 3.2b-e-h), and M2 expressed by Equation 3.9 (Figure 3.2c-f-i). The simula-
tions were terminated when the difference between the diameter of the simulated circle
and the equilibrium diameter was lower than 1%. It can be observed that in all the simu-
lations the diameter approaches the equilibrium value, while the mass is conserved, and
the free energy functional is reduced.

3.4.2 3D Validation

The three dimensional validation presented here is used for ensuring that contact angle
and no-flux BCs were imposed correctly. The 3D geometry used as input to the validation
is illustrated in Figure 3.3a. A cubic domain of 100 x 100 x 100 voxels was used for
the simulations with a grid size of ∆x = ∆y = ∆z = 1. The gray substrate in Figure 3.3
is stable over time (like the YSZ scaffold in the simulations performed with real Ni/YSZ
geometries shown in Chapter 6) and it is described by the domain parameter ψ which is
assumed to be 0.5 at the interface and it varies smoothly from 0 (in the bulk of the sub-
strate) to 1 (outside the substrate) over four grid points. The red cube in Figure 3.3a has
a starting edge length of 30 grid points and was centered in x = 50, y = 50, and z = 45.
The parameters ε and Q were set to be 0.1 and 0.02, respectively, as in the 2D validation
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Figure 3.1: Evolution of a square towards a circular shape by solving Cahn-Hilliard equa-
tion for a two-phase system. The initial square geometry is shown in (a) and
the results are illustrated starting from a different time step for each mobility
used so that a similar shape is obtained for the three simulations (b). The
following time steps illustrated (c-g) are obtained by doubling the time until
the circular shape is reached.
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Figure 3.2: Evolution of the length d as a function of time approaching the equilibrium
value (a, b, and c), mass conservation over time (d, e, and f), and reduction
of the free energy functional (g, h, and i) are illustrated. The results are
presented for all the three mobility functions simulated: constant M (a, d,
and g), M1 (b, e, and h), and M2 (c, f, and i).
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to have an interface thickness of approximately four grid points. Different contact angles
were chosen for the validation in oder to investigate wetting (60° of contact angle) and
de-wetting (120° of contact angle) behavior. Moreover, the 90° case was also simulated.
To estimate the error between the imposed contact angle θ and the one measured (Figure
3.3f) at the end of the simulation, the quantity ∇ψ·∇c

|∇ψ||∇c| was averaged in the region where
0.1 <ψ< 0.9 and 0.1 < c < 0.9 [75] to calculate cosθ. The error between the two angles
was then computed using the relation cosθ−cosθe

2 , where θe is the set value of the contact
angle at the equilibrium and the factor 2 accounts for the total variation of the cosine
function magnitude [75]. In addition, the mass conservation imposed with no-flux BCs
was checked by calculating the quantity

∫
ψc(te )dΩ/

∫
ψc(t0)dΩ, where te and t0 are the

time necessary to reach the equilibrium and the initial time, respectively. The results on
the contact angle error and mass conservation are summarized in Table 3.1. The valida-
tion is presented here for the surface mobility function M2 used for the simulations are
reported in Appendix A and Chapter 6.

Figure 3.3: Initial cubic geometry used in the 3D validation (a). The results are presented
for three contact angles: θ = 60° (b), θ = 90° (c), and θ = 120° (d). Only the
results using the surface mobility function M2 (further used for the validation
reported in Appendix A and for the study presented in Chapter 6.

Focusing on the contact angle, it can be observed in Table 3.1 as the highest error of 2.4
was obtained for the contact angle of 120°. The errors in the contact angle can arise from
the implementation of diffuse interface approaches. Therefore, the interfaces represented
by the domain and order parameters should be chosen thin enough to ensure sufficient
numerical accuracy and resolve the features of the simulated system. The check of mass
conservation shows that the use of the function M2 guarantees satisfactory mass conser-
vation for all the three contact angles simulated reporting 2.6, 0.9, and 0.4 % error in mass
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Table 3.1: Measured contact angle and relative error, together with error on mass conser-
vation for the 3D geometry shown in Figure 3.3. The results are reported for
the mobility function M2 using the three contact angles of 60°, 90°, and 120°.

M2
θ = 60°

M2
θ = 90°

M2
θ = 120°

θ [°] 57 88 115
θer r or [-] 1.2 1.1 2.4

Mass er r or [%] 2.6 0.9 0.4

conservation for the simulations with 60°, 90°, and 120° of contact angle. An additional
simple case study for a curvature flattening of a nearly flat surface is presented in Ap-
pendix A.

Experimental observations show that Ni tends to de-wet from YSZ at high temperature
[80]. The simulations of Ni coarsening in YSZ were run for different de-wetting angles
using the mobility function M2 and the results are presented in Chapter 6. The constant
mobility function was used for running simulations for preliminary results showing the
phenomenon of Ni depletion, more details are provided in Chapter 8.
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4.1 Abstract

Long-term operation strongly affects the microstructure of Ni/YSZ cermets used in state
of the art fuel electrodes for solid oxide cells. The microstructural changes are considered
to heavily affect the cell degradation. In this paper, the characterization of the Ni/YSZ
electrode of a solid oxide electrolysis cell tested as part of a stack tested for 1 year was
performed through focused ion beam-scanning electron microscopy and energy disper-
sive X-ray spectroscopy. A reference cell and two locations of interest in the tested cell
were selected: one at the steam inlet side and the other at the outlet. Considerable mi-
crostructural changes were observed in the tested cell compared to the reference cell and
between the inlet and outlet side. A decrease in Ni (from 30% in the reference cell to
24% in the tested cell), and in percolating phase boundaries length (from 2.83 µm/µm3

in the reference cell to 0.76 µm/ µm3 in the tested cell) was observed in the active fuel
electrode. Based on the results of this work and previous studies we hypothesize that the
degradation trend between different operating conditions at the inlet and outlet of the cell
is related to the current redistribution inside the cell.

4.2 Introduction

The increased share of intermittent renewable energy in future green energy scenario
raises the need for managing the energy production/ energy demand mismatch. In this
regard, developing effective means of converting and storing the electrical energy surplus
generated by overproduction peaks is crucial for overall system economy and security
of supply. The role of devices capable of efficiently converting electrical energy into a
storable medium (e.g. hydrogen or carbon-based synthetic fuels) is become important
in this context. For this purpose, solid oxide cells (SOCs) represent an interesting tech-
nology [81] [82] since the same cell can be operated either in fuel cell mode as a solid
oxide fuel cell (SOFC) or in electrolysis mode as a solid oxide electrolysis cell (SOEC)
[8]. This characteristic makes it possible to use the same device for both electrical energy
production and storage depending on the specific need.
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Operational life spans of several years are required to make SOCs systems economically
competitive on the market and long-term stability has to be guaranteed [9] [10] [62] [83]
[84]. Hence, the systems, stacks, and cells and their individual components (such as mani-
folds, interconnects, electrodes etc.) must be reliable, robust and durable[8] [10]. Relating
the specific cell operation conditions with the degradation processes of the cell material
and microstructures has been the objective of many studies [25] [31] [62] [63] [85] [86]
[87] [88] [89] [90] [91]. This field of research aims to ensure and improve the long-term
durability of the individual cells in a stack. Microstructural changes have been seen to
affect all the components inside the cells and are considered one of the main causes of
performance degradation [8] [25] [31] [62] [63] [87] [88] [89] [90] [91]. Furthermore,
additional studies have been performed with the aim of relating the specific microstruc-
ture changes with the decrease in electrochemical performance [e.g. Refs. [9] [62] [87]].
Several degradation mechanisms in SOECs have been proposed in the last years [8] [9]
[62] [86] [87]. Specifically, several studies were performed to investigate the effects of
temperature, gas composition and current density [9] [31] [63] [87]. In order to com-
pare the microstructure of different cells, ideally several complementary characterization
techniques have to be applied on the same sample to obtain a proper description of the
specific phenomenon observed. Concerning the changes in the materials composition and
microstructure, scanning electron microscopy (SEM) and energy dispersive X-ray spec-
troscopy (EDS) are useful techniques. [8] To obtain a full microstructural characterization
of the electrode structures, focused ion beam-scanning electron microscopy (FIB-SEM)
technique has been extensively used [17] [48] [49] [50] [51] [52] [53]. The microstructural
details that can be extracted from 3D tomographic reconstructions such as particles size
distribution [92] and triple phase boundary (TPB) length [48] [49] [50] [53] provide quan-
tification of microstructural features of the complex cermet structure. These parameters
can complement and support the interpretation of electrochemical performance and dura-
bility data. Combining complete microstructural and electrochemical characterization can
enable the description and quantification of specific degradation mechanisms occurring in
the cell.

An attempt to relate electrochemical and microstructural degradation in SOECs was made
by Hauch et al. [62] on cells tested for more than 1500 hours. It emerged that the Ni/YSZ
electrode was the main source of performance degradation and Ni coarsening was one of
the main mechanisms contributing to the decrease of active TPB sites for electrochem-
ical reactions [93]. A qualitative post-mortem analysis was performed by Chen et al.
[87] on SOECs tested up to 1500 hours, the authors showed the influence of tempera-
ture and current density on the Ni/YSZ electrode microstructure. It was observed that
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higher temperature and current density cause significant loss in percolation in the active
fuel electrode. Recently, a microstructural investigation on long-term (i.e. 1000 hours)
tested SOEC was reported by Hauch et al. [62] By combining SEM and electrochemi-
cal impedance spectroscopy (EIS) measurements, the authors proposed an optimized fuel
electrode microstructure capable of tolerating high p(H2O) and current density with a low
enough fuel electrode overpotential to make the SOC last for more than 5 years poten-
tially. Few studies have investigated microstructural characterization of SOEC tested for
longer than a few thousands hours. Tietz et al. [86] carried out a qualitative metallo-
graphic analysis of a 9000 hours tested SOEC by means of SEM images. For that specific
cell, the main microstructural degradation was observed in the electrolyte while the Ni-
YSZ electrode did not seem to be significantly affected by operation. In this context, a
systematic quantification based on 3D tomographic reconstructions of SOECs tested for
several thousands of hours is missing.

Among several degradation mechanisms observed in Ni-YSZ electrodes Ni agglomera-
tion and coarsening is considered one of the main causes of performance loss for solid
oxide cells [23] [31]. Many studies have been focusing on the Ni coarsening effect in the
last years and it has been found that the particles growth is faster during the first hours
(0–1000 h) of the test [87]. Much attention has been paid to microstructural changes in
the Ni phase, indeed, and at typical cell operating conditions, the YSZ can be consid-
ered a stable scaffold wherein Ni re-distributes and increases in particles size. Tanasini et
al. [23] observed this behavior through the analysis of SEM images. To the best of the
authors’ knowledge, only few studies addressed quantitative microstructural characteriza-
tion of Ni/YSZ electrode of SOEC tested as part of a stack [9] [19] [94] and a quantitative
assessment of Ni coarsening for several thousands of hours of operation under technolog-
ically relevant conditions is still missing up to now.

In addition, only few examples of microstructural characterization of cells tested as part of
a long-term tested SOC stack can be found in the literature. Faes et al. [31] tested several
stacks for a maximum of 1900 hours in fuel cell mode and characterized the microstruc-
ture of Ni/YSZ electrodes by means of SEM micrographs. Rinaldi et al. [94] tested a
short SOEC stack for 10,700 hours and then analyzed the microstructural degradation of
each layer, the nickel depletion in the innermost region of the active fuel electrode was
observed. Brisse et al. [95] tested the cell characterized in this work as part of a stack
for ~9000 hours in technologically relevant operating conditions at the European Institute
for Energy Research (EIfER). A preliminary microstructural characterization of the same
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cell was reported by our group 29 with the aim of investigating the microstructural degra-
dation and we highlighted the differences between 2D and 3D quantification of the same
electrode microstructure.

Quantifying microstructural changes of SOC is important for understanding the degrada-
tion processes occurring at the micrometer scale. With the aim of providing a detailed
characterization of the microstructure; we combine here 3D tomographic reconstructions
with EDS. The 3D characterization performed on FIB-SEM data provides detailed infor-
mation on the network properties defining, not only the particles size, but also the quality
of the connections. However, only small volumes can be analyzed with this technique
and, in this regard, EDS maps provide important additional information of large areas of
the cell. Two locations exposed to different local operating conditions (i.e. gas composi-
tion, current density, and temperature) inside the same cell were chosen for analysis: at
the steam inlet and outlet. The microstructures of the two regions analyzed were com-
pared with a reference cell exposed to reduction only and no long-term operation. Ni
re-distribution was detected and changes in TPB and surface area of the three phases
(i.e. Ni,YSZ and pores) were quantified. Moreover, hypotheses are proposed to explain
the difference observed between the two locations in the long-term tested cell (inlet and
outlet).

4.3 Experimental

One of 25 identical SOEC cells from a stack produced by Topsoe Fuel Cell A/S (Cell
number 17 counting from top of the stack) is analyzed in the present work. The cells have
a Ni/3YSZ support (~300 µm thickness) and a Ni/8YSZ fuel electrode (~15 µm thick-
ness), a 8YSZ electrolyte, a CGO (Ce1−xGdxO2−0.5x) barrier layer, and a CGO/LSCF
((La,Sr)(Co,Fe)O3−δ) oxygen electrode. On the top of the oxygen electrode a current
collector layer is applied. The cells have an active area of 87.7 cm2 and are stacked in
between coated Crofer interconnects [95].

4.3.1 Testing and sample preparation

The long-term electrolysis testing of the stack analyzed in this work was performed at
the EIFER. Essential parameters used for the operation are summarized in Table 4.1.
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Table 4.1: Parameters used for the 1-year stack test [95].

Perion
[hours]

Temperature
[°C]

Steam conversion
[%] (constant)

Air flow
[Nl/min]

Steam [%]
/Hydrogen [%] feed

Hydrogen flow
[Nl/min]

Current density
[A/cm2]

Degradation
[%/1000 h]

Inlet Outlet
0 - 2175
2175 - 8700

750 50 28 90/10 45/55
(calculated)

1.95
2.45

-0.57
-0.72

2.0
2.0∗

* average value

Additional details about the test and stack performance can be found elsewhere [95]. The
reference cell used in this work was a cell from the same production batch of the 25 cells
in the stack. The reference cell was reduced at 750 °C for 4 hours in moisturized 10% H2

in N2 (10% H2, 90% N2) and not tested further. The Ni/YSZ electrode of the reference
cell was utilized for comparison with the tested cell.

4.3.2 3D Characterization

After the test, part of the stack (Cells 11– 25) was embedded in epoxy resin and then
sectioned for further analysis. A sketch of the stack top view with relative sectioning is
shown in Figure 4.1a. A Zeiss XB1540 Crossbeam microscope was used for data col-
lection by FIB serial sectioning on the reference cell and the two locations of interest
on the long-term tested cell: the fuel inlet and outlet side. For the sake of simplicity,
the three locations investigated will henceforth be defined as reference, inlet, and outlet,
respectively. Cross sections of the same cell were analyzed in a previous work [19] to
compare 1D and 3D microstructural characterization and to quantify degradation between
the reference and the tested cell at the micrometer scale. Three-dimensional character-
ization was previously performed only for the reference and the inlet part of the tested
cell [19]. Here, a more complete view of the aged cell is presented by adding the outlet
dataset. Furthermore, EDS analysis was performed on the regions of interest to estimate
the chemical composition in different locations of the cells. The regions used for FIB-
SEM characterization and EDS analysis are illustrated in Figure 4.1 b and 4.1c on the
top of a SEM image of the reference cell showing the Ni/YSZ electrode and part of the
YSZ electrolyte. The yellow box in Figure 4.1b highlights the innermost 8 µm of the
active fuel electrode extracted from FIB-SEM dataset and used for the computation of
microstructural parameters. Figure 4.1c illustrates the areas used for acquiring EDS data,
smaller areas of 25 x 3 µm2 and 25 x 10 µm2 were also used for the fuel electrode and
support layer, respectively. Figure 4.1d shows a schematic drawing of the electrolyte (~ 5
µm), the active fuel electrode (~15 µm), and part of the support layer (overall thickness
~ 300 µm) defined with dashed lines since only partially interested by the analysis. The
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direction of the FIB milling front is illustrated in Figure 4.1d together with the direction
and width of the line scan recorded for the EDS analysis.

Figure 4.1: a) Schematic of stack top view showing the applied sectioning, the steam inlet
and outlet are indicated in the picture together with the locations investigated
through 3D reconstructions. b) SEM micrographs of the Ni/YSZ electrode
of the reference cell highlighting innermost 8 µm of the active electrode ana-
lyzed in the microstructural characterization. c) Illustration of the regions for
the EDS analysis in the support layer and close to the electrode-electrolyte
interface. d) Schematic drawing of electrolyte (~5 µm), active fuel electrode
(~ 15 µm), and part of the support layer (overall thickness ~ 300 µm) illus-
trating the FIB milling front and line scan directions and the width of the line
scan.

Due to slightly different microscope set-ups for the three samples analyzed, three differ-
ent voxel sizes were obtained: 25 x 25 x 40.80 nm3 for the reference, 25 x 25 x 35.60
nm3 at the inlet and 25.53 x 25.53 x 37.79 nm3 at the outlet of the tested cell. In order to
analyze the same volume size (approximately 12.5 x 8 x 20 µm3) in each sample, three
sub-volumes were selected: 501 x 321 x 490 pixels for the reference cell, 501 x 321 x
564 pixels for the inlet and 491 x 314 x 531 pixels for the outlet. With the aim of ana-
lyzing the innermost part of the active fuel electrode the dataset used for the computation
of microstructural parameters starts, for each volume, ~ 3 µm away from the electrode-
electrolyte interface and extends ~ 8 µm toward the support layer. The FIB milling front
along the electrolyte is perpendicular to the electrode-electrolyte interface [17] (Figure
4.1); ~ 35 nm are milled away, a picture of the support/ electrode/electrolyte cross section
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is obtained, and next another 35 nm is milled away, and so forth, effectively collecting
pictures of the cross section moving in the direction parallel to the electrodeelectrolyte
interface. Two sets of images (i.e. obtained from Inlens and SE2 detectors) were recorded
for each sample and used for postprocessing and segmentation as described elsewhere
[17].

Once the segmented volumes were obtained, several analyses were performed on the inner
fuel electrode sub-volumes in order to compare the microstructure of the three locations
investigated. The phase fraction of each phase in the region of interest was calculated
by dividing the overall volume of a single phase by the total volume analyzed. The con-
tinuous PSD was computed as described earlier [17] [19] [92]. This method consists in
evaluating, for each 2D section of the 3D reconstructions, the largest circle that fits the
particle and extending that circle to a 3D sphere. The continuous PSD distribution is ob-
tained by calculating the distribution of the largest spheres that can fit inside each part of
the structure. Moreover, the total and percolating TPBs were also determined [17]. For
what concerns the percolating sites, not only their total amount was determined but also
the networking quality through the characteristic pathway diameter [17]. In addition, the
tortuosity factor of the Ni and pore phase along the three directions of the volumes was
determined using the program TauFactor [96].

4.3.3 Energy Dispersive X-ray Spectroscopy (EDS)

In addition to the 3D microstructural characterization, compositional information was ob-
tained for the locations of interest by EDS. A field emission gun scanning electron micro-
scope (Carl Zeiss Supra 35) equipped with an energy dispersive X-ray detector (Thermo
Electron Corporation – NORAN System SIX) was used for the investigation. The EDS
analyses were performed both as X-ray mapping, wide line scans, and as area analysis on
polished carbon coated cross section surfaces. The applied acceleration voltage of 15 kV
resulted in an interaction volume of ~ 1 µm3. Cell number 17 in the stack was analyzed
in the region close to a contact point between the cell and the interconnect. EDS data
from 25 x 3 µm2 and 50 x 3 µm2 areas were recorded with NSS software using Proza
(Phi-Rho-Z) correction, the data were then used to calculate the Ni/(Zr + Y) atom ratio
close to the electrode/electrolyte interface. In a larger area of the support layer, EDS data
from 25 x (3 to 10) µm2 and 50 x (3 to 20) µm2 areas were used to calculate the Ni/(Zr
+ Y) atomic ratios. The regions used for the EDS analysis is illustrated in Figure 4.1c.
The counting statistic error for each measurement was estimated to be less than 1%. In
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addition, 50 µm wide EDS line scans (50 points per line) perpendicular to the electrode-
electrolyte interface were recorded for the three locations of interest (Figure 4.1). The
measurement of each line scan started 4–5 µm inside the electrolyte and extended into the
support layer covering an overall length of ~ 38 µm. Acquisition time of 75 seconds per
spectrum was used for the line scans obtaining ~ 30,000 nickel counts and a background
of ~ 2,500 counts.

4.4 Results

4.4.1 3D Volumes

A 3D rendering of three sub-volumes extracted from the investigated geometries is shown
in Figure 4.2. The dimension of each sub-domain is ~ 8 x 8 x 8 µm3 and the three phases
of interest are represented as follows: Ni particles are red, YSZ scaffold is gray and pores
are transparent. Part of the electrolyte is also introduced in the 3D reconstructions of
Figure 4.2. Qualitative microstructural changes in the Ni phase can be identified clearly
between the reference and both locations analyzed for the tested cell by simple visual
inspection of the three cubes in Figure 4.2. The results of the 3D microstructural charac-
terization performed on the three regions are presented in further detail in Table 4.2. The
central 8 µm of the Ni/YSZ active electrode were analyzed starting ~ 3 µm away from
the electrolyte-electrode interface and stopping ~ 1 µm before the interface between the
active electrode and the support layer. Table 4.2 summarizes microstructural parameters
quantified on each of the volumes investigated.

4.4.2 Overall Phase Fractions of the Fuel Electrode

The first parameter discussed is the phase fraction. The results are shown in Table 4.2.
The cell under analysis has been manufactured aiming for a Ni/YSZ volume ratio of 40/60
vol%, therefore the minimum theoretical pore phase fraction obtainable after NiO reduc-
tion will be ~ 22%. This in turn leads to an upper limit for Ni phase fraction of 31.2%. The
computed Ni phase fraction of 30% for the reference cell is in good alignment with manu-
facturing data. A decrease of overall Ni phase in the active fuel electrode to approximately
23% in the inlet side of the tested cell was observed. Meanwhile, the porosity showed an
increase from 25% calculated for the reference cell to 29% after the test, both at the inlet
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Figure 4.2: 3D reconstructions of sub-volumes extracted from: a) reference cell, b) inlet
side of the tested cell c) outlet side of the tested cell. Nickel is shown in red
color, YSZ in gray and pores are transparent.

Table 4.2: Phase fraction, total and percolating TPB and surface area calculated on 3D
reconstructions of all the samples for the three phases of interest. Based on cell
manufacturing data, the volume ratio between Ni and YSZ can be expected to
be Ni/YSZ: 40/60 vol%.

Reference Inlet Outlet

Ni [vol%] 30.16 ± 2.50 23.80 ± 2.50 28.37 ± 2.50
Pore [vol%] 24.66 ± 2.50 29.06 ± 2.50 28.95 ± 2.50
YSZ [vol%] 45.18 ± 2.50 47.15 ± 2.50 42.68 ± 2.50

Total TPB [µm/µm3] 3.28 ± 0.10 1.44 ± 0.10 1.67 ± 0.10
Percolating TPB [µm/µm3] 2.83 ± 0.15 0.76 ± 0.15 1.04 ± 0.15

Percentage of Percolating TPB [%] 86.28 ± 3.41 52.84 ± 5.02 62.22 ± 4.53
Percentage of Percolating TPB Pore [%] 95.11 ± 10.00 93.22 ± 10.00 96.29 ± 10.00
Percentage of Percolating TPB YSZ[%] 98.89 ± 10.00 98.47 ± 10.00 98.86 ± 10.00
Percentage of Percolating TPB Ni[%] 91.60 ± 10.00 46.52 ± 10.00 42.96 ± 10.00

Pore surface area [µm2/µm3] 2.09 ± 0.05 1.72 ± 0.05 1.58 ± 0.05
YSZ surface area [µm2/µm3] 2.09 ± 0.03 2.07 ± 0.03 1.92 ± 0.03
Ni surface area [µm2/µm3] 1.74 ± 0.05 0.88 ± 0.05 1.05 ± 0.05

Pore/YSZ interface area [µm2/µm3] 1.22 ± 0.05 1.45 ± 0.05 1.23 ± 0.05
Pore/Ni interface area [µm2/µm3] 0.87 ± 0.05 0.27 ± 0.05 0.35 ± 0.05
YSZ/Ni interface area [µm2/µm3] 0.87 ± 0.05 0.62 ± 0.05 0.69 ± 0.05

Ni tortuosity factor direction 1 6.27 ± 2.00 50.50 ± 20.00 17.80 ± 20.00
Ni tortuosity factor direction 2 6.64 ± 2.00 13.70 ± 5.00 14.60 ± 5.00
Ni tortuosity factor direction 3 4.49 ± 2.00 26.40 ± 15.00 32.00 ± 15.00

Pore tortuosity factor direction 1 7.25 ± 2.00 3.69 ± 2.00 3.34 ± 2.00
Pore tortuosity factor direction 2 5.78 ± 2.00 4.65 ± 2.00 5.01 ± 2.00
Pore tortuosity factor direction 3 5.37 ± 2.00 4.34 ± 2.00 4.00 ± 2.00
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and at the outlet. While the percentage of YSZ at the inlet side is almost un-changed
compared to that of the reference cell, an apparent decrease is observed at the outlet side.
Such a decrease can be attributed to the uncertainty of the measurement itself, as it will be
explained later. The general trend observed in the present study for the Ni phase fraction
is in agreement with [24]. Performing the quantification of microstructural parameters in
the innermost 8 µm of the electrode provides important information on the degradation of
the active part of the fuel electrode. In the data analysis, the volume between 3 and 11 µm
from the electrolyte interface was used for deducing microstructural characteristics from
the reconstructions. It should be noted that besides the Ni depletion observed in this zone
(Table 4.2) an even stronger depletion is seen close to the electrolyte (Figure 4.3), within
the first three microns, which is not included in values behind Table 4.2. Estimating ac-
curate confidence intervals for parameters calculated from 3D image data is notoriously
challenging. It is worth mentioning that several sources of errors can bias the results: lo-
cal variations of the structure, representative volume size, a subjective segmentation step,
finite resolution, and the parameter estimation method itself [97] [98] [99]. This is com-
pounded by different parameters having very different sensitivity to each of these types
of errors. The equipment used for recording the data combined with the implemented
post-processing procedure allowed analysis of volumes of 12.5 x 8 x 20 µm3 for each
sample. Considering the mean radius of Ni particles ~ 1.26 µm[19] for the cell analyzed
in the current work and using the definition of dimensionless length given by Harris et al.
[98], the dimensionless dimensions of the volumes analyzed are 9.92 x 6.35 x 15.87 in
dimensionless units. Lombardo et al. [99] performed a volume-dependence investigation
for Ni/YSZ SOFC anodes that showed that a characteristic dimensionless length of ~ 6
is required for computing reliably the properties of the YSZ phase. In the current work,
the relative small size of the volume obtained from FIB-SEM reconstructions is reflected
in the uncertainty intervals estimations reported in Table 4.2. The tortuosity factor is one
of the parameters most affected by the size of the volume analyzed in particular when the
percolation factor is low; in line with this, the uncertainty of this parameter is estimated
to be quite high (ca. 20% at the inlet side as reported in Table 4.2). The uncertainty inter-
vals in Table 4.2 are estimated on the basis of experience in parameters computation on
the same types of samples and imaging technique [97]. However, the results for the YSZ
phase can provide information on the accuracy of the measurements since the structure of
this phase can be treated as stable. It was sintered at 1300°C and is unaffected by cell op-
eration at 750°C. For example, there is a discrepancy in the YSZ phase fraction observed
between the three locations: 45% ± 2.50 in the reference, 47% ± 2.50 at the inlet and
43% ± 2.50 at the outlet. This measurement provides an estimate for the uncertainty level
for the calculated phase fractions.
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Figure 4.3: Phase fraction of the three phases form the FIB-SEM reconstructions in the
direction perpendicular to the electrode-electrolyte interface: a) Ni, b) pores
and c) YSZ. Each graph shows results for the reference cell and the tested
cell at the inlet and the outlet.

4.4.3 Interface Areas and TPB Length

The surface area of each phase and the interface area between phases are used for the
evaluation of microstructural changes occurring in the Ni/YSZ electrode due to the long-
term operation of the cell. The results are summarized in Table 4.2. The overall surface
area of Ni is decreased from ~ 1.7 to ~ 0.9 µm2/µm3 after long-term operation. The
interface areas of pore and YSZ with Ni show a reduction after the testing reaching ~ 0.3
and ~ 0.7 µm2/µm3 at the inlet side, respectively. The results point out similar degradation
at inlet and outlet side of the same cell after 1 year of operation, though to different
degrees.
It is well known that electrochemical reactions inside the cell occur at active TPB sites
only and these sites need to be part of a percolating TPB to be active. A percolated
site is obtained when the three phases defining the TPB each have a percolating path
for the conducted species (i.e. electrons through Ni, oxygen ions through YSZ and gas
through pores). Table 4.2 shows the results obtained from the computation of the TPB
in the samples analyzed. The length of total and percolating TPB was obtained as the
average of the length computed in each of the six directions of the 3D geometry analyzed.
Table 4.2 shows that also the percentage of active sites decreases after the long-term test.
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While 86% of the overall TPB length was percolating in the reference cell, only 53% was
percolating at the inlet of the tested cell. A significant difference can be appreciated in the
loss of active TPB sites between inlet and outlet, where 62% of the TPB is percolating at
the outlet.
While similar nickel depletion in the active electrode can be detected at the inlet and
outlet side of the cell, a more pronounced TPB length decrease is observed at the inlet
side when compared to the outlet. This effect is presumably linked with an effect of the
local polarization, which is much larger at the inlet compared to the outlet (the total cell
overpotential was estimated to be ~ 420 mV at the inlet and ~ 320 mV at the outlet)
resulting also in a higher local current density [100]. The same trend obtained in the
cell analyzed in this study was qualitatively observed in the ~ 700 hours tested cells in
reference,[26] where 2D low voltage SEM images showed a lower percolation degree at
the inlet side. Moreover, the higher steam content at the gas inlet side of the cell could
contribute to the higher degradation observed there. Pihlatie et al. [101] observed that the
cell conductivity decreases as the steam content increases. Indeed, high steam content in
the fuel promotes the formation of Ni(OH)2 complex that facilitates nickel diffusion and
particles growth. In addition to that, the steam content and the local polarization of the
electrode affect the local pO2 in the electrode that in turn influences the wettability of Ni
on YSZ. Experimental evidence of the effect of oxygen activity on Ni/YSZ interaction
was presented by Jiao et al. [73] and a theoretical correlation between pO2 and Ni contact
angle on YSZ was proposed. Different wettability properties of Ni/YSZ cermets were
qualitatively observed in Refs. [62] and [26] between the inlet and the outlet of the cell
where both gas composition and current density assume different values.

4.4.4 Phase Fractions as a Function of Distance from the Electrolyte-
Fuel Electrode Interface

Figure 4.3 illustrates the phase fraction calculated on each slice of the segmented volume
parallel to the electrode electrode/electrolyte interface (i.e. the distance between the two
neighboring slices is between 35 nm and 40 nm). The overall length covered by this anal-
ysis is ~ 16 µm for each sample. In the graphs of Figure 4.3 the electrolyte is located to
the left. Two vertical-dashed black lines indicate the region used for the computation of
the other microstructural parameters reproduced in Table 4.2. This region starts ~ 3 µm
away from the electrode-electrolyte interface and ends approximately 1 µm before the
support layer. Due to the irregular structure, it is not easy to define precisely where the
interface between the electrode and the electrolyte is placed. Conventionally, we placed
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the interface where the first nickel particle is found when moving from the electrolyte
toward the electrode. As evident from Figure 4.3a significant decrease of the Ni content
in the active area is observed after long-term operation at both the inlet and the outlet of
the cell to more or less similar extent. In the support, on the other hand, no such depletion
is observed, the Ni content in each slice of the support layer in the tested cell is not much
different from the one in the reference cell. In consistency with the finding on the Ni phase
Figure 4.3b shows a slight increase in porosity in the active fuel electrode after 1 year of
cell operation, whereas the porosity in the support layer after the long-term operation is
not significantly different from the reference one. The content of the YSZ along the di-
rection perpendicular to the electrode-electrolyte interface is illustrated in Figure 4.3c. It
is evident as the YSZ fraction in the electrode does not change on aging. Even though Ni
migration can be qualitatively appreciated in Figure 4.3, the local 3D analysis performed
in this study does not allow the observation of whereto the Ni moves due to the intrinsic
limitation of the analyzed volume with FIB-SEM tomography. Among the factors that
lead to uncertainty in the analysis, it must be remembered that raw FIB-SEM data were
recorded and segmented such that the focus was on the inner active fuel electrode. This
means that data away from this region (i.e. the support layer) are more likely to be af-
fected by artifacts occurring in the segmentation process of the whole volume.

Figure 4.4: a) Ni/(Zr + Y) (atomic ratio) mean value in two regions of the fuel electrode:
close to the electrode-electrolyte interface (average of EDS results computed
on 25 x 3 µm2 and 50 x 3 µm2 areas) and on a large area of the support.
b) Ni/(Ni + Y + Zr) (atomic ratio) as a function of the distance from the
electrolyte (EDS data obtained from 25 x (3 to 20) µm2 and 50 x (3 to 10)
µm2 areas), the theoretical atomic ratio from the production is ~ 67% and it is
illustrated by a dashed gray line. The results are shown for the three sample
analyzed in this study: reference, inlet and outlet.

Figure 4.4 shows the results of the EDS analysis. Based on 1 to 5 measurements at dif-
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ferent places in each of the samples of interest, the Ni/(Zr+Y) atomic ratio was computed
on a region of the electrode close to the electrolyte interface and on a larger area of the
support layer. The results are illustrated in Figure 4.4a. The ratio shown in Figure 4.4a is
an indication of the Ni content in the different areas of the electrode. The intrinsic uncer-
tainty of the characterization method and the inhomogeneity of the sample can affect the
measurement of the nickel content. In this regard, 9 measurements were performed in the
active electrode and 4 EDS maps were recorded for the large area analyzed in the support
layer. In order to give an estimation of the inaccuracy of the measures, the standard devi-
ation was computed to be ~ 0.18 and ~ 0.07, respectively for the active electrode and the
support layer. A significant nickel depletion in the region of the active electrode closest to
the electrolyte is observed at both inlet and outlet of the tested cell. A Ni/(Zr+Y) atom ra-
tio of approximately ~ 1.7 was obtained for the reference cell while the value drops below
1 in both locations of the tested cell. This indicates that the migration of nickel away from
the interface between the Ni/YSZ electrode and the electrolyte occurs to similar extents at
the inlet and the outlet side of the cell. Interestingly, the Ni/(Zr+Y) atom ratio computed
on the large area of the support layer does not vary considerably in the regions analyzed
and it varies between 1.6 and 1.8 for the three samples as shown in Figure 4.4a.
Line scans were recorded starting from the electrolyte toward the support layer and used
as further evidence of nickel depletion in the active fuel electrode. The results are summa-
rized in Figure 4.4b. The graph in Figure 4.4b shows three line scans for the three locations
of interest (i.e. reference, inlet and outlet) and the theoretical Ni/(Ni+Y+Zr) atomic ratio
of ~ 67% resulting from the production process (dashed gray line). The black dashed line
points out the electrode-electrolyte interface. The line scan results are in agreement with
what was observed in Figure 4.3 and Figure 4.4a. A systematic decrease in Ni content in
the 5 µm of the active fuel electrode closest to the electrolyte is recorded after long-term
operation while only small variations can be appreciated in the support layer.

4.4.5 Particle Size Distributions

When performing the microstructural characterization of SOC electrodes it is useful to de-
fine the particle sizes. In this work, the continuous particle size distribution method [92]
was applied to compute the results shown in Figure 4.5. For what concerns Ni particles,
it was observed that the average particle radius is subjected to a shift from approximately
350 nm in the reference cell to ~ 600 nm in both locations analyzed on the long-term
tested cell. A shift toward larger pore sizes was observed at both analyzed locations of



62
3D Microstructural Characterization of Ni/YSZ Electrodes Exposed to 1

Year of Electrolysis Testing

the tested cell compared to the reference cell, the measured YSZ particle size distribution
is unaffected by the long-term operation. This observation is well in line with previous
studies [19] [23] [62] and the trend observed for Ni particles agrees with the analysis per-
formed by Hauch et al. [24], where the mean intercept length principle was applied on 2D
SEM micrographs and an increase in Ni particle size from ~ 1.01 µm in the reference cell
to ~ 1.26 µm in the tested one was observed. These results are in line with the particles
size distribution obtained from the analysis of 2D SEM images of the same cell analyzed
here, the increase of Ni particle size from ~ 1.03 ± 0.02 µm in the reference cell to ~ 1.39
± 0.03 µm at the inlet side of the tested cell was observed [19]. The testing conditions
used for the cells analyzed in [24] were different from the ones applied to the stack ana-
lyzed leading to different values of the Ni particles radius. However, the trend is the same
in both cases.

Figure 4.5: Continuous particles size distribution computed on the three volumes ana-
lyzed, each line in the graphs refers to one of the three samples analyzed:
reference cell and aged cell at the inlet and the outlet side. Graph a) shows
Ni PSD, graph b) the PSD of pores and graph c) the YSZ PSD.

4.4.6 Characteristic Pathway Diameter and Ni Tortuosity

The concept of characteristic pathway diameter has been used in other studies, [19] [17]
however, there using the term “critical pathway radius” instead. The characteristic path-
way diameter is the diameter of the largest sphere that can be squeezed through the net-
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work of the phase of interest. This idea is sketched in Figure 4.6 where percolating TPBs
are highlighted and possible pathways of electrons in the Ni phase are drawn. The char-
acteristic pathway diameter is pointed out in Figure 4.6 by red arrows.

Figure 4.6: Sketch of characteristic pathway diameter concept. In the drawing, red arrows
highlight the characteristic pathway for the Ni phase, and percolating TPB
between Ni (red), YSZ (gray) and pore (transparent) are circled in green.

The characteristic pathway diameter is a measure to evaluate the quality of the pathway
connections of the different phases; i.e. the width of the “Nickel highway” for the elec-
trons and similar for the gas phase in the pores and oxide ions in theYSZ phase. This
parameter is important for understanding the quality of the pathways connecting the three
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phases throughout the electrode. If the percolation of TPB sites is guaranteed by pathways
characterized by a very narrow diameter (e.g. 20 nm), then impurities, carbon deposition
or similar situated at the TPB may more easily break the network connectivity and there-
fore reduce the degree of electrode percolation in the overall cell performance. On the
other hand, if the pathway is characterized by a larger characteristic diameter (e.g. 200
nm or above), the structure is more robust and impurities are less likely to obstruct the
connectivity. A significant change of the characteristic pathway diameter for the Ni phase
can be observed in Figure 4.7a. Assuming for instance that a high performing cell is
characterized by Ni connected through pathways with a diameter around 200 nm, the per-
centage of paths with this characteristic is higher than 80% in the reference cell and is
below 50% at both the inlet and the outlet side of the tested cell. After testing, the pores
are connected through bigger paths as illustrated in Figure 4.7b whereas YSZ does not
show appreciable changes with respect to characteristic pathway diameter (Figure 4.7c).
The results illustrated in Figure 4.7 confirm the degradation trend observed in Figure 4.5:
the characteristic diameters of percolated pathways are degraded significantly to a similar
degree for both the inlet and outlet part of the cell after one year of testing.
The results in Table 4.2 show lower values of percolating TPB at the inlet side while the
graphs presented in Figure 4.7 report lower nickel percolation at the outlet. This effect
could be due to the fact that the percolating TPB length is computed by checking the per-
colation through all the three phases. Instead, the characteristic pathway diameter shown
in Figure 4.7 consider the individual percolation of each phase separately. One more pa-
rameter that can be used as indication of networking quality is the tortuosity factor. This
parameter was computed using the TauFactor program [96]. The results are reported in
Table 4.2, for Ni and pore phases of the active fuel electrode. Increased tortuosity of the
Ni networking and therefore pronounced degradation can be appreciated when compar-
ing the tested cell with the reference, although a clear difference between inlet and outlet
cannot be detected. The tortuosity factor computed on the pore phase reveals reduced
tortuosity in the tested cell compared to the reference.

4.5 Discussion

The locations investigated in this study were exposed to different local conditions: gas
compositions, current densities and temperatures inside the tested cell. The results pre-
sented here on phase fraction (Table 4.2) and Ni migration (Figure 4.3) are in agreement
with Mogensen et al. [26] where a study of Ni migration correlated with current load is
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Figure 4.7: Characteristic pathway diameter calculated for each of the three phases of
the electrode: a) Ni, b) Pore and c) YSZ. The three lines in each graph rep-
resent the reference cell and the tested one at the inlet and the outlet side,
respectively.
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reported for SOFC and SOEC. In electrolysis mode, a loss of Ni in the innermost active
fuel electrode was observed [26]. A qualitative comparison between inlet and outlet based
on 2D SEM images after ~ 700 hours of testing is reported in reference [26] showing ap-
preciable bigger Ni particle size and higher percolation loss at the inlet than at the outlet
side. The results for Pore/Ni and YSZ/Ni interface area summarized in Table 4.2 show a
decrease of approximately 69% and 29%, respectively, when comparing the inlet side of
the tested cell with the reference cell. The difference in the extend of the decrease can be
related to the inhibiting effect of YSZ on Ni coarsening as discussed in Refs. [28] [101].
Huber et al. [28] observed that the morphological variation of nickel during the coarsen-
ing process is more pronounced on the Ni surface in contact with the gas phase than at the
YSZ/Ni interface. Indeed, the energy related to the Pore/Ni interface is lower than the en-
ergy related to the adhesion of Ni on YSZ. This results in the smaller decrease of YSZ/Ni
interface area when compared to the decrease of Pore/Ni interface area (Table 4.2). The
Ni rearrangements observed in the cell investigated in this work are well in line with the
observations of Hubert et al. [28] where the inhibiting effect of the YSZ skeleton on Ni
coarsening at typical SOC operating temperature was pointed out. The homogenization
of microstructural parameters as observed here after one year of electrolysis operation
leads to the tentative conclusion that the different conditions experienced by the cell at
the two extremities are more important in the first hundreds of hours of cell life. On the
other hand, different percolation degrees through the Ni phase were observed at the two
extremities of the cell after the long-term testing showing, when using this parameter, the
most severe change to the Ni network at the inlet where the cell is more polarized.
All the microstructural features investigated in this study pointed out significant degra-
dation both at the inlet and the outlet of the tested cell that was used in a 25-cell stack
compared to the non-tested reference cell. Moreover, the degree of degradation of the two
locations analyzed in the tested cell shows similar trends and only some microstructural
parameters (e.g. TPB length) indicate significant difference between the inlet and the out-
let side of the tested cell. Several studies proved that the Ni particle size increases mainly
in the first thousands of hours of testing [23] [60] [61] [102] and only small modification
can be detected afterwards. After 1 year of operation, as it is the case in the current study,
the coarsening rate of Ni in the electrode is supposed to be slow. This would explain the
almost identical Ni PSD at the inlet and the outlet side of the long-term tested cell shown
in Figure 4.5. Moreover, the local testing conditions between inlet and outlet will make
the degradation occurring first at the inlet side and with the time also at the outlet. Ni rear-
rangement dictates changes in porosity and therefore a significant difference in pore size
between the reference and the tested cell can be detected, however the size of the pores
computed on the tested cell is almost unchanged between the two locations analyzed. A
number of tests under the same operating conditions (temperature, current density, po-
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larization, and gas composition) but for different time duration have been run in order
to investigate intermediate stage of degradation. The Ni/YSZ electrode microstructure is
currently being characterized and the results will be reported elsewhere.
The results for the characteristic pathway diameter illustrated in Figure 4.7 highlight a sig-
nificant reduction in percolation through the nickel phase, the total amount of pathways
percolated throughout the volume (i.e. percolating TPB sites) decreases strongly. Never-
theless, the diameters of the pathways that remain percolated shows a mild increase. This
could be the effect of a microstructural degradation driven by curvature minimization. The
effect of this process will lead to the disconnection of pathways connected through small
bottlenecks while a more stable behavior during operation will be observed for wider path-
ways characterized by low curvature resulting in an overall decrease in percolation but an
increase of the characteristic pathway diameter for the remaining Ni pathways. De Ange-
lis et al. [38] used X-ray tomography for investigating Ni/YSZ cermets evolution. They
observed that nickel coarsening leads to a loss of nickel connectivity and an improvement
in connectivity through the pore phase. The reduced tortuosity for the pore phase reported
in Table 4.2 finds an explanation in the improved connectivity of the pores.
An additional effect of the coarsening process is the increase of particle size shown in
Figure 4.5: smaller nickel particles are present in the reference cell after the reduction of
NiO to Ni, these particles are characterized by high curvature and disappear during the
coarsening process in favor of bigger features with lower curvature.
TPB sites were quantified after segmentation for each of the three volumes analyzed and
given in Table 4.2. The lower percentage of percolated sites computed at the inlet side
of the tested cell compared to the outlet is in agreement with the observation reported by
Mogensen et al. [26] and by Hauch et al. [[62] (Cell A and B)] at the cell level, Fang et al.
[25] reported similar funding at the stack level. The inlet side is supposed to be exposed to
highest value of local current density which can contribute to a faster degradation. Chen
et al. [100] simulated the current density distribution in the cell in the direction of the
steam flow for two cells with different oxygen electrodes, the average current density of
the two cells was ~ 0.9 and ~ 1.2 A/cm2, respectively [100]. The differences between
inlet and outlet in current density were ~ 0.19 and ~ 0.35 A/cm2, for the two cells respec-
tively. A rough estimation of the difference in current density between inlet and outlet
for the cell analyzed in the current study can be done considering that such a difference
is approximately 20% of the average value. Therefore, for the current case we can es-
timate the difference to be ~ 0.14 A/cm2 resulting in ~ 0.79 A/cm2 at the inlet side and
~ 0.65 A/cm2 at the outlet. Starting from 86% of active TPB sites for the reference cell
only 62% and 53% were found at the outlet and the inlet of the tested cell, respectively.
Knibbe et al. [9] and Chen et al. [87] investigated the effect of the current density on
the Ni/YSZ electrodes microstructure. Ni coarsening and re-distribution were the main
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effects when the cells were tested at a current density below -1 A/cm2 (the cells were
tested at 800 and 850°C and an estimated fuel electrode polarization of ~ 50–150 mV).
[87] For higher values of current density the formation of nanoparticles and impurities,
and the detachment of Ni from the YSZ scaffold were observed in the microstructures.
[9] [87] These phenomena contributed to the more pronounced performance degradation
observed at higher current density [9] [87]. The low current density used for the stack ex-
amined in the present study can explain the lack of nanoparticles at the interfaces between
Ni and YSZ as observed in Refs. [9] and [87] for higher value of current density and local
polarization. These percolating TPB results also fit well with the analysis of characteristic
pathway diameter and the tortuosity factor, which reveal that the one-year test has weak-
ened transport properties of the Ni-network: there is a loss in TPB percolation through
the Ni phase and an increase in the tortuosity factor of the Ni network for the conduction
of electrons.
Not many studies focused on the quantification of SOEC microstructure parameters. Jør-
gensen and Bowen [53] determined microstructural parameters for a single SOEC tested
for approximately 1300 hours [24] [53] where the same method for the calculation of
TPB was implemented. In that specific case, 80% of the TPB was percolating after the
testing. The higher percolation recorded in Ref. [53] could be due to several factors such
as shorter testing time, lower current density (-0.5 A/cm2) and therefore lower fuel elec-
trode overpotential, and also to the different gas composition used (50% steam and 50%
H2) versus the here used 90/10. More details on the testing parameters can be found in
Ref. [24]. A quantification of SOEC Ni/YSZ electrode microstructure was performed
also in Ref. [103] where the total TPB length was computed to be 4.63 µm/µm3 with 3.07
µm/µm3 of active sites in the commercial cell analyzed [104] versus the here reported
3.28 µm/µm3 and 2.83 µm/µm3.
Here, the reference cell could be compared onlywith one more step in time the full 9000
hours. However, a previous study [26] has showed a difference in the rate of degradation
of the percolation between the inlet and the outlet side of the cell. After 128 hours the
degradation is more marked at the inlet than at the outlet while after 678 hours of test the
difference started disappearing [26]. Similar results showing a faster degradation at the
inlet than at the outlet were also reported by Hauch et al. Ref. [62] (Cell A and B)]. Fur-
ther, analyses of the difference in degradation rate between inlet and outlet are currently
underway.
The results presented in this work show that differences between the inlet and the outlet
of the cell after long-term testing could be detected only for some of microstructural pa-
rameters. TPB length illustrates recognizable differences between the inlet and the outlet
of the tested cell. The trend already reported in other studies [Refs. [62] (Cell A and
B), [31] and [26]] (i.e. lower degradation rate at the outlet side) was also observed here
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but only through some of the features considered. Based on the results of the current and
previous studies, [19] we hypothesize herein that the degradation of the investigated cell
is connected to different local operating conditions experienced at the two extremities. In
particular, current distribution and gas composition are thought to play an important role
for the differences in degradation.
The characterization performed in this paper provides suitable input for microstructural
modelling. The 3D reconstruction of the reference cell could be used as input for the
modelling and microstructural parameters can be computed on the simulated geometries
and linked to the experimental results presented in this work. The investigation of the
modelling results can provide information on the intermediate stages of the coarsening
process and related microstructural changes that cannot be detected and quantified during
the operation of the cell.

4.6 Conclusion

A detailed 3D microstructural characterization of a solid oxide electrolysis cell that was
operated as part of a stack for one year was performed, and microstructural parameters
were compared with the results obtained on a non operated reference cell manufactured
as a part of the same batch of cells.
The depletion of Ni in the region close to the electrode-electrolyte interface ( ~ 5 µm)
emerged both from the EDS results and from the analysis of the three dimensional recon-
structions. This effect was observed to occur both at the inlet and at the outlet side of the
cell after the long-term test in electrolysis mode. The same type of analysis performed on
the YSZ shows the stability of this phase during the cell aging.
The long-term test strongly affected the microstructure, starting from a reference cell with
86% of percolating sites, to 62% at the outlet side and only 53% at the inlet side after the
test. Moreover, the shift toward larger particles size together with the decrease of TPBs
percolation and the increase of the tortuosity factor of the nickel show a strong degrada-
tion in the network-quality of the three interpenetrating phases in the cermet. This fact is
likely responsible for the majority of the resistance increase observed over the one year
aging: a resistance increase (ASR) of ~ 42% was observed over 9000 hours test [95].
Interestingly, the two locations investigated on the tested cell (i.e. inlet and outlet side)
showed similar characteristics in microstructural changes/degradation, slightly more pro-
nounced at the inlet. The higher loss of percolating TPB at the inlet side is likely due
to the more harsh operating conditions experienced here: larger current density (stronger
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polarization) and more moist gas composition.
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5.1 Abstract

Solid oxide cells are electrochemical devices used for the conversion of chemical energy
to electrical energy (Solid Oxide Fuel Cells-SOFC) and vice versa (Solid Oxide Electrol-
ysis Cells-SOEC). However, long-term performance degradation impedes the wide-
spread commercialization of the technology. To investigate the effects of operation mode
on the degradation of Ni/yttria-stabilized zirconia (YSZ) electrodes, two cells from the
same production batch are tested for 1000 hours at 800°C; one as SOFC and the other as
SOEC. The cells are fed with the same gas composition at the fuel inlet side (p(H2O)/p(H2)
= 0.5/0.5) while the direction of the current (± 1 A/cm2) is reversed. It is found that Ni
coarsening occurs to a similar extent in both operation modes while Ni depletion is only
observed in SOEC mode, in the region close to the electrode/electrolyte interface. Here,
the Ni/(Ni + Zr + Y) atomic ratio decreases from ~ 0.49 of the reference cell to ~ 0.28 and
the SOEC shows a pronounced decrease in percolating triple phase boundaries (TPB). The
wettability of Ni on YSZ is studied and hypotheses are done to correlate the phenomena
of Ni coarsening and Ni depletion to the cell operation mode.

5.2 Introduction

The increased spread of intermittent electricity production over the last decades has in-
troduced the need to overcome any mismatches between electrical energy production and
consumption. In this context, the development of efficient energy conversion devices such
as solid oxide fuel cells (SOFCs) and solid oxide electrolysis cells (SOECs) may play a
key role. Solid oxide cells (SOCs) are electrochemical devices able to convert chemical
energy to electrical energy when operated as SOFCs and vice versa when operated as
SOECs. The same cell can be operated in both modes allowing electricity production or
energy storage, depending on the grid demand.

Several years of stable operational life are required to reach the widespread commercial-
ization of the technology [81] [82] [83] [105]. Several studies have related performance
degradation of the cell to the degradation processes occurring in the cell components at
the micro-level [24] [86] [106] [107]. In particular, microstructural changes occurring in
the Ni/yttria-stabilized zirconia (Ni/YSZ) electrode during long-term operation have been
found to have a strong impact on the performance loss of the cell [23] [24] [30] [38] [108]
[109] [110] [111]. Several studies have reported on the evolution of the microstructure
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during SOFC [23] [28] [63] [112] [113] and SOEC [28] [25] [32] [52] [86] [94] [114]
testing. Main degradation phenomena reported for Ni/YSZ electrodes contributing to loss
of performance in SOFC mode are: Ni coarsening and re-distribution [23] [28] [63] [112]
[113], sulfur poisoning [115] [116] [117] [118], carbon deposition [119] [120] [121] [122]
[123], and impurity segregation [124] [125]. For what concerns SOEC operation, several
degradation phenomena responsible for the microstructural degradation of the fuel elec-
trodes have been identified; carbon deposition [119] [122] [126], impurity segregation
[127],percolation loss due to formation of ZrO2 nanoparticles [87], Ni coarsening and Ni
depletion [25] [28] [32] [52] [86] [94] [114].

It is well-known that Ni coarsening occurs during operation and that it produces a de-
crease in active electrochemical sites when the cell is operated for extended times both in
SOFC [30] [38] [108] [109] and in SOEC mode [110] [111] [128] [129] [130]. Tanasini
et al. [23] used Scanning Electron Microscopy (SEM) and galvanostatic tests to relate mi-
crostructural changes with performances degradation of a SOFC. The authors concluded
that there is no relation between microstructural changes and initial cell activation. How-
ever, the experiments highlighted a relation between performance degradation and the Ni
coarsening [23]. In particular, the more pronounced increase of Ni particles size was ob-
served within the first 200 hours of testing [23]. More recently The et al. [114] observed
Ni coarsening and Ni depletion in the innermost region of the active fuel electrode for
SOECs tested at – 0.75 A/cm2 (6100 hours) and – 1 A/cm2 (9000 hours). While a similar
degree of Ni coarsening was observed in both cells, the quantification of Ni concentration
in the fuel electrode showed that the phenomenon of Ni migration away from the elec-
trode/electrolyte interface was much more pronounced for the cell operated at – 1 A/cm2.
SEM micrographs were used by Fang et al. [25] for the post-test analysis of a SOEC tested
for 20000 hours as part of a stack and by Hoerlein et al. [32] for investigating the effect
of different operating parameters on 20 single electrolysis cell tests. Ni coarsening and
Ni depletion at the interface with the electrolyte were observed in both studies [25] [32].
In particular, it was observed that the migration of Ni away from the electrode/electrolyte
interface is affected by current density, cathode overpotential, humidity, and temperature.
Mogensen et al. [26] observed Ni depletion in the innermost area of the fuel electrode for
SOEC operating temperature lower than 950°C. The authors hypothesized that the main
cause for the Ni migration at testing conditions is the polarization of the electrode [26],
as no Ni depletion was observed for cells exposed to same gas and temperature but no
current for the same number of hours.
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Not many studies have focused on the investigation of the different microstructural degra-
dation occurring in Ni/YSZ electrodes when operating identical cells in SOFC or SOEC
mode. Nakajo et al. [29] used 3D Focused Ion Beam – Scanning Electron Microscopy
(FIB-SEM) serial sectioning and 3D Energy Dispersive Spectroscopy (EDS) elemental
mapping for the post mortem characterization of cells tested both as SOFC and SOEC.
The microstructures of the tested cells were compared with the microstructure of a cell
in its pristine state (only reduced not long-term tested). However, different operating
conditions (i.e. temperature, gas composition, and current density) were applied during
the tests. Furthermore, the microstructure of the SOFC was characterized after 1900 and
4700 hours, while only one characterization was performed for the SOEC after 10700
hours. These differences complicated the comparison, however, the authors detected that
Ni coarsens similarly for both operation modes. While in the SOFC the microstructural
degradation was observed to be homogeneous throughout the electrode, in SOEC mode
Ni depletion was observed to occur in the first 2.5 µm close to the electrode/electrolyte
interface where also the connectivity of the triple phase boundaries (TPB) was found to be
strongly decreased. Hubert et al. [28] investigated the degradation of microstructure and
electrochemical performance in cells tested as SOFC and SOEC in the time range 1000-
9000 hours in the temperature range 850-950°C applying current density of ± 0.5 A/cm2

(– 0.75 A/cm2 was used for one test in SOEC mode). The authors focused on the effect
of nickel coarsening showing that the sign of the electrode polarization does not affect the
coarsening rate. However, a more pronounced performance degradation was observed for
the cells operated in SOEC mode. It is noteworthy that no significant Ni depletion was
observed for the particular test conditions [28].

In this study, we aim to investigate the main differences in microstructural degradation of
Ni/YSZ cermets when cells from the same production batch are operated in both SOFC
and SOEC mode. The two cells used for the analysis were tested in galvanostatic mode
under the same externally set conditions (i.e. 800°C, 50% H2O-50% H2 as fuel at the fuel
inlet side, and 1000 hours of testing) using a current density of 1 A/cm2 for SOFC and -1
A/cm2 for SOEC mode. After the long-term test, the Ni/YSZ electrode microstructure at
the inlet side of the two operated cells was compared with a reference cell from the same
production batch where NiO was just reduced to Ni and the cell was not tested further.
The three samples (i.e. reference, SOFC, and SOEC) were characterized using SEM,
EDS, and FIB-SEM tomography. We believe that exposing the cells to the same operating
conditions and reversing the current between the two operating modes make the aged cells
here characterized are more directly comparable than in previous studies reported in the
literature [28] [29].
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5.3 Experimental

5.3.1 Electrochemical Testing

Three cells from the same production batch were used for the analysis. They are fuel
electrode supported planar type cells, consisting of a thick Ni/YSZ support (300 µm), a
Ni/YSZ active fuel electrode, a YSZ electrolyte, a Ce0.9Gd0.1O1.95 (CGO) interdiffusion
barrier layer, and a La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF)/CGO composite oxygen electrode.
The cells have a footprint of 5.3 × 5.3 cm2 with an active electrode area of 4.0 × 4.0 cm2.
Further details on the cells are published in [131].

Each cell was mounted in a single cell test house. Additional details on the testing proce-
dure can be found elsewhere [34] [62]. For these experiments, the reduction from NiO to
Ni in the Ni/YSZ electrode was carried at 850°C. One cell, hereafter labeled “reference”,
was cooled down to room temperature immediately after reduction (for 2 hours at 850°C).
The other two cells were further exposed to long-term galvanostatic durability tests and
performance characterization. The SOFC was tested at 800°C, +1 A/cm2 for 1000 h. The
fuel utilization was 56 % with 24 l/h H2/H2O (50/50) to the Ni/YSZ electrode, 50 l/h
O2 to the LSCF/CGO electrode. The SOEC was exposed to the same conditions except
for the change in current direction, i.e. -1 A/cm2. Figure 5.1 depicts cell voltage as a
function of time for both cells during the durability test. The cell voltage was measured
for both cells before applying the current load. An open circuit-voltage (OCV) of 0.976
V for the SOFC and 0.972 V for the SOEC was recorded. These values are well in line
with the theoretical Nernst potential of 0.973 V. After the current load was applied, the
cell voltage was measured to be 1.246 and 0.790 V for the SOEC and SOFC, respectively.
The cell tested as SOFC shows an overall voltage degradation of 0.8 %/1000 h, while a
higher degradation rate of 8.3 %/1000 h was observed for the cell tested as SOEC. From
the impedance analysis obtained during the test, the performance degradation in SOEC
mode is found to be dominated by an increase of the Ni/YSZ electrode polarization re-
sistance. A more detailed electrochemical characterization and impedance spectroscopy
analysis will be published elsewhere.
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Figure 5.1: Voltage profile as a function of time for the two cells tested in SOFC and
SOEC mode for 1000 hours at 800°C, + 1 A/cm2 and – 1 A/cm2, respectively,
with H2/H2O = 50/50 fuel gas composition at the inlet side

5.3.2 SEM Sample Preparation

After testing, three cross sections were selected for the analysis: one for the reference
cell, one for the SOFC and one for the SOEC. The location for the microstructural char-
acterization was chosen at the inlet part of the cells to ensure that the cells were exposed
to the same gas composition i.e. the main difference during the aging is the direction of
the current (sign of the polarization). The three samples were embedded in epoxy resin,
ground and polished for SEM and FIB–SEM tomography.

5.3.3 Energy Dispersive X-ray Spectroscopy – EDS

The EDS analysis was performed with a field emission gun (FEG) scanning electron
microscope (Zeiss Merlin) equipped with an X-ray detector (Quantax X-ray detector –
Bruker). The region characterized by the EDS analysis is highlighted in Figure 5.2a with
a light blue rectangle. Figure 5.2b illustrates one of the SEM images (~ 100 µm width
micrograph) of the reference cell used for EDS line scans. An acceleration voltage of 15
kV was used giving an interaction volume of approximately ~ 600 nm3. Four line scans
were recorded for each image at different distances from the electrode/electrolyte inter-
face: ~ 2, 8, 12, and 30 µm corresponding to “inner” part of active fuel electrode, “outer”
part of active fuel electrode, “inner” part of electrode support layer and “support” layer,
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Figure 5.2: Different SEM micrographs of the reference cell cross-section illustrating the
data acquisition procedure: a) overview image of the layers composing the
cell with highlights on the regions used for EDS analysis (light blue rectangle)
and for the 3D reconstruction (red rectangle). b) image of one of the locations
used for the acquisition of EDS line scan. The locations used for the line
scan are represented with yellow horizontal lines. c) image acquired with
EsB detector and used for the porosity quantification. The yellow rectangles
indicate the sub-regions used for the analysis. d) FIB-SEM cross-sections
recorded with the Inlens detector while milling the sample along the milling
front direction.
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respectively. A spectrum was obtained for each of the 100 points along each line. The
yellow horizontal lines in Figure 5.2b are placed in correspondence with the lines scan
recorded on each image. The Quantax Esprit 1.9 Bruker software was used with ZAF
correction and the acquisition time for each line was 10 minutes. Figure 5.3 illustrates
the quality of the EDS spectra recorded at each of the 100 points scanned along each line.
Two images were analyzed for each sample covering an electrode/electrolyte length of ~
200 µm. The Ni/(Ni + Zr + Y) atomic ratio was computed for each point scanned along
the lines. The results were then averaged and the average was considered representative
for the location at a specific distance (2, 8, 12, and 30 µm from the electrode/electrolyte
interface, respectively) from the electrolyte.

Figure 5.3: EDS spectrum of one of the 100 points recorded for the line scan obtained
for the reference cell at a distance of 8 µm from the electrode/electrolyte
interface.

5.3.4 SEM Analysis

Low voltage SEM micrographs as the one illustrated in Figure 5.2c were recorded for
quantifying the porosity in the active fuel electrode. The FEG Zeiss Merlin SEM equipped
with an Energy selective Backscattered (EsB) detector was used for recording low voltage
and high current images (2.5 kV and 18 nA, respectively). The working distance was ~
3.9 mm and the filtering grid was set to 1.5 kV. More details on the microscope setup are
published elsewhere [19]. The 10 µm thick active electrode was divided into five regions
of ~ 2 x 28 µm2 area each (yellow rectangles in Figure 5.2c) to quantify the porosity vari-
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ation in the direction perpendicular to the electrode/electrolyte interface. The statistical
power analysis was used to determine the number of images to analyze [132]. To keep the
number of images low while still being able to detect nickel depletion in the innermost
area of the electrode, 30 images were acquired and analyzed (details on the statistical
power analysis are reported in the supplementary materials). An overall area of approx-
imately 1680 µm2 was covered for each of the five regions analyzed. The average pore
fraction obtained from the 30 images for each region was used as the representative value
of the specific region. The SEM images used for the qualitative analysis of Ni network
percolation were obtained with the FEG Zeiss Merlin SEM using the Inlens detector at 1
kV. The images recorded with the Inlens detector using the microscope low voltage setup
allow to clearly detect the percolating Ni network which appears much brighter than the
other phases. More details on this imaging technique can be found elsewhere [40].

5.3.5 FIB-SEM tomography and 3D characterization

The FIB-SEM tomograms used for three-dimensional reconstructions were acquired with
a Zeiss XB1540 Crossbeam microscope. Figure 5.2d illustrates a few raw images acquired
with the Inlens detector during the FIB-SEM serial sectioning and the direction of the
milling front. The three-dimensional reconstructions were performed on the representa-
tive area highlighted by the black rectangle in Figure 5.2d. The microstructural parameters
computed on the 3D reconstructions were used as a complementary dataset to the results
obtained from the analysis of EDS and SEM micrographs (the data are more detailed but
less representative due to the limited volume). The area selected for the three-dimensional
characterization starts approximately 1 µm away from the electrode/electrolyte interface
and ends ~ 1 µm before reaching the interface between the active fuel electrode and the
support layer. To analyze the same volume for the three samples, the maximum size of the
sub-volume extractable from the data sets was ~ 8.7 x 8.0 x 10.1 µm3. Slightly different
microscope set-ups were used for the three samples resulting in different voxel sizes: 25
x 25 x 46.8 nm3 for the reference cell, 25 x 25 x 35.0 nm3 for the SOFC, and 25 x 25 x
42.3 nm3 for the SOEC tested cell. The dimensions of the sub-volumes used for the 3D
characterization were 374 x 321 x 216 pixels, 374 x 321 x 289 pixels, and 374 x 321 x 239
pixels for the reference, SOFC, and SOEC, respectively. Two images (from the Inlens de-
tector and from SE2 detector) were simultaneously acquired and used for post-processing
and segmentation as described in [17]. More details on the FIB-SEM serial sectioning
and the post-processing can be found in [17] [110].
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Microstructural parameters were computed on the segmented volumes to compare the
Ni/YSZ microstructures after operation in SOFC and SOEC mode with the one of the
reference cell. The phase fraction of each volume was calculated by dividing the volume
occupied by one of the three phases of (i.e. Ni, YSZ, and pores) by the overall volume
analyzed. The particles size was computed using the continuous particle size distribu-
tion (PSD) approach [17] [92] [110]. For computing the continuous PSD, a distance map
is calculated for each phase to find the center of the spheres used for fitting the network
without overlapping with other phases. The radius of each sphere is dilated to cover all the
volume of the analyzed phase. For each spheres radii, the volume occupied is measured
and the continuous PSD is given by the histogram of the volumes covered. Additionally,
total and percolating TPB are computed [17] [52]. In a TPB site the three phases (Ni,
YSZ, and pores) coexist. From the segmented volumes, each phase is triangulated and the
single edge of a triangle that separates both Ni/pore, Ni/YSZ, and YSZ/pore at the same
time is considered as a TPB segment. The total TPB density is the total length of those
segments divided by the analyzed volume. The percolating TPB density is obtained by
summing up the TPB segments being connected through all three phases to each side of
the analyzed volume.

5.4 Results

5.4.1 SEM Images

Figure 5.4 shows SEM micrographs recorded with EsB detector for porosity quantifica-
tion (Figure 5.4a, 5.4b, and 5.4c) and low voltage images obtained with the Inlens detector,
qualitatively showing Ni percolation (Figure 5.4d, 5.4e, and 5.4f). In Figure 5.4a – 5.4c
porosity is black, nickel is dark gray and the YSZ is light gray while in Figure 5.4d -
5.4f the white phase is the percolating Ni, non-percolating nickel and YSZ are gray, and
porosity is black. The SEM micrographs in Figure 5.4 illustrate the Ni coarsening upon
aging. Comparing the microstructure of the tested cells (Figure 5.4b, 5.4c, 5.4e, and 5.4f)
with the reference (Figure 5.4a and 5.4d) it is shown that Ni network tends to coalesce
during operation, resulting in bigger clusters after 1000 hours of operation for both SOFC
and SOEC. In addition to the Ni coarsening, the cell operated as SOEC shows an increase
in pore fraction and pore size close to the electrode/electrolyte interface (Figure 5.4c).
The YSZ network appears to be unaffected by the applied test conditions [23] [38] [110].
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Therefore, assuming an invariant YSZ scaffold, an increase in pore fraction must corre-
spond to a decrease of Ni content in the investigated region.

The percolating Ni is illustrated for the three samples in Figure 5.4d (Reference), Figure
5.4e (SOFC), and Figure 5.4f (SOEC). Clearly, the fraction of percolating Ni in the in-
nermost part of the fuel electrode in SOEC mode is decreased compared to SOFC and
reference. The red dashed lines in Figure 5.4d – 5.4f highlight the region where percolat-
ing Ni decreases more in the SOEC (Figure 5.4f) than in the other two cases. In contrast,
the SOFC does not show a visible decrease in the fraction of percolating Ni (Figure 5.4e).

Figure 5.4: SEM images of the three samples; reference a) and d), SOFC b) and e), and
SOEC c) and f). In the low voltage ESB images a)-c) porosity is black, YSZ
is light gray and Ni is dark gray. In the low voltage images recorded with the
Inlens detector d)-f) porosity is black, YSZ and non-percolating Ni are gray
and the percolating Ni is white. The two dashed lines in d)-f) indicate the
area where the decrease of percolating Ni is more visible.

5.4.2 Ni Depletion - EDS and SEM Micrographs

Figure 5.5 summarizes the results for the Ni distribution in the active fuel electrode and in
the support, quantified with EDS and SEM micrographs. Figure 5.5a shows a significant
Ni depletion in the SOEC at a distance of 2 µm from the electrode/electrolyte interface,
the ratio (Ni/(Ni + Zr + Y)) decreases from ~ 0.49 for the reference sample to ~ 0.28 for
the cell aged in SOEC mode. Based on data from cell manufacturing, the ratio in the
reference cell is expected to be ~ 0.48 (gray dashed line in Figure 5.5a), very well in line
with experimental findings. Noteworthy, the depletion was not observed for the SOFC
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showing Ni/(Ni + Zr + Y) ≈ 0.46. Figure 5.5a shows changes in the Ni ratio moving from
the electrode/electrolyte interface towards the support layer. The ratio was measured to
be between ~ 0.45 and ~ 0.55 for all the samples at the distance of 8 and 12 µm from the
electrode/electrolyte interface. The line scan recorded in the support layer closest to the
active electrode (~ 12 µm from the electrode/electrolyte interface) shows a slight increase
of Ni content for the SOEC, however, this increase is within the error of the measure-
ments. Finally, the line scan recorded in the innermost area of the support layer(~ 30 µm
from the electrode/electrolyte interface) shows similar Ni/(Ni +Zr + Y) ratio values for
both SOFC and SOEC (~ 0.51), and reference cell (~ 0.47). Hence, in summary, in SOEC
mode Ni is depleted at the electrode/electrolyte interface and seems slightly enriched at
the electrode/support interface, while in SOFC mode such phenomenon is not observed.

Figure 5.5b shows the average pore fraction obtained from the analysis of 30 SEM images.
Five points are obtained for each sample, each point corresponds to the estimated porosity
of one of the areas in the yellow rectangles in Figure 5.2c. The values in Figure 5.5b are
interpolated with a cubic spline (dashed lines) for each sample. It is a clear observation
that the pore fraction in the reference cell and in the SOFC varies less than in the SOEC. A
pore fraction fluctuation in the range ~ 24 – 28 % is observed for the reference cell (green
lines in Figure 5.4b) while the variation for the SOFC is between 23 and 28 %. When
the cell is operated in SOEC mode (red line in Figure 5.4b), the pore fraction decreases
form ~ 33 % to ~ 22 % by moving from the electrode/electrolyte interface towards the
support layer. It is worth noticing that the pore phase of the SOEC shows high porosity
until ~ 4 µm from the electrode/electrolyte interface before it starts decreasing assuming a
lower value than in the reference. The theoretical minimum limit for the pore fraction of a
Ni/YSZ electrode with a volume ratio of 40/60 will be 21.8 % (gray dashed line in Figure
5.5b) based on porosity only originating from the reduction of NiO to Ni. In SOEC mode,
the porosity variation is consistent with the observed Ni variation; Ni is depleted at the
electrolyte/electrode interface (increased pore fraction at 1 µm) and enriched between 8
and 12 µm from the interface, which corresponds well to the reduced pore fraction in the
region 5-10 µm from the interface.

5.4.3 3D Reconstructions and Microstructural Parameters

Figure 5.6 shows the three-dimensional reconstructions of three sub-volumes (~ 8 x 8 x
8 µm3 including part of the electrolyte) of the FIB-SEM datasets for the reference cell,
SOFC, and SOEC. In Figure 5.6, the Ni phase is colored in red, YSZ in gray and the pores
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Figure 5.5: EDS results a) and porosity quantification performed on SEM images b) for
the three samples analyzed. The nominal value for the Ni ratio in Figure
5.5a (0.48) is calculated based on cell manufacturing data. The theoretical
minimum limit for the pore fraction shown in Figure 5.5b (21.8%) is calcu-
lated based on porosity only originating from the reduction of NiO to Ni for
a Ni/YSZ electrode with a volume ratio of 40/60.

are transparent. Microstructural parameters are computed on sub-volumes extracted from
the innermost part of the electrode, to include only the active electrode in the calcula-
tions. Figure 5.6 shows a more pronounced microstructural degradation of the SOEC by
simple visual inspection of the three-dimensional renderings. It is worth noting that more
detailed data can be extracted from the 3D reconstructions, however, the data are less rep-
resentative due to the limited volumes size.

Figure 5.6: Three-dimensional renderings of sub-volumes extracted from the FIB-SEM
datasets for the reference cell a), SOFC b), and SOEC c). Ni is red, YSZ is
gray, and pores are transparent.

Figure 5.7 shows the continuous PSD of the analyzed cells for each of the three phases
(i.e. Ni, YSZ, and pore). For the Ni phase (Figure 5.7a), the peak of the continuous PSD
curve shifts from ~ 400 nm observed on the reference cell to approximately ~ 600 nm after
SOFC and SOEC operation. Interestingly, the continuous PSD distribution of the pores
and the YSZ shows different trends over time for the two cells tested. Figure 5.7b shows
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similar pore phase PSD for the SOFC and the reference with a peak at approximately 300
nm. The peak for the SOEC is observed at ~ 350 nm and is broader than the ones for the
reference cell and the SOFC. An unexpected trend for the PSD of YSZ is found for the
SOFC (Figure 5.7c) showing a more pronounced peak for a particle radius of ~ 300 nm.

Table 5.1 summarizes the microstructural parameters computed on the three volumes. Er-
rors in the image post-processing and segmentation together with the limited volume size
result in large uncertainty on the computation of the phase fractions (± 2.50, see Table
5.1). Finite sampling volume leads to the unexpected differences in the YSZ phase frac-
tion known to be stable during the test; instead, variations in YSZ phase fraction illustrate
the level of accuracy of this measurement. 41 ± 2.50 % of the analyzed microstructure
of the reference cell was occupied by YSZ while 39 ± 2.50 % and 43 ± 2.50 % was ob-
tained for the SOFC and SOEC, respectively. The fact that the phase fractions (Table 5.1)
are computed over the entire three-dimensional volumes prevents the detection of local
changes in the different regions of the active fuel electrode (Figure 5.2c) as, instead, ob-
served from the EDS and 2D SEM micrographs (Figure 5.5). The total and percolating
TPB length show a much more pronounced decrease after the SOEC operation compared
to the SOFC tested cell. Indeed, starting from a TPB density of 2.44 µm/µm3 for the
reference cell, 2.40 µm/µm3 is computed on the SOFC volume and only 1.47 µm/µm3

on the SOEC. Similarly, the percolating TPB length decreases from 2.19 µm/µm3 on the
reference cell to 2.09 µm/µm3 and 1.36 µm/µm3 on the SOFC and SOEC, respectively.

The results of interface and surface areas are further summarized in Table 5.1. The Ni
surface area decreases after the operation in both SOFC- and SOEC-mode. Similarly, a
decrease of Ni/pore and Ni/YSZ interface areas is observed when comparing the refer-
ence cell with both tested cells. On the other hand, the surface area of the pores remains
unchanged after the SOFC test while a decrease was observed after the SOEC test. More
pronounced changes in surface and interface areas are recorded when the cell is oper-
ated as SOEC. In particular, the surface area of Ni decreases from 1.46 µm2/µm3 for the
reference cell to 1.33 µm2/µm3 and 1.17 µm2/µm3 for SOFC and SOEC, respectively.
Likewise, the Ni/pore and Ni/YSZ interface areas were computed to be 0.61 µm2/µm3

and 0.85 µm2/µm3 for the reference cell, respectively, while only 0.40 µm2/µm3 and 0.77
µm2/µm3 for the SOEC, respectively. Also, small changes in the YSZ surface area are
observed and will be discussed further in the Discussion session.
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Figure 5.7: Continuous PSD computed for each phase (Ni, pore, and YSZ) on the three
samples analyzed (reference cell, SOFC, and SOEC).
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Table 5.1: Microstructural parameters calculated on the three-dimensional reconstruc-
tions of the three samples analyzed.

Reference SOFC SOEC

Ni Phase Fraction [%] 29 ± 2.50 30 ± 2.50 27 ± 2.50
Pore Phase Fraction [%] 30 ± 2.50 31 ± 2.50 31 ± 2.50
YSZ Phase Fraction [%] 41 ± 2.50 39 ± 2.50 43 ± 2.50

Total TPB Length [µm/µm3] 2.44 ± 0.10 2.40 ± 0.10 1.47 ± 0.10
Percolating TPB Length [µm/µm3] 2.19 ± 0.15 2.09 ± 0.15 1.36 ± 0.15

Ni Surface Area [µm2/µm3] 1.46 ± 0.05 1.33 ± 0.05 1.17 ± 0.05
Pore Surface Area [µm2/µm3] 1.83 ± 0.03 1.84 ± 0.03 1.52 ± 0.03
YSZ Surface Area [µm2/µm3] 2.07 ± 0.05 2.13 ± 0.05 1.89 ± 0.05

Ni/Pore Interface Area [µm2/µm3] 0.61 ± 0.05 0.52 ± 0.05 0.40 ± 0.05
Ni/YSZ Interface Area [µm2/µm3] 0.85 ± 0.05 0.81 ± 0.05 0.77 ± 0.05

Pore/YSZ Interface Area [µm2/µm3] 1.22 ± 0.05 1.32 ± 0.05 1.12 ± 0.05

5.5 Discussions

5.5.1 Ni Coarsening

From the qualitative illustration of Ni coarsening (Figure 5.4) and the PSD quantification
(Figure 5.7), it is clear that Ni coarsens to a similar extent when operating the cell both
as SOFC and as SOEC. Ni coarsening does not appear to be affected by the direction
of the current in the cell in line with the finding of Nakajo et al. [29] and Hubert et al.
[28] and such coarsening was observed to take place even at OCV (no current) as shown
by Mogensen et al. [26]. The PSD was computed also for pores and YSZ. While the
porosity PSD of the SOFC was similar to the one of the reference cell, the PSD of the
SOEC shifted towards higher values of pore radii (Figure 5.7b). In fact, the migration
of Ni away from the electrode/electrolyte interface leaves empty areas that increase the
overall porosity (Figure 5.4c) and its characteristic size (Figure 5.7b). For what concerns
the YSZ, the PSD of the SOEC shows a similar trend to the reference cell while the SOFC
curve has a peak around 350 nm not observed for the other two samples. This fact is a
consequence of the local nature of the FIB-SEM characterization which here was limited
to small volumes. Therefore, the FIB-SEM results are affected by the errors due to the
lack of representative volumes. In fact, the ESD analysis shows that the Zr content in
the three samples varies over 8 µm segments (edge length of the FIB-SEM volume) taken
along the 100 µm line scan (supplementary materials) while the Zr content computed over
the entire 100 µm line does not change in the three samples analyzed.
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5.5.2 Ni Depletion as a Major Cause of SOEC Degradation

From the EDS analysis, we observe a pronounced decrease of the Ni/(Ni + Zr + Y) atomic
ratio for the SOEC at a distance of 2 µm from the electrode/electrolyte interface. Such
a decrease is not observed for the SOFC (Figure 5.4a). This loss of Ni in the region
close to the SOEC electrode/electrolyte interface reduces the electronic conductivity and
the number of active sites for electrochemical reaction, as confirmed by FIB-SEM results
which show the decrease of both total and percolating TPB density. These microstruc-
tural changes are responsible for the SOEC performance degradation. We speculate that
the more pronounced voltage deterioration observed in the SOEC mode compared to the
SOFC (Figure 5.1) is mainly ascribed to the Ni depletion in the innermost area of the fuel
electrode. In fact, while Ni coarsening seems to occur to a similar extent showing similar
Ni PSD for both tested cells (Figure 5.7), the more pronounced decrease of TPB observed
for the SOEC indicates that Ni depletion plays a primary role to the increase of the over-
potential. The percolating TPB density is a good microstructural parameter that can be
correlated with the electrochemical performance of the cell. The fact that the decrease
of percolating TPBs for the SOEC mode is beyond what would be expected by simple
Ni coarsening observed for the SOFC suggests that the electrode polarization is crucial
for the loss of cell performance. The reduction of TPB length density of tested Ni/YSZ
electrodes has previously been observed for both SOFC [28] [109] [133] [134] and SOEC
[19] [28] [110] operation.

Previous studies have reported that Ni coarsening is the main microstructural degradation
process occurring at low current densities (- 1 A/cm2) [9] [87] [131]. From our observa-
tions, Ni depletion in the innermost part of the active SOEC electrode should be consid-
ered as a major degradation process for the SOEC electrode microstructure, affecting the
cell electrochemical performance, in line with results reported by [25] [34] [94] [114].
However, in the area of the support layer closer to the electrode, the Ni/(Ni + Zr + Y) ratio
of the SOEC is higher than in the reference, in line with the experimental observations of
Sun et al. [34]. By moving further outwards into the support layer at ~ 30 µm from the
electrode/electrolyte interface, both the SOFC and the SOEC show a slight enrichment in
Ni compared with the reference.

The small enrichment observed in the Ni/(Ni + Zr + Y) ratio for the SOEC hints that,
in SOEC mode, Ni migrates from the electrode/electrolyte interface towards the support.
In SOFC mode, the trend for Ni migration is not that clear. It is worth noting that the
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phenomenon of Ni migration is not described by the three-dimensional characterization
presented here and in [28]. Indeed, each phase fractions value reported in Table 5.1 rep-
resents an average computed over the entire analyzed volume.

5.5.3 Driving Force for Ni Migration

The depletion of Ni close to the electrode/electrolyte interface was already observed in
the literature [19] [26] [34] [62] [110]. However, the mechanisms of the Ni migration are
not completely understood. Mogens et al. [26] proposed that the driving force for the
Ni migration is the formation of Ni(OH)x volatile species which diffuse down the steam
partial pressure gradients. In this section, we present an alternative explanation of the phe-
nomenon of Ni migration based on the gradients of Ni/YSZ contact angle as a function of
the pO2 gradient in the electrode established during operation.

At high temperatures, Ni atoms diffuse through the surface of the Ni network from regions
characterized by high chemical potential towards regions of low chemical potential until
the free energy of the system is minimized [21]. In simple two-phase systems, spatial
gradients of chemical potential are due to gradients of surface curvature [21]. In the case
of Ni coarsening in Ni/YSZ electrodes, the chemical potential is also a function of the dif-
ferent interface energies present at each interface (i.e Ni-pore, Ni-YSZ, and YSZ-pores).
In the proximity of the triple junctions (corresponding to the TPBs), the balance of these
interface energies determines the Ni/YSZ contact angle.

It has been reported that the contact angle is a function of the oxygen partial pressure (pO2)
[73]. The pO2 in the electrode is equilibrated by the partial pressure of H2O (pH2O) in
H2 according to the equation:

pO2 = 1

KH

( pH2O

1−pH2O

)
(5.1)

where KH is the equilibrium constant for the H2/O2 reaction and equal to 2.33x1018 at
800°C [73]. The dependency of the Ni/YSZ contact angle on log(pO2) is shown in Fig-
ure 5.8 (black solid line) and was obtained applying the procedure reported by Jiao et
al [73]. During cell operation, p(H2O) and p(H2) gradients arise in the fuel electrode
in the direction perpendicular to the electrode/electrolyte interface [26] [73]. Regions of
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the electrode where the contact angle assumes lower values (high wettability) are char-
acterized by lower chemical potential compared to regions having higher contact angles.
Therefore, it is reasonable to assume that the gradient in contact angle due to the gradi-
ent in pO2 causes the migration of Ni atoms from low wettability regions towards high
wettability regions (i.e. from high to low chemical potential). Computing the exact gas
distribution (pH2O/pH2) in the electrode is not trivial and would require an accurate three-
dimensional model of the cell operation. Here we assume that the gas composition at the
gas channel is equal to the nominal composition of the inlet gas (pH2O/pH2 = 0.5/0.5)
while the pO2 at the electrode/electrolyte interface can be estimated from the cell overpo-
tential by using the relation reported in Chen et al. [87]

ηNi /Y SZ = RT

4F

l n
(
p

(
O2

)
LocalGas

)
ln

(
p

(
O2

)
Ni /Y SZ

) (5.2)

In Equation 5.2 ηNi /Y SZ is the fuel electrode polarization, R is the universal gas constant
equal to 8.314 J/(K mol) and F is the Faraday constant equal to 96485 C/mol. The overpo-
tential of the Ni/YSZ electrode for the two tested cells (SOFC and SOEC) is obtained from
electrochemical impedance spectroscopy analysis where the measured impedance corre-
sponds to fuel electrode overpotentials of 0.090 V and -0.273 V for SOFC and SOEC,
respectively. Three vertical lines are plotted in Figure 5.8 for the log(pO2) value com-
puted for the gas channel (green line), the electrode/electrolyte interface obtained for the
SOEC (red line) and the SOFC (blue line). Figure 5.8 shows that, in SOEC mode, the
electrode/electrolyte interface presents a higher contact angle compared to the region in
the proximity of the gas channel. Therefore, according to our hypothesis, Ni should mi-
grate from the active electrode towards the support layer, as observed experimentally in
this work and in previous studies [26] [110].

Interestingly, in SOFC mode, the contact angle at the electrode/electrolyte interface is
lower than in the region close to the gas channel. Therefore, following our hypothesis, Ni
should migrate from the support enriching the active electrode. Furthermore, assuming
the values of pO2 at the electrode/electrolyte interface obtained from the cells overpoten-
tial, a greater difference in contact angle between the gas channel and the active electrode
is observed for the SOFC case. Therefore, a higher driving force for Ni migration should
be expected. However, the enrichment of the active electrode in the SOFC is not clearly
observed here.
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Several reasons can lead to the mismatch between our hypothesis and the experimental
observations in the SOFC case. Firstly, the Ni migration from the electrode/support in-
terface towards the electrode/electrolyte interface would likely lead to the Ni enrichment
in the electrode region close to the electrolyte, causing increase in Ni phase fraction and
Ni mean radii. Contrarily to the SOEC case where the formation of a Ni depletion can
be easily observed at the electrode/electrolyte interface, the enrichment of Ni at the elec-
trode/electrolyte interface can be challenging to detect. This is due to the fact that the
increase in Ni phase fraction and Ni continuous PSD can be minimal below the measure-
ments errors of the imaging techniques employed in this work.

Most importantly, the biggest uncertainty remains in the dependence of the Ni/YSZ con-
tact angle on log(pO2) proposed by Jiao et al. [73], i.e. the black solid line in Figure 5.8.
In their work, the enhanced Ni wettability on YSZ was experimentally observed under
SOFC polarization only, i.e. for values of pO2 > 10−19 bar. The procedure introduced
by Jiao et al. [73] is used here to obtain the black solid line shown in Figure 5.8 in the
log(pO2) range from -25 to -17, approximately. However, this part of curve corresponding
to SOEC polarization has not been experimentally validated. Such flat curve cannot im-
pose an enough big contact angle gradient across the active Ni/YSZ electrode, and hence
cannot provide the driving force for Ni migration observed in long-term tested SOEC
cells. A much steeper slope of the curve for pO2 < 10−19 bar is therefore required. In ad-
dition, the current authors have recently succeeded in reproducing Ni migration in SOEC
mode via phase-field simulations (the results will be presented elsewhere). The Ni mi-
gration is achieved by imposing a large contact angle gradient (95-120°) across the active
Ni/YSZ electrode as discussed here. Future experimental determination of the Ni/YSZ
contact angle as a function of local pO2 is needed to confirm or veto our hypothesis.

5.6 Conclusion

In this work, we examined the Ni/YSZ electrode microstructure of two nominally iden-
tical cells tested for 1000 h, one in SOFC mode and the other in SOEC mode. Identical
operating conditions (i.e. 800°C and p(H2O)/p(H2) = 0.5/0.5 at the fuel inlet side) were
applied varying the direction of the current (1 A/cm2 for SOFC and -1 A/cm2 for SOEC).
The analysis highlights a more pronounced performance degradation and Ni/YSZ mi-
crostructure change of the SOEC compared to SOFC. Similar Ni PSD was observed for
the two aged cells indicating that Ni coarsening is not affected by the operating mode. In
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Figure 5.8: Relation between contact angle and log(pO2) with the log(pO2) value ob-
tained for the fuel gas composition at the inlet side (pH2O/pH2 = 0.5/0.5)
(green line) and the log(pO2) values for the SOEC and the SOFC overpoten-
tials at the electrode/electrolyte interface (red and blue line, respectively).

addition, interface and surface areas computed for the SOFC and the SOEC show only
minor differences that can be considered to be in the margin of error of the measurement.

On the other hand, Ni migration away from the electrode/electrolyte interface was de-
tected only for the SOEC case. Ni migration in the SOEC is associated with the loss of
percolating nickel and an increase in the porosity in the active region of the fuel electrode.
Furthermore, the more pronounced decrease of the SOEC total and percolating TPB den-
sity is likely to affect the cell performance degradation. Therefore, from the results, we
claim that Ni depletion should be considered as one of the major SOEC performance
degradation phenomena.

Finally, a hypothesis on the driving force generating the depletion of Ni in the active
fuel electrode is presented. In SOEC mode, we speculate that Ni diffuses from the elec-
trode/electrolyte interface (presenting higher Ni/YSZ contact angle) towards the support
(lower Ni/YSZ contact angle), following the gradient in pO2 (lower pO2 at the elec-
trode/electrolyte interface and higher pO2 at the electrode/support interface of the SOEC)
which arises in the active electrode during the cell operation.
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Supplementary Materials

Figure 5.9 reports the detained steps of statistical power analysis used for defining the
number of images to be analyzed for porosity quantification in the regions of interest
shown in Figure 5.2c: areas between ~ 0-2, 2-4, 4-6, 6-8, and 8-10 µm from the elec-
trode/electrolyte interface.

Figure 5.9: Flow chart of the steps done for the statistical power analysis.

In order to explain the unexpected variations of the YSZ scaffold (Figure 5.7c and Table
5.1), the atomic ratio of Zr/(Ni + Zr + Y) and Y/(Ni + Zr + Y) was computed over 8
µm segments (size of the 3D volume reconstructions) along the 100 µm line scan. It is
observed as the ratio varies from one location to the other. Therefore, the YSZ scaffold
can change from one location to the other leading to variation in PSD and phase fraction
as observed in this study.
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Figure 5.10: Y (yellow) and Zr (green) atomic ratio averaged over 8 µm on one of the
100 µm length line scans.
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6.1 Abstract

Ni coarsening in the Ni/yttria-stabilized zirconia (YSZ) fuel electrode of solid oxide
fuel/electrolysis cells (SOCs) is a major cause of long-term performance degradation.
Phase-field modelling is a powerful tool for studying Ni coarsening in the complex 3D
structures of SOC fuel electrodes. In this work, we present a study aimed at validating
a phase-field model, comparing simulation results with time-dependent ex situ tomogra-
phy data. Three Ni/YSZ contact angles are examined: 97°, 120°, and 150°. Simulated
microstructures are characterized through quantities such as the Ni mean radius, triple
phase boundaries, and interface shape distribution, and the trends of these microstructural
parameters over time are compared with the experimental data. In particular, the phase-
field model reproduces the improved pore connectivity in the first stage of Ni coarsening
observed in the tomography data. This model also indicates that the Ni crystallographic
orientation, upon which the contact angle depends, plays a key role in Ni coarsening.
Finally, the limitations of the model are discussed.

6.2 Introduction

Solid oxide fuel cells (SOCs) are electrochemical devices used for converting chemical
energy into electrical energy, and vice versa [4] [135]. This technology is attractive due
to its high efficiency, low cost of constituent materials, and ability to operate with dif-
ferent hydrocarbons via internal reforming. Furthermore, SOCs can operate reversibly,
storing energy as chemical fuel and producing electricity on demand, and therefore offer
a suitable technology for the integration of renewable intermittent energy sources into the
future energy system.

Despite these advantages, several degradation phenomena impede widespread commer-
cialization of SOC technology. An SOC is composed of three layers: an oxygen electrode,
a thin solid electrolyte, and a fuel electrode [4] [135]. State-of-the-art fuel electrodes are
porous composite cermets fabricated by sintering nickel oxide (NiO) and yttria-stabilized
zirconia (YSZ) together to form a complex 3D structure [135]. Prior to first use, NiO is re-
duced to Ni by feeding H2 over the composite at an elevated temperature (500 – 1000°C),
resulting in a cermet rich in triple phase boundaries between the gas, YSZ, and Ni, which
are electrochemically active. Among the degradation mechanisms, Ni coarsening has
been suggested as a major cause of performance degradation [27] [102] [136] [137]. Due
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to the SOC’s high operating temperatures, Ni particles tend to coarsen, reducing the triple
phase boundaries and affecting the Ni and pore connectivity for the transport of reactants,
products, ions, and electrons [102] [136] [137]. Therefore, a deeper understanding of the
mechanisms of Ni coarsening and their effects on the overall Ni/YSZ microstructure is
crucial.

Elucidating the morphological evolution of a given Ni/YSZ cermet structure through ac-
curate microstructural modelling will enable the prediction of performance degradation.
The resulting insights may form a foundation for the design of the microstructure that
would improve the lifetime of future fuel electrodes. In the past decade, Ni coarsening
has been simulated using a variety of approaches, ranging from particle-size-distribution-
based models [18] [31] [60] [61] to complex, fully resolved 3D models [21] [35] [36] [37]
[138]. Ni particle growth has been described with power laws [18], diffusion-based mod-
els for two-particle coarsening [60] [61], and “charging capacitor models” [31]. However,
these models are based on the assumption of spherical Ni particles and cannot fully cap-
ture the morphological changes occurring in the real Ni/YSZ microstructures, which are
better characterized as three interpenetrating networks.

Phase-field modelling is a valuable tool for simulating Ni coarsening inside complex 3D
structures. A phase-field model makes use of the diffuse interface approach to describe
the boundaries of each phase present in the system. Using this approach, Davis et al. [35]
simulated the evolution of the Ni/YSZ electrode microstructure digitally generated as ran-
domly close-packed spherical particles. Moreover, both the artificial SOC microstructure
evolution and electrochemical performance were simulated by Jiao [36] and Lei [37].
Three-dimensional reconstructions of real Ni/YSZ microstructures can be obtained by to-
mographic techniques [18] [21] [24] [27] [38] [40] [113] [139] [140] [141] [142], such as
focused ion beam milling with scanning electron microscopy (FIB-SEM) [17] [21] [27]
[36] [92] [138] [143] and X-ray nanotomography [18] [38] [113] [139] [140] [141] [142],
which can be used as input in phase-field simulations. Using this approach, Chen et al.
[21] simulated the evolution of an experimentally obtained Ni/YSZ microstructure with
varying Ni/YSZ interfacial energy, while Jiao et al. also included crystallographic infor-
mation in their phase-field simulations [36] [138]. However, a direct comparison between
experimental and simulated microstructural changes is still lacking in the existing litera-
ture. To date, the comparisons have been limited to overall microstructural characteristics
(e.g., the surface area per unit volume or its inverse as well as the triple phase boundary
density) [21] [35] [36] [37].
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In this paper, simulation results are compared with experimental data [38], where the
evolution of the same microstructure is observed via time-resolved X-ray tomography.
Microstructural morphologies, in addition to microstructural characteristics, are directly
compared with experimental results, providing a stringent test of the phase-field model.

6.3 Experimental

6.3.1 X-ray Ex Situ Tomographic Ptychography

Details of the sample preparation and ex situ tomography experiments were previously
reported [38]. The sample was prepared from a Ni/YSZ anode-supported SOC half-cell.
Details of the cell fabrication can be found in Ref. [144]. The sample was extracted from
the functional layer using precision polishing and FIB milling (CrossBeam X1540, Zeiss)
to obtain a final cylindrical pillar ~14 µm in diameter and ~15 µm in height.

The ptychographic tomography experiment was performed at the X12SA (cSAXS) beam-
line at the Swiss Light Source, Paul Scherrer Institut, Switzerland, using the instrumenta-
tion described in [145].

The sample was initially imaged in the pristine state and then characterized after three
hours at 850°C in a gas mixture of 4 % H2 and 96 % N2. The treatment was conducted
in a small custom-made tube furnace with a flow rate of 5 l/h. The ramping rate was
10°C/min for both heating and cooling [38].

6.3.2 Segmentation, Registration and Microstructure Quantification

The acquired datasets were registered to the pristine dataset, which was first rotated to
orient the electrolyte to the x-axis. The registration was performed using points from
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the YSZ (assumed stationary), and a rigid transformation was determined by the itera-
tive closest point method [146]. The raw volumes were segmented using a 2D histogram
thresholding procedure [38].

Microstructures were quantitatively characterized by the average particle radius, interfa-
cial areas, and connectivity. The particle size distribution was computed using the con-
tinuous particle size distribution approach [92], which involves fitting the clusters of each
phase with the biggest possible sphere and then the volume occupied is measured for
each spheres radii and the continuous PSD is computed. To compute the interfacial areas,
the interfaces between two phases were polygonized, and the areas of the polygons were
summed. In addition, the connectivity of each phase network was analyzed by labeling
each unconnected region. More details on the methods for calculating these quantities
are described elsewhere [92] [147]. To compute the interface shape distribution (ISD)
[148] [149], the initially sharp binary 3D image of Ni was smoothed with 30 steps of
evolution using the diffusion equation, with a grid size of 1 and a time step size of 0.1,
which produced a Ni phase-field (similar to the order parameter, which will be described
below) with a gradual transition between 0 and 1 over the Ni interfacial region with finite
thickness. A regular triangulated mesh was then generated for the interface using Inter-
active Data Language (IDL® ) [148] for the level set at 0.5. The simulation domain was
uniformly discretized in the x, y, and z directions, and the mean and Gaussian curvatures
were calculated on this grid using a level-set-method-based approach [149]. The results
were then interpolated to the interface mesh [148], and the principal curvatures (κ1 and
κ1) were calculated using the relationships H = (κ1 +κ2)/2 and K = κ1κ2, where the con-
vention κ2 ≥ κ1 was taken. The convention that a convex interface of a Ni particle has a
positive mean curvature was also taken. The probability distribution of the curvatures was
then computed and is plotted in the ISD diagram presented in Figure 6.5.

6.4 Phase-Field Modelling

6.4.1 Model Formulation

The phase-field model is based on a diffuse interface description of interfaces; it is widely
employed in simulating phase transformations and microstructural evolutions in multi-
phase materials [21] [150] [151]. In this model, the constituent phases of a multiphase
system are described by one or more fields known as order parameters (OPs). The OPs
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assume a constant value in the bulk phases (typically 1 or 0) and vary smoothly across
the interfaces. Phase-field modelling is particularly suited for simulating the evolution of
the complex microstructures of an SOC due to its ability to naturally describe topological
changes that occur during Ni coarsening, such as merging and splitting of domains [21]
[35] [36] [37] [138].

In this work, four main assumptions are made to identify the leading physical mechanisms
and to simplify the model:

1. The mass and volume of Ni are assumed to be constant during coarsening since the
evaporation of Ni is negligible at typical SOC operating temperatures (500-1000°C)
[152].

2. The ceramic phase (YSZ) is considered stationary, as was assumed by Chen et al.
[21][11]. This assumption is motivated by experimental observations indicating the
stability of the YSZ microstructure relative to the metallic phase [19] [23], including
the dataset used in the current study [38].

3. The interfacial energy is assumed to be isotropic and constant. Therefore, the effect
of crystal orientation on the Ni surface tension is neglected.

4. The contribution of Ni lattice (bulk) diffusion to the transport of Ni is neglected,
and thus, only the contribution of Ni surface diffusion is considered, as assumed
by Chen et al. [21]. This assumption is justified by the difference in magnitude
between the Ni lattice (bulk) diffusivity (~10−16 m2/s) and the Ni surface diffusivity
(~1.4x10−11 m2/s) [77].

An OP, c(xxx, t ), is used to track the Ni phase, where x is the position and t is time. In this
work, c(xxx, t ) equals 1 within the Ni phase and 0 elsewhere, and it varies smoothly across
the interface between Ni and other phases (YSZ or pore). Its time evolution is described
by the conserved Cahn-Hilliard equation:

∂c

∂t
=∇·M∇µ (6.1)

where M is a mobility function and µ is the chemical potential. Following the Ginzburg–Landau
formalism [78] [153], the chemical potential µ can be expressed as the functional deriva-
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tive of the free energy functional F with respect to c [21]:

µ= δF

δc
= ∂ f

∂c
−ε2∇2c (6.2)

The free energy functional F is expressed by F = ∫
V

[
ε2

2 |∇c|2 + f (c)
]

dV , where ε is the
gradient energy coefficient, f (c) =Q/4c2(1− c)2 is a fourth-order Landau polynomial for
the homogeneous free energy of the system, and V is the system volume. In f (c), Q rep-
resents the height of the energy barrier between the two minimum energy states, and it
sets the energy scale. The gradient energy coefficient ε, together with Q, determines the
Ni-to-YSZ interfacial energy; the two are linked to the interface thickness δ through the
relationship δ= ε

√
2
Q [21].

To account for the presence of stationary YSZ, no-flux boundary conditions (BCs) must be
applied at the Ni/YSZ interface, and a prescribed contact angle (CA) should be imposed at
the triple junctions (where the Ni-YSZ, Ni-pore, and YSZ-pore interfaces all meet). The
no-flux BCs for Equation 6.1 ensure mass conservation, while the CA BCs account for the
interaction between the Ni and YSZ phases. Using the smooth boundary method (SBM)
[75], the YSZ phase is described by a domain parameter, ψ(x), which takes the value 0
inside the YSZ (and 1 elsewhere) and varies smoothly across the YSZ interfaces. Note that
with this description, the normalized gradient of the domain parameter, ∇ψ/|∇ψ|, gives
the inward normal vector of the contour level sets of ψ [75] towards the YSZ phase. The
phase-field equation can then be reformulated as in [74], reducing to the Cahn-Hilliard
equation in the regions where ψ = 1, while imposing the BCs in the interfacial region
where 0<ψ<1. Using Young´s equation, the CA θ between Ni and YSZ at the junction
can be expressed in terms of ψ and c as (∇ψ/|∇ψ|) ·(∇c/|∇c|) =−cosθ, and the following
equation can be derived [21]:

∇ψ ·∇c =−|∇ψ|cosθ

√
2 f

ε
. (6.3)

Therefore, multiplying Equation 6.2 by ψ and substituting Equation 6.3 into Equation 6.2,
as in Ref. [21] and [44], we numerically solve the Cahn-Hilliard equation that includes
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no-flux and CA BCs in the following form [74]:

 µ = d f
dc − ε2

ψ

(
∇· (ψ∇c)+ |∇ψ|

p
2 f

ε cosθ
)

∂(cψ)
∂t =∇· (ψM∇µ)

(6.4)

Finally, we investigated the results obtained by implementing the mobility function pro-
posed by Davis et al. [35] for the surface mobility M , expressed by:

M2 = M0

{
a1

[
1− t anh

( |∇ψ|2
ω

)]
t anh

( |∇c|2
ω

)
+

a2t anh
( |∇ψ|2

ω

)
t anh

( |∇c|2
ω

)
+

a3

[
1− t anh

( |∇c|2
ω

)]
t anh

( |∇ψ|2
ω

)} (6.5)

where M0 is the mobility prefactor. The mobility in Equation 6.5 is a function of both the
OP c and the domain parameter ψ. Considering the right-hand side of Equation 6.5, the
first term inside the curly brackets accounts for the mobility at the Ni-pore interface, the
second term resolves the mobility of Ni at the YSZ interface, and the last term accounts
for the mobility at the YSZ-pore interface. The prefactors a1, a2, and a3 regulate the
weight of each term [35][15]. As a note, a polynomial form of a mobility function was
also considered. We found that the best agreement between the simulation and experiment
was obtained using Equation 6.5. The simulation time required for the implementation of
Equation 6.5 is approximately double that when using the polynomial mobility function,
however, the extra computational expense was acceptable, given the better match with the
experimental results.

6.4.2 Numerical Implementation

The following dimensionless parameters are introduced in Equation 6.6 to make the equa-
tions dimensionless [35]:

L = L

L0
, t = t

τ
, ε2 = Q

2E
, Q = QL2

0

Eδ2
2

, M 0 = M0Eτ

L2
0

(6.6)
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Table 6.1: Dimensionless parameters used for the simulations and experimental values
used for the calculation of the characteristic time.

M 0 ε Q ω a1 a2 a3 L0 Ds δs δ

1.0 0.1 0.02 0.1 1.0 0.1 0.1 18 nm 1.1x10−11 m2/s 3.5x10−10 m 5 grid points (90 nm)

where L0 and τ are the characteristic length (chosen to be equal to the voxel size of 18
nm) and the characteristic time, respectively, and E is a reference energy density [35]. The
mobility prefactor M0 can be expressed as a function of the diffusion coefficient as M0 =
Ds ((∂2 f )/(∂c2))−1. Using the dimensionless parameters in Equation 6.6, an estimation of
the characteristic time is given by:

τ2 ∼
L4

0

(
∂2 f
∂c2

)
ceq

EDsδ
2
s

' ε2L4
0

Dsδ
2
s

(6.7)

where Ds is the surface diffusion coefficient, experimentally measured to be in the range
of 8.0x10−12 - 1.4x10−11 m2/s at 800°C, depending on the impurity concentration [77].
The physical interface thickness δs , used for computing the characteristic time (Equation
6.7), is assumed to be equal to the interatomic distance of 3.5x10−10 m [77]. The char-
acteristic time obtained for the average diffusivity is approximately 8.56 x10−4 s. The
parameters used for the simulations and for the computation of the characteristic time are
summarized in Table 6.1.

Spatial discretization was performed with the central difference method, and time dis-
cretization was performed with the explicit forward-Euler scheme. In this work, the grid
spacing was chosen to be ∆x = ∆y = ∆z = 1.0L0, while we set ∆t = 1.25τ. Von Neu-
mann analysis [154] was used to define the time step to ensure numerical stability given
by ∆t ≤ ∆x4

72Mε2 . Neumann BCs with zero gradient were applied at the exterior bound-
aries of the volume for both µ and c to set zero flux at these boundaries. At the interior
boundaries between Ni and YSZ, Neumann BCs with zero gradient were imposed on µ.
Together, these BCs ensure that the mass within the volume remains approximately con-
stant throughout the simulation.

The domain used as input for the simulations is a subvolume of the 3D reconstruction
obtained for the cell before annealing. The size of the subvolume selected for the simu-
lations is 301 x 301 x 301 voxels, corresponding to approximately 5.4 x 5.4 x 5.4 µm3.
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The initialization of the order parameter and domain parameter was performed as in Yu
et al. [75]; the sharp interfaces between the three phases in the segmented volumes were
smoothed for both the evolving order parameter c and the domain parameter ψ in this
step. This step was performed by creating two signed distance functions and fitting them
to hyperbolic tangent functions following Ref. [75]. The width of the diffuse interface δ
was set to 5 grid points, which corresponds to 90 nm. Only the OP for the Ni phase was
allowed to evolve during the simulation, while the domain parameter for the YSZ was
fixed.
For comparison with the experimental microstructure, each simulated volume was seg-
mented using the OP and the domain parameter as follows:


c > 0.5∪ψ> 0.5 Ni phase

ψ > 0.5 Y SZ phase

c < 0.5∪ψ> 0.5 Por e phase

(6.8)

Microstructural characteristics, such as the specific surface and interfacial area per unit
bulk volume, triple phase boundary (TPB) density, and phase connectivity, were com-
puted every 105 iterations on the segmented volumes. The Ni particle size distribution
(PSD) was evaluated every 106 iterations. The code was implemented in C++ and was
parallelized using the Message Passing Interface (MPI) protocol to expedite the run time.
The 3D domains for the different simulations performed in this work were decomposed
into nearly cubic subdomains, which were distributed among the processors.

6.4.3 CA Validation

To validate the simulation code with the selected parameter set, a droplet was simulated
to ensure that the CA and no-flux BCs were accurately imposed. The simulated volume
sizes were Lx = Ly = Lz = 100, with ∆x = ∆y = ∆z = 1. Figure 6.1a shows the input
geometry used for the CA validation. A flat horizontal domain interface was defined via a
hyperbolic tangent function such that ψ=0.5 at z=30. The domain parameter ψ assumed
values in the range of 10−6 - 0.5 for z <30 and in the range of 0.5 - 1 for z >30, varying
smoothly at the interface. The red cube in Figure 6.1a was initialized with an edge length
of 30 grid points and was centered at x = 50, y = 50, and z = 45. The OP described a
cubic domain assuming 1 inside it and 0 outside.

The system was simulated with the mobility function in Equation 6.5 using M 0 = 1, ε =



6.4 Phase-Field Modelling 105

Figure 6.1: Simulation of a droplet over a flat surface with different CAs. The CA value
set in the simulation (θ) is also reported in the picture for the three simulations
performed: (a) input geometry for the simulation, (b) CA=120°, (c) CA=90°,
and (d) CA=60°.

0.1 and Q = 0.02, giving an interface thickness of approximately 5 grid points. The
same parameters were used for the simulations of the real structure to maintain the in-
terface thickness of 5 grid points. Simulations were run with three CAs to observe both
wetting and dewetting behavior: 60°, 90°, and 120°. The cosine of the CA cosθ was
estimated by obtaining the average of ∇ψ/|∇ψ|∇c| in the region where both 0.1<ψ<0.9
and 0.1< ψ <0.9 [75][43]. The error between the angle reached at equilibrium and the
angle imposed as a BC was computed as (cosθ− cosθe )/2, where the factor 2 takes into
account the total variation in the cosine function magnitude [75].

In the SBM, errors in the equilibrium CA may arise from the diffuse nature of interfaces.
Thus, the width of the interfaces (represented by the domain parameter and OPs) should
be chosen to be sufficiently small compared to the natural length scales of the system (e.g.,
the curvature radius), which in turn must be resolved by discretization to ensure sufficient
numerical accuracy [75]. The results show that the maximum error was obtained for an
imposed angle of 120°, and the error in the cosine was less than 3 %, corresponding to
a maximum angle variation of 5°. A higher accuracy can be achieved by decreasing the
thickness of the diffuse interface δ, but this decrease will lead to a significantly larger
computational cost; the selected parameter set provides a balance between accuracy and
computational efficiency.

In addition to the CA BC, the accuracy of the no-flux BCs imposed at the interior bound-
aries (∇ψ 6= 0) was examined by computing the overall change in the OP c. In particular,
the quantity

∫
ψc(te )dΩ/

∫
ψc(t0)dΩ , where te is the time required to reach equilibrium

and t0 is the initial time of the simulation, was computed over the region where ψ >0.5
[75]. In all the cases reported here, the error was below 1 %, indicating that the no-flux
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BC ensures satisfactory mass conservation in the simulation.

6.5 Results

6.5.1 Nickel Particle Size and Specific Surface and Interfacial Areas

Figure 6.2 shows the simulated time evolution of the Ni mean particle radius for different
CAs. Trends of increasing particle radius are observed in all simulations, showing a
limited exponential growth (a faster increase during the early evolution, followed by a
more moderate increase approaching an asymptote) for the average Ni particle size. The
same trend was experimentally observed by Faes et al. [31] and Tanasini et al. [23],
and the data were fitted using a charging capacitor model. Although the Ni mean radius
increases for all the CAs, the mean radius increases as the Ni/YSZ wettability decreases
(increasing CA). In the experimental data, the mean particle radius increases from 300
nm in the pristine cell to 384 nm after three hours of annealing, as shown by the black
dashed line in Figure 6.2. The experimental value of the Ni mean radius was reached
after ~4.3 hours for CA=150°, while for CA=120° and CA=97°, the Ni mean radius was
underestimated throughout the entire simulation.

The time evolutions of the specific Ni surface area and the specific Ni/YSZ interfacial
area are shown in Figures 6.3a and 6.3b, respectively. Trends of decreasing specific Ni
surface area are observed for all three CAs simulated. For the overall Ni surface area, the
experimental value of ~1.4 µm2/µm3 (observed after three hours of annealing) is reached
for CA=120° and CA=150° after ~1.5 and ~5 hours, respectively. However, the results
related to CA=97° overestimate the experimental value over the entire period simulated.
Similarly, regarding the specific Ni/YSZ interfacial area, the value derived for the exper-
imentally annealed structure (0.79 µm2/µm3) was reached after ~2.1 hours for CA=120°
and after ~0.1 hours for CA=150°. Finally, for the case of CA=97°, the specific Ni/YSZ
interfacial area decreases only slightly, remaining greater than the experimental value for
the entire span of the simulation.
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Figure 6.2: Average Ni particle radius every 106 iterations (~18 minutes) for each sim-
ulation. The horizontal dashed line represents the Ni mean radius computed
for the experimental volume annealed for three hours.
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6.5.2 TPB and Phase Connectivity

Figures 6.3c and 6.3d show the time evolutions of the total and percolating TPB densities,
respectively. For CA=97° and CA=120°, the results show a pronounced decrease in the
total TPB density during the first two hours, reaching the lower experimental value of 2.54
µm/µm3 after ~1 hour in both cases. Interestingly, the simulation run with CA=150° re-
sults in the least pronounced decrease in the TPB density, reaching the experimental value
after ~4.5 hours. Regarding the percolating TPB density, Figure 6.3d, this quantity shows
a pronounced increase to above the experimental value in the first ~18 minutes for all CAs
simulated. After this initial increase, the percolating TPB density starts decreasing, and
the experimental value (2.13 µm/µm3) is reached between 1.1 and 1.7 hours for all the
CAs implemented.

Figure 6.3e shows the time evolution of the pore network connectivity. In the early stages
of the simulations, the connectivity of pores “suddenly” increases from ~70 % to ~95 -
99 % for all three simulated cases. After 5.6 hours, the results show an increase in pore
connectivity (up to 97-99 % for the different CAs), reproducing the experimental value
of ~98 %, as shown in Figure 6.3e. The Ni connectivity evolution results (not illustrated
in Figure 6.3) show only small fluctuations around the initial value of ~97.8 % for all
simulations. The connected Ni fraction after three hours of annealing was computed to be
97.4 % from the micrographs of the real sample, while the values obtained at the end of
all simulations were in the range of 97.3-97.9 % for all the CAs simulated.

6.5.3 Local Morphological Changes in the Ni/YSZ Microstructure

Figures 6.4a and 6.4b illustrate selected slices extracted from the pristine and experimen-
tally treated geometries, while Figures 6.4c - 6.4e show the same cross-sections obtained
from the simulated datasets (for different CAs).

From visual inspection, a curvature decrease of the Ni network is observed across the
cermet for both the annealed structure and the simulated structure (additional locations
can be found in the supplementary materials). As an example, sharp features of the Ni
network, highlighted by the green circle, evolve towards more rounded shapes in both the
real structure and all simulations. However, a more pronounced curvature reduction is
observed in the simulated data, with an increased effect for lower wettability (i.e., higher
CAs).
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Figure 6.3: Time evolutions of the specific Ni surface area (a), specific Ni/YSZ interfacial
area (b), total TPB and percolating TPB densities (c, d), and pore connectivity
(e) for each CA.
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Figure 6.4: Representative slices of the analyzed volume for the cell in the pristine state
(a) and after three hours of annealing (b) together with the results of three
hours of simulated Ni coarsening for the three CAs used: 97° (c), 120° (d),
and 150° (e). Decreases in curvature during coarsening (green circle) and Ni
dewetting from the YSZ scaffold (red and blue circles) are illustrated.
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Figures 6.4a and 6.4b show that some features, characterized by well-defined facets in
the pristine state, preserve their facets in the three hour annealed structure. For instance,
focusing on the blue circles, while only minor morphological changes are observed in the
experimental data, the simulation results show the evolution of the well-defined facets to
an almost rounded shape. The same trend can be observed for the features in the green
and red circles.

The red circles in Figure 6.4 highlight an example of Ni dewetting. At this location, the
experimental data show that Ni, attached to the YSZ in the pristine geometry (Figure
6.4a), detaches after three hours of annealing (Figure 6.4b). In the simulated structures,
this phenomenon is not captured for CA=97° (Figure 6.4c), while both simulations with
CA=120° and CA=150° (Figures 6.4d and 6.4e) show Ni dewetting (more instances are
provided in the supplementary materials).

After three hours, the simulation related to CA=97° leads to the least pronounced mi-
crostructural changes, while excessive Ni dewetting and curvature reduction compared to
the experimental data are observed for CA=150°. Finally, from simple visual inspection,
the best agreement between the experiment and simulations is obtained for CA=120°.

6.5.4 Nickel Network Interface Shape Distribution

Calculating the local curvature for the Ni network and plotting the probability distribution
of the main curvatures (κ1 and κ2) in the ISD gives an indication of the topological nature
(convex or concave) of the features present in the volume.

Figure 6.5 shows ISD plots for the pristine, annealed, and simulated geometries at a time
step equivalent to three hours. The probability distribution of the surface curvature for the
pristine geometry (Figure 6.5a) shows an almost symmetrical distribution around the line
where κ1 = −κ2 (zero mean curvature line). This result indicates that a uniform distri-
bution of concave and convex features is present in the Ni network. After three hours of
annealing, the ISD peak shows a shift from quadrant II towards quadrant I, indicating an
increase in convex features after coarsening.
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Figure 6.5c (CA=97°) shows a high probability for features characterized by κ2 ~ 0 and
κ1 < 0, corresponding to a tube-like shape of the Ni phase, as shown by the red spot high-
lighted by the purple arrow in Figure 6.5c. This result indicates the presence of many
concave features in the Ni network where Ni wets convex YSZ areas. The rest of the
features have curvature values almost equally distributed around the zero mean curvature
line, as observed for the pristine dataset.

Figure 6.5d shows the ISD plot for CA=120°, with the high-intensity region located
around κ1 = −κ2, which is less intense compared to CA=97°. The probability distri-
bution of the interface shapes in Figure 6.5d shifts towards quadrant I, indicating that the
number of concave features decreases while the number of convex features increases. The
shift towards more convex shapes is even more pronounced for CA=150° (Figure 6.5e),
where we observe a region of high intensity in quadrant I and very few values lying in the
part of the diagram corresponding to concave Ni shapes.

6.6 Discussions

6.6.1 Physical Interpretation of the Evolution of Microstructure Sta-
tistical Parameters

The Ni coarsening process is driven by curvature reduction and the accompanying inter-
facial area reduction [21] [35] [60] [61] [102]; this phenomenon promotes the formation
of smoother and larger Ni clusters, resulting in an increase in the Ni mean particle ra-
dius, as observed in Figure 6.2. In particular, the trends reported in Figure 6.2 follow
a limited exponential growth [35] [60] [61] for all CAs simulated. This particular trend
was previously reported in several experimental works [23] [31] [60] [61] [140], where
different cells were analyzed after tests. Chen-Wiegart et al. found the same correlation
when examining Ni coarsening via ex situ X-ray nanotomography [140]. Interestingly,
the trends are in agreement with other modelling works, such as that of Davis et al. [35],
even though the authors started from artificially constructed geometries. Figure 6.2 shows
a more pronounced increase in the Ni mean radius as the CA increases. The increase
in the mean radius with the CA is physically explained by the tendency of Ni particles
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Figure 6.5: ISD plots of the Ni phase for the experimental data of the pristine state (a)
and after three hours of annealing (b) together with the ISD plots for the
three hour annealed simulated geometries with different CAs: 97° (c), 120°
(d), and 150° (e).
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to coarsen instead of wetting the YSZ for lower wettability values (increased CAs) [21]
[155].

For higher CAs, expecting that the system evolves to minimize the Ni/YSZ interface is
reasonable. The results are in agreement with the aforementioned hypothesis, showing
a decreasing trend and lower specific Ni/YSZ interfacial areas for higher CAs. Similar
results were reported by Kennouche et al. [109] via postmortem X-ray tomography.

Figure 6.3c shows the trends for the overall TPB density; surprisingly, the results related
to the 150° CA show a less pronounced decrease compared to the simulations with 97°
and 120° CAs. A similar trend was observed by Davis et al. [35], who suggested that with
low wettability, the Ni network can form closed TPB loops, thus increasing the total TPB
density. Davis et al. [35] performed Ni coarsening simulations starting from artificially
constructed structures. Here, the same phenomenon is also observed for the experimen-
tally reconstructed Ni/YSZ cermets. Regarding the curvature study, the probability of
finding convex features increases as the CA increases. The high concentration of concave
Ni features under high wettability, as shown in Figure 6.5c, results from the tendency of
Ni to wet convex YSZ features, thus increasing the number of features lying in quadrant I
of the ISD plots. When the wettability decreases (higher CAs), this effect is hindered, and
therefore, more convex features are present in the microstructure. Similar results were
obtained for the artificially constructed Ni/YSZ geometries studied by Davis et al. [35].

From the presented results, the least amount of microstructure evolution is observed for
CA=97°, suggesting that one possible strategy for limiting Ni coarsening is to increase
the Ni/YSZ wettability, as also suggested in [21] [35] [73]. Furthermore, based on the
morphological evolution in Figure 6.4, CA=120° gives the best match with the experi-
mental results by simulating both Ni coarsening and dewetting. This observation is in line
with CA measurements performed by Tsoga et al. [80], in which the authors measured a
minimum CA of ~117° for Ni on YSZ.

Microstructural characteristics give precious information on the global microstructure
evolution, making comparisons between different experiments, geometries, and simula-
tions possible. However, due to the complexity of the Ni/YSZ microstructure, identifying
a single microstructure parameter that can be used as the ground truth for model vali-
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dation is challenging. In fact, several diverse microstructural characteristics should be
simultaneously used for model parameter tuning.

6.6.2 Direct Comparison Between Experimental and Simulation Re-
sults

Figure 6.6 shows a comparison between subvolumes of the experimentally reconstructed
Ni networks and the results of the simulations at a time step equivalent to three hours.
Figure 6.6b shows how the feature highlighted by the blue arrows evolves from a concave
shape in the pristine state towards a more convex shape, characterized by well-defined
facets, after three hours of treatment. Magnifications of the regions highlighted by the
blue arrows are illustrated in Figure 6.6a and Figure 6.6b to better show the Ni facets.
The simulations related to CA=97° (Figure 6.6c) show that, for this condition of high
wettability, the concave shape is mostly preserved. While we present only one example
here, the same phenomenon is observed throughout the entire Ni network, as shown by
the ISD plot in Figure 6.5c. In fact, the ISD diagram for CA=97° presents a peak in the
probability distribution in quadrant III, meaning that the structure contains many concave
shapes. For CA=120° (Figure 6.6d), evolution of the feature highlighted by the blue arrow
towards a more convex shape is observed; this effect is more pronounced for CA=150°
(Figure 6.6e). This observation is in line with the ISD diagrams in Figures 6.5d and 6.5e,
where the local curvature probability distribution shifts towards quadrant I, indicating the
presence of more convex shapes.

Interestingly, Figure 6.6b shows preservation of Ni facets in the experimental data after
coarsening. In contrast, in all the simulations, the facets present in the pristine geometry
disappear in favor of a more rounded and smoother surface. The same effect can be seen
in Figures 6.4c – 6.4e.

Our model cannot preserve the aforementioned Ni facets during coarsening due to the
assumption of isotropic interfacial energy and mobility; this assumption neglects the in-
fluence of crystallographic orientation and the presence of grain boundaries on the dis-
tribution of the Ni interfacial energy and surface diffusion coefficient [21]. These effects
have a strong influence on the microstructure evolution [37]; different Ni crystal planes
have different surface energies [37], and the interaction between grains at the grain bound-
aries is also expected to have an impact [36] [37] [138]. The comparison of our simulation
and experimental results shows that the crystallographic orientation and the presence of
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Figure 6.6: Three-dimensional renderings of the Ni network for the pristine (a) and three
hour annealed (b) states and the simulation results for CA=97°, 120° and 150°
(c)-(e) at a time step corresponding to three hours.



6.6 Discussions 117

grain boundaries significantly affect the Ni coarsening for the experimental conditions
used here. In phase-field modelling, multiple OPs can be used to include crystallographic
information [36] [138].

A multiphase-field model is expected to produce results that better match the experimen-
tal data. Such a model would simulate the evolution of each Ni grain, taking into ac-
count anisotropies in the interfacial energies, and be able to treat interactions at the grain
boundaries. Obtaining 3D data, including the crystallographic information needed for
multiphase-field model validation, is an open challenge and cannot be achieved by tomo-
graphic techniques such as FIB-SEM or standard X-ray tomography. 3D X-ray diffrac-
tion (3D-XRD) offers the potential to obtain 3D structures containing crystallographic
information [156] but currently lacks the spatial resolution needed for typical Ni/YSZ
electrodes.

6.6.3 Pore Connectivity

The SOC performance is strongly influenced by the pore connectivity, which affects the
amount of active TPBs present in the cell and the losses related to limitations in the diffu-
sion path in the porous network. In our previous work [38], a significant increase in pore
connectivity after three hours of annealing was observed.

Figure 6.3e shows that the evolution of the pore connectivity, mainly at the beginning of
each simulation, is not strongly affected by the applied CA. Therefore, only the results
related to CA=120° are presented. This choice is also motivated by the fact that CA=120°
is the most representative Ni/YSZ wetting angle, as experimentally measured by Tsoga et
al. [80].

Figure 6.7 shows the 3D evolution of the pore connectivity for the system simulated with
CA=120°. In this analysis, any region of the pore network not in contact with any of the
faces of the analyzed volume is considered “disconnected” (0-side contact). In contrast, a
“connected” (6-side contact) region is connected to all the faces, and “unknown” (from 1-
to 5-side contact) connectivity is assigned to regions in contact with only one or some of
the faces. To facilitate the analysis, only regions characterized by unknown connectivity
(yellow) and disconnected pores (red) are presented for both the experimental data (Fig-
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ures 6.7a and 6.7b) and simulation results (Figures 6.7c-6.7e).

The experimental results in Figures 6.7a and 6.7b show a significant increase in pore
connectivity after three hours of annealing, indicated by the decrease in pores with “un-
known” connectivity, without changes in the isolated porosity. Figure 6.3e shows that in
the first 1.5 min of the simulation, the pore connectivity rapidly increases from ~70 % to
~95 % for CA=120°. In this study, a stepwise increase in pore connectivity is observed
as large chunks of the pore network become connected in discrete events. However, the
three hour coarsening simulation (Figure 6.7f) shows a small underestimation of pores
with unknown connectivity, while the almost no change in isolated pores is in line with
the experimental results (Figure 6.7b). Figures 6.7c-6.7e show the pore connectivity in
the early stages of the annealing process between 0 and ~1.5 min. The three time steps
shown represent the instants where a variation in the connectivity was detected, 10 s (Fig-
ure 6.7c), 14 s (Figure 6.7d), and 88 s (Figure 6.7e), and the connectivity after a simulated
time of three hours is also shown (Figure 6.7f). The increased pore connectivity shown in
Figure 6.7 affects the performance of the cell, and therefore, understanding the time scale
of this phenomenon is relevant.

Linking the early connection of pores (Figures 6.7c-6.7e) with the fast early disappearance
of features characterized by high curvature that cannot be resolved due to the thickness
of the smooth interface is not trivial. However, since the pore connection occurs after
the interface is relaxed, the simulation results are not artifacts due to the relaxation of the
interface. More in situ tomographic studies would be helpful in this regard. Moreover, the
early evolution of the pore connectivity is affected by the extreme sensitivity of this pa-
rameter to small variations in the Ni network. In fact, small changes in the Ni morphology,
causing Ni dewetting or domain splitting, can suddenly open new pathways, connecting
previously disconnected pore regions.

6.6.4 Sources of Errors

Several sources of errors affect the reliability of the simulations and must be addressed.
First, artifacts can arise from the use of a diffuse interface of finite thickness to represent
the interface between two phases. The use of a diffuse interface leads to the inability to
resolve features finer than the interface thickness [73] [150], thus limiting the model ac-
curacy in the evolution of small features.
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Figure 6.7: Three-dimensional renderings of the unknown and disconnected porosity for
the pristine (a) and three hour annealed (b) geometries and simulation results
related to CA=120° after 10 s, 14 s, 88 s, and three hours (c)-(f). Unknown
porosity is shown in yellow, and isolated porosity is shown in red.
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Uncertainties in important experimental parameters, such as the surface diffusion coef-
ficient, interfacial energy, and physical interface width, strongly affect the characteristic
time of the simulations, making comparisons with experimental data challenging. More-
over, the mobility function implemented and the CA value set in the model have a strong
impact on the morphological evolution of the Ni coarsening, which affects the microstruc-
tural characteristics. Image postprocessing (mainly image segmentation) plays a key role
in comparing experimental and simulation results; in particular, errors in the Ni/YSZ CA
can result from the segmentation of the pristine geometry and strongly affect the evolu-
tion of the Ni network. For example, errors in segmenting the three phases (Ni, YSZ,
and pores) close to the TPB result in different original CAs, thus strongly affecting the Ni
evolution in the simulations.

Finally, to achieve a precise comparison between experiments and simulations, the model
assumptions and BCs should be consistent with the experimental ones. In this regard,
for Ni coarsening studies, ex situ experiments, such as the one presented here, might
not be optimal since the sample is heated up and cooled down between different scans.
The temperature ramps might induce microstructural changes not predicted by the model.
Therefore, for a more precise comparison, in situ experiments performed under controlled
conditions and at a constant temperature are desirable.

6.7 Conclusion

The first validation of a three-dimensional phase-field model for Ni coarsening in a typ-
ical Ni/YSZ electrode was presented, comparing simulation results with time-dependent
ex situ tomography data. A pristine geometry was used as input for the phase-field simu-
lations, and its evolution was discussed in comparison with the same structure experimen-
tally reconstructed after three hours of annealing in H2 at 850°C.

The phase-field model was developed in the SBM framework and employed a surface
mobility function. Three different Ni/YSZ CAs were simulated, and the effect of this pa-
rameter on the Ni coarsening was discussed. Microstructural characteristics, such as the
mean Ni radius, specific surface area, TPB density, and local curvature distribution, were
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computed for both the experimental microstructures and simulation results. The model
can qualitatively reproduce results from previous experimental observations and mod-
elling works. Model parameters that simultaneously reproduced the experimental values
for all the microstructural characteristics after three hours of aging could not be found.
This issue highlights the necessity of using several different microstructural characteris-
tics for model parameter tuning and validation.

According to the direct comparison between the experimental and simulated 3D struc-
tures together with the local curvature study, as the coarsening proceeds, concave regions
become more convex. Furthermore, the assumptions of isotropic interfacial energy and
surface diffusion coefficient lead to the Ni coarsening simulations deviating from the ex-
perimental dataset presented here. The analysis of the pore network connectivity reveals
that the model can reproduce the final improved connection between pore regions, in line
with experimental observations.
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Representative slices selected from the analyzed 3D volume for the cell in the pristine
state (a) and after three hours of annealing (b) together with the results of three hours of
simulated Ni coarsening for the three CAs used: 97° (c), 120° (d), and 150° (e). The
red circles highlight the regions of the structure where the curvature decreases during
coarsening and Ni dewets from the YSZ scaffold.



CHAPTER 7

Ni Depletion Simulation Study

This Chapter describes a simulation study to explain the experimental observations of
Chapter 4 and Chapter 5. The preliminary results of simulations elucidating the re-
distribution of Ni under different test conditions are reported. The simulations were under-
taken to explore strategies for mitigating Ni depletion and to inspire future experimental
work aiming to extend the cell life time.

7.1 Ni/YSZ Contact Angle Gradient

In Chapter 6, the Cahn-Hilliard equation was used for simulating Ni coarsening in the
SBM framework applying no-flux and contact angle BCs at the boundaries of the domain
and at the triple junctions, respectively. The contact angle between Ni and YSZ is one
of the key modelling parameters used for describing the wetting properties of Ni on YSZ
and drives the coarsening by dictating the rearrangement of Ni in the YSZ structures [157].

The phase-field formalism introduced in Chapter 3 shows that the chemical potential can
be expressed as a function of the contact angle (Equation 3.7). Therefore, a gradient in
chemical potential can be converted to a contact angle gradient [158]. This fact is used
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in this Chapter to simulate the phenomenon of Ni migration. A simple case study for
illustrating the effect of imposing different contact angles at the TPBs of a droplet on a
substrate was studied by Hui-Chia et al. [158]. We reproduced the simple 2D case study
of a Ni droplet on a YSZ substrate imposing specific contact angles at the triple junctions
of the particle (Figure 7.1). The simulation was performed setting different contact angles
at the TPBs between the droplet and the substrate (60° and 45° on the left and right-hand
side, respectively). The lines illustrated in Figure 7.1 are the isoline of the droplet OP
for the isovalue 0.5. Figure 7.1 shows as the droplet evolves from the initial shape (white
line) to the equilibrium shape (yellow line) reaching the imposed values of contact angles
after a dimensionless time t* equals to 8.5x106. After having reached the equilibrium,
the droplet starts moving towards the triple junction where the lower contact angle (and
therefore the lower chemical potential) was imposed as illustrated by the orange and red
lines in Figure 7.1. This movement will continue as long as a gradient in chemical po-
tential (and therefore in contact angle) will be present. The two time steps selected (t* =
1.7x107 and t* = 1.9x107) have the purpose of showing the shifting of the droplet after
having reached the equilibrium shape.

Figure 7.1: Simulation results for the evolution and movement of a Ni droplet on a YSZ
substrate imposing different contact angles at the TPB (60° on the left side
and 45° on the right side). The lines illustrated in the picture are the isoline of
the droplet OP for the isovalue 0.5. The white line is the initial droplet geom-
etry, the yellow line shows the droplet at the dimensionless time t* = 8.5x106

after the set values of contact angles have reached at the triple junctions. Two
more dimensionless time steps (t* = 1.7x107 and t* = 1.9x107) are illustrated
to show the droplet displacement.

It has been reported that the contact angle can be affected by the pO2 (as presented in
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Chapter 5) [73], the next step for refining the simulations was trying to understand how
the pO2 can affect the chemical potential and therefore the contact angle of Ni on YSZ.
Figure 7.2 shows a schematic drawing of a Ni/YSZ electrode including the electrolyte
at the top, and a magnification of the active fuel electrode region with specified trends
for pO2, contact angle, and chemical potential. When the cell is operated as electrolyzer
the direction of Ni migration, from the electrode/electrolyte interface towards the support
layer, is highlighted by the red arrow in Figure 7.2. The relation proposed by Jiao et al.
[73] (see Chapter 5) was used to estimate a possible gradient in contact angle inside the
electrode.

Figure 7.2: Schematic drawing of a Ni/YSZ electrode magnifying the region of interest
of the active fuel electrode where the trends of pO2, contact angle and Ni
chemical potential are reported for an electrolysis operation of the cell.

In addition to the simple case study for the 2D droplet, simulations with a gradient in con-
tact angles were run using a 3D reconstruction extracted from a real Ni/YSZ microstruc-
ture as input. The purpose of these simulations was to observe if the movement of Ni
towards the region with lower chemical potential could be observed also in more tortuous
microstructures. To create a driving force for the movement of Ni inside the electrode,
two wetting contact angles were chosen as extreme values of the linear gradient used
for the simulations. The calculations for deciding the contact angles for the simulations
were done following the scheme proposed by Jiao et al. [73] and making the following
assumptions:

• The fuel gas composition at the inlet side was 95% H2O and 5% H2.

• All the reactions occur in the inner part of the electrode (here considered to be
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within ~ 8-10 µm from the electrode/electrolyte interface), the magnified region in
Figure 7.2.

• The consumption of the fuel in the active fuel electrode results in a gas composition
of 5% H2O and 95% H2 at the electrode/electrolyte interface.

Based on these assumptions, a wetting angle of 109° was computed at the electrode/electrolyte
interface and 95° at the interface between the electrode and the support layer following
the procedure presented by Jiao et al. [73]. However, to further accentuate the driving
force for Ni migration, the contact angle at the electrode/electrolyte interface was chosen
to be equal to 120° [80]. It has to be kept in mind that the focus was to obtain preliminary
results and check that the migration of Ni could be simulated in complex structures via
imposing a contact angle gradient. Moreover, in order to further expedite the run time, the
resolution of the analyzed structure was reduced by doubling the voxel size of the original
dataset, the analyzed geometry was a cubic matrix of size 120 x 120 x 120 voxels using a
voxel size of 67.44 x 67.44 x 67.44 nm3 that resulted in an analyzed volume of approxi-
mately 8 x 8 x 8 µm3. Moreover, constant bulk mobility was used to expedite run time as
seen in Chapter 3. The results shown in Figure 7.3 illustrate that imposing a sufficiently
large linear gradient in contact angle at the TPB between Ni, YSZ, and pores gives a net
flux of Ni towards the region with lower contact angle (lower chemical potential). Three
simulations were run to investigate the effect of Ni coarsening and Ni depletion:

• In the first simulation (Figure 7.3 - θ = 120°), the pristine geometry was coarsened
imposing a contact angle of 120° on the entire structure similarly to the simulations
performed in Chapter 6. This corresponds to no potential gradient in the cell (i.e.
operating the cell at OCV).

• The second simulation (Figure 7.3 - θ gradient = 95°- 120°) was run setting a linear
gradient between 95° and 120° of contact angle directly on the pristine geometry.

• For the last simulation (Figure 7.3 - θ gradient = 95°- 120° after θ = 120°), the linear
gradient in contact angle between 95° and 120° was imposed on the geometry first
coarsened with a contact angle of 120° between Ni and YSZ.
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7.2 Results

As already mentioned, the complexity of the analyzed 3D structures can prevent a clear
observation of morphological changes in the Ni network. Therefore, the discussion pre-
sented here is based on 2D slices selected from the 3D volume and illustrated in Figure
7.3 where the Ni phase is white, YSZ is represented in gray, and the pores are black.
Three slices were selected at a distance of approximately 3 µm from each other and each
simulation was run for 4.375x107 dimensionless time steps. For the simulations run with
a gradient in contact angle, the value of the contact angle at the electrode/electrolyte in-
terface was set to 120° and varied linearly reaching 95° at the electrode/support interface.
It can be observed qualitatively as the simulation run imposing a contact angle gradient
directly on the pristine geometry (Figure 7.3 - θ gradient = 95°- 120°) results in a flux
of Ni towards lower values of contact angle (towards lower Ni chemical potential). The
results of the simulation run applying the contact angle gradient on the already coarsened
structure show that the migration of Ni away from the electrode/electrolyte interface is
more attenuated compared to the case where the contact angle gradient was imposed di-
rectly on the pristine geometry. This might be due to the fact that the minimum value of
the free energy functional, reached at the end of the coarsening simulation (with θ =120°
over 4.375x107 dimensionless time steps), guarantees a more stable Ni structure in the
YSZ structure. Therefore, a stronger driving force is necessary for moving Ni towards the
region with lower chemical potential for a coarsened structure.

In addition to the qualitative observation of Figure 7.3, the geometries obtained at the
end of the simulation were characterized by computing the microstructural descriptors
reported in Table 7.1. Particular attention needs to be paid to the value of percolating TPBs
that represent the active sites for electrochemical reactions. In all the three simulations
the percolating TPB density decreases compared to the starting value of 1.86 µm/µm3;
the most pronounced decrease (0.30 µm/µm3) is observed for the simulation performed
applying a contact angle gradient directly on the pristine geometry. Letting Ni coarsen
with a uniform contact angle (120° in this case) reduces the TPB density to 0.69 µm/µm3.
Finally, using an already coarsened Ni geometry obtained using a contact angle of 120° on
the entire pristine geometry, as input for simulating Ni depletion with a gradient in contact
angle, the percolating TPB density decreases to 0.64 µm/µm3. This value is almost twice
as big as the percolating TPB density obtained in the case of applying the gradient in
contact angle directly on the pristine geometry. It emerges that the lowest value of TPBs
is obtained for the case in which the migration of Ni away from the electrode/electrolyte
interface can be observed qualitatively (θg r adi ent ) in Figure 7.3. The other two cases
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Figure 7.3: Preliminary results of simulations run for inspecting Ni depletion close to the
electrode/electrolyte interface. The three slices represented were extracted
from the pristine and simulated volumes at approximately 3 µm of distance
from each other. The first row shows the input geometry, the second row illus-
trates the results of simulations performed letting Ni coarsen with a contact
angle of 120°. In the third row, the evolution of the selected slices is shown
when a linear gradient in the contact angle between 120° and 95° is imposed
and the pristine geometry is used as input for the simulation. The last row
shows the images resulting from the simulations run using the coarsened mi-
crostructure as input geometry (second row in the picture) and then imposing
the linear gradient in contact angle (95°- 120°).
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Table 7.1: Phase fractions, total and percolating TPB density, and surface and interface
areas calculated on the pristine and simulated geometries. The simulations
were run letting Ni coarsen with a homogeneous contact angle on the entire
geometry (θ = 120°), imposing a linear gradient in contact angle using the pris-
tine geometry as input (θg r adi ent = 95°- 120°), and setting the linear contact
angle gradient but using the already coarsened structure as simulation input
(θg r adi ent = 95°- 120° after coarsening with θ = 120°). The microstructural
characteristics are computed at the end of each simulation after 4.375x107 di-
mensionless time steps.

Pristine θ = 120° θg r adi ent = 95°- 120° θg r adi ent = 95°- 120°
after coarsening
with θ = 120°

Ni [vol%] 29 ± 2.50 29 28 28
Pore [vol%] 44 ± 2.50 44 44 44
YSZ [vol%] 27 ± 2.50 27 28 28

Total TPB [µm/µm3] 2.46 ± 0.10 0.74 0.37 0.67
Percolating TPB [µm/µm3] 1.86 ± 0.15 0.69 0.30 0.64

Pore surface area [µm2/µm3] 1.65 ± 0.05 1.38 1.19 1.34
YSZ surface area [µm2/µm3] 2.07 ± 0.03 2.05 2.05 2.05
Ni surface area [µm2/µm3] 1.53 ± 0.05 0.96 1.00 0.98

Pore/YSZ interface area [µm2/µm3] 1.09 ± 0.05 1.23 1.12 1.21
Pore/Ni interface area [µm2/µm3] 0.56 ± 0.05 0.14 0.07 0.13
YSZ/Ni interface area [µm2/µm3] 0.97 ± 0.05 0.82 0.93 0.85

illustrated in Figure 7.3 show a similar microstructural degradation where the Ni is kept
more in place compared to the previous scenario, this is also confirmed by the results
in Table 7.1. It is worth mentioning that the phase fractions in Table 7.1 are averaged
over the 8 x 8 x 8 µm3 simulated. The estimation of Ni phase fraction only on a portion
of the electrode (for example on the 8 x 4 x 8 µm3 close to the electrode/electrolyte
interface) would not give meaningful results since the volume analyzed would be too
small to be representative for the entire geometry. Therefore, more and bigger volumes of
the pristine geometry would be beneficial to run the same type of simulation and compute
the microstructural characteristics of Table 7.1 only on the region (e.g. 4 µm closest to
the electrode/electrolyte interface) of interest of the electrode having enough data for a
sound statistics. Moreover, advanced metrics able to estimate Ni fluxes would be useful
for studying the phenomenon of Ni migration.

7.3 Discussions

The present modelling results were combined with the experimental observations reported
in Chapter 5. The accurate estimation of the contact angle assuming to feed the gas com-
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position used for the experiment characterized in Chapter 5 (50% H2O and 50% H2) was
performed by following the procedure proposed by Jiao et al. [73]. Moreover, for com-
puting the contact angle, the effect of local Ni/YSZ overpotential on the gas composition
was taken into account following the relation proposed by Chen et al. [87] as described
in Chapter 5. The calculation showed that the difference of contact angle between the
electrode/electrolyte interface and the electrode/support layer interface was only one de-
gree (108°- 109°). Such a driving force produces slower movement of Ni away from
the electrode/electrolyte interface than what observed in Figure 7.3. However, the is-
sue of defining a characteristic time for phase-field simulations (Chapter 6) prevents any
firm conclusion on whether the contact angle difference of one degree can give the Ni
migration experimentally observed. Moreover, the uncertainty of Ni/YSZ contact angle
dependence from the pO2 [73] has to be considered as already mentioned in Chapter 5.
Jiao et al. [73] observed Ni wettability on YSZ under SOFC polarization only.

The results of the simulations performed for analyzing Ni coarsening and Ni depletion call
for the investigation of possible solutions for preventing these phenomena. In particular, it
emerges that letting the Ni coarsen in the YSZ scaffold before applying the contact angle
gradient degrades the electrode microstructure much less during SOEC operation. Based
on these findings, it would be recommended to start the electrolysis test with a coarser Ni
network structure to mitigate the depletion of Ni in the active fuel electrode. The coarser
Ni structure could be obtained by pre-treating the cell before starting the SOEC opera-
tion and hence fabricating coarser and well-dispersed connected structure. However, it
has to be considered that coarser structures present less TPB sites, as reported in Table
7.1 and also in Appendix C, resulting in increased activation overpotential. Therefore, a
compromise between reduced Ni depletion and increased activation overpotential should
be found to guarantee the minimum microstructural degradation.

The possibility of producing a coarser Ni structure with cell pre-treatment inspired the
suggestion of a pre-treatment procedure. The parameters for pre-treating the cell to have
a coarser Ni structure before SOEC test were defined by comparing with visual inspec-
tion the microstructure of the cells analyzed in Chapter 4, Chapter 5, Chapter 6, and
in Appendix C with the coarsened Ni/YSZ microstructure used as input to the simula-
tion. It is observed that using high temperature and humidified gas for NiO reduction
results in a coarser structure than the one obtained at low temperature with dry gas (see
Appendix C). The visual inspection suggested that pre-treating the cell such that Ni net-
work coarsens before SOEC operation can be beneficial for reducing the microstructural
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degradation before SOEC operation. Moreover, a mild operation of the cell as SOFC
with opposite polarization gradient can also contribute to limit the migration of Ni away
from the electrode/electrolyte interface. The definition of pre-treatment conditions has
to be performed also considering the degradation mechanisms occurring in the other cell
components. Therefore, the following pre-treatment and operating conditions for a future
experiment are suggested to reduce the degradation to the Ni network in SOEC:

• Reduction of the cell at high temperature and with humidified gas. In particular,
a possible procedure could be to reduce the cell at 950°C for 1 hour in diluted H2

(e.g. 5% H2 in N2 or Ar) and afterwards switching the gas to pure H2 with 4% H2O
for another 2 hours.

• The mild SOFC operation suggested to create an opposite polarization gradient
in the cell could be performed for 100 hours at 800°C and 0.5 A/cm2 feeding a
fuel gas with pH2O/pH2 = 0.5/0.5 before starting the SOEC test. The low current
density chosen for the pre-treatment would prevent the typical SOFC degradation
phenomena observed at high current densities [159].

• Perform cell "fingerprint" to characterize cell performance in detail after the pre-
treatment [160].

• The SOEC testing can be conducted under the same conditions used for the cell in
Chapter 5 (800°C, -1A/cm2, pH2O/pH2 = 0.5/0.5) so that the cell performance and
Ni/YSZ microstructure can be directly compared with the ones in Chapter 5.

In addition, it has to be mentioned that the contact angle of Ni on YSZ could be controlled
at the stage of cell fabrication as attempted by Kishimoto et al. [157], Law et al. [161],
and Doppler et al. [162]. For example, doping the YSZ scaffold with titania (TiO2) re-
duces Ni agglomeration [157] and adding aluminum titanate (Al2TiO5) was shown to be
beneficial for SOC Ni/YSZ electrodes [161]. This can help controlling the microstruc-
tural degradation of Ni/YSZ electrodes in SOECs. For instance, Ni/YSZ fuel electrodes
could be produced to have low contact angle at the interface with the electrolyte and high
contact angle at the interface with the support. In this way, the cell will have a gradient
in contact angle opposite to the one experienced during SOEC operation. Therefore, a
higher driving force will be necessary for promoting the migration of Ni away from the
electrode/electrolyte interface.
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7.4 Conclusion

The preliminary results presented in this Chapter show that the phenomenon of Ni migra-
tion away from the electrode/electrolyte interface observed in SOECs could be mitigated
by starting the SOEC test using a coarser Ni network. It is observed that the wetting
properties of Ni on YSZ are of crucial importance for the Ni depletion investigated in this
Chapter. Two possible strategies are proposed for producing a coarser Ni network before
SOEC operation: i) pre-treating the cell and ii) controlling the contact angle of Ni on
YSZ at the stage of fabrication. In particular, guidelines for a future experiment for cell
pre-treatment are suggested such that the results could be compared with the outcomes
of Chapter 5. These studies will contribute to the development of more reliable Ni/YSZ
electrodes less prone to degradation due to Ni coarsening and migration.



CHAPTER 8

Conclusions and Future Work

This Chapter aims to summarize the findings of the work presented in this dissertation.
The main outcomes of both characterization and simulation studies are highlighted and
put into perspective. Moreover, possible future work is discussed.

8.1 Degradation Phenomena of Ni/YSZ Electrodes in SOEC
Stacks

Few studies were performed for analyzing the microstructure of the Ni/YSZ fuel elec-
trodes of solid oxide cells operated in electrolysis mode [26] [62] [111] [128] [129] [130].
Fewer studies have characterized the microstructure of cells tested as part of a stack [9]
[19] [25] [94]. The testing conditions for a single cell exposed to stack operation are
different from the conditions in a single cell test. In particular, the position of thermo-
couples in a single cell test allows to monitor the local variation of the temperature more
carefully than in a stack and therefore a more uniform temperature distribution in the cell
can be guaranteed. In general, the thermomechanical stresses to which the single cell is
exposed can be controlled better during the single cell test than in the stack test. Temper-
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ature variation in the stack is higher and presence of interconnects and sealing materials
may also impact electrode behavior. Therefore, characterizing cells tested as part of a
stack is essential for understanding the degradation mechanisms occurring. A detailed 3D
microstructural characterization investigating the changes after long-term testing (approx-
imately 9000 hours) of a cell tested as part of a stack in regions exposed to different local
test conditions (i.e. at the fuel inlet and outlet side where the gas composition, current
density, and temperature are different) was still not carried out.

When investigating the microstructure of a tested cell, it is important to compare it with
a reference cell having a similar initial microstructure (i.e. same manufacturing proce-
dure and preferably from the same production batch) and not long-term tested. Two main
microstructural degradation phenomena have been observed in the Ni/YSZ electrodes of
the cells treated in this thesis: i) Ni coarsening and ii) Ni migration away from the elec-
trode/electrolyte interface. Both phenomena contribute to the loss of cell performance by
decreasing the percolating TPB density. This leads to the reduction of active sites for elec-
trochemical reactions, meaning that during the galvanostatic operation of the cell the same
reaction rate has to be ensured by fewer TPB sites (local polarization increases due to the
microstructural change and constant current which accelerates degradation). Therefore,
the electrical performance of the cell/stack will degrade. The detailed 3D characterization
is useful for quantifying microstructural changes in terms of TPB density, surface areas,
and PSD. It emerges that not only fewer TPB sites are present after testing but also that
the Ni pathways for the electrons flow are degraded affecting the percolation. Despite
the fact that Ni is a good electronic conductor, it has been proved that the width of the
pathways through which the electrons have to pass is a key characteristic to link the cell
performance with the microstructural degradation of Ni/YSZ electrodes [17].

The analysis of a cell tested for 9000 hours as part of a stack (Chapter 4 of this thesis)
highlighted that some of the microstructural parameters (e.g. particles size distribution)
degrade to a similar extent in regions exposed to different local conditions. On the other
hand, differences in Ni depletion and percolating TPB density were observed at the two
extremities after the long-term test. Current density, gas composition, and temperature
are locally different at the fuel inlet and outlet side of the cell. In Chapter 4 and Chapter
5 the attention was focused on linking the effect of current density distribution in the cell
and the resulting electrode polarization with microstructural changes [100]. The exper-
imental evidence of Ni depletion, shown in Chapter 4 for electrolysis operation, led to
design an experiment for better elucidating the effect of the electrode polarization on this
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phenomenon. The results of the performed experiments were reported and discussed in
Chapter 5 where the microstructural degradation of two nominally identical cells tested
as fuel cell and electrolysis cell were compared.

8.2 Comparison of Ni/YSZ Degradation in SOFC and SOEC
Mode of Operation

The same solid oxide cell can be operated as a SOFC or as a SOEC, however stronger
deterioration of electrochemical performance was observed for the cell operated as elec-
trolyzer. Only very few studies exist in literature where degradation behavior of one and
the same type of cell has been characterized in detail in both SOFC and SOEC mode un-
der comparable conditions [28] [29]. The different testing conditions most often used for
the SOFC and SOEC testing complicate significantly the direct comparison of the Ni/YSZ
microstructures. In Chapter 5 two cells were tested under the testing conditions (800°C
and gas composition of pH2O/pH2 = 0.5/0.5) for 1000 hours applying opposite current
densities (1 A/cm2 for the SOFC and -1 A/cm2 for the SOEC case, respectively). In this
way, the two samples could be analyzed at the fuel inlet side to identify effects of the cur-
rent direction (sign of the polarization) on the microstructural changes occurring during
aging.

The well known microstructural degradation phenomenon of Ni coarsening was observed
in both aged electrodes. Moreover, combined with the coarsening of Ni, the depletion of
Ni and the loss of Ni percolation close to the electrode/electrolyte interface was observed
in the SOEC case. The detailed 3D microstructural characterization was supported by
qualitative and quantitative analyses of SEM images. The comparison between Ni/YSZ
electrodes of the SOFC and the SOEC revealed that polarizing the cell in opposite direc-
tions does not affect Ni coarsening, while both Ni migration and the loss in Ni percolation
were observed to be much more pronounced in electrolysis mode. It is worth mentioning
that the main difference between the aging tests was the direction of the current resulting
in different cell polarization and local pO2 distribution. Therefore, these three correlated
parameters (current density, polarization, and local pO2) can be assumed to be the main
factors accounting for the observed microstructural difference.

Besides characterizing the microstructure of the cell, it is of value to attempt to under-
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stand the driving forces of the degradation as this would help in predicting microstructure
evolution and in developing procedures for preventing or limiting cell degradation. In this
context, modelling the evolution of Ni/YSZ electrodes under different test conditions can
play an important role (as, trivially, much more cases can be treated in a model study than
in real degradation tests).

8.3 Modelling Ni Coarsening and Ni Depletion

Simulations of Ni coarsening in real Ni/YSZ microstructures using a phase-field model
approach and the model validation against experimental results were presented in Chap-
ter 6. Phase-field models for simulating Ni coarsening in real and artificially generated
Ni/YSZ microstructures were previously reported in few studies [21] [35] [36] [138].
However, direct comparison of simulated and experimental morphological changes in the
microstructure introduced in Chapter 6 was still not performed. This validation was possi-
ble thanks to the valuable experimental datasets obtained by X-ray ex-situ ptychography
[38]. This study is crucial for proving the reliability of the modelling approach used.
Moreover, the limitation of the adopted model was presented and possible improvements
to refine the model for a more accurate prediction of microstructure evolution were dis-
cussed. In this regard, one of the main limits of the model was found to be the hypothesis
of isotropic interface energy and mobility. The results of Chapter 6 highlighted that if a
contact angle of 120° is assumed between Ni and YSZ the model well reproduces both
microstructural characteristic and morphological changes observed in the Ni network over
time. Moreover, it was noticed that the trend of microstructural descriptors i.e. Ni particle
mean radius, total and percolating TPB density, surface and interface areas, and network
connectivity needed to be simultaneously considered to have a complete characterization
of the microstructure.

The validated phase-field model was used for investigating the phenomenon of Ni de-
pletion in the active electrode close to the electrode/electrolyte interface for SOEC. This
degradation phenomenon is considered to depend on the local pO2 gradient arising in the
active electrode when the cell starts to operate. The pO2 gradient generates a gradient in
Ni chemical potential that can be related to the contact angle that is a crucial modelling
parameter. In particular, for the SOEC, higher chemical potential and contact angle are
expected at the electrode/electrolyte interface where the pO2 is lower and the opposite
situation is expected at the electrode/support interface. It is known that, in the presence
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of a chemical potential difference, the matter tends to move towards the lower chemical
potential to minimize the free energy of the system. The preliminary results of the simu-
lations performed show that the displacement of Ni towards regions with lower chemical
potential occurs despite the complex Ni/YSZ porous structure. Moreover, additional sim-
ulations highlighted the importance of the initial structure for limiting the movement of Ni
from the electrode/electrolyte interface towards the support where the Ni chemical poten-
tial is lower. A coarser structure resulted to be less prone to the migration of Ni, therefore
pre-treating the cell and control of contact angle at the cell production stage are suggested
for mitigating the Ni depletion in the electrodes. Moreover, conditions for such a SOEC
experiment including the pre-treatment are proposed and the results of the test could be
directly compared with the results of Chapter 5.

8.4 Future Work

The characterization and modelling studies presented in this dissertation (Chapter 4, Chap-
ter 5, Chapter 6, and Chapter 7) arose interest in performing additional simulations, com-
paring the microstructure of cells reduced with different reduction profiles, and investi-
gating a region of a cell operated at OCV as part of a stack for 9000 hours (Appendix
C). The preliminary results of these studies were used to define possible future areas of
investigations that can pave the way for minimizing the microstructural degradation of
Ni/YSZ electrodes during both fuel cell and electrolysis cell operation and to extend cell
life time.

It is expected that following the pre-treatment procedure proposed in Chapter 7 Ni coarsens
in the YSZ scaffold during the reduction of NiO to Ni. Testing the cell in SOFC for a short
period further stabilizes the configuration of the Ni. The SOFC potential gradient may
cause a small enrichment of Ni close to the electrode/electrolyte interface and, therefore,
the driving force needed for the migration of Ni towards the electrode/support interface
in SOEC mode would be higher. The main outcome of the modelling work presented in
Chapter 7 is the suggestion of a testing procedure for solid oxide electrolysis cells includ-
ing a pre-treatment of the cell before operation. Using a cell from the same production
batch as the one analyzed in Chapter 5 for this specific test, the electrochemical perfor-
mance and microstructural characteristics of the two cells could be compared directly,
clarifying the effects of the pre-treatment. A further step that could stabilize the cell per-
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formance would be the control of the Ni/YSZ contact angle during cell manufacturing as
attempted by Kishimoto et al [157], Law et al. [161] and recently by Doppler et al. [162].
The microstructures of the two cells reduced under different profiles show that reducing
NiO to Ni at lower temperature and with lower steam content produces a finer Ni network
with higher TPB density [163]. Finding the optimal reduction conditions that guarantee
a sufficient high TPB density initially and a stable microstructure can be a challenge for
future investigations.
The investigation of the region under the glass sealing of a stack (i.e. where no current
and no potential gradient are present), presented in Appendix C, showed that more anal-
yses are necessary to fully understand microstructural changes of the Ni/YSZ electrodes.
These investigations could start from the microstructural characterization of different lo-
cations along the reduction gradient of NiO to Ni. More advanced analyses would also
consider variations in the geometry of the gas flow at the inlet side towards the active
region of the cell.
In addition to the preliminary results presented in this Chapter, it is worth mentioning
further studies that could lead to a better understanding of the phenomenon of Ni deple-
tion. The different types of analyses performed showed that the Ni migrates away from
the electrode/electrolyte interface, however, accurate analysis of where the Ni migrates
requires more investigations. These studies could start from characterizing the area at
the interface between the electrode and the support layer using the same techniques pre-
sented in Chapter 2. Usually, the Ni network in the active fuel electrode is finer than in
the support layer. This could play a role in the displacement of Ni towards the support
layer: smaller Ni particles of the active fuel electrode have higher curvature and there-
fore can be prone to coalesce with the bigger Ni particles in the support characterized
by lower curvature. This phenomenon could play a marginal role in the migration of Ni
towards the support layer. Therefore, more accurate investigations of this region both in
fuel cell and electrolysis cell mode would be helpful to better understand the phenomenon.

The modelling work could be further developed by computing the contact angle between
Ni and YSZ on real microstructure. In this way, it would be possible to see whether
the average contact angle in different regions of the electrode (e.g. close to the elec-
trode/electrolyte interface and at the interface between the electrode and the support layer)
is different. This value could be extracted directly from experimental data and, therefore,
give information on the contact angle gradient in the active fuel electrode. Moreover, an
additional effort could be done to find an appropriate correlation between the pO2 distri-
bution in the active fuel electrode perpendicular to the electrode/electrolyte interface and
the contact angle for the SOEC operation (i.e. low pO2 values). Experimentally, this can
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be done by performing a similar experiment as the one performed by Jiao et al. [73], but
for the SOEC typical operating range.

One of the crucial points of the modelling approach used in this study is the correlation
between simulation and real time. Besides the formal asymptotic analysis mentioned in
Chapter 3, experimental approaches can be used for determining this factor. Designing an
experiment as, for instance, letting a Ni cube coarsen on a YSZ substrate at high tempera-
ture can provide information both on the characteristic time and on the wetting properties
of Ni on YSZ. If the evolution of the initial structure could be observed over time via
in-situ experiments, for example, using X-ray tomography, it would be possible to better
define the characteristic time to link the simulation and real time.

8.5 Conclusions

The results presented in this dissertation showed as the detailed microstructural character-
ization of Ni/YSZ is important to understand degradation phenomena at the microstruc-
tural level. In particular, different locations of the same cell, different testing conditions,
and different microstructure of the cell in the pristine state after the reduction of NiO to Ni
are crucial for the degradation of Ni/YSZ electrode. Particular attention was paid to the
phenomenon of Ni depletion in the innermost part of the Ni/YSZ active electrode close to
the electrode/electrolyte interface when operating in SOEC mode. This phenomenon was
proved to reduce the density of active electrochemical sites (percolating TPBs) close to
the electrode/electrolyte interface and, therefore, to contribute to the loss in performance.
According to the hypothesis that Ni migration is mainly due to the polarization gradi-
ent, the opposite phenomenon (condensation of Ni at the electrode/electrolyte interface)
would have been expected during SOFC operation. However, such behavior was not de-
tected in the samples analyzed. Therefore, well designed experiments should be carried
out (for example by mapping the pO2 and the contact angle of Ni on YSZ in the active
fuel electrode) to understand the contribution of every single test and derived parameter
to the degradation of Ni/YSZ microstructure.
Combining the characterization work with modelling work can guide the design of exper-
iments and the choice of testing conditions to understand the effect of each parameter on
Ni/YSZ microstructural changes. A better knowledge of the physical phenomena occur-
ring in the microstructure will allow taking actions to limit the all performance degrada-
tion due to microstructure changes.
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Appendix A

In this Appendix, one additional cases study is reported for the validation of the phase-
field model: the flattening of a nearly flat surface. This simple case is reported here with
the aim of qualitative showing as the code well reproduces the expected results, however
a detailed mathematical discussion is out of the scope of this work. The case study was
simulated using only the mobility function M2 expressed by Equation 3.9 adopted for the
simulations in Chapter 6.

Flattening of a Nearly Flat Surface

The evolution of a surface governed by diffusion is expressed by:

νn =−α∇2
Sκ, (1)

where νn is the normal velocity of the surface, α is the kinetic coefficient, and ∇2
Sκ is

the surface Laplacian of scalar curvature (in the 3D case this is the mean curvature).
The sharp interface results used for comparison in this section were obtained from the
linearization of Equation 1. The linear model was obtained from Mullins [1] by deriving
the evolution of the nearly flat surface considering the transport mechanisms of viscous
flow, evaporation-condensation, volume diffusion, and surface diffusion. The initial (t =
0) nearly flat surface geometry considered in Ref. [1] had a sinusoidal shape that can be
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expressed as:

f (x,0) =−Acos
(2πx

L

)
+C , (2)

where A is the amplitude, C is a constant, and L is the domain length. The linear model
proposed by Mullins considers linear approximations for the curvature( κ ≈ ∂2 f /∂x2),
the surface Laplacian (∇2

S ≈ ∂2/∂x2), and the normal velocity (νn ≈ ∂ f /∂t). Under these
approximations, Equation 1 can be rewritten in the following linear form:

∂ f

∂t
=−α∂

4 f

∂x4 . (3)

The solution of Equation 3, for the initial condition reported in Equation 2, is given by:

f (x, t ) =−Acos

(
2πx

L

)
exp

[
−

(
2π

L

)4]
αt . (4)

The determination of the kinetic coefficient α was performed following the methodology
reported by Chan et al. [2] to relate the phase-field model to the sharp interface solution
with the asymptotic analysis. The driving force for evolution is given by the change in
chemical potential due to the Gibbs-Thomson effect. The chemical potential is expressed
by:

µ=
ε

∫
∞

−∞
(∂c/∂r )2dr∫

∞

−∞
(∂c/∂r )dr

κ= γκ

∆c
, (5)

where r is a radial coordinate cenetered at and normal to the interface, γ is the interfacial
energy, and ∆c is the difference in concentration between the phases. The evolution of the
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sharp interface is governed by the equation

−νn =

∫
∞

−∞
M(c)dr∫

∞

−∞
(∂c/∂r )dr

∇2
Sµ, (6)

where M(c) is the mobility function. Using the following correlations

∫ ∞

−∞
(∂c/∂r )dr =∆c = 1

γ= 1

6
ε
√

Q/2 = 1

30∫ ∞

−∞
M(c)dr = 8

3
ε
√

2/Q = 8

3

(7)

the kinetic coefficient α is equal to 4/45.

Figure 1 shows the comparison between the analytical solution of the linear model and
the phase-field solution. Periodic BCs were used for this case study. The initial sinusoidal
interface used as input for the simulations (Figure 1a) is given by using t = 0 in the
analytical solution and the two interfaces (green and red lines in Figure 1) overlap. Few
more dimensionless time steps were selected for illustrating the flattening of the interface.
It can be observed as the results of the phase-field model reproduce the analytical solutions
with minor deviations.



162 Appendix A

Figure 1: Analytical (green) and simulated (red) evolution showing the flattening of a
nearly flat surface. The simulations were performed by solving the Cahn-
Hilliard equation for a two-phase system using the mobility function M2 ex-
pressed by Equation 3.9. The initial geometry (a) shows the smooth nearly flat
surface of the linear solution (green) and the pixelized isoline for the isovalue
0.5. The analytical and modelled evolution of the nearly flat surface is shown
at different time steps (b-g).
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The effects of long-term operation in electrolysis mode on the microstructure 

of Ni/YSZ electrodes were investigated. The electrode structures were 

investigated in “as reduced” state and after 9000 h of operation in a 25 cell 

stack. Microstructural data were obtained by scanning electron microscopy 

and focused-ion-beam serial sectioning. Microstructural characteristics were 

extracted by 1D and 3D methods. Significant microstructural changes were 

observed between the two cells analyzed. A significant loss of Ni in the active 

electrode is observed, from ~ 29% (by volume) in the reference cell to ~ 24% 

as well as a coarsening of the Ni particle sizes. The long-term tested cell 

shows lower percolating triple phase boundary density (0.76 µm/µm3) than 

the un-tested reference (2.0 µm/µm3). This reduction is mainly due to the loss 

of triple phase boundary percolation through the Ni phase where a reduction 

from a percolation degree above 90% to ~50% is observed. 

 

 

Introduction 

 
The interest in utilizing solid oxide cells for electrolysis purpose has increased during 

the last decade (1). In the electrolysis process electrical energy is converted into chemical 

energy that can be stored as H2 or in the case of co-electrolysis of steam and CO2 as 

synthesis gas (CO/ H2–mixture) (2, 3). This option is attractive in energy scenarios where 

non-programmable energy sources, such as wind and solar, are dominant sources of 

electricity. The need to demonstrate long-term durability is one of the critical issues 

currently limiting the introduction of the technology. 5-10 years of operational life is 

required to make the technology competitive (4, 5). In addition, high current density 

during SOECs operation is of importance to improve overall process economy.  

The operating temperature of solid oxide cells (SOCs) is around 700-850°C. One and 

the same cell can be operated in both fuel cell mode and electrolysis mode. This is an 

attractive characteristic of the technology as it increases the number of hours where 

operation of the SOEC/SOFC-plant is economically attractive in an energy system 

dominated by fluctuating production. To increase the penetration of intermittent energy 

sources (e.g. wind and solar power) cost and efficiency of the electrical energy storage 

(EES) are key points. When an electricity overproduction takes place, the surplus can be 

converted to fuel (hydrogen or hydrocarbons), which can be applied in the transport 

sector or stored and used later when demand for electricity increases (6, 7).  

The SOEC cell performance is strongly affected by materials and operating 

conditions. Ni-YSZ cermets are extensively used for SOC fuel electrode and to improve 

electrode performance and durability an understanding of the microstructural changes 



occurring in these under specific operating conditions is of fundamental importance. To 

correlate any observed electrical degradation with associated microstructural changes a 

full microstructural characterization of the three main components (Ni, YSZ and pores) is 

required. 

Coarsening of the Ni particles in the Ni-YSZ composite electrodes in solid oxide fuel 

cells is considered one of the main causes of fuel electrode degradation (8, 9). This 

process occurs when Ni particles are agglomerating during the operation. Several studies 

have been carried out to explain and model the process (8, 9). The changes in the Ni-

phase in Ni-YSZ composite electrodes have been described with simplified Fick´s law 

type descriptions (8, 9). The differences in surface energy are considered the driving 

force behind the coarsening and surface diffusion is dominating the transport (8, 9). 

Smaller Ni particles are incorporated by the bigger ones leading to an overall reduction in 

the number of particles and an increase in the size of single particles. Several studies have 

established that Ni-coarsening is a main contributing factor to the “fast initial” electrical 

degradation often observed over the first 1000-4000 hours of cell test (time scale depends 

on temperature and polarization) (8, 9).  

Numerous studies have been carried out on microstructural characterization of Ni-

YSZ electrodes, but most of these have focused on degradation in fuel cell mode. In (10) 

Thydén et al. address the problem of lacking contrast between Ni and YSZ at SEM 

acceleration voltages in the 10-20 keV range. They analyzed a non-coated sample by 

combining low-voltage images recorded with field emission SEM (FE-SEM) secondary 

electron detector and an in-lens detector. The developed methodology allows clear 

identification of percolating Ni versus non-percolating Ni, the  YSZ phase and the pores. 

This imaging technique was adopted by Hauch et al. in (11), where the effects of 

different sintering temperatures on the SOFC anode were analyzed in terms of phase 

fraction and particle intercept length. Low voltage in-lens and backscattered SEM images 

were used for the analysis proposed by Mogensen et al. in (12) on Ni-particles shape and 

Ni migration in the pH2O gradient established during polarization. The structure both at 

fuel inlet and outlet was investigated. 

In order to reconstruct a 3D volume of a Ni/YSZ electrode, the FIB-SEM technique 

has been used extensively (13, 14, 15). Particular attention has been given to the 

continuous particle size distribution (16) and the triple phase boundary (TPB) in terms of 

length, tortuosity and “critical pathways” (13). A microstructural analysis of SOECs 

tested up to 1500 h through image analysis and 1D mean intercept length (MIL) 

measurements has been presented in (17) and (18). 

Compared to the previously mentioned works, this study focuses on the active fuel 

electrode of a solid electrolysis cell after 9000 h of operation in a stack. The 

quantification of microstructural changes in a SOEC stack after such long operation time 

is new. In addition, image analyses on micrographs obtained with an energy selective 

backscattered (ESB) detector was carried out. The microscope settings with low voltage 

(2.5 kV) and high current (20 nA) provide good contrast between the three phases of 

interest (i.e. Ni, YSZ and pore) and less image artefacts. The technique allows a 

quantitative microstructural analysis. 1D MIL (“mean intercept length”) measurements 

were performed on the images and the phase fraction of the three phases was determined 

through these measurements. Moreover, a semi-automated segmentation process was 

applied to reduce the uncertainty of segmentation in the presence of image artefacts. 

Nevertheless, parameters such as particle size and information on TPB percolation cannot 

be obtained through this analysis without assumptions. Also, a more elaborate 3D 

reconstruction analysis was carried out based on the 570 FIB-SEM sections obtained. 



This provides information on particle size distribution (PSD) and pathway connectivity in 

each phase and importantly does not require any assumptions on particle shape to be 

made.  

 

Experimental and Methodology 

 
An SOEC stack, with 25 identical cells of 87.7 cm2 active area stacked with coated 

Crofer interconnects was analyzed. The stack was produced by Topsoe Fuel Cell A/S. 

The cells are of the fuel electrode supported type with a Ni-YSZ support layer and fuel 

electrode, a YSZ electrolyte, and a LSCF-CGO (LSCF: (La,Sr)(Co,Fe)O3-δ, 

CGO:(Ce,Gd)O2) oxygen electrode. There is a CGO barrier layer between the electrolyte 

and the oxygen electrode (19).  

 

9000 h Stack Test 

 

The 9000 h stack test was performed at European Institute for Energy Research 

(EIFER) and has been described in (19). The stack temperature during the test was 

recorded by 4 thermocouples: two placed on the gas inlet side and other two on the gas 

outlet side. The temperature is calculated by evaluating the mean value between the four 

temperature measurements. The temperature set up was periodically regulated in order to 

keep an average value of 750°C during the entire test (19).  

With the aim of keeping the steam conversion constant and equal to 50% any increase 

in current was combined with a steam flow increase. Air flow was kept constant during 

the test and equal to 28 Nl/min. An evaporation unit (FuelCon) was used for steam 

production. Before feeding the steam into the cell it was mixed with hydrogen (90% 

steam/10% Hydrogen). The first 2175 hours of test were performed with a current density 

of -0.57 A/cm2 and a hydrogen flow of 1.95 Nl/min. For the following 4785 hours the 

stack was operated at -0.72 A/cm2. Then a DC power supply breakdown occurred; the 

test was re-started for 350 hours at -0.57 A/cm2 and then brought again at -0.72 A/cm2 for 

the rest of the test. More details about the test and stack performance during operation 

can be found in (19). 

 

1D Analysis 

 

After the test, the stack was embedded in epoxy and split in two. The lower part (from 

cell 11 to cell 25) was further cut and six samples of interest were obtained as shown in 

Figure 1 

 



 
 

Figure 1. Schematic illustration of SEM sample preparation on the SOEC stack cross section. A1, A2, A3 

are on the fuel/steam inlet side, while C1, C2, C2 are close to the fuel outlet side. 

 

Both fuel inlet and outlet sites (i.e. A2 and C2 cross sections) were investigated in the 

1D analysis of the fuel electrode. Four locations of interest were analyzed, two on each of 

the samples: 1) directly under the contact point between the cell and the IC, and 2) at the 

middle of a gas channel. The area in which the cell is directly in contact with the IC is of 

particular interest because this is where the local current density is expected to be the 

highest. Due to several sample preparation processes carried out on the stack and with the 

aim of analyzing the same cell on both inlet and outlet side, cell number 17th, counting 

from the top of the stack, has been chosen for this study. For comparison, also a 

“reference cell” (i.e. a cell from the same production batch but not long term tested) was 

analyzed. The reference cell was reduced at 1000°C for 2 hours in moisturized 9% H2 in 

N2 with ~ 4% of steam. 

Due to the close backscatter coefficients of Ni and YSZ at 10-20 kV (10) acceleration 

voltage, the contrast between the two phases is too low to perform a high-quality 

automated segmentation for further analysis (13, 20, 21). Moreover, the pore size tends to 

be underestimated at high accelerating voltage due to a high penetration depth that results 

in a signal being obtained from solid structures beneath the thin layer of epoxy resin. The 

use of an ESB detector at low voltage and high current (2.5 kV and 20 nA, respectively) 

on the other hand provides good information on the sample structure. The working 

distance used was 3.9 mm and a value of 1.5 kV was set for the filtering grid that 

prevents the detection of secondary electrons. This result in high contrast enabling the 

three phases to be distinguished and a semi-automated segmentation can be performed.  

ESB detector images, like the one shown in Figure 2a) for the reference cell, were 

recorded along the electrolyte with a short distance between images using a Zeiss Merlin 

microscope. The overall length covered and used for this analysis is ~ 300 µm per sample. 

The active electrode thickness is ~ 10 µm. In order to investigate the microstructure 

inside the active fuel/steam electrode, the analysis was done in the central 8 µm of the 

electrode (i.e. starting from ~ 1 µm away from the electrolyte into the fuel electrode and 

terminating ~ 1 µm before reaching the support layer). 10 lines with a spacing of ~ 0.8 

µm were drawn in the eight µm of interest in order to perform the segmentation. In this 

analysis all the particles crossed by each line are included even if more lines cross the 

same particle in different points. 



The good contrast obtained by this microscope methodology allows processing the 

micrographs with the “ManSeg” software (22). Based on regional intensity along a line 

on the image, the program computes the intensity gradient and suggests phase interface 

locations at locations of local gradient maxima. The decision to classify a location as an 

interface is performed manually. This technique is less prone to image artefacts than an 

automated segmentation approach and avoids human bias by only allowing interface 

locations at local maxima in the intensity gradient. More than 1000 particles were 

included in the analysis in order to reduce the confidence intervals and obtain smoother 

distributions (i.e. either Ni, YSZ or pores). Data obtained are the lengths of the particles 

of each phase, which can be post-processed in order to evaluate the phase fractions 

(Equation 1) and the mean intercept length (Equation 2) of each phase 

 

PFi = (overall length phase)i/(∑i(overall length phase)i)  [1] 

 

MILi = (∑k lk)/k    [2] 

 

Where the subscript i is the ith phase (Ni, YSZ and pores), k is the total amount of 

segments recorded for the phase i and lk is the length of the kth segment. 

The ease of this 1D analysis from 2D micrograph data allows investigations at 

different locations of interest. The standard deviation (std) of the MIL data for each phase 

was estimated through the “bootstrapping” statistical method (23). In order to investigate 

more complex aspects of the microstructural changes a 3D microstructural 

characterization of the most relevant regions was also performed.  

 

3D Analysis 

 

3D image data were collected by FIB serial sectioning with a Zeiss XB1540 

Crossbeam microscope on the reference cell and on one location of interest in the tested 

cell (i.e. inlet side directly under the IC contact point with the cell). The acquisition of in-

lens (located in the beam path) and SE2 (Everhart-Thornley) detector images was 

performed simultaneously with a voxel resolution of 25 x 25 x 35.6 nm3. A sub-volume 

of 501 x 321 x 570 pixels (12.5 x 8 x 20 µm3) was selected from each dataset starting 

from ~ 1 µm away from the electrolyte and extending into the electrode parallel to the 

electrolyte. The slice direction was along the electrolyte as described in (13). In-lens and 

SE2 images were used together for the segmentation of the two datasets acquired. The 

two volumes, having the same size and placed in the same location with respect to the 

electrolyte, were then processed and segmented using the method described in (13). This 

technique is much more time consuming than the 1D analysis and for this reason the 

number of sites that can be analyzed in practice is limited. However, once the segmented 

3D data are obtained, the same line intercept measurement performed on the low voltage 

SEM images can be automatically performed and the results can be compared with those 

obtained by the semi-automated/manual 1D segmentation performed on the 2D data. 

The particle size distribution (16) was used to quantify the distribution of particle 

sizes in each phase. This method calculates the distribution of the largest spheres that can 

fit inside each part of a structure. The spheres used for the PSD computation are 

evaluated for each of the 2D section composing the FIB serial sections: the largest circle 

that fits the particle in the 2D section is “extended” to a 3D sphere. The TPB critical 

pathway diameter (13) was used to analyze the bottlenecks of the transport pathways 



through each phase. The analysis was performed from all 6 directions (i.e. X, Y and Z in 

both ways). 

 

Results and Discussion 
 

Results of 1D Measurements 

 

The cell under analysis has been manufactured starting from a Ni/YSZ ratio of 40/60 

vol%, the minimum porosity estimated for this composition is ~ 22% in agreement with 

the results of the analysis performed. The phase fractions and the MIL for each phase in 

all the investigated sections are presented in Table I, where A2 and C2 denote inlet and 

outlet with respect to fuel flow and IC and GC indicate the contact point with the IC and 

the gas channel, respectively. The MIL value is expressed as mean and standard deviation 

obtained with the bootstrapping statistical method (23). The biggest difference is 

observed between the reference cell and the location at the contact point with the IC in 

the tested cell. The biggest microstructural difference is here intended as the changes in 

Ni phase fraction and particles MIL obtained through the analysis of 2D SEM 

micrographs. Figure 2 shows two micrographs and relative phase fraction and MIL 

quantification for these two extreme cases.  

 
TABLE I. 1D intercept length results: phase fraction and MIL expressed as mean and standard deviation. 

   Location Phase fraction [%] MIL [µm] 

    Ni YSZ Pores Ni YSZ Pores 

Reference    34 44 22 1.06±0.0

2 

1.04±0.02 0.56±0.01 

A2IC    27 41 32 1.45±0.0

4 

0.97±0.02 0.79±0.02 

A2GC    28 37 35 1.30±0.0

3 

0.93±0.02 0.91±0.02 

C2IC    31 40 29 1.35±0.0

3 

1.01±0.02 0.74±0.02 

C2GC    31 37 32 1.33±0.0

3 

0.92±0.02 0.81±0.02 

 



 
 
Figure 2. On the right: selected SEM images of the Ni-YSZ electrodes in the reference cell (a) and the 9000 

h tested cell (b). On the left: relative quantification of phase fractions (c) and mean intercept length (d) 

from 1D analysis. In (a) and (b), light gray = YSZ, dark gray = Ni and black = pores. 

 

The results from the 1D analysis have been analyzed also in terms of particle size 

distributions based on intercept length measurements, the bin size in the histograms was 

chosen to be 40 nm and a smoothing average filter over 12 bins was applied. The results 

of the analysis normalized with respect to the bin size are shown in Figure 3. 

 



 
 
Figure 3. Ni (a), YSZ (b) and pore (c) 1D particle size distributions based on the line intercept method 

measured in the active fuel electrode for an overall length of ~ 300 µm for each region investigated. 

 

Results of 3D Measurements 

 

As observed in Figure 3, the most evident difference in the results is between the 

reference cell and the location under the IC at the inlet side of the tested cell. For this 

reason those two points were selected for a 3D reconstruction by FIB serial sectioning. A 

surface rendering of the two segmented volumes is illustrated in Figure 4. In this figure 

the electrolyte is located above both volumes as indicated. Table II shows phase fractions 

as well as total and percolating TPB density calculated on the segmented volumes. The 

results are obtained as the average of TPB length measurements computed for the 6 

directions of the volume. 

 

 
 

Figure 4. Segmented 3D image data: dark gray = YSZ, light gray = Ni and black = pores.  



 

TABLE II.  Phase fraction of the 3D segmented volumes. 

Location Phase fraction [%] 
Total TPBs 

[µm/µm3] 

Percolating 

TPBs [µm/µm3] 

 Ni YSZ Pores   

Reference 29 46 25 2.40 2.00 

A2IC 24 47 29 1.40 0.76 

 

The results of the continuous particle size distributions and the TPB critical pathway 

diameter are shown in Figure 5. The calculation of the TPB critical pathways radius is 

described in (13). This parameter gives information on the dimensions of the network 

structure of the TPB by calculating the radius of the largest particles that can pass 

through the network structure to a TPB site. The TPB critical pathway results are 

averages of the results from the 6 directions of the volume. It is expected that the YSZ 

PSD is not strongly affected by the testing and provides the backbone inside which Ni 

coarsens. This behavior is well reproduced by the method implemented here to evaluate 

the PSD as shown in Figure 5. 

 

 
 
Figure 5. Continuous PSDs (a) and percolating TPB sites (b) extracted from the 3D volumes for the three 

phases in the reference (x marked) and tested (squared marked) cell. 

 

The same 1D line intercept analysis performed on the SEM with a low voltage ESB 

detector was done on some slices of the segmented volumes. The length covered in the 

1D analysis performed on the 3D data was almost the same as the 1D analysis performed 

on the SEM micrographs (~ 300 µm vs ~ 340 µm). More than 1000 particles of either Ni, 

YSZ or pores were crossed to obtain robust statistics. Phase fractions and MILs for each 

of the three phases in each sample were analyzed. Results are summarized in Table III. 

For what concerns the 3D segmented volumes, the 1D measurements are recorded in 2 

different directions (vertical ~ 8 µm and horizontal ~ 20 µm direction in Figure 4). 

 
TABLE III.  Phase fraction and MIL obtained by 1D analysis on images extracted from the 3D volumes. 

   Location Phase fraction [%] MIL [µm] 

 Ni YSZ Pores Ni YSZ Pores 

Reference 30 46 24 1.03±0.0

2 

1.18±0.01 0.76±0.01 



A2IC 23 48 29 1.39±0.0

3 

1.23±0.01 0.91±0.02 

 

Concerning the phase fraction an additional investigation was performed by 

evaluating the phase fractions as a function of the distance from the electrolyte. The 

results are illustrated in Figure 6. In this figure the electrolyte is located on the left side of 

each graph in correspondence to a YSZ phase fraction of 100% and the total distance 

taken into account is approx. 18 µm. The two vertical dashed lines define the region of 

the analyzed 3D volumes. The squared markers show the slices of the 3D volume used 

for the 1D line intercept measurements along the vertical 8 µm with reference to Figure 4. 

 

 
 

Figure 6. Ni (a), YSZ (b) and pore (c) phase fraction as a function of the distance from the electrolyte.  

 

In Figure 6, the area of interest for the investigation performed is characterized by a 

lowering of Ni content and an increase in porosity after the testing while the YSZ is not 

substantially affected by the operation. Opposite trends for Ni and pores are observed by 

going deeper into the support layer, i.e. the Ni content is increased and the porosity 

decreased.  

The phase fraction evaluation was performed through three different approaches: line 

intercept on SEM images (polished cross section), segmentation of FIB serial sectioning 

and finally by line intercept measurements on the segmented volumes. The three methods 

show some difference in the phase fraction quantification but the trends between the 

reference and tested cell are consistent between the three methods: A general decrease in 

Ni content in the inner ~ 20 m of the electrode on the tested cell compared to the 

reference one is observed. This is particularly evident by the 1D measurements reported 

in Table I (34% of Ni in the reference cell and 29% in the tested one) and Table III (30% 



of Ni in the reference cell and 23% in the tested one). More attenuated changes are 

observed in the 3D analysis as summarized in Table II: 29% in the reference cell versus 

24% in the tested one. Uncertainty on the calculation of the phase fraction can be due to 

several factors: intrinsic differences of the methods applied, human bias in the 

segmentation process performed on the data. In order to compare the continuous PSD 

computed on the 3D segmented volumes and the 1D line intercept measurements, the 3D 

PSD is plotted in Figure 7 together with the equivalent sphere volume coverage 

computed with 1D measurements. The volume coverage based on 1D measurements is 

calculated by considering the diameter of each sphere equals to the measured intercept 

length of the relative particle. Each distribution is normalized to sum to 100 % for each 

phase. Results in Figure 7 refer both to 1D measurements recorded on low voltage SEM 

images and on 1D measurements on slices of the 3D segmented volumes.  

 

 
 

Figure 7. Comparison between continuous PSDs obtained from 3D data, 1D measurements on low voltage 

SEM ESB detector images and 1D measurements on slices of the segmented volumes (1D-3D) for the three 

phases in the reference (a, c and e) and tested cell (b, d and f).  

 



Figure 7 aims to illustrate the difference in measurements methods adopted in this 

paper (i.e. 1D and 3D). The issue of relating the line intercept length with a PSDs is 

illustrated here by interpreting this value as the particle diameter. Large values of 

intercept length result in big volumes covered by single particles without taking into 

account the effective tube-like shape of them. In some of the graphs in Figure 7 the rare 

large values are excluded to make the comparison between reference and tested cell more 

understandable. 

 

Electrode Microstructural Changes During Operation 

 

Both the 1D measurements and those derived from 3D analyses highlight the same 

qualitative trends in terms of phase fractions and particles size distribution in the active 

fuel electrode. The unexpected significant differences recorded for YSZ phase fraction in 

Table I can be due to a significant uncertainty in this quantification. The results obtained 

by 3D analysis in Table II well represent the expected phase fraction changes after the 

long-term operation of the cell. In fact, it is expected that the YSZ structure does not 

change significantly over time and for this reason also the YSZ content should be almost 

constant after long-term testing. By considering the Ni migration phenomenon and that 

the YSZ structure and volume is stable in the electrode, the porosity in the tested cell is 

expected to increase as a consequence. Data in Table II well represents these 

expectations: While the YSZ content is almost unvaried between the reference (46%) and 

the tested cell (47%) and Ni content is decreased in the active fuel electrode from 29% 

(reference cell) to 24% (tested cell), the porosity increases. The path and transport 

mechanism for the Ni migration is still not unambiguously determined, a hypothesis on 

the process has been presented in (12), where a loss on Ni in the layer closes to the 

electrolyte was observed and explained through Ni migration via Ni(OH)x complexes. 

Also in the present case local differences are observed for the four regions analyzed. The 

most significant change is recorded in the A2IC location, where there is a high 

electrochemical activity and consequently significant gradients in the gas-phase exist.  

On the local scale of the two datasets obtained by 3D reconstructions, Figure 6a) is 

helpful in order to understand the migration of Ni away from the electrode layer closest 

to the electrolyte. Ni is significantly reduced after the testing in the ~ 10 µm active fuel 

electrode, where the region is marked by dashed lines in the graphs of Figure 6. Figure 

6b) confirms the previous data proving that the YSZ percentage in the two volumes 

analyzed is stable and not significantly affected by the long term testing. As a 

consequence the pore fraction shows an opposite trend with respect to the one of the Ni, 

Figure 6c). 

During the long term testing the Ni particle size shows a significant increase as 

illustrated in Figure 3a), Figure 5a) and Figure 7a) and b). In particular, both Figure 3a) 

and Figure 5a) show a clear shift of intercept lengths and continuous PSD towards higher 

values, respectively. Moreover, the peaks show an enlargement: while the intercept 

length peak shifts from ~ 0.6 µm to ~ 0.7-1.1 µm in the tested one, the shift observed in 

the continuous PSD is from ~ 0.4 µm to ~ 0.6-0.8 µm, the discrepancy between 1D and 

3D measurements is further described in the next paragraph. The reported shifts illustrate 

that the rate of the Ni coarsening process (8, 24) is significant under conditions here 

applied. The average size of the pores increases during operation primarily as a 

consequence of Ni-redistribution. The YSZ structure does not change significantly over 

the test period. Both of these effects are illustrated in Figure 3 and Figure 5a). For the 

YSZ the differences between the reference and the tested cell are in-significant compared 



to the uncertainty. Changes on line intercept measurements in the pores are also observed, 

with a reduction of the peak height in correspondence of ~ 0.5 µm and an increase in the 

number of pores with a length intercept in the range of ~ 1-2 µm. 

The electrode performance of a Ni-YSZ electrode is strongly affected by the 

accessible TPB. The electrochemical reactions take place only at the percolating TPBs 

sites where the three phases Ni, YSZ and pores can carry/conduct the reactants (electrons, 

oxide ions and steam, respectively). The TPB length is reduced from 2.4 µm/µm3 in the 

reference cell to 1.4 µm/µm3 in the tested one. Considering the percolating TPB only the 

reduction is from ~ 2 µm/µm3 in the reference to ~ 0.76 µm/µm3 in the tested electrode. 

This microstructural change most likely contributes to observed degradation in electrical 

performance over the test (19). 

Figure 5b) shows the critical pathways radius analysis of the reference and tested cell. 

Not many studies on tested SOEC report estimations of TPBs density, in particular for 

long-term testing. In (25) a SOEC tested for ~ 1300 h is analyzed (more details on the 

cell test can be found in (26)), the total amount of TPBs is reported to be 1.61 µm/µm3 

and only 1.30 µm/µm3 are percolating. More data can be found in the literature for SOFC, 

since the initial structure (i.e. the one of the reference cell) is similar for SOFC and SOEC 

after the reduction of the NiO, a comparison with other non-tested cell can be performed. 

In (13) a TPBs study of 2 SOFCs reduced at different temperatures was performed: 4.5 

µm/µm3 and 4.7 µm/µm3 total TPBs, and 3.5 µm/µm3 and 3.9 µm/µm3 percolating TPBs 

were found for cells reduce at 1000°C and 840°C, respectively. The figure shows that 

90% of the TPBs are percolating through the Ni phase for the reference cell while only ~ 

50% after long-term testing. This demonstrates that changes in the Ni phase is the main 

contributor to the reduction in percolating TPB length. A comparison between the two 

cells can be performed by assuming, for instance, that a high performing (low resistance) 

Ni network requires that Ni particles are networking with a radius of at least 200 nm. In 

the reference cell ~ 85% of the TPBs reached via such a Ni network will be available for 

reaction while in the inlet part of the long-term tested cell it amounts to only 50%. It 

means that not only has the cell lost percolating TPBs in the 9 kh testing but the “quality” 

of the network to the TPBs has also changed significantly. 

 

1D and 3D Results 

 

The Ni and YSZ 3D network structure inside a SOC can be considered “tube-like”; 

composed by overlapping spheres of different diameters. It is challenging to apply the 

principle of a particle size distribution to this type of structure, as it is not trivial what 

constitutes a particle and how the size is defined. The line intercepts (1D) and the 

continuous PSD (3D) are very similar in how they define the size. The continuous PSD 

measures the size of the largest sphere that can fit completely inside a given structure and 

the line intercept measures the size of the largest line segment (1D generalization of a 

sphere). The differences between the two methods arise from the number of constraining 

dimensions. The continuous PSD is constrained in all three dimensions and the line 

intercept length is only constrained in one dimension. In particular, for cylinder structures 

this means that the line intercept measurements will sometimes be made along the length 

of the cylinder, while the continuous PSD is constrained by the diameter of the tube and 

thus always measures the diameter. The line intercept measurements are thus for a given 

structure, where some of the particles are tube like or elongated expected to result in 

larger apparent diameters than the continuous PSD, well in line with what we find here. 



The algorithm of how to derive a PSD from data of a segmented structure is described in 

(16). 

In Figure 3, line intercept data are presented in terms of frequency while in Figure 7 

the volume coverage of equivalent spheres with a certain radius is illustrated to be 

comparable to the continuous PSD. It is evident that the continuous PSD and the line 

intercept results are not directly comparable due to the differences in the constraint of the 

measurements. The 1D results are significantly shifted towards larger measurements due 

to some measurements being made along the length of cylinder like structures rather than 

across (as discussed above). However, the line intercept measurements made from the 

polished cross sections and from the segmented 3D data show similar distributions. Some 

differences are still observed especially for the left tail of the distributions where fewer 

small particles are observed for the 1D on low voltage SEM images compared to the 1D 

from the segmented 3D volume. This is most likely due to the increased accuracy that can 

be obtained through automated segmentation implemented for the volumes rather than 

the semi-automated process applied on the polished low voltage SEM micrographs. The 

different polishing methods (mechanical vs. FIB milling) can also introduce minor 

systematic differences due to uneven polishing depth in different phases and mechanical 

removal of small particles near the surface during polishing. 

The continuous PSD can be automatically computed on 3D segmented volumes and 

provides additional information about the connectivity of the phase networks (e.g. 

percolated TPB). Nevertheless, the image data used to perform the 1D measurements are 

significantly faster to collect than the 3D data and can quickly be made across a large 

area of the cell. The combination of the two methods (both 3D and 1D) has several 

benefits. 1) It allows the formation of a link between the local 3D and non-local 2D data 

by comparing 1D measurements and thus test the assumption of non-local microstructure 

homogeneity for the 3D analysis. 2) It forms a link between the basic information 

obtained from the 1D measurements and the more detailed information obtained through 

the 3D measurements. 3) It provides validation and a sanity check of both methods by 

comparing the same measurement performed on data collected by different methods.  

 

Conclusions 
 

A detailed 1D and 3D microstructural characterization of an SOEC electrode before 

and after 9000 hours of operation in a stack is presented in this work. The Ni phase shows 

significant differences between the reference and tested cell in terms of phase fraction 

and particles size in the active electrode. 29% of Ni was observed in the reference cell 

with 3D measurements and a total content of 24% was recorded after the testing with the 

same analysis technique. Concerning the particle size, the MIL increased from ~ 1 µm to 

~ 1.45 µm, as determined through a 1D analysis, while the peak in the particles radius 

calculated by the continuous PSD method on the 3D data shifted from ~ 400 nm to ~ 600 

nm. A reduction in TPB percolation through the Ni phase in the tested cell compared to 

the reference cell confirms that the cell microstructure is degraded by the 9000 h of 

operation. The discrepancy between the measures deduced from the local 3D data and the 

1D analyses are due to the differences in number of constraining parameters used in the 

two analysis methods. The study provides a relation between information gained from the 

different approaches (1D versus 3D) and a validation of both the methods. The 3D data 

allows an accurate analysis of a local volume (e.g. yielding both PSD and information 

about total TPB and fraction of percolating TPB) but the data is time consuming to obtain 

and analyze. 
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Appendix C

This Appendix reports additional characterization work performed concurrently with the
work reported in Chapter 4 and Chapter 5.
The effects of different reduction profiles are investigated by performing the microstruc-
tural 3D analysis of a "sister" cell of the one characterized in Chapter 4 differing with
respect to temperature, gas-composition, and time. Moreover, the microstructural char-
acterization presented in Chapter 4 is supplemented with the analysis of one more 3D
reconstruction located under the glass sealing. The results of this investigation and its
relevance will be discussed further below.

Several 3D microstructural characterizations were performed to investigate other locations
of the aged cells and cells operated under different conditions. In this section, the results
are presented for two specific reconstructions. In particular, the additional 3D characteri-
zation studies reported here were performed to investigate: i) the effects of using different
profiles for reducing NiO to Ni on cells from the same production batch as the cells inves-
tigated in Chapter 4 and ii) the microstructural degradation in a location chosen under the
glass sealing of the cell tested as part of a stack and analyzed in Chapter 4. This last loca-
tion is of interest because the microstructure of the cell under the glass sealing is exposed
to the same thermal history and gas environment as the cell at the fuel inlet side, but the
former is not exposed to any current (i.e. no potential gradient). The 3D microstructural
characterization was done following a similar approach as the one used in Chapter 4 and
Chapter 5: the analyzed volumes were extracted from the innermost region of the active
hydrogen electrode keeping a distance of 1 µm from the electrode/electrolyte interface
and 1 µm from the electrode/support layer interface with the aim of avoiding artifacts due
to the electrolyte and the support layer.
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Different Reduction Profiles

Figure 2 shows two 3D reconstructions of sub-volumes (~7.5 x 7.5 x 7.5 µm3) extracted
from cells reduced with two different profiles. The two profiles used will be referred as
Profile 1 (Figure 2a) and Profile 2 (Figure 2b). The temperature and gas composition for
each of the profiles were:

• Profile 1: 1000°C, 9% H2 in N2 with 4% steam for 2 hours

• Profile 2: 750°C, 10% H2 in dry N2 for 4 hours

The microstructural descriptors reported in Table 1 and the particle size distribution shown
in Figure 3 were computed on volumes of ~ 10 x 8 x 20 µm3 reconstructed from the FIB-
SEM tomographic data of the two cells reduced with Profile 1 and Profile 2, respectively.
The complexity of the 3D structure analyzed prevents to detect some of the differences in
the microstructure of the two samples by simple visual inspection of the 3D reconstruc-
tions shown in Figure 2. However, some difference in the particle size can be observed
between the two geometries. The cell reduced at 1000°C (Profile 1) appears to have fewer
and bigger Ni particles compared to the cell reduced at 750°C (Profile 2) as illustrated by
the cumulative curves of continuous particles size distribution shown in Figure 3.

Figure 2: 3D sub-volumes of the cells reduced with reduction Profile 1 (a) and reduction
Profile 2 (b). Ni is red, YSZ is gray and pores are transparent.

Figure 3 shows the cumulative curves of the continuous particles size distribution of the
three phases (Ni, YSZ, and pores). It can be observed that the PSD of the YSZ phase
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is not affected by the conditions used for reducing the cells in the two different profiles
(in agreement with previously reported results [1]). By observing Figure 2, the expected
difference in particle size is confirmed by the solid and dashed red lines in Figure 3:
approximately 50% of Ni particles has a radius smaller than ~ 330 nm and ~ 390 nm for
the cell reduced at 750°C and 1000°C, respectively. The finer Ni network produced with
Profile 2 has a pore network characterized by smaller pores (dashed blue line in Figure
3) compared to the pore network resulting from the reduction Profile 1. For example, the
pores characterized by a particle radius < 300 nm are ~ 88% and 60% for the cell reduced
with Profile 2 and Profile 1, respectively. The different profiles used for reducing NiO to
Ni seem not to affect the particle size of the YSZ phase (light and dark green lines in 3).

Figure 3: Cumulative curve of the continuous PSD of the three phases (Ni in red, YSZ in
green, and pores in blue) computed on the cells reduced with Profile 1 (1000°C)
or Profile 2 (750°C).

The microstructural descriptors used previously were computed for the cells analyzed
here and are summarized in Table 1. The calculation of the phases fractions of the three
phases (Ni, YSZ, and pore) shows that this quantity is not affected by the two cell reduc-
tion profiles investigated in this work. Small differences were noticed in the surface and
interface areas between the two microstructures compared in Table 1. In particular, higher
Ni surface area (1.70 ± 0.05 µm2/µm3) and Ni/pore interface area (0.88 ± 0.05 µm2/µm3)
were obtained by reducing the cell at 750°C (Profile 2). These results are in line with a
previous study performed by Jørgensen et al. [1]. On the other hand, the conditions used
for reducing NiO to Ni prior to cell operations have an impact on TPB density: 2.45 ±
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Table 1: Phase fractions, total and percolating TPB density, and surface and interface
areas calculated on 3D reconstructions of two cells reduced under different con-
ditions.

Profile 1 (1000°C) Profile 2 (750°C)

Ni [vol%] 28.92 ± 2.50 29.28 ± 2.50
Pore [vol%] 26.36 ± 2.50 25.56 ± 2.50
YSZ [vol%] 44.72 ± 2.50 45.16 ± 2.50

Total TPB [µm/µm3] 2.45 ± 0.10 3.24 ± 0.10
Percolating TPB [µm/µm3] 2.01 ± 0.15 2.79 ± 0.15

Pore surface area [µm2/µm3] 1.73 ± 0.05 2.13 ± 0.05
YSZ surface area [µm2/µm3] 2.01 ± 0.03 2.07 ± 0.03
Ni surface area [µm2/µm3] 1.49 ± 0.05 1.70 ± 0.05

Pore/YSZ interface area [µm2/µm3] 1.12 ± 0.05 1.25 ± 0.05
Pore/Ni interface area [µm2/µm3] 0.60 ± 0.05 0.88 ± 0.05
YSZ/Ni interface area [µm2/µm3] 0.89 ± 0.05 0.82 ± 0.05

0.10 µm/µm3 of total TPB density was computed for the cell reduced with Profile 1 and
3.24 ± 0.10 µm/µm3 was reached with Profile 2. For the two cases investigated, 2.01
± 0.15 and 2.79 ± 0.15 µm/µm3 of percolating TPB density was computed for the cell
reduced at 1000°C and 750°C, respectively. The density of percolating TPB is a key pa-
rameter for the cell operation since the electrochemical reactions can occur only at these
active sites. Therefore, reducing the cell at lower temperature and with lower steam con-
tent results in potentially higher Ni/YSZ electrode performance [1]. However, keeping in
mind the results of simulations for Ni depletion shown in Chapter 7, it was observed that
a coarser structure seems to keep Ni in place limiting a migration away from the elec-
trode/electrolyte interface. This gives an idea of the complexity of finding the optimal
operating parameters to extend cell life.

Analysis of NI/YSZ Microstructure in a Long Term Aged
Cell at Locations with no Polarization

Additional 3D characterization was performed on the same cell analyzed in Chapter 4,
which was tested as part of a stack for approximately 9000 hours. The FIB-SEM to-
mographic reconstruction and the microstructural characterization of a location selected
under the glass sealing are presented in this section and compared with a reference cell
from the same production batch. The reference cell was reduced at 750°C for 4 hours
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using a gas composition of 10% H2 in N2 (reduction Profile 2 of the previous section).
The analyzed volume was chosen following the same principle used for the previous 3D
microstructural reconstructions: the innermost region of the active fuel electrode was
characterized keeping a distance of approximately 1 µm from the electrode/electrolyte
interface and 1 µm from the electrode/support layer interface. The better quality of data
acquired in this case allowed to reconstruct and compare volumes of approximately 12.5
x 8 x 20 m3 for both cells. Figure 4 shows the sub-volumes (~ 8 x 8 x 8 µm3 including
a bit of electrolyte) extracted from the two samples analyzed. The volumes in Figure 4
qualitatively illustrate a coarser Ni network for the tested cell.

Figure 4: 3D sub-volumes of the Ni/YSZ electrodes from a reference cell (a) and of a cell
tested as part of a stack for 9000 hours at the inlet side under the glass sealing
(b).

The location chosen for the analysis performed in this section is relevant because under
the glass sealing the cell is not exposed to any current (i.e. no potential gradient). There-
fore, microstructural changes are due to the local thermal history and gas environment but
not an effect of current density. Figure 5 shows an SEM picture of the tested cell recorded
in a location under the glass sealing. Interestingly but not surprisingly, a gradient in NiO
reduction to Ni was observed parallel to the electrode/electrolyte interface (red arrow in
Figure 5). Under the glass sealing, away from the cell active region, NiO was not com-
pletely reduced to Ni. The degree of NiO reduction to Ni increases when approaching the
cell active region where NiO is completely reduced to Ni. Figure 6 shows a schematic of
the three regions mentioned: at the inlet side close to the gas channel NiO is not reduced
to Ni, closer to the active cell area NiO is reduced to Ni.
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Figure 5: SEM image of a cell tested as part of a stack for 9000 hours recorded at the
fuel inlet side under the glass sealing. A gradient in NiO reduction to Ni was
observed in the direction indicated by the red arrow. The location selected for
3D reconstructions is highlighted by the white cross.
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The gradient observed in Figure 5 is strongly dependent on either the diffusion channel
geometry at the inlet side or the cell microstructure that lets the gas flowing through. The
location for the 3D analysis was chosen based on visual inspection of SEM images like the
one in Figure 5. The specific location to characterize was selected with regard to having
a complete reduction of NiO to Ni but no current. The selected area is represented by
the white cross in Figure 5. Although the selected region looked completely reduced, the
analysis of TPB highlighted a lack of percolation along the reduction gradient, suggesting
that not all the Ni in the volume analyzed was in metallic state. Choosing a region of
the cell under the glass sealing and closer to the cell active area can be considered more
appropriate, however, it has to be taken into account that the effect of the current density
can affect the microstructure under the glass sealing by moving towards the active region
of the cell. Therefore, an analysis investigating several locations under the glass sealing
would be the most appropriate.

Figure 6: Schematic of a Ni/YSZ fuel electrode highlighting where the reduction gradient
is present at the fuel inlet side. NiO is present in the area further away from the
active cell, whereas closer to the active cell NiO is reduced to Ni and the cell
is exposed to OCV conditions, moving further into the active area the NiO is
reduced to Ni and the cell is exposed to current.

The microstructural descriptors used for characterizing the two volumes investigated here
are reported in Table 2. The calculation of phase fractions for the three phases shows
a small decrease of Ni accompanied by an increase of porosity while the YSZ remains
almost constant as observed for the cells analyzed in Chapter 4 and Chapter 5. The loss
of Ni for evaporation was estimated considering a total partial pressure of Ni species of
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Table 2: Phase fractions, total and percolating TPB density, and surface and interface
areas calculated on 3D reconstructions of a reference cell and on aged cell in a
location under the glass sealing.

Reference Under the Glass Sealing

Ni [vol%] 30.16 ± 2.50 26.37 ± 2.50
Pore [vol%] 24.66 ± 2.50 27.28 ± 2.50
YSZ [vol%] 45.18 ± 2.50 46.35 ± 2.50

Total TPB [µm/µm3] 3.28 ± 0.10 1.79 ± 0.10
Percolating TPB [µm/µm3] 2.83 ± 0.15 0.75 ± 0.15

Pore surface area [µm2/µm3] 2.09 ± 0.05 1.69 ± 0.05
YSZ surface area [µm2/µm3] 2.09 ± 0.03 2.04 ± 0.03
Ni surface area [µm2/µm3] 1.74 ± 0.05 1.05 ± 0.05

Pore/YSZ interface area [µm2/µm3] 1.22 ± 0.05 1.34 ± 0.05
Pore/Ni interface area [µm2/µm3] 0.87 ± 0.05 0.35 ± 0.05
YSZ/Ni interface area [µm2/µm3] 0.87 ± 0.05 0.70 ± 0.05

1x10−10 atm [101] and the most dramatic case in which the all cell is exposed to a gas
composition of pH2/pH2O = 0.1/0.9 (high steam partial pressure). The calculations re-
sulted in the loss of approximately 0.0045% of Ni for evaporation of Ni species. Such a
quantity cannot be detected with the characterization techniques. However, the decrease
of Ni observed in the analyzed volume suggests that the local operating conditions in the
selected region affect the phenomenon of Ni migration. Additional EDS analysis and per-
colation images, as performed in Chapter 5 and by Mogensen et al. [2], can be used to
quantify Ni depletion close to the electrode/electrolyte interface. An evident decrease in
TPB density is observed on the aged cell, however, such decrease is smaller than the one
observed at the inlet side of the active fuel electrode (Table 4.2). Indeed, for the cell ana-
lyzed here, the total TPB density is 1.79 ± 0.10 µm/µm3 of which 0.75 ± 0.15 µm/µm3 of
TPBs are percolating, while 1.44 ± 0.10 µm/µm3 and 0.76 ± 0.15 µm/µm3 total and per-
colating TPB, respectively, are computed at the inlet side of the active cell. This suggests
a less pronounced degradation of the electrode microstructure in the absence of current.
The more detailed analysis of the TPB showes that the loss of percolation occurred mainly
parallel to the electrode/electrolyte interface. Milder changes in surface and interfaces ar-
eas of the three phases were also observed in the volume under the glass sealing following
the same trends observed for the tested cell in Chapter 4.

Figure 7 shows the cumulative PSD of the reference cell together with the PSD curves
of the three phases (Ni, YSZ, ad pores) for the tested cell both at the inlet side (Chapter
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4) and under the glass sealing for. The green lines representing the YSZ phase show that
the cell operation does not affect the particle size of this phase, in line with the results
presented in Chapter 4. While only minor increase in pores radius is observed after op-
eration (dashed blue lines in Figure 7), the shift of the cumulative curve for Ni PSD is
evident: approximately 50% of the particles in the reference cell is characterized by a
radius smaller than ~ 380 nm while 50% of the Ni particles have a radius smaller than ~
550 nm under the glass sealing and at the fuel inlet side of the active cell. Based on these
observations and the results presented in Chapter 4 for the same cell and in Chapter 5 for
single cell testing, it seems that the coarsening of Ni is not affected by the local current
density. Indeed, the cumulative Ni PSD curves at the inlet side of the cell and under the
glass sealing can be observed to be close to each other in Figure 7. However, more analy-
sis should be performed on selected cells and locations of the electrode to investigate the
effect of other operating parameters (i.e. temperature and gas composition) on Ni/YSZ
electrodes microstructure.

It is worth noting that the reconstruction of the reference cell used in this paragraph and
the one for analyzing the microstructure of reduction Profile 2 in the previous section are
obtained from the same FIB-SEM dataset. However, the quantification of the statistical
parameters used for characterizing the reference cell in Table 2 differ from the ones of
the reduction Profile 2 in Table 1. This is explained with the different volume size of
the two reconstructions analyzed. To compare the microstructures of electrodes tested in
different conditions it is necessary to analyze volumes of the same size. Therefore, the
limitation on the dimensions of the investigated region is dictated by the smaller dataset.
Consequently, sub-volumes of approximately 10 x 8 x 20 µm3 and 12.5 x 8 x 20 µm3

of the same original dataset were analyzed for comparing two reduction profiles and the
location under the sealing with a reference cell, respectively. This small difference in
volume size results in variations of the microstructural characteristics within the margin
of error, such variations indicate the uncertainty of the 3D measurements that can be
performed on a small delimited volume of the electrode.
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Figure 7: Cumulative curve for the continuous PSD of the three phases for a reference
cell and a cell tested for 9000 hours as part of a stack in a location at the fuel
inlet side under the glass sealing with no exposure to current (i.e. no potential
gradient).
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ABSTRACT 

Solid oxide cells (SOC) are electrochemical devices that can operate efficiently both in fuel 

cell (solid oxide fuel cell, SOFC) and electrolysis mode (solid oxide electrolysis cell, SOEC). 

However, long-term performance degradation hinder the widespread commercialization of this 

technology. Nickel coarsening is a major cause of the decrease of the cells’ performance. 

Therefore, investigating and quantifying effects of nickel coarsening on the microstructural 

evolution in SOCs is crucial to understand the degradation processes occurring during operation. 

Focused-ion-beam scanning electron microscopy (FIB-SEM) tomography and phase field 

(PF) modelling are used to investigate the microstructure evolution of Ni/Yttria-Stabilized 

Zirconia (YSZ) SOC fuel electrodes.  

A cell, tested as part of a 25 cells stack for 9000 hours, and a reference cell (never operated) 

are reconstructed using FIB-SEM tomography. Microstructural parameters were calculated on the 

two cells showing that the percolated triple phase boundary (TPB) length in the cell decreases from 

1.85 µm/µm3 for the reference cell to only 1.01 µm/µm3 for the long-term tested one. 

Phase field simulations were run on the reference cell geometry and microstructural 

parameters such as particle size distribution (PSD), TPB length and surface areas are computed 

and quantified on the simulated volumes. A trend of decreasing percolated TPB length with time 

is observed in the simulations. The numerical results are used to investigate the effects of nickel 

coarsening as well as to obtain information on the kinetics of the phenomenon. 

 

INTRODUCTION 

SOCs may play a key role in the future energy scenario, where renewable intermittent 

sources will be extensively and increasingly used for electricity production. The possibility of 

operating SOCs in fuel cell (SOFC) and electrolysis (SOEC) mode makes it possible to use SOC 

as electrochemical devices that can store energy in chemical form. Electrical energy from 

overproduction can be stored as fuel and then converted to electricity when needed. In this regard, 

cost, efficiency, and durability of the conversion devices will be of key importance for the market 

penetration of the technology.  

At least five years of operation are required for the market breakthrough of such devices 1, 2. 

Therefore, long-term microstructural degradation still represents a critical issue for the SOC 

technology. A deep understanding of the processes occurring at the micro- and nano-scale and a 

proper characterization of the structure are essential to optimize performance.  

Among several long-term degradation processes previously reported3, 4, 5, 6, 7, 8, nickel 

coarsening in the Ni/YSZ (Yttria-Stabilized Zirconia) cermet is considered to be one of the main 

causes of long-term cell degradation4, 9, 10, 11.  The coarsening process is driven by the transport of 

Ni atoms from regions with high curvature towards regions with low curvature, in order to 

minimize the system free energy according to the Gibbs-Thomson effect12. It has been observed 

that the Ni coarsening substantially affects the electrode microstructure in the first thousand hours 

of cell operation13.  

The cell operating conditions (e.g. temperature, gas composition, current density) strongly 

influence the changes in the electrode microstructure. Nickel tends to detach from the YSZ 

structure and reorganize into bigger and more rounded particles14. This effect leads to a shift in 



 

continuous particle size distribution towards bigger particles radii and to the loss of active TPB 

sites15.  

Predicting the evolution of the electrode microstructure after long-term operation through 

numerical modelling is important. A deep understanding of nickel coarsening causes can allow 

optimization of production processes and/or operation schemes, guiding the development of 

engineered microstructures less prone to degradation. Several models have been developed to 

study the Ni coarsening; Vaßen et al.13 used a two particles approach based on Fick´s law for 

vacancy diffusion to simulate the Ni particles agglomeration in Ni/YSZ SOC electrodes. A refined 

two particles model was implemented by Gao et al.16 while Kennouche et al.17 adopted a power 

law model to predict the average particle size after 100000 hours. However, these simplified 

models cannot predict the evolution of a complex Ni/YSZ microstructure. Recently, three-

dimensional PF models, able to simulate Ni coarsening in a real 3D microstructure, have been used 

to predict the evolution of  Ni/YSZ electrodes12, 18, 19.     

Phase field modelling has been extensively used to model mesoscale changes in the 

microstructure of complex structures20,  describing the material boundaries through a finite 

thickness diffuse interface. In a multi-phase system, each phase can be described by a phase 

variable, the order parameter (OP). Each OP assumes two constant values inside and outside the 

phase of interest varying smoothly across the interfaces of the phases. All the interface information 

are included in the OPs, while immiscibility and interfacial energies are incorporated in the model 

through the bulk free energy and the gradient energy penalty, respectively. 

In this paper, we performed focused ion beam scanning electron microscopy (FIB-SEM) 

tomography on two SOEC: a reference cell not tested, and a cell tested for approximately 9000 

hours. Long-term microstructural degradation was characterized by means of microstructural 

parameters computed on the experimental datasets. Finally, in order to investigate the earlier stages 

of Ni coarsening, phase field simulations were run using the reconstructed reference geometry as 

input parameters for the model. Preliminary results of the phase-field simulations are presented 

here. (Further work to validate the model is ongoing).   

 

EXPERIMENTAL 

In this work, we analyzed a SOC tested in electrolysis mode as part of a stack for 

approximately 9000 hours. Preliminary 1D and 3D characterizations of the same cell were 

performed on different sample locations and have been reported in Ref.15. The stack was composed 

by 25 cells with Ni/YSZ support layer and fuel electrode, a YSZ electrolyte, and a LSFC-CGO 

(LSFC: (La,Sr)(Co,Fe)O3-δ, CGO: (Ce,Gd)O2) oxygen electrode and a CGO barrier layer. The 

electrochemical tests were carried out at the European Institute for Energy Research. The stack 

was tested for 2175 hours at a current density of -0.57  A/cm2 which was then, increased to -0.72 

A/cm2 for the following 4785 hours of the test21. The average temperature and steam conversion 

of the stack were kept constant at 750 °C and 50%, respectively. The steam/hydrogen ratio at the 

inlet side was 90/10. More details on the electrochemical tests and stack performance can be found 

in21. 

After 9000 hours of operation, the stack was embedded in epoxy resin. A Zeiss XB1540 

Crossbeam field emission gun SEM was used for data acquisition on a reference cell (i.e. a cell 

from the same cell production batch reduced at 1000°C for 2 hours in 9 % H2 in N2 with ~ 4 % of 

steam and not tested further) and on the inlet side of the tested cell. The two data sets were obtained 

with slightly different microscope set-up, leading to different voxel sizes: 25 x 25 x 39.5 nm3 for 

the reference and 25 x 25 x 35.6 nm3 for the inlet-tested-cell data set. Volumes of ~ 12.5 x 8 x 20 

µm3 were obtained from FIB-SEM tomography for both reference and long-term tested cell. 

However, in order to reduce the computational cost for the phase field simulation, sub-volumes of 

approximately 7.5 x 7.5 x 10.7 µm3, were extracted from the original datasets.   



 

We focused our study on the innermost part of the active fuel electrode by considering only 

the fuel electrode ~ 1µm from the electrode-electrolyte interface ending ~ 1µm from the interface 

between the active electrode and the support layer. The FIB-milling was perpendicular to the 

electrode-electrolyte interface as explained in22. Phase fractions, continuous PSD23 and, total and 

percolating TPB length were computed on the experimental fuel electrode volumes as in22.  

To estimate the statistical accuracy of the calculated microstructural parameters, the analysis 

was performed on the entire FIB-SEM data set acquired for the reference cell. The error of each 

parameter was then evaluated as the relative change between the results obtained from the original 

volume and the extracted sub-volume. 

The sub-volume extracted from the reference cell was used as input for phase field 

simulations. Microstructural parameters, (i.e. phase fractions, continuous PSD and TPB) were 

computed on the simulated volumes every 500000 iterations. 

 

PHASE FIELD MODEL FORMULATION 

          The following assumptions were made in order to simplify the model: 

1. At the operating temperature of a typical SOC, Ni evaporation can be considered negligible24 and 

the volume (mass) of all the phases in the electrode is assumed conserved. Therefore, we used the 

Chan-Hilliard (conserved) equation to describe the dynamic of the system.  

2. Based on previous experimental characterizations of the same sample15, we assume that changes 

in the electrode are controlled by Ni evolution in a stationary YSZ matrix. Thus, the system can 

be described by only one OP, which evolves during the simulation. 

3. The nickel surface tension is considered independent of crystal orientation25.  

4. The dominant transport mechanism that leads to the Ni coarsening is the Ni surface diffusion12.      

 

          The Chan-Hilliard equation for one OP 𝐶, is expressed as follow  

 
𝜕𝐶

𝜕𝑡
= ∇ ∙ 𝑀∇𝜇                   (1) 

 

where 𝑀 is the mobility function and 𝜇 is the chemical potential. The chemical potential 𝜇 is 

defined as the functional derivative of the free energy functional 𝐹 with respect to 𝐶: 

 

𝜇 =  
𝛿𝐹

𝛿𝐶
=  

𝜕𝑓

𝜕𝐶
−  휀2∇2𝐶      (2) 

 

          The energy functional 𝐹 is given by 𝐹 = ∫ [
2

2
|∇𝐶|2 + 𝑓(𝐶)] 𝑑𝑉

𝑉
 where 휀 is the gradient 

energy coefficient. The energy density is expressed by a double well potential function 𝑓(𝐶) =
𝑄

4
𝐶2(1 − 𝐶)2 where 𝑄 is the height reached by the potential between the two minimum free energy 

states. 휀 and 𝑄 are linked to the interface width 𝛿 through the relation 𝛿 =  휀√2 𝑄⁄  26. 

          In this study, we used the Smoothed Boundary Method (SBM)27 to implement the no-flux 

boundary conditions (BC) at the YSZ interface, and the contact angle BC at the triple junctions, 

as explained in 12. In the SBM, a domain parameter 𝜓 is introduced to identify the boundaries of 

the simulation domain. In this work, 𝜓 assumes values ranging from 0 (inside the YSZ) to 1 

(elsewhere), varying smoothly at the interfaces. The unit normal to the YSZ interface is defined as 

𝒏 = ∇𝜓/|∇𝜓| while the contact angle 𝜃 between Ni and YSZ at the TPB can be expressed in terms 

of 𝜓 and 𝐶 as (∇𝜓 |∇𝜓|⁄ ) ∙ (∇𝐶 |∇𝐶|⁄ ) = −𝑐𝑜𝑠𝜃. Using the planar solution of the Young equation, 

we can deduce the SBM contact-angle BC as: 

 



 

∇𝜓 ⋅ ∇𝐶 =  −|∇𝜓| 𝑐𝑜𝑠𝜃 
√2𝑓

        (3) 

 

          The phase field governing equation with no-flux and contact angle BC, derived from the 

SBM formulation is: 

 
𝜕(𝜓𝐶)

𝜕𝑡
= ∇ ∙ {𝜓𝑀∇ [

𝑑𝑓

𝑑𝐶
−

2

𝜓
(∇ ∙ (𝜓∇𝐶) +

|∇𝜓|√2𝑓
𝑐𝑜𝑠𝜃) ]}                    (4) 

 

          In our model, to simulate only surface diffusion, we used the mobility function proposed by 

Chen et al. in12, where 𝑀 is a function of the order parameter 𝐶 and the domain parameter 𝜓 : 

𝑀(𝐶, 𝜓) = 𝑀𝑁𝑖−𝑃𝑜𝑟𝑒𝐶2(1 − 𝐶)2𝑔(𝜓)                                   (5) 

 

          The function 𝑔(𝜓) = 𝜓6(10𝜓2 − 15𝜓 + 6) is used to regulate the mobility close to the 

TPB 12, 28. In this work, we used the central-difference method for the spatial discretization and the 

explicit forward-Euler scheme for the time discretization. The solver is implemented in C++ and 

parallelized using the Message Parsing Interface (MPI) library. All the simulations were run on 64 

processors for a total computing time of ~ 216 hours.        

          Following Davis et al. in29, a characteristic time τ is introduced to link the dimensionless 

time (used in the simulations) to the real time. The characteristic time can be expressed as:  

 

𝜏 =
𝐿0

4(
𝜕2𝑓

𝜕𝐶2⁄ )
𝐶𝑒𝑞

𝐸𝐷𝑠𝛿𝑠
2 ≃

16𝑊𝐶
2𝐿0

4

𝐷𝑠𝛿𝑠
2        (6) 

 

where 𝐿0 is a characteristic length (voxel size, 25 nm), 𝐸 is a reference energy density, 𝐷𝑠 the 

surface self-diffusion, 𝛿𝑠 the interface width and 𝑊𝐶
2 is expressed by 𝑊𝐶

2 = 𝑄/(2𝐸). The 

characteristic time obtained with the parameters in Table 1 is 1.206 s.  

 

Table 1. Parameters used for calculating the characteristic time τ 

𝐿0 𝑊𝐶
2 𝐷𝑠 𝛿𝑠 

25 nm 1.93 m-1  26 10-11 m2s-1  26 1 nm  26 

 

          In this work, 107 iterations (corresponding to approximately 183 hours of operation) were 

run using the experimentally reconstructed reference cell microstructure as the initial condition. 

The sharp interfaces of the YSZ and Ni phases, obtained from the segmented data, are made diffuse 

by constructing two signed distance functions and fitting them to hyperbolic tangent functions27. 

The domain interface width must be as small as possible, in order to limit numerical errors, 

although big enough to ensure numerical stability. An interface of five grid points, corresponding 

to 125 nm, has been used in this study.     

          The segmentation of the simulated volumes was performed using the order parameter 𝐶 and 

the domain parameter 𝜓. Regions where 𝐶 > 0.5 and 𝜓 > 0.5 are labeled as Ni phase, the YSZ is 

assigned where 𝜓 < 0.5 and the remaining part of the domain (𝐶 < 0.5 and 𝜓 > 0.5) is attributed 

to the pores. The same statistical analysis mentioned in the Experimental section was performed 

on the simulation outputs.  

 

RESULTS 

 



 

Experimental 

          Figure 1a) and b) shows the two volumes analyzed for the reference cell and the cell that 

had operated for 9000 hours, respectively. Figure 1c) shows the corresponding Ni particle size 

distributions. It is possible to observe a shift of the particles radii towards larger values for the 

long-term tested cell piece. Approximately 50 % of the Ni particles in the reference cell consists 

of particles with a radius of ~ 400 nm or less, this value shifted to ~ 600 nm for the tested cell.  

 
Figure 1. a) 3D rendering of the reference cell microstructure. b) 3D rendering of the tested cell microstructure. c) 

Cumulative continuous PSD of nickel for the reference (blue) and tested cell (red). In a) and b), nickel is shown in 

red, the YSZ in gray and the pores are transparent   

 

          The quantification of microstructural parameters computed on these volumes is summarized 

in Table 2. Changes in the phase fractions of the three phases were observed: approximately 14 % 

of Ni was lost in the innermost active fuel electrode after the long-term test. Consequently, the 

porosity in the region analyzed increased.  

          A decrease in total and percolating TPB length was observed after the long-term test. In 

particular, starting from 1.85 µm/µm3 of percolated TPBs in the reference cell, only 1.01 µm/µm3 

were still present in the aged sample, which in turn means a decrease in electrochemical active 

sites in the long-term tested electrode. Finally, the overall Ni surface area and the interface area 

between Ni and YSZ and Ni and pore showed a reduction after the long-term test. 

 
Table 2. Microstructural parameters computed on the reference, tested and simulated 3D geometries after 107 iterations 

corresponding to a characteristic time of app. 183 h. 

 Reference 9000 hours tested cell 
Simulated  

(107 iterations) 

Ni [%] 29 25 29 

YSZ [%] 45 43 45 

Pore [%] 26 32 26 

Total TPB [µm/µm3] 2.38 1.55 1.87 

Percolating TPB [µm/µm3] 1.85 1.01 1.40 

Pore surface area[µm2/µm3] 1.69 1.76 1.67 

YSZ surface area [µm2/µm3] 1.96 2.02 1.96 



 

Ni surface area [µm2/µm3] 1.44 0.91 1.29 

Pore/YSZ interface area [µm2/µm3] 1.10 1.43 1.17 

Pore/Ni interface area [µm2/µm3] 0.58 0.32 0.50 

YSZ/Ni interface area [µm2/µm3] 0.86 0.58 0.79 

 

 

Numerical results 

 

Microstructural parameters of the simulated 3D geometries were computed every 500000 

iterations and their time evolution is illustrated in Figure 2. 

 
Figure 2. a) total and percolated TPB. b) continuous nickel PSD of the reference cell and two simulated geometries: 

5 x 106 and 107 iterations. c) Ni and pores surface areas. d) Pore/YSZ, Pore/Ni and YSZ/Ni interface areas. 

 

          Figure 2a) shows a decrease of total and percolated TPB with time. The loss of active TPB 

length is faster in the first stages of the simulations while decreases at a slower rate after the first 

2 million iterations, reaching a value of 1.40 µm/µm3 after 107 iterations. The final values for total 

and percolated TPB length for the simulated volume are given in Table 2. 

          The Ni particle size distribution was computed after 5 x 106 iterations and at the end of the 

simulation, as shown in Figure 2b). A slight shift towards bigger Ni particles can be appreciated 



 

and ~ 50% of Ni particles have radii smaller than 450 nm after 107 iterations.  In agreement with 

the results related to the TPBs, bigger changes are observed in the early steps of the simulation. 

          Figure 2c) and d) shows the trend of surface areas over time. Since we assume that, the YSZ 

is stable during the simulation, only Ni and pore surface areas change over time (Figure 2c)). The 

expected decreasing trend for overall Ni, YSZ/Ni, and pore/Ni interface area is observed. On the 

other hand, a slight increase in pore/YSZ interface area is observed. The values reached at the end 

of the simulation are presented in Table 2.  

          Furthermore, the phase fractions of Ni, YSZ, and pores were unvaried at the end of the 

computation, corresponding to 183 hours of operation, in the analyzed volume. This result is a 

proof that the mass in the computational domain is conserved in the model. 

 

 

DISCUSSION 

          Figure 3a) and b) shows a 2D slice extracted from the reference and the last 3D simulated 

volume, respectively.  

 

 
Figure 3. a) a two-dimensional slice from the three-dimensional volume of the reference cell. b) a two-dimensional 

slice from the three-dimensional volume of the simulated geometry after 107 iterations. c) a three-dimensional 

rendering of the Ni network in the reference cell. d) a three-dimensional rendering of the Ni network in the simulated 

geometry after 107 iterations. In a) and b) Ni is shown in white, YSZ is gray and pores are black. In c) and d) isolated 

Ni particles are red, connected Ni is green and Ni with unknown connectivity is yellow. 



 

 

          Microstructural changes in the Ni phase after 107 iterations can be observed in Figure 3b) 

compared to the reference cell (Figure 3a)).  Since it is difficult to point out differences from 

complex 3D renderings, we base our discussion on the 2D slices presented in Figure 3a) and 3b). 

It is worth mentioning that, the phenomena present in this single slice are detected throughout the 

entire electrode. Two main phenomena can be identified: i) curvature minimization ii) nickel 

detachment from the YSZ network (nickel de-wetting). 

          The curvature minimization is observed in many locations inside the electrode and examples 

can be found in Figure 3b). Regions with high curvature, as those highlighted by the red circles in 

Figure 3a), evolve towards features having smoother interfaces. As a consequence of the curvature 

reduction, small protrusions present in the nickel network (as the ones highlighted by the red circles 

in Figure 3a)) disappear over time. This effect leads to the observed reduction in the overall Ni 

surface area. Furthermore, this effect contributes to the shift in the continuous PSD reported in 

Figure 2b).      

          Nickel de-wetting is highlighted by the green squares in Figure 3b). The detachment of 

nickel from the YSZ matrix leads to the creation of new pore/YSZ interfaces. This effect causes a 

decrease in Ni/YSZ interface area and a consequent slight increase in pore/YSZ interface area. 

This trend is reported in Figure 2d) and Table 2: Ni/YSZ interface area decreases from 0.86 

µm2/µm3 to 0.79 µm2/µm3 at the end of the simulation and pore/YSZ interface subsequently 

increases from 1.10 µm2/µm3 to 1.17 µm2/µm3. Moreover, due to the de-wetting, TPB sites 

originally present in the reference cell disappear and the overall TPB length is reduced. This 

phenomenon contributes to explain the trend of the total TPB length observed in Figure 2a).  

          In order to explain the decrease of percolated TPBs, a connectivity study for the nickel 

network is performed. The comparison between the nickel connectivity in the reference cell and 

after 107 iterations is shown in Figure 3c) and d). The nickel network presents a decrease in 

connected nickel from 96.2 % in the reference cell to 75 % in the simulated volumes. The loss in 

connectivity in the modelling results is mainly due to the enlargement of regions where the 

connectivity of the nickel network is unknown (i.e. regions which appear isolated but might be 

connected outside the analyzed volume). This effect can be explained by the disconnection of the 

network inside the investigated volume and leads to the decrease of percolated TPB length 

observed in Figure 2a). With regard to the experimental data of the 9000 hours tested cell, the 

nickel loss in the innermost part of the fuel electrode has to be considered. The results reported in 

Table 2 show a decrease in nickel by ~ 14 % after the long-term operation. This effect contributes 

to the decrease of percolated TPBs in the tested cell. It is not taken into account in the modelling 

(at the present stage of refinement) and hence the loss of TPB is expected to be weaker in the 

model than in reality.  

          Based on the simulation results, we speculate that nickel undergoes a faster coarsening at 

the beginning of the operation. At this point, many nickel features with high curvature are still 

present in the Ni/YSZ cermet. As the coarsening progresses, the curvature of nickel particles 

decreases, decreasing the driving force for the nickel coarsening and thus the coarsening rate.  

          Besides the simulation results presented in this work, a complete model validation is 

required. Moreover, the operation conditions of the cell analyzed in this work (i.e. gas composition 

and polarization) are not considered in the PF model developed. In this regard, valuable data sets 

for the model validation can be obtained through ex-situ and in-situ x-ray tomography. In-situ or 

ex-situ X-ray tomography allows observation of the evolution of the same microstructural feature 

over time, and different atmospheres can be used for the experiments30.   Finally, we can conclude 

that the model presented in this work can represent a valuable complementary tool to experimental 

characterization. While FIB-SEM tomography can be used to investigate statistically the 

microstructure evolution of long-term tested cell, PF modelling is able to simulate the evolution 



 

of the same microstructure. This ability allows obtaining time-resolved information of the 

microstructural changes, giving hints on the kinetics of the phenomena. Furthermore, having 

access to the evolution of the same features, hypothesis can be formulated on which part of the 

microstructure is less prone to the degradation. Therefore, a reliable PF model of SOC 

microstructure can represent a valuable tool in the ambitious aim of designing the microstructure 

of future electrodes with minimized degradation. 

 

Error Analysis 

          For the statistical analysis of the experimental data, several error sources can affect the 

presented results. The 3D reconstructions obtained from FIB-SEM tomography can be influenced 

by changes in image quality.  Furthermore, un-infiltrated pores can generate artifacts in the 

segmentation of the images. These segmentation errors cannot be avoided using the approach for 

processing the data presented in this work. In addition, the inhomogeneity of the volumes and the 

intrinsic destructive nature of FIB-SEM tomography does not allow continuous tracking of the 

microstructure evolution. Moreover, the limited size of the sample analyzed may prevent fair 

representation of the full structure. 

          For the PF modelling, the assumptions made in order to simplify the model influence its 

reliability. In particular, the crystal orientations together with possible anisotropies of the atomic 

mobility and the polarization of the cell have a significant role in the microstructure evolution. 

Moreover, the use of a diffusive interface of a finite thickness limits the resolution of features 

smaller than the chosen interface width. Therefore, the evolution of such features cannot be 

resolved by the model and, in some cases, the limited resolution creates artifacts in the simulation 

results.  

          More modelling work is underway to: A) extend the calculations to longer times, B) validate 

further the behavior of the model by conducting a sensitivity study on the effects of the model 

parameters and further comparison to experiments, and finally C) introduce the effects of gradients 

in gas-composition to simulate the situation under operation.   

 

CONCLUSIONS 

          The microstructural degradation of a Ni/YSZ electrode was investigated through FIB-SEM 

tomography and PF modelling. Statistical parameters were used to quantify changes in the 

microstructure with a focus on Ni coarsening.  

          Microstructural parameters were calculated on the reconstructed volumes of the reference 

and the tested cell, reconstructed through FIB-SEM tomography. A decrease in percolated TPB 

length was observed together with the loss of overall Ni surface area and Ni/YSZ interface area.   

          A PF model was developed to simulate nickel coarsening applying the reference cell 

microstructure as starting point. The results of the simulations show a decrease in Ni surface area, 

TPB length, and Ni/YSZ area. Furthermore, numerical results reveal that the coarsening is faster 

in the early stages of the simulation, showing that the coarsening proceeds at a slower rate after 2 

millions of iterations. In the statistical analysis, error sources can arise from inaccuracies of the 

segmentation and the limited volume size. Furthermore, the reliability of the simulations can be 

affected by the limited resolution, due to the use of a diffuse interface.    

          Finally, PF modelling is illustrated to be a valuable complementary tool to experimental 

characterization. Once fully validated it is expected to provide design guide lines to structures that 

are less prone to degradation. 
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