
LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00

Microstructure in SOFC: electrochemical simulations and experiments

Zhang, Xiaoqiang

2023

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):
Zhang, X. (2023). Microstructure in SOFC: electrochemical simulations and experiments. Department of Energy
Sciences, Lund University.

Total number of authors:
1

Creative Commons License:
CC BY-NC-ND

General rights
Unless other specific re-use rights are stated the following general rights apply:
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.
 • Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.
 • You may not further distribute the material or use it for any profit-making activity or commercial gain
 • You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

https://portal.research.lu.se/en/publications/d916b133-c169-4b7d-bc76-6c53731030d4


Microstructure in SOFC:
electrochemical simulations and experiments
XIAOQIANG ZHANG 

DEPARTMENT OF ENERGY SCIENCES | FACULTY OF ENGINEERING | LUND UNIVERSITY





Microstructure in SOFC: electrochemical simulations and
experiments





Microstructure in SOFC:
electrochemical simulations

and experiments

by Xiaoqiang Zhang

Thesis for the degree of Doctor of Philosophy
Thesis advisors: Docent. Martin Andersson, Docent. Lei Wang, Dr.

Himani Garg
Faculty opponent: Ass.Prof. Pablo A. García-Salaberri, University

Carlos III of Madrid, Spain

To be presented, with the permission of the Faculty of Engineering of Lund University,
for public criticism at KC:A on Friday, the 16th of June 2023 at 10:15.



D
O
K
U
M
EN

TD
A
T A

B
LA

D
en

lS
IS
61

41
21

Organization

Lund University
Department of Energy Sciences
Box 118
SE–221 00 LUND
Sweden
Author(s)

Xiaoqiang Zhang

Document name

DOCTORAL DISSERTATION
Date of disputation

2023-06-16
Sponsoring organisation

China Scholarship Council (CSC)
Royal Physiographic Society in Lund

Title and subtitle

Microstructure in SOFC: electrochemical simulations and experiments

Abstract

Solid oxide fuel cells (SOFCs) are highly efficient and environmentally friendly power sources
that convert chemical energy directly into electricity and heat, without the need for combus-
tion. Despite their many benefits, the performance and durability of SOFCs heavily depend
on the quality of their porous anode and cathode components. There are significant challenges
with regard to their commercialization due to the potential failure and degradation of their
anode and cathode components. Optimizing SOFC electrodes requires obtaining critical mi-
crostructure parameters and understanding their impact on the overall performance. This can
be achieved through advanced tomography techniques and fully coupled Multiphysics simula-
tions, which provide insights into the quality of the electrode and the complex electrochemical
processes that occur within it.

In this thesis, experiments were conducted to investigate different anode microstructure
impacts on SOFC performance through electrochemical analysis. Besides, 2D microstructure
tomography was obtained to construct real 3D volumes. Based on the tomography infor-
mation, the porosity and tortuosity of the porous electrode were calculated and compared.
Different tortuosity calculation methods were compared to obtain values used for Multiphysics
simulations.

A fully coupled Multiphysics model was constructed step by step. Firstly, the electrochem-
ical kinetic models are compared based on the Butler-Volmer equations. Secondly, different
diffusion models are compared with and without Knudsen diffusion. Based on the 3D Mul-
tiphysics CFD model, the microstructure parameters’ impact on the SOFC performance was
studied. Meanwhile, a SOFC model based on different sealant materials was constructed to
investigate the overall thermal stress distribution. Thermal stress at an electrode/electrolyte
interface was also modelled and analyzed. The results showed that the interface contact mode
and the geometry size of the SOFC component significantly impacted the thermal stress dis-
tribution and its values.

In summary, the experiment analysis findings emphasize optimizing the microstructure de-
sign to balance gas diffusion, charge transport, and electrochemical reactions. The fully cou-
pled Multiphysics models can be used for further SOFC design, regarding internal transport
processes and mechanical stability. In general, this thesis has made contributions to the field
of SOFCs.
Key words

Solid oxide fuel cell, Electrochemical impedance spectroscopy, 3D reconstruction, Tortuosity,
Electrochemical kinetics, Multiphysics, Thermal stress

Classification system and/or index terms (if any)

Supplementary bibliographical information Language

English

ISSN and key title

0282-1990
ISBN

978-91-8039-729-2 (print)
978-91-8039-730-8 (pdf)

Recipient’s notes Number of pages

187
Price

Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned disser-
tation, hereby grant to all reference sources the permission to publish and disseminate the
abstract of the above-mentioned dissertation.

Signature Date 2023-05-16



Microstructure in SOFC:
electrochemical simulations

and experiments

by Xiaoqiang Zhang

Thesis for the degree of Doctor of Philosophy
Thesis advisors: Docent. Martin Andersson, Docent. Lei Wang, Dr.

Himani Garg
Faculty opponent: Ass.Prof. Pablo A. García-Salaberri, University

Carlos III of Madrid, Spain

To be presented, with the permission of the Faculty of Engineering of Lund University,
for public criticism at KC:A on Friday, the 16th of June 2023 at 10:15.



A doctoral thesis at a university in Sweden takes either the form of a sin-
gle, cohesive research study (monograph) or a summary of research papers
(compilation thesis), which the doctoral student has written alone or to-
gether with one or several other author(s).

In the latter case the thesis consists of two parts. An introductory text puts
the research work into context and summarizes the main points of the pa-
pers. Then, the research publications themselves are reproduced, together
with a description of the individual contributions of the authors. The re-
search papers may either have been already published or are manuscripts
at various stages (in press, submitted, or in draft).

Cover illustration front: Illustration of SOEC/SOEC stack, which can be used
to generate electricity or produce fuels.

Cover illustration back: 3D reconstructed anode material of SOFC with pores
in blue and solid in green.

Funding information: The thesis work was financially supported by the
Chinese Scholarship Council (CSC), Royal Physiographic Society in Lund.

© Xiaoqiang Zhang 2023

Faculty of Engineering, Department of Energy Sciences

ISBN: 978-91-8039-729-2 (print)
ISBN: 978-91-8039-730-8 (pdf)
ISSN: 0282-1990
ISRN: LUTMDN/TMHP-23/1174-SE

Printed in Sweden by Media-Tryck, Lund University, Lund 2023



A person can do nothing better than to eat and drink and find satisfaction
in their own toil. This too, I see, is from the hand of God, for without

him, who can eat or find enjoyment? (Ecclesiastes 2:24 NIV)





Contents

List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . iv
Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . v
Popular Science Summary . . . . . . . . . . . . . . . . . . . . . . vii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 State of art . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.3 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.4 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.5 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2 Fuel cell explained 11
2.1 History and principle of fuel cells . . . . . . . . . . . . . . . 11
2.2 Thermodynamics . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3 Electrochemical kinetics . . . . . . . . . . . . . . . . . . . . 14

3 Governing equations 19
3.1 Charge transport . . . . . . . . . . . . . . . . . . . . . . . . 19
3.2 Momentum transport . . . . . . . . . . . . . . . . . . . . . 20
3.3 Mass transport . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Heat transfer . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.5 Source terms . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.5.1 Mass and momentum sources . . . . . . . . . . . . . 26
3.5.2 Heat sources . . . . . . . . . . . . . . . . . . . . . . 26
3.5.3 Boundary conditions . . . . . . . . . . . . . . . . . . 27

4 Experiment procedural and tortuosity calculation methods 29
4.1 Experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.1.1 Preparing SOFC . . . . . . . . . . . . . . . . . . . . 29
4.1.2 Testing of SOFC . . . . . . . . . . . . . . . . . . . . 31
4.1.3 Characterization and reconstruction . . . . . . . . . 32

4.2 Tortuosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
4.3 Calculation methods . . . . . . . . . . . . . . . . . . . . . . 35



4.3.1 Experiment based . . . . . . . . . . . . . . . . . . . 35
4.3.2 Porosity tortuosity relationships . . . . . . . . . . . 35
4.3.3 3D microstructure based approach . . . . . . . . . . 36

5 Results and discussions 37
5.1 SOFC test and microstructure characterization . . . . . . . 37

5.1.1 SOFC test results . . . . . . . . . . . . . . . . . . . 37
5.2 Investigation of electrochemical reaction kinetics and diffu-

sion models . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
5.2.1 Model settings . . . . . . . . . . . . . . . . . . . . . 40
5.2.2 Case setup for electrochemical reaction kinetics . . . 40
5.2.3 Velocity and species distribution . . . . . . . . . . . 42
5.2.4 Current density . . . . . . . . . . . . . . . . . . . . . 44
5.2.5 Diffusion models comparison . . . . . . . . . . . . . 47
5.2.6 Discussions . . . . . . . . . . . . . . . . . . . . . . . 48

5.3 Micro-structure impact on SOFC performance . . . . . . . . 48
5.3.1 Model construction and validation . . . . . . . . . . 48
5.3.2 Case setup . . . . . . . . . . . . . . . . . . . . . . . 49
5.3.3 Temperature . . . . . . . . . . . . . . . . . . . . . . 50
5.3.4 Gas consumption . . . . . . . . . . . . . . . . . . . . 50
5.3.5 Current density and overpotential . . . . . . . . . . 51
5.3.6 Composition impact . . . . . . . . . . . . . . . . . . 54

5.4 Thermal stress simulations . . . . . . . . . . . . . . . . . . . 54
5.4.1 Button SOFC with different sealant materials . . . . 54
5.4.2 Thermal stress at micro interface . . . . . . . . . . 55

6 Summary and outlook 57
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
6.2 Outlook . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

References 61

Summary of publications 77
Author contributions . . . . . . . . . . . . . . . . . . . . . . . . . 77
Paper I: Thermal stress analysis at the interface of cathode and

electrolyte in solid oxide fuel cells . . . . . . . . . . . . . . . 79
Paper II: Numerical simulation of solid oxide fuel cells comparing

different electrochemical kinetics . . . . . . . . . . . . . . . 91
Paper III: Parametric study for electrode microstructure influence

on SOFC performance . . . . . . . . . . . . . . . . . . . . . 109
Paper IV: Analysing Tortuosity for Solid Oxide Fuel Cell Anode

Material - Experiments and Modeling . . . . . . . . . . . . 131



Paper V: High gas tightness ZrO2 doped silicate glass sealant with
low thermal stress for solid oxide fuel cells . . . . . . . . . . 155



List of publications

I Thermal stress analysis at the interface of cathode and
electrolyte in solid oxide fuel cells
Xiaoqiang Zhang, Siqi Yu, Minkang Wang, Shuyue Dong, Joseph
Parbey, Ting Shuai Li*, Martin Andersson
International Communications in Heat and Mass Transfer, 2020,
118: 104831.
https://doi.org/10.1016/j.icheatmasstransfer.2020.104831

II Numerical simulation of solid oxide fuel cells comparing
different electrochemical kinetics
Xiaoqiang Zhang, Lei Wang, Mayken Espinoza, Tingshuai Li,
Martin Andersson*
International Journal of Energy Research, 2021, 45(9): 12980-
12995.
https://doi.org/10.1002/er.6628

III Parametric study for electrode microstructure influence on
SOFC performance
Xiaoqiang Zhang, Mayken EspinozaTing, Ting Shuai Li, Martin
Andersson*
International Journal of Hydrogen Energy, 2021, 46(75): 37440-
37459.
https://doi.org/10.1016/j.ijhydene.2021.09.057

IV Analysing Tortuosity for Solid Oxide Fuel Cell Anode Ma-
terial - Experiments and Modeling
Xiaoqiang Zhang*, Danan Yang, Aaron Naden, Min Xu, Ting
Shuai Li, John T. S. Irvine, Martin Andersson*
Journal of The Electrochemical Society, 2023
Under review

V High gas tightness ZrO2 doped silicate glass sealant with
low thermal stress for solid oxide fuel cells
Mengyuan Guo, Xiaoqiang Zhang#, Ying Li, Martin Anders-
son, Zhibin Yang*, Suping Peng
Ceramic International, 2023, 49(12), 19708-19716
https://doi.org/10.1016/j.ceramint.2023.03.088

All papers are reproduced with permission of their respective publishers.

iv



Acknowledgements

This research was conducted at Lund University’s Faculty of Engineering,
in the Department of Energy Sciences’ Division of Heat Transfer. I would
like to express my gratitude to the China Scholarship Council (CSC) and
the Stig Borglin Scholarship from the Royal Physiographic Society in Lund
for their generous support.

My heartfelt thanks go to Docent. Martin Andersson, my main supervi-
sor, for his invaluable guidance and support throughout my PhD studies.
I am also grateful to my co-supervisor, Docent. Lei Wang, and Dr. Hi-
mani Garg, Prof. Tingshuai Li, Dr. Mayken Espinoza, for their assistance
and feedback. Additionally, I am indebted to Dr. Min Xu from Tsinghua
University for his assistance, guidance, and stimulating discussions.

I would like to acknowledge the Department’s administrative team, includ-
ing Prof. Magnus Genrup, Catarina Lindén, Isabelle Frej, and division
head Prof. Christer Fureby, for their kind help and support. I am also
grateful for the insightful courses of Prof. Christer Fureby, Prof. Johan
Revstedt, Docent. Hesameddin Fatehi, Docent. Rixin Yu, and Dr. Narmin
Hushmandi.

I extend my thanks to Prof. John Irvine from the University of St Andrews
for inviting me to visit the JTSI group and providing me with invaluable
insights into advanced energy materials. My colleagues and friends from
both the Department of Energy Sciences and the JTSI Group have been a
constant source of invaluable support throughout my academic journey.

I would also like to express my gratitude to Zhen Cao and Yong Li, who
have been role models in both academics and life. I am also grateful to
Feng Zhang, Hongwei Mao, Bolun Zhang, and others who have spent time
with me for discussions and recreation. Thanks to Danan Yang, Shuo Yang,
Deiquan Xu, Zhan Liu, and Zhe Xing for their help and camaraderie.

Thanks to Miao Zhang, Leilei Xu, Shijie Xu, Huaduo Gu, Miao Yang, Heng
Hu, Sheng Feng, and others for either insightful discussions, travelling ex-
ercises, and joyful times. Thanks to Gustav Karlsson, Arvid Åkerblom,
Rasmus Robertsson, Alessandro Ercole, Guillaume Sahut, Thommie Nils-
son, Marcus Hothar, Michael Bertsch, Morteza Mousavi, and others for
their interesting discussions and department activities.

Furthermore, I would like to express my appreciation to Damiano Bonac-
corso, Jair Triana Pequeno, Gavin Irvine, Shangshang Zuo, Chengzhi Sun,

v



Xinyu Liu, Zipei Wan, and others who have helped me, had discussions
with me, and shared enjoyable moments during my stay at the JTSI Group
at the University of St Andrews.

I also thank my fellowship at Lund: Zehan Yao and Yue Wu, Yu-Chen
Cheng, Yang Fu, Pinxi Chen, Yizhen Wang, and others for countless joyful
times to study and accompany.

Finally, I would like to extend my heartfelt gratitude to my family: my
father, Xuexi Zhang (张学喜), my mother, Aizhen Niu (牛爱珍), and my
brother, Zhiqiang Zhang (张智强). Their unwavering support, encourage-
ment, and love have been the driving force behind my academic journey.
Their sacrifices, selflessness, and dedication to my success have been invalu-
able, and I cannot express my appreciation enough. My heart is brimming
with an enduring love for the one I cherish, transcending time, space, and
even life itself.

vi



Popular Science Summary

Since the discovery of fire during the primitive era, the energy extraction
process has remained largely unchanged. Combustion of fuels has been
widely used for transportation, electricity generation, and residential ap-
plications, which brings air pollution and large heat losses. However, solid
oxide fuel cells (SOFCs) offers an innovative and sustainable alternative,
which electronically converts the energy in the fuel into electricity with
efficiency of 65% without combustion processes. The operating tempera-
ture is between 700 and 1000 ◦ C, which can be used for heating, driving
steam turbines, resulting in significantly higher efficiency compared to di-
rect fuel combustion. In addition, various fuels can be used, which offers a
clean, quiet, source of energy with low emissions and can help to mitigate
the environmental impact of conventional energy sources. The benefits of
SOFCs technology extend to a wide range of applications, including trans-
portation, stationary power plants, and micro-combined heat and power
systems. Overall, SOFC technology has the potential to revolutionize the
way we generate and use energy, and it is a promising solution to the chal-
lenges we face in achieving sustainable energy production and consumption.

The concept of SOFCs can be traced back to the 19th century when scien-
tists discovered water electrolysis, a process that produces hydrogen (H2)
and oxygen (O2). Subsequently, scientists found that the reverse process of
recombining H2 and O2 could generate electrical current. A SOFC consists
of an electrolyte sandwiched between an anode and a cathode, which sep-
arate the H2 and O2 on the anode and cathode sides, respectively. During
the operation, water is generated on the anode side while electrons are pro-
duced on the cathode side, generating electricity with heat as by-product.
When connected to a current source, a SOFC can also produce H2 and O2

in the cathode and anode by providing water and air, thereby highlighting
its potential for power supply and energy storage.

The commercial viability of SOFCs depends on achieving a lifetime of
90,000 hours. However, the high operating temperature of SOFCs presents
significant challenges to the mechanical and chemical stability of their cell
components. These challenges are particularly pronounced in the anode
and cathode, which have complex porous microstructures that significantly
impact the SOFC’s performance and lifetime. Thus, accurately calculating
the porous electrode parameters and understanding their influence on the
overall performance of the SOFC are essential steps to address these sta-
bility and lifetime-related issues. Finally, optimization of these parameters

vii



is necessary to enhance the stability and durability of the SOFC, which is
critical for its widespread commercial success.

The microstructure of the porous electrode can be controlled and charac-
terized by different means. One of the method is to change the electrode
composition, followed by cell test and 3D microstructure reconstruction.
Besides, the processes in the SOFC have Multiphysics nature, which in-
volves heat, species, momentum, and charge transfer. Multiphysics simula-
tion of SOFC can reveal the internal process that the experimental method
is hard to capture. Therefore, the thesis is broadly divided in two parts:
experiment and Multiphysics simulation.

In the experiment, we aimed to evaluate the electrochemical performance
of SOFCs with different anode microstructures. After the test, we con-
ducted a 3D reconstruction of the microstructure to calculate the relevant
gas transport-related microstructure parameters. Before performing the
Multiphysics simulation, we compared and assessed various electrochemi-
cal kinetics and species diffusion models. Next, we utilized Multiphysics
models to investigate how the microstructure parameters affect the elec-
trical and thermal properties of SOFCs. Furthermore, Thermal stress is a
critical concern as uneven distribution can lead to accelerated SOFC ageing
and mechanical failure beyond the stress limits. Therefore, we analyzed the
thermal stress distribution at both micro and macro scales of the SOFCs to
gain a better understanding of this phenomenon. By comprehensively ex-
amining the electrochemical performance, microstructure parameters, and
thermal stress distribution of SOFCs, we can better understand their be-
haviour and work towards optimizing their design and performance.

The thesis also sheds light on the crucial role of microstructure in determin-
ing the electrical performance of SOFCs, as evidenced by the calculation of
tortuosity and subsequent simulations. These findings highlight the need to
optimize microstructure design to achieve a balance between gas diffusion,
charge transport, and electrochemical reactions. Besides, this PhD thesis
has made contributions to the field of SOFCs by enhancing our under-
standing of electrochemical reaction kinetics models and diffusion models,
and their role in developing accurate Multiphysics models for designing
high-performance SOFCs.
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Abstract

Solid oxide fuel cells (SOFCs) are highly efficient and environmentally
friendly power sources that convert chemical energy directly into electricity
and heat, without the need for combustion. Despite their many benefits,
the performance and durability of SOFCs heavily depend on the quality of
their porous anode and cathode components. There are significant chal-
lenges with regard to their commercialization due to the potential failure
and degradation of their anode and cathode components. Optimizing SOFC
electrodes requires obtaining critical microstructure parameters and under-
standing their impact on the overall performance. This can be achieved
through advanced tomography techniques and fully coupled Multiphysics
simulations, which provide insights into the quality of the electrode and the
complex electrochemical processes that occur within it.

In this thesis, experiments were conducted to investigate different anode mi-
crostructure impacts on SOFC performance through electrochemical anal-
ysis. Besides, 2D microstructure tomography was obtained to construct
real 3D volumes. Based on the tomography information, the porosity and
tortuosity of the porous electrode were calculated and compared. Different
tortuosity calculation methods were compared to obtain values used for
Multiphysics simulations.

A fully coupled Multiphysics model was constructed step by step. Firstly,
the electrochemical kinetic models are compared based on the Butler-
Volmer equations. Secondly, different diffusion models are compared with
and without Knudsen diffusion. Based on the 3D Multiphysics CFD model,
the microstructure parameters’ impact on the SOFC performance was stud-
ied. Meanwhile, a SOFC model based on different sealant materials was
constructed to investigate the overall thermal stress distribution. Thermal
stress at an electrode/electrolyte interface was also modelled and analyzed.
The results showed that the interface contact mode and the geometry size of
the SOFC component significantly impacted the thermal stress distribution
and its values.

In summary, the experiment analysis findings emphasize optimizing the
microstructure design to balance gas diffusion, charge transport, and elec-
trochemical reactions. The fully coupled Multiphysics models can be used
for further SOFC design, regarding internal transport processes and me-
chanical stability. In general, this thesis has made contributions to the
field of SOFCs.
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Chapter 1

Introduction

1.1 Background

As of 2022, the average global energy consumption per capita stands at
20,993 kilowatt-hours, and this figure is expected to continue rising as en-
ergy demand increases1. Fossil fuels as the main energy source accounted
for over 80% of primary energy usage, but their reserves and production
levels are limited. Moreover, only 36 countries are classified as devel-
oped economies, while the remaining nations are still striving for economic
growth. These developing countries, which comprise 80% of the world’s
population according to the United Nations Department of Economic and
Social Affairs Analysis, represent a significant driver of global energy de-
mand2. Based on current consumption rates, coal, oil, and gas reserves
can only meet human needs for 139, 54, and 49 years, respectively3,4. The
recent energy crisis in Europe, caused by Russia’s invasion of Ukraine, has
led to increased efforts to ensure energy security, as stated by the Council
of the European Union5. Furthermore, fossil fuel combustion, which is the
primary method of modern usage, significantly contributes to air pollution
and greenhouse gas emissions, such as CO2, meanwhile with limited effi-
ciency. To meet the Paris Agreement’s goal of achieving net-zero emissions
by 2050, CO2 emissions must be reduced to 23 gigatonnes (Gt) by 2030.
Under the Net Zero Emissions scenario, the projected global average tem-
perature increase by 2100 is less than 1.5 ◦C6. However, energy-related
CO2 emissions rebounded to 36.6 Gt in 2021 accounting for the largest-
ever annual rise, presenting significant challenges in meeting these targets
in the near future.
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Given the current reality of dwindling fossil fuel reserves and rising car-
bon emissions, shifting towards a more sustainable, affordable, and cleaner
energy solution is natural. This objective can be achieved by adopting re-
newable energy sources such as solar7, wind8, hydro-power9, and fusion10

energy. Additionally, improving the efficiency of the way we use existing pri-
mary energies with low emissions, such as exploring alternative fuels11 and
utilizing fuel cells12. Among these solutions, solid oxide fuel cells (SOFCs)
have drawn significant attention as an effective means to reduce emissions
and improve efficiency.

SOFCs are highly advanced energy conversion devices that can convert the
chemical energy in fuels directly into electricity and heat without the need
for combustion. The acronym SOFC is derived from the solid ceramic ox-
ide electrolyte that conducts oxygen ions (O2−). These devices can operate
at high temperatures ranging from 700 to 1000 ◦C, allowing them to use
a wide range of fuels, such as H2, CH4, methanol, biomass, carbon, and
NH3. They also provide high theoretical electrical efficiency of up to 65%
(assuming liquid water generation) and a high-quality heat source. More-
over, SOFCs are highly scalable, ranging from kilo Watts (kW) to Mega
Watts (MW) power output, and their versatility makes them suitable for
various applications, such as domestic power stations, auxiliary power units
(APUs) in vehicles, and stationary power plants in power grids. In addi-
tion to their high efficiency and scalability, SOFCs can also function as
electrolyzers, enabling the conversion of electricity into fuels, which can be
used for CO2 capture and conversion13.

The outstanding features of SOFCs position them as one of the viable so-
lutions for the pressing demand for sustainable and clean energy sources.
With ongoing research and development, SOFCs have the potential to rev-
olutionize the energy industry and play a critical role in the transition
towards a near-zero CO2 emission and sustainable future.
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1.2 State of art
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Figure 1.1: Schematic of unit SOFC with gas channels, the porous electrodes and dense electrolyte.

The schematic in Fig. 1.1 depicts a SOFC consisting of a dense Yttria-
stabilized zirconia (YSZ) electrolyte, a porous nickel/YSZ (Ni/YSZ) anode,
and a porous lanthanum strontium manganite/YSZ (LSM/YSZ) cathode.
Electrochemical reactions take place at the three-phase boundaries (TPBs)
where the pores, ionic phase (YSZ), and electronic phase (Ni/LSM) inter-
sect. At the anode, fuel (H2) is oxidized to generate protons (H+) and
electrons, which flow through an external circuit to the cathode, producing
electric current. At the cathode, O2 is reduced to O2−, which migrates
through the electrolyte to the anode, where it combines with H+ to form
H2O. To function efficiently, the dense electrolyte requires high ionic con-
ductivity to facilitate the movement of ions while preventing gas crossover,
while the anode and cathode must exhibit high catalytic activity, sufficient
electronic/ionic conductivity and high gas diffusivity. The development of
SOFCs has focused on the development of suitable materials, and new fab-
rication and characterization techniques have enabled precise calibration
of porous materials for optimal architecture design. Numerical simulations
also have proven to be a powerful tool in SOFC development and optimiza-
tion.

Overall, the development of SOFCs has progressed significantly, and the
state-of-the-art materials and manufacturing processes have brought the
technology closer to commercialization. The ongoing research and devel-
opment are mainly focused on improving performance, reducing costs, and
increasing durability. The following sections provide a brief overview of
the current state of SOFC electrode material development and the latest
advancements in the field.
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Material Development

The benchmark anode material, Ni/YSZ, is a Metal-Fluorites Cermet (see
Fig. 1.1) that boasts high electronic/ionic conductivity due to its use of
fluorites as electrolyte materials. Additionally, Ni/YSZ exhibits exceptional
catalytic properties for carbon-based fuel reforming. However, the material
faces several challenges when widely applied:

(i) Hydrocarbon fuels like methane (CH4) can lead to carbon deposition on
the surface of Ni, reducing catalytic properties and obstructing gas transfer
through the material’s pores.

(ii) Ni is vulnerable to poisoning from various fuel impurities when using
biogas or coal gasification, such as sulfur (S), chlorine (Cl), phosphorus
(P), arsenic (As), selenium (Se), and antimony (Sb), as well as gases like
arsine (AsH3). These substances can physically or chemically bond with
Ni, causing a loss of TPBs and a decline in catalytic performance.

(iii) High temperatures can trigger Ni-particle coarsening, depletion, or
migration, leading to microstructure collapse. This destruction impacts
TPBs, reduces catalytic surface area, and blocks pores.

(iv) Ni/YSZ delamination can occur, resulting in the loss of TPBs, conduc-
tivity reduction, and decreased catalytic activity14,15,16.

There are specific measures viable to address part of the problems men-
tioned above. For example, introducing a high steam/carbon (S/C) ratio
reduces carbon deposition, but this comes at the cost of low performance.
To alleviate poisoning, Ni can be partially replaced with transition metals
like copper (Cu), cobalt (Co), or silver (Ag), but this often results in a
decrease in catalytic activity17,18,19. Alternatively, the Ni/YSZ anode can
be modified by incorporating different metals or oxides, such as scandium
oxide (Sc2O3), ceria (CeO2), titanium oxide (TiO2), iron (Fe), molybde-
num (Mo), niobium oxide (Nb2O5), or alumina (Al2O3)15,20. Replacing
YSZ with ceria (CeO2)-based electrolyte, such as Gadolinium-Doped Ce-
ria (GDC), Samarium-Doped Ceria (SDC), gadolinium (Gd)- or samarium
(Sm)-doped ceria (CGO or CSO), or scandia-stabilized zirconia (ScSZ) has
also been explored21,22. Studies have shown that CeO2-based anodes, such
as Ba(Ce0.8Y0.1)0.8Ni0.2O3−δ/Gd0.1Ce0.9O1.95, perform better than Ni/YSZ
in terms of hydrocarbon catalytic properties23. However, Ni agglomeration
remains a persistent problem.

The use of Ni-free anode materials, such as perovskite (ABO3)-based mate-
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rials, is gaining attention as potential candidates for fuel cell applications.
These materials have an A cation larger than the B cation. However,
finding a single material that exhibits comparable catalytic activity and
ionic/electronic conductivity as Ni/YSZ remains challenging. Perovskite
materials usually contain transition metals such as strontium (Sr), nio-
bium (Nb), vanadium (V), titanium (Ti), and others, with variable valence,
which is beneficial for mixed conductivity24,25. The mixed conductivity is
achieved by defects, which can be controlled by doping the host atom with
similar-sized cations. For instance, higher oxygen ion conductivity than
YSZ is achieved with (La0.9Sr0.1)Ga0.8Mg0.2O0.285 (LSGM) through A-site
doping Sr in lanthanum gallate (LaGaO3)26. Lanthanum (La)-doped stron-
tium titanium oxide, SrTiO3 (STO), also exhibits improved ionic conduc-
tivity with A-site doping27.

Titanates and chromites are promising perovskite materials28,29. Doping
STO with La, Nb, and Y has shown electronic conductivity with stable
properties under both oxidizing and reducing conditions30,31. However,
these components have low ionic conductivity, and Mn and Ga are fur-
ther introduced into La-doped material with improved ionic conductiv-
ity32. Perovskites based on V, Co, and Fe, such as SrVO3, SrFeCo0.5Ox,
SrCo0.8Fe0.2O3−δ, and La0.6Sr0.4Fe0.8Co0.2O3−δ, also show potential for an-
ode materials33. LaCrO3, once used as an interconnect material, may also
be a possible anode material by doping Mn, Fe, Co, Ni, Ti, and Cu. One
such material is (La0.75Sr0.25)Cr0.5Mn0.5O3 (LSCM), which has stable con-
ductivity in oxidation and reduction atmospheres34,35. Double perovskite
(A2B2O6)-based materials were also investigated due to reasonable ionic
conductivity36,37,38. But these materials have low electronic conductivity
and catalytic activity. Pyrochlore and tungsten bronze structured com-
pounds were also investigated but with low electronic conductivity and
redox stability39.

For the cathode material, the presence of CO2, SO2 and H2O from the
air, Cr from the metallic interconnect, and Si from the glass sealant,
which can cause poisoning40. Besides, there are also microstructure
deformation and delamination problems. Cathode material basically is
all perovskite materials such as strontium doped lanthanum mangan-
ite perovskite (La1−xSrxMnO3) (LSM) with YSZ (LSM/YSZ), stron-
tium doped lanthanum cobalt ferrite (La1−xSrxCo1−yFeyO3) (LSCF)，
Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF), LnBaCoO5 + δ (Ln = Pr, Nd, and
Gd) based41,42,43,44. Besides, a buffer layer may be applied to decrease
impedance and prevent reaction between electrolyte and cathode45,46.
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For both anode and cathode materials, the most commonly used techniques
for electrode fabrication are screen printing, dip coating, and extrusion47.
To optimize the overall performance, the microstructure of the electrodes
can be tailored through impregnation/infiltration techniques48, such as (i)
impregnation with metal-salt solutions with various additives, (ii) impreg-
nation with particles in suspension, and (iii) molten salt impregnation. An-
other promising method to design electrode materials is the exsolution of
nano-metal particles in the perovskite material49,50,51. In addition, chem-
ical vapour deposition (CVD) and atomic layer deposition (ALD) can be
used to fabricate nanoparticles and nano-porous layers in SOFCs52.

Simulation and Prediction

Simulation has emerged as an essential approach to material and cell devel-
opment. Simulation can provide detailed information on phenomena that
are challenging to measure through experimentation. Depending on the
scales involved, different simulation approaches can be used53. At the
atomic/microscale, Density Functional Theory (DFT)54, Molecular Dy-
namics (MD)55, and Kinetic Monte Carlo (KMC)56 can be used. At the
mesoscale, Lattice Boltzmann Method (LBM), Smoothed Particle Hydro-
dynamics (SPH) Model, KMC, and Phase Field Model (PFM)57 are used.
On the other hand, Multiphysics Computational Fluid Dynamics (CFD)
simulation is used to study the performance of SOFC at the cell scale58.
Different numerical methods can be applied to simulations, such as Finite
Element Method (FEM), Finite Volume Method (FVM), and LBM59. Al-
though Multiphysics simulation is at the cell level, the impact of microstruc-
ture is also considered for effective diffusion60, electronic/ionic conductiv-
ity61,62, as well as electrochemical reaction active surface areas63.

There are numerous studies focused on mesoscale and macroscale simula-
tions. Fu et al.64 reviewed and proposed a modified model for predicting
the long-term performance of SOFCs by considering Ni-particle coarsen-
ing. Their study showed that an increase in temperature, current den-
sity, steam/carbon ratio, and YSZ particle diameter contributed to an in-
crease in degradation rate. Zhu et al.65 investigated the impact of Ni-
particle coarsening, YSZ structure transition, and interconnect coating on
SOFC performance through multiscale numerical simulations. They found
an overall degradation rate of 2.2%/1000 h, which could be reduced to
0.43%/1000 h through targeted microstructure design. He et al.66 devel-
oped a numerical model that used a multi-phase level-set approach to op-
timize the Ni-YSZ anode microstructure, showing that the optimized mi-
crostructure and performance were independent of initial structures and
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phase division schemes. Bosio and Bianchi developed a multiscale SOFC
model that considers degradation arising from Ni-coarsening and Cr poi-
soning for microstructure and operative condition optimization67.

The combination of dual-focused ion beam scanning electron microscopy
(FIB-SEM) and X-ray computed tomography (X-ray CT) provides a unique
opportunity to acquire accurate and real 3D microstructure geometry af-
ter fabrication, as discussed in a comprehensive review article by Paul et
al.68. Utilizing real microstructures obtained by X-ray CT, Matthew et
al.69 developed a modelling framework to gain a better understanding of
Multiphysics phenomena. Lu et al.70 assessed the mass transport prop-
erties and electrochemical performance of a hierarchically micro-tube solid
oxide fuel cell (SOFC) through an integrated computational fluid dynamics
simulation, which was assisted by 3D X-ray CT. Furthermore, Sciazko et
al.71 utilized FIB-SEM in combination with 3D reconstruction to investi-
gate carbon deposition in SOFC anodes and observed a decrease in pore
size and volume expansion.

Although, there are numerous research works focused on either material
development or numerical simulations. The short lifetime, high cost, and
degradation are still problems that hinder the commercialization of SOFCs.
In a laboratory environment with low fuel and air utilization, the longest
operation known lifetime recorded by Forschungszentrum Jülich GmbH
reaches 93,000 hrs, with a degradation rate of 0.5%/1000 h72. Bloom En-
ergy has demonstrated hundred kW to MW SOFCs for building power
supply, LG Fuel Cell Systems also built a 250 kW SOFC system while
Ceres Power demonstrates a 200 MW energy supply for residence applica-
tion73. But there are no SOFCs achieve a degradation rate of less than 0.2
Percent per 1,000 Hours and developing materials with low cost and high
performance is still challenging as is highlighted by the US Department of
Energy74.
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1.3 Motivation
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Figure 1.2: Schematic of a SOFC stack of two unit cells with different components (adapted from literature 75).

Fig. 1.275 shows a SOFC stack comprising of two single SOFCs, each com-
prising five distinct materials, including the anode, electrolyte, cathode,
sealants, and interconnects. The sealant material plays a vital role in gas
sealing, preventing leakage during the electrochemical reaction. The in-
terconnect provides support and electronic conductivity. During thermal
cycling processes, the coefficient of thermal expansion (CTE) between each
material must be matched to avoid mechanical failure. These materials
stacked together form four interfaces, and any form of failure in these in-
terfaces can obstruct power output or lead to performance degradation76.

Apart from the problems mentioned for electrode materials, there are issues
such as phase transition in the electrolyte77, interconnect corrosion78, and
structural issues with sealant materials79. However, most critical degra-
dation issues are related to TPB at the porous electrode which extends
for dozens of micrometres from the dense electrolyte as is stressed in the
previous section80. The degradation in a porous electrode is always accom-
panied by changes in the microstructure, which can reduce gas transport,
charge transport, and electrochemical catalytic properties81. Generally,
the following criteria must be satisfied for active electrodes: (i) high elec-
tronic ionic conductivity; (ii) high catalytic activity; (iii) redox stability;
(iv) chemical stability; (v) thermal stability; (vi) CTE matching.
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Optimising the microstructure of porous electrodes provides a way to avoid
or mitigate the problems mentioned above. To optimise the microstructure
architecture of SOFC electrodes, quantitatively characterising the proper-
ties is essential. However, there are no standard approaches for microstruc-
ture evaluation for the porous electrode. The accuracy of different ap-
proaches is questionable. Therefore, it is necessary to compare the differ-
ences between different approaches. The microstructure parameters can be
applied to multiscale and Multiphysics coupled simulations. Simulation of
SOFC must consider the electrochemical reactions and gas diffusion which
determine the performance. There exist different models in the literature
for the simulation of these processes. Different models behave differently
in SOFC simulation. Knowledge of the differences between these models is
essential for accurate SOFC model development. The Multiphysics model
developed takes the microstructure parameters into consideration and can
be used to assist electrode and cell optimization design within different
scales. Therefore, the following objectives are proposed.

1.4 Objectives

Based on advanced tomography techniques, the parameters related to gas
transport in a porous electrode are obtained. The microstructure data
with CFD Multiphysics simulation of SOFC provide a more understanding
of the performance across multiple scales. The models then can be used to
optimise either single-cell or stacks regarding electrochemical and mechan-
ical performances. Therefore, the thesis aims to conduct experiments with
advanced tools and techniques to investigate the microstructure parame-
ters and their relationship with electrochemical performance. Followed by
developing Multiphysics models for parametric optimizations and thermal
stress simulations. The following work then was conducted:

• A button SOFC with two anode compositions is prepared and tested
using an electrochemical workstation. After testing, FIB-SEM is used
to characterize the SOFC and get the 2D slice images. Based on
2D slice images, the 3D microstructure of the porous anode is con-
structed. Different approaches are compared to calculate tortuosity.

• Fully coupled Multiphysics 3D SOFC model is constructed. To de-
velop and optimize the model, different electrode kinetics models and
different diffusion models are examined and compared.
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• On the basis of the optimized Multiphysics model, the tortuosity and
electrode composition impact on SOFC performance are investigated.

• Thermal stress distribution of a button SOFC is analysed using dif-
ferent sealant materials. In addition, thermal stress at the micro-scale
is also simulated based on a micro SOFC model.

1.5 Thesis outline

The thesis is organized into five chapters. Chapter 1 provides an intro-
duction to the background, state of art, motivation, and objectives of the
thesis. Chapter 2 provides a fuel cell basics which includes its history and
the theory behind it, from thermodynamics to electrochemical reaction ki-
netics. Chapter 3 introduces the governing equations for SOFC simulations.
Chapter 4 focuses on the experimental procedures and methods used for
tortuosity calculations. Chapter 5 presents the results of the research, in-
cluding the impact of different electrochemical kinetics, microstructure, and
tortuosity on SOFC performance. Additionally, thermal stress is analyzed
based on a button SOFC model and a micro SOFC model. Finally, Chapter
6 offers conclusions and future outlooks for SOFC research. The related
papers are appended at the end of the thesis, providing readers with fur-
ther insights into the research and methods employed. Overall, the thesis
provides a comprehensive analysis of SOFCs and lays the foundation for
future research in the field of sustainable energy systems.
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Chapter 2

Fuel cell explained

2.1 History and principle of fuel cells

The concept of SOFCs can be traced back to the 18th century when the
discovery of water electrolysis was first made82,83. After that, the principle
of FC was independently published by Friedrich Schönbein (1799-1869) and
Welsh scientist William Robert Grove (1811-1896). However, it is until the
discovery of ionic and electronic conductors that scientists start looking for
a suitable electrolyte for fuel cells84,85. Later on, the term cathode, anode,
and positive/negative electrode are coined by Faraday.

To understand the principle of fuel cells and develop various types of fuel
cells, scientists have made significant discoveries in electrochemistry science
since 1838. The discoveries of electronic and ionic conduction, combined
with the application of thermodynamics, have led to the development of
different types of fuel cells with various electrolytes. These types include
polymer electrolyte fuel cells (PEMFCs), alkaline fuel cells (AFCs), phos-
phoric acid fuel cells (PAFCs), molten carbonate fuel cells (MCFCs), and
solid oxide fuel cells (SOFs). Each type has its own advantages and dis-
advantages, and the appropriate type should be chosen depending on the
specific application and operating conditions.

The SOFC use a solid electrolyte which is sandwiched between the porous
anode and porous cathode as is depicted in Fig. 1.1. Based on differ-
ent criteria, SOFCs can be classified by geometry (planar, tubular, flat
tube, monolithic), support type (electrolyte support, anode support, cath-
ode support), fuel type (direct alcohol SOFC, direct carbon SOFC), and
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chamber type (double, single, or without chamber)86. For planar SOFCs,
it is scaled up by stacking individual cells in series to form stacks. Addi-
tional components such as sealants and interconnects are required for seal-
ing and electrical connection87,88. In order to achieve optimal efficiency,
external auxiliary equipment such as gas storage and regulator systems,
pre-reformers, exhaust gas treatment, and heat treatment is necessary89.

2.2 Thermodynamics

To understand the energy conversion process in a SOFC, it is useful to
consider it as a thermodynamic system, characterized by various intensive
and extensive properties at equilibrium. Combined the first law of ther-
modynamics and the second law of thermodynamics we can get the Gibbs
equation90:

∆G = ∆H − T ·∆S. (2.1)

where ∆G is the available electricity work, ∆H is the enthalpy change of
the chemical reaction, and ∆S is the entropy change of the system.

For fuel cell operating reversibly with pure H2 and O2, the maximum ideal
electrical efficiency at standard ambient temperature and pressure (SATP)1

is 83% (1.23 V) when ∆S > 0. However, this efficiency decreases to 62%
(0.92 V) at 1000 ◦C, 1 atm in the case of SOFC91. On the other hand, the
thermodynamic efficiency for direct carbon fuel cells (DCFCs) can exceed
100% by absorbing energy from the surroundings since ∆S < 092. The
actual efficiency of a fuel cell system is influenced by internal losses and
the support system, such as gas composition, overpotential, and work loss.
Nevertheless, fuel cell systems can be optimized to achieve high efficiency,
with more than 60% electricity efficiency and even higher when combined
with a gas turbine, heating, and cooling system93,94.

The electrical voltage for fuel cell utilizing H2 can be related to thermody-
namic quantity by power95:

P = E0 · I = ṅH2 ·∆G0. (2.2)

where the current I is expressed as spent of fuel, −2ṅH2 · F , then the re-
versible voltage, also known as the standard cell potential, can be expressed
as:

1Pure gas at a temperature of 298.15 K and an absolute pressure of 1 atm.
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E0 = −∆G0

n · F
. (2.3)

By considering species impact on the cell voltage, assume ideal gas, the
Gibbs energy can be expressed as:

∆G = ∆G0 +RT lnQ. (2.4)

The Nernst equation determine the open circuit voltage EOCV then can be
expressed as:

EOCV = −∆G0 +RT lnQ

n · F
= E0 − RT lnQ

n · F
, (2.5)

where Q is the reaction quotient and the open circuit voltage EOCV
H2/O2

for
fuel cell fueled with H2 can be written as96,97:

EOCV
H2/O2

= E0 − RT

2F
ln

pH2O,TPB

pH2,TPBp0.5O2,TPB

. (2.6)

The standard cell potential (E0), expressed as the standard reaction Gibbs
energy difference ∆G0, is related to the temperature by using the ther-
modynamic properties of the reaction at SATP conditions. For the SOFC
with H2 as fuel, the enthalpy ∆H0 is -241.79 kJ/mol and the entropy ∆S0

is -47.30 J/mol/K. Based on these value, the standard cell potential (E0)
can be expressed as follows98,99,100,101:

E0 = 1.253− 2.4516× 10−4T. (2.7)

It is noted that the partial pressure of species i is pi = xipa/c. This leads
to the Nernst equation, Eq. (2.6) expressed as102:

EOCV
H2/O2

= E0 − RT

2F
ln

xH2O,TPB

xH2,TPBx0.5O2,TPB

+
1

2
ln pc. (2.8)

The pressure, partial pressure, and molarity can be extracted from the
electrode, i.e. TPB. The equilibrium voltage can be divided into two com-
ponents: anode side EOCV

H2
and cathode side EOCV

O2

103.
EOCV

H2
= E0 − RT

2F ln
pH2O,TPB

pH2,TPB
,

EOCV
O2

= −RT
2F ln 1

p0.5O2,TPB
,

EOCV
H2/O2

= EOCV
c + EOCV

a .

(2.9)
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2.3 Electrochemical kinetics

Thermodynamics has revealed the electrochemical force (potentials) at a
given electrode state where electrochemical reactions can occur. However,
it doesn’t provide information about whether the reaction will proceed or at
what rate it will occur. This will be explained by electrochemical kinetics,
which is the topic of interest in Paper II. The rate of electrochemical
reaction is proportional to the current flow through the electrode. When
current flows through the electrode, polarization or voltage loss occurs.
Essentially, all rate processes during current flow, including reaction and
transport processes, require driving forces (potential energy) to proceed,
leading to ohmic polarization (ηohm), concentration polarization (ηconc),
and activation polarization (ηact). As a result, the actual cell voltage E is
lower than the open circuit voltage104,105.

E = EOCV
H2/O2

− ηohm − ηconc − ηact. (2.10)

Ohmic polarization is caused by the ionic resistance in the electrolyte and
active electrode; electronic resistance in the electrode, current collector, and
interconnect. In most cases, the contact resistance can be neglected due to
good contact between the SOFC components. The ohmic polarization can
be expressed as106:

ηohm = i(Rs +Rl). (2.11)

At high current densities, concentration polarization becomes dominant,
and it can be described as106:

ηconc =
RT

nF
ln

pH2O,TPBpH2,b

pH2,TPBpH2O,b
+

RT

nF
ln

p0.5O2,b

p0.5O2,TPB

. (2.12)

The right-hand side of the equation consists of two terms: the concentration
polarization in the anode (ηconc,a) and the concentration polarization in the
cathode (ηconc,c).

The activation polarization is caused by the activation energy required
to initiate the electrochemical reaction. It can be expressed as follows
for the anode and cathode, which can be further correlated with current
density102,107:  ηact,a = ϕs,a − ϕl,a − EOCV

H2
,

ηact,c = ϕs,c − ϕl,c − EOCV
O2

,
(2.13)
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where ϕs,a/c are the electronic potential in anode (a) and cathode (c), while
ϕl,a/c are the ionic potential in anode and cathode.

𝐸𝑂𝐶𝑉

𝐸𝐻
0

𝐸0
𝑇∆𝑆0

𝑛𝐹

𝑅𝑇

𝑛𝐹
ln𝑄

𝜂𝑜ℎ𝑚

𝜂𝑎𝑐𝑡,𝑐

𝜂𝑎𝑐𝑡,𝑎

𝜂𝑐𝑜𝑛𝑐

Current density (A/cm2)

V
o

lt
ag

e 
(V

)

0
0 𝑖𝐿

Figure 2.1: Description of a typical fuel cell polarisation curve showing the original standard enthalpy ∆H0

converted voltage EH
0 , standard Gibbs free energy ∆G0 converted voltage E0 (equilibrium state)

and open circuit voltage EOCV . The operation voltage E deviate from the open circuit voltage
due to various polarisation.

Figure 2.1 displays the polarization curve of a typical unit SOFC, show-
ing the deviation of the operation voltage E from the open circuit volt-
age EOCV due to various polarizations in the anode and cathode108. The
theoretical potential is E0

H = ∆H0/(nF ) when the entropy change ∆S0

equals 0, while E0 = ∆G0/(nF ) is the standard cell potential considering
entropy loss. For SOFCs operated at high temperatures, compared to low-
temperature PEMFCs, the difference between E0 and EOCV is smaller. At
low current densities, energy is required to overcome the reaction barrier,
resulting in the dominance of activation polarization ηact. As the current
density increases, the ohmic polarization becomes more significant. At very
high current densities, the gas species cannot be supplied fast enough, lead-
ing to the dominance of concentration polarization. Notably, all of these
polarizations coexist throughout the operation stages.

The rate of electron transfer, which is related to the current density i, is
also affected by activation polarization and species concentration depending
on specific working conditions. When the electrochemical reaction is at an
equilibrium state, the forward and backward reaction rates are the same,
which means that the anodic current density (ia) and cathodic current
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density (ic) is equal to the exchange current density (i0). The general
Butler-Volmer (BV) equation can be expressed as:

i = i0

[
exp

(
nαFη

RT

)
− exp

(
−n(1− α)Fη

RT

)]
. (2.14)

The overall current density, related to the overpotential η, Eq. 2.14 is also
called the activation-controlled Butler-Volmer equation, which only consid-
ers the activation polarization impact on current density109. There is also a
diffusion-controlled BV equation which considers the species concentration
impact on current density106:

i = i0

[
xO,TPB

xO,b
exp

(
nαFη

RT

)
−

xR,TPB

xR,b
exp

(
−n(1− α)Fη

RT

)]
. (2.15)

It is noted that both types of BV equation use the exchange current density
as follows:

i0,a/c =
RT

nF
ka/c exp

(
−
Ea/c

RT

)
. (2.16)

In the equation above, k represents the pre-exponential factor of the ex-
change current density for the electrode reaction, while Ea/c is the acti-
vation energy for the electrode. For a given reaction, the reactants and
products occupy energy minima for stability. In a forward reaction, the
potential energy of the reactants must first rise, then fall to reach the min-
imum energy and form products. The difference in energy between the
maximum and the reactants is the activation energy for the forward reac-
tion. For Ni/YSZ anodes, the activation energy range is 50-189 kJ/mol,
while for LSM-YSZ cathodes, it is 70-293 kJ/mol. These values are sum-
marized in Paper II.

The comparison of simulation results for the activation-controlled and
diffusion-controlled BV equation for SOFCs is presented in Paper II. No-
tably, the current density for both equations is a surface value with units
of [A/cm2]. The anode and cathode’s active layer typically consists of a
mix of ionic and electronic conductors, extending the electrochemical reac-
tion to a depth of 20-40 µm. Examples of such material for SOFC anodes
and cathodes include Ni/YSZ and LSM/YSZ as mentioned before110. To
relate the TPB to the electrochemical rate, defining an active surface area
per unit volume is necessary, typically denoted as the area-to-volume ratio
av [m2/m3]. This parameter can be used in the BV equation to obtain
the volumetric current density iv. Various literature sources report active
specific area values for SOFC anodes and cathodes, which can be found in
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Paper II. It is noted that replacing exchange current density (2.16) in BV
Eq.(2.14) with the exchange current density as follow is also used111,112:

i0,c = kc

(
pO2

pO2,ref

)C

exp

(
− Ec

RT

)
, (2.17)

i0,a = ka

(
pH2

pH2,ref

)A(
pH2O

pH2O2,ref

)B

exp

(
− Ea

RT

)
. (2.18)

where ka/c is the pre-exponential factor which is different from Eq.(2.16),
and A, B, and C are obtained from experiments.
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Chapter 3

Governing equations

3.1 Charge transport

The OCV of a cell is determined by the Nernst equation, as shown in Eq.
(2.5). The cell voltage accounts for the losses due to activation, ohmic, and
concentration overpotential, as expressed in Eq. (2.10). The activation
overpotential ηact is explicitly related to the current density i through the
BV equation, as shown in Eq. (2.15). The concentration of species is also
included in the BV equation through the exchange current density i0, as
shown in Eqs. (2.17) and (2.18), resulting in an implicit inclusion of concen-
tration. An additional expression for concentration overpotential is defined
in Eq. (2.12). The ohmic overpotential loss is also implicitly included
through Ohm’s Law, which describes the flux of charges (ions/electrons) in
a homogeneous electrode or electrolyte:

is = −σeff
s ∇ϕs. (3.1)

il = −σeff
l ∇ϕl, (3.2)

Here, σeff
s and σeff

l represent the effective electronic and ionic conductivity,
respectively, while ϕs and ϕl represent the electronic and ionic potential,
respectively. It is reasonable to conclude that the ionic conductivity is for
O2− transport, while the electronic conductivity is for e− transport. The
same applies to the electronic and ionic potentials, which are the potentials
felt by electrons and ions, respectively. The ionic and electronic conductiv-
ity can be expressed as follows113:

σl = 33.4× 103 exp

(
−10300

T

)
. (3.3)
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σs,c =
4.2× 107

T
exp

(
1200

T

)
. (3.4)

σs,a =
9.5× 107

T
exp

(
−1150

T

)
. (3.5)

The actual conductivity of the electrode is lower than the pure ionic and
electronic bulk due to the porous nature of the electrode. Therefore, the
effective ionic and electronic conductivity in the active anode and cath-
ode needs to be corrected by the tortuosity (τ), which will be introduced
later114.

σeff
l,a/c = σl,a/c

Vl,a/c

τl,a/c
. (3.6)

σeff
s,a/c = σs,a/c

Vs,a/c

τs,a/c
. (3.7)

The Nernst-Planck equation is a conservation of mass equation that is
commonly used to describe the transport of charged species due to dif-
fusion, convection, and electromigration. However, for solid oxide fuel cells
(SOFCs), only electromigration is considered115.

∇ · il =


iv in the active air electrode,
0 in other solid components,
iv in the active fuel electrode,

(3.8)

∇ · is =


−iv in the active air electrode,
0 in other solid components,

−iv in the active fuel electrode,
(3.9)

The current source term iv is given by the BV equation as avi described in
Chapter 2.

3.2 Momentum transport

The governing equations for multiphysics SOFC simulation are in a steady-
state regime. The fluid flow in SOFC can be assumed either incompressible
or compressible. When assuming incompressible flow, the divergence of
density (ρf ) is zero, and it is a function of temperature (T ) and constant
pressure (p). The fluid is assumed to be a Newtonian fluid with a linear
relationship between stress and strain. Moreover, there is no source term in
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the gas channel, and the gravity term is neglected. Therefore, the continuity
and momentum in the gas channel can be expressed as:

∇ · (ρfu) = 0, (3.10)

ρf (u · ∇)u = ∇ · [−pI + µf (∇u + (∇u)T )], (3.11)
where u is the velocity vector, I is the identity matrix, and µf is the dynamic
viscosity of the fluid mixture, which depend on the thermodynamic state
of the gas species as will be discussed in section 3.3.

When considering fluid flow in a porous medium, it is often impractical to
fully resolve the flow through the porous structure due to the complexity of
the solid wall. Thus, a common approach is to treat the porous medium as
homogeneous. Darcy’s Law describes the linear relationship between the
velocity field u and the gradient of pressure p in a porous material with
fully saturated flow:

u = − κ

µf
∇p, (3.12)

where κ is the permeability of the porous medium. Darcy’s law, together
with the continuity equation (Eq. (3.10)) and the equation of state, de-
scribes fluid flow at very low velocities or low Reynolds numbers (Re <
10), where the impact of shear stress on the flow can be ignored. A non-
linear relationship between velocity and pressure gradient is also available,
which can be obtained by introducing additional terms based on Eq. (3.12)
or by using a different permeability model. To account for the shear stress
in porous medium flow, the Brinkman equations should be used116.

∇ · (ρfu) = Qm, (3.13)

1

ε
ρf (u · ∇)u1

ε
= −∇ · (−pI + K)−

(
κ−1µf + βρfu |u|+ Qm

ε2

)
u, (3.14)

The dependent variables in this equation are Darcy’s velocity u (superficial
volume average) and pressure p. Here, β represents the Forchheimer coef-
ficient, ε is the porosity, and Qm is the mass source or sink of the reaction
m, which is only present in the active electrode where the electrochemical
reaction takes place. The density is obtained from the equation of state,
and the gravitational force term is neglected.

The Brinkman equations account for the dissipation of kinetic energy due
to viscous shear, similar to the Navier-Stokes equations. The viscous stress
tensor K is given by116:

K = µf
1

ε

(
∇u + (∇u)T

)
− 2

3
µf

1

ε
(∇ · u) I. (3.15)
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The viscous tensor includes stresses related to linear deformation and vol-
umetric deformation, corresponding to the first and second terms on the
right-hand side.

3.3 Mass transport

The mass transport of an individual species in the gas channel can be
calculated as follows:

ρf (u · ∇)ωi = −∇ · ji +Ri, (3.16)

where ωi is the mass fraction of gas component i, Ri is the mass source or
sink, which appears in the active electrodes, and ji is the mass flux term.
In the anode support layer, the mass source or sink term Ri only appears
when there are internal reforming reactions such as water gas shift reaction
(WGSR) and methane-steam reforming (MSR) reactions117. According to
the continuity equation Eq. (3.10):

N∑
i=1

ωi = 1;
N∑
i=1

ji = 0;
N∑
i=1

Ri = 0, (3.17)

where M and Mi are the mean molar mass and the molar mass of species
i. The density ρf according to ideal gas law can be written as:

ρf =
pM

RT
. (3.18)

The mass fraction ωi and molar fraction xi is defined as:

1

M
=

N∑
i=1

ωi

Mi
; xk =

ωk

Mk
M, (3.19)

The flux of species i can be expressed according to the Maxwell-Stefan
description (Fick equation)118:

ji = −ρωi

N∑
k=1

D̃ikdk, (3.20)

xixk
Dik

= −ωiωk

∑
j ̸=i (adjBi)jk∑

j ̸=i D̃ij (adjBi)jk
, (B)kj = D̃kj − D̃ij , i ̸= j, (3.21)
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dk =
1

cRgT
(∇pk − ωk∇p) . (3.22)

The multicomponent Fick diffusivities are denoted by D̃ik, which are sym-
metric, i.e., D̃ik = D̃ki, and the Maxwell-Stefan diffusion coefficient is
denoted by Dik, which is also symmetric. The adjoint matrix Bi has jkth

component (adjBi)jk. The diffusion driving force acting on species k is de-
noted by dk. The driving force dk is related to the gas constant Rg, total
molar concentration c, and pressure p of all species. The partial pressure
and mass fraction of species k are denoted by pk and ωk, respectively. It is
important to note that the diffusion flux due to thermal gradient is ignored,
i.e., the diffusion force does not affect heat transfer. Furthermore, external
forces such as gravity and electromotive force are ignored in the driving
force. By applying the ideal gas law and using pk = xkp, the driving force
dk can be expressed as:

dk = ∇xk +
1

p
[(xk − wk)∇p] , (3.23)

where xi/k, Mi/k is the molar fraction and molar weight of the specie i or
k. The gas species diffuse freely in the gas channel, where the interaction
between gas molecules is dominant. According to Chapman and Enskog,
the binary gas diffusion coefficient at low pressure predicted from the theory
can be written as119:

Dik =
3

16

(4πkBT/Mik)
1/2

nπσ2
ikΩD

fD, (3.24)

Mik =
2

1
Mi

+ 1
Mk

, (3.25)

where Mi and Mk is the molecular weight of i andk, n, kB, T are the
number density of molecules in the mixture, Boltzmann constant and ab-
solute temperature. The collision integral ΩD for diffusion is a function
of temperature, and the characteristic length σij depends on the selected
intermolecular force law. If Mi is of the same order as Mk, the correction
term fD is between 1.0 and 1.02, then replace n with the ideal gas law we
get the binary diffusion coefficient:

Dik =
2.66 · 10−8T 3/2

pM
1/2
ik σ2

ikΩD

. (3.26)

The empirical correlation developed by Fuller et al. also is used to describe
the diffusion in SOFC120. Then the multicomponent Fick diffusivities can
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be expressed as:

xixk
Dik

= −ωiωk

∑
j ̸=i (adj(Bi)jk)∑

j ̸=i D̃ik (adj(Bi)jk)
,with (Bi)jk = D̃jk − D̃ij , (3.27)

while in the porous material, the diffusion coefficient Dik is corrected by
porosity ε and tortuosity τ :

Deff
ik =

ε

τ
Dik, (3.28)

where Dik can be either the diffusivity expressed as Eq. 3.26 or Fuller
Schettler Giddings model121. When species diffuse in a porous electrode,
there will be an interaction between the molecule and the solid walls, when
the mean free path of the gas species is equal to or larger than the pore size.
The diffusion under such conditions is called the Knudsen diffusion. Nor-
mally, both molecule diffusion and Knudsen diffusion should be considered
and meanwhile, the microstructure must be considered122,123,124:

Deff
ik =

ε

τ

DikDK,ik

Dik +DK,ik
, (3.29)

DK,ik =
2

3
re

√
8RT

πMik
, (3.30)

where ε, τ and re are the porosity, tortuosity, and effective pore radius. The
detailed introduction to τ will be presented in chapter 4. Todd and Young
summarized the thermodynamics and transport properties of the gas and
mixture125. The dynamic viscosity for individual species and fluid mixture
can be expressed as follows:

µi =
7∑

k=1

bk

(
T

1000

)k

, (3.31)

µf =

N∑
i=1

xiµi, (3.32)

where bi is the species-dependent parameter.

3.4 Heat transfer

Since SOFCs operate at high temperatures, it is crucial to analyze heat
transfer and temperature distribution to prevent cracks and failure caused
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by large temperature gradients. The radiation between surfaces and inter-
actions with the media are neglected. Heat transfer in the solid components
(i.e., electrolyte and interconnect) can be modelled:

∇ (−ks∇T ) = Q, (3.33)

where ks is the thermal conductivity of the solid, and Q is the heat source
due to resistance loss in the electrolyte and interconnects, respectively. By
neglecting radiation flux, pressure work, and viscous dissipation, the heat
transfer in the gas channel can be written as follows:

ρfCp,fu · ∇T +∇ (−kf∇T ) = 0, (3.34)

where Cp,f , kf are the specific heat capacity under constant pressure and
the thermal conductivity of the fluid. The first and second terms on the
left-hand side are heat transfer as a result of convection and conduction, re-
spectively. However, for porous material, there are local temperature equi-
librium hypotheses (LTE) and local temperature no-equilibrium (LTNE)
hypotheses126,127. By assuming LTE, both the solid and the fluid phases
have the same temperature, and the governing equation takes the same
form as in the channel128.

ρfCp,fueff · ∇T +∇ (−keff∇T ) = Q, (3.35)

where the effective velocity ueff equals to u/ε. Depending on heat transfer
between the solid and pores, different effective heat conductivity can be
used. Parallel heat conduction assumes the effective thermal conductivity
keff expressed as εkf + ks/(1 − ε), with ks,f the thermal conductivity of
solid and fluid. The heat capacity at constant pressure Cp,s for individual
species and fluid mixture can be written as125:

Cp,i =

∑7
k=1 ak

(
T

1000

)k
Mi

, (3.36)

Cp,f =
N∑
i=1

ωiCp,i, (3.37)

where ak is the species-dependent parameter. The thermal conductivity for
individual species and fluid mixture is calculated as125:

ki = 0.01
7∑

k=1

ck

(
T

1000

)k

, (3.38)

kf =

N∑
i=1

xiki, (3.39)

where ck is the species-dependent parameter.
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3.5 Source terms

The current source term is governed by the BV equation as shown in Eq.
(2.14) and (2.15). The BV equation is also divided into active-controlled
BV equation and diffusion-controlled BV equation which will be described
in Chapter 5. Besides, the Tafel equation is also a commonly used elec-
trochemical reaction kinetics model, which assumed the rate-limiting steps
are the electron and ions transfers, i.e., very small current densities.

3.5.1 Mass and momentum sources

In the porous electrode, where the electrochemical reaction occurs, there is
a mass source term. It should be noted that when CH4 or CO is used as
fuel, methane steam reforming (MSR) and water gas shift reaction (WGSR)
occur in the porous anode, which results in extra source terms for mass,
momentum and heat transfer equations. The volumetric source term in
Eq. (3.13) and (??) is due to electrochemical reactions in the active porous
material, while in the gas channel and support layer, it is zero. The mass
source or sink for species i according to Faraday’s law can be written as:

Ri = −Mi
νiiv
nF

. (3.40)

The total mass source in the momentum equation (Eq. (3.14)) is deter-
mined as:

Qm = −
N∑
i=1

Mi
νiiv
nF

, (3.41)

where νi is the stoichiometric coefficient for the half-cell reaction in the
reduction form, while for the oxidant it is negative and positive for the
reductant. The Eq. (3.16) itself is a nonconservative form regarding the
convection term with which the source term should be:

Ri,nonconservative = Ri − ωi

N∑
i=1

Ri. (3.42)

3.5.2 Heat sources

There are reversible and irreversible heat sources in a SOFC. The reversible
heat source is caused by the polarization loss resulting from the ohmic
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resistance and polarization resistance.

QJ = − (iel · ∇ϕel + iion · ∇ϕion) , (3.43)

Qpol = (ηcon + ηact) iv, (3.44)

Qrev =
T∆Sr

nelF
, (3.45)

where QJ is the joule heating due to the ohmic polarization, Qpol is the
heat generated by concentration and activation polarization, Qrev is the
reversible heat source of the reversible electrode reaction with ∆Sr is the
entropy change.

3.5.3 Boundary conditions

The inlet mole fraction for the fuel is 0.9:0.1 (H2:H2O), and the air is
0.21:0.79 (O2:N2). For outlet, the diffusion term is forced to be zero, i.e.,
gas is only flowing out by convection. While the normal flux is equal to
zero on the wall. For momentum, the inlet is a velocity boundary which
assumes fully developed flow, and the outlet is a pressure boundary. The
rest of the walls are set in the no-slip condition. For temperature, the inlet
is Dirichlet boundary condition and the heat conduction is zero at the outlet
and walls. In most cases, the electronic potential ϕs on the interconnect
surface is assigned as the working potential (0.7 V) on the cathode side and
zero on the anode side for SOFC, using a Dirichlet boundary condition. All
other boundaries are typically set to an isolation condition, where the flux
of electrons and ions across the boundary is zero, i.e., −n · iel,ion = 0. For
solid mechanics, there are fixed boundary conditions and free boundary
conditions. The detailed boundary conditions are list in the table below.

Table 3.1: Boundary conditions for different physical interfaces.

Settings Mass Momentum Heat Electric Mechanics
Inlet ωi =

x0,iMi

Mn
Fully flow T = T0 ϕs = ϕs,bnd

Outlet −n · ρωi

∑
k D̃i,kdk = 0 Pressure -n · q = 0 ϕs = 0 Fixed/Free

Walls n · j = 0 u = 0/utr -n · q = 0 −n · il,s = 0
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Chapter 4

Experiment procedural and
tortuosity calculation
methods

4.1 Experiment

4.1.1 Preparing SOFC

In the previous chapter, we delved into the intricate components that make
up a solid oxide fuel cell (SOFC). Specifically, we learned that a unit SOFC
consists of three essential elements: a dense electrolyte, a porous anode,
and a cathode. The electrolyte is responsible for facilitating ion transfer,
while the anode and cathode support electrochemical reactions. More-
over, the anode and cathode also function as transport media for gas and
charge species. To create a fully operational SOFC system, the individual
SOFC units must be connected and sealed using interconnects and sealants.
However, depending on the fuel source, the external fuel preparation, air
supply, thermal management, water management, and electrical power con-
ditioning equipment may also be necessary98. It’s worth noting that the
development of electrode material plays a crucial role in the advancement
of SOFC technology.

Historically, metals were utilized as anode and cathode materials in solid ox-
ide fuel cells (SOFCs) owing to their catalytic activity in the oxidation and
reduction reactions75. However, this approach had a major drawback as
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metals have a CTE that is not compatible with the adjacent electrolyte ma-
terial, typically Y2O3 stabilized ZrO2 (YSZ). This led to the development
of ceramic anode materials as mentioned before, like Ni/YSZ, due to their
longer TPB length, reasonable electronic conductivity, and catalytic activ-
ity129. Nevertheless, the durability of Ni/YSZ anodes remains a persistent
issue due to problems such as coking, electrode poisoning40,75,130,131, phase
change, and mechanical failure brought about by high temperatures14,132.

The cathode materials are required to possess high catalytic activity, elec-
tronic and ionic conductivity, CTE compatibility, chemical stability, and
cost-effectiveness, similar to anode materials14,75. Perovskite materials
have shown great potential for use in both anode and cathode materials133.
Since 1973, La1−xSrxMnO3− δ (LSM) has been the most extensively stud-
ied cathode material for SOFCs to date.

The electrolyte material used in SOFCs must possess high ionic conductiv-
ity for O2− ions and CTE compatibility with the electrode material. YSZ
material was first discovered in the 1890s by Nernst, who observed high
O2− conductivity at high temperatures. Among various YSZ materials, 8
mol.% Y2O3 stabilized ZrO2 (8YSZ) has been shown to exhibit the highest
ionic conductivity.

A solid understanding of electrochemistry principles is crucial for the
effective testing of SOFCs. In fundamental research aimed at explor-
ing new materials, unit button cell testing is a commonly used method.
The experimental setup in this study involves a button cell composed
of Ni/YSZ|YSZ|LSM/YSZ|LSM, with two different Ni/YSZ compositions.
The electrode thickness is approximately 20 µm, and the electrolyte is 150
µm thick. The anode and cathode have radii of 1 cm and 0.5 cm, respec-
tively, resulting in an active electrode area of about 0.5 cm2. This setup
allows for accurate measurement and characterization of the cell’s perfor-
mance, making it an effective tool for testing SOFCs.

To prepare the anode, a mixture of NiO and YSZ is synthesized and tested
in weight ratios of 40:60 wt.% and 60:40 wt.%. The anode and cathode
are screen-printed onto the YSZ pellet, followed by sequential sintering
at 1300 ◦C and 1000 ◦C for 2 hours. Prior to sintering, both materials
are heated to 400 ◦C and held for 2 hours to allow for the evaporation of
organic substances. The heating rate is maintained at 2 ◦C/min and the
cooling rate at 5 ◦C/min. This process results in a well-prepared anode
and cathode, which can be used to assemble the button cell for subsequent
testing of SOFCs.
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Once sintering is complete, a silver wire is attached to the anode and cath-
ode sides using a silver paste. The SOFC unit is then sealed onto an alumina
tube using ceramic sealant, with care taken to prevent large strains that
could cause electrode cracking and gas leakage. To do this, the sealant is
allowed to dry at room temperature for approximately 2 hours before the
test kit is raised to 200 ◦C at a rate of 0.5 ◦C/min and then brought up to
the test temperature at a rate of 1 ◦C/min. Finally, the test kit is inserted
into a programmable furnace and connected to an electrochemical station
via the silver wire for testing. For more detailed information on the slurry
preparation procedure for the button SOFC, please refer to Paper IV.

4.1.2 Testing of SOFC

Fig. 4.1 illustrates the experimental setup used for testing the SOFCs. The
setup includes an alumina tube and ceramic sealant, which are selected for
their compatibility with the CTE of the electrode and electrolyte. It is
crucial to ensure that the anode material is fully reduced by feeding it with
5% H2 during the temperature-raising phase. In addition, to maintain the
fuel’s flow state, it is humidified using a bubbler filled with water, which
is checked periodically. The exhaust gas outlet is vented to the air via two
bubblers to prevent backflow after cooling. During testing, two samples are
evaluated within a temperature range of 700-800 ◦C, with an increment of
50 ◦C per step and a heating rate of 5 ◦C/min.

FuelFuel

Silver wire

Silver wire

Ceramic 
sealing

Cathode

Anode

Electrolyte

Figure 4.1: The schematic of the unit SOFC testing kit with the cross-section illustration; the anode is sealed
inside the alumina tube, while the cathode is left open to the air; the silver wires are attached to
the anode and cathode side stretched out to connect the electrochemical work station.
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Electrochemical impedance spectroscopy (EIS) is a powerful technique used
to study the electrode processes of SOFCs, including charge transfer and gas
transport. To obtain reliable and accurate results, it is crucial to maintain
gas tightness during the testing process. In addition, current-voltage-power
(IVP) measurements can be performed to obtain the open circuit voltage
(OCV), which serves as a criterion to verify the gas tightness of the testing
kit. A high OCV value, typically over 1 V, indicates good gas tightness.
To ensure reliable electrode-electrolyte and silver wire-electrode contacts,
proper preparation and sealing techniques are employed, such as the use
of ceramic sealant and controlled drying. The quality of these contacts is
essential to achieve accurate results and avoid false readings.

4.1.3 Characterization and reconstruction

The operation of SOFCs involves a complex interplay of phenomena across
multiple length scales, spanning from atomic/molecular interactions to
stack/system-level engineering. At the nanoscale, the fundamental electro-
chemical reactions take place, while at the micrometre to sub-micrometre
length scales, transport processes in the electrode are critical for proper
SOFC function. Slow transport processes can lead to polarization and volt-
age losses. Therefore, a deep understanding of the microscale behaviour of
SOFCs is essential for designing and optimizing porous electrode materials
and comprehending the overall performance of the system.

To fully understand the nature of 3D percolation, it is essential to obtain 3D
microstructure data. Stereology and quantitative microscopy theory68 can
provide valuable microstructure information such as porosity, TPB length,
and particle size distribution. However, these techniques have limitations
and cannot fully reveal the complex 3D microstructure of the material.
Therefore, additional methods, such as focused ion beam FIB-SEM134, X-
ray CT135 are necessary to obtain more comprehensive 3D microstructure
information.

Figure 4.2 illustrates the schematic of the FIB-SEM apparatus and the re-
construction process. To obtain 2D slice images, the anode sample needs to
be reprocessed and cut using FIB-SEM. After that, the images are cropped,
filtered, and thresholded to generate binarized images for 3D reconstruc-
tion.
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Figure 4.2: (a)The schematic of FIB-SEM; (b) the original 2D images; (c) processed 2D image; (d) reconstructed
microstruture of the Ni-YSZ anode.

4.2 Tortuosity

Most ageing issues, including poisoning, coking, Ni agglomeration, and
phase change will lead to microstructure degradation. To improve the
lifetime and performance of SOFCs, researchers are continuously devel-
oping new materials, such as perovskites, not only for SOFCs but also for
other energy applications136. Additionally, optimizing the microstructure
of the porous electrode also for enhancing the performance and durability
of SOFCs. This can be achieved through techniques such as infiltration,
evolution, and different fabrication methods48,137,138. By employing such
approaches, the optimized electronic/ionic conductivity, and catalytic ac-
tivity can be achieved. One of the concerns that also should be considered
is the transport of species in the porous material.

To enable electrochemical reactions, a sufficient concentration of species is
required. At high current densities, however, inadequate gas transport in
the porous medium can result in concentration overpotential. The porous
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medium’s complex and tortuous nature often leads to a decrease in dif-
fusion, making it crucial to understand the microstructure’s impact on
transport. To this end, effective transport properties, including diffusion
coefficient, thermal conductivity, electronic, and ionic conductivity, can be
linked to bulk transport properties using the M-factor139,140.

Φeff = MΦ0, (4.1)

where Φeff and Φ0 are the effective transport properties, with the M-factor
can be defined as:

M =
εn

τm
, (4.2)

where m and n are empirical constants. Some models also take into account
the constriction factor β and the percolation factor P 141.

M =
(εP )bβc

τd
. (4.3)

Tortuosity, τ , is defined as the actual tortuous path length (inlet and outlet)
∆l divided by the Euclidean distance (straight through the path length
between inlet and outlet) ∆x.

τgeo =
∆l

∆x
. (4.4)

Several methods exist for defining the length of a tortuous path, includ-
ing the shortest path length142, the average path length143, and flux-based
algorithms that use effective path length144. However, there is often confu-
sion in the literature between tortuosity and tortuosity factors. Tortuosity
is defined based on the assumption that the porous medium consists of
sinuous but parallel capillaries or pores, as proposed by Epstein145. In
this definition, tortuosity is the ratio of the average pore length, Le, to the
Euclidean distance, L.

Epstein later introduced the tortuosity factor, which is derived by consider-
ing one-dimensional pressure-driven viscous flow through a porous medium.
The pressure drop is calculated using the Hagen-Poiseuille equation, which
describes the fully developed laminar flow of a single-phase Newtonian fluid
through a typical capillary of hydraulic diameter Dh and length Le.

−∆P =
bµLev

D2
h

, (4.5)

The distinction between the effective pore velocity v and the interstitial
axial velocity ui can be made by relating the superficial velocity u with ui.
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This relationship yields the tortuosity factor, (Le/L)
2, while the tortuosity

is defined as Le/L. A more detailed derivation can be found in reference145.
It is important to note that both definitions of tortuosity assume a constant
effective cross-sectional area normal to the flow direction. In the current
study, the main focus is to compare different calculation methods, we will
be using tortuosity for consistency.

4.3 Calculation methods

4.3.1 Experiment based

Determining the tortuosity of a porous medium can be a challenging task
if detailed geometric information is not available. There are experimen-
tal methods that can be used to determine the effective properties of the
medium. These include diffusion cell experiments146 and electrochemical
measurements142. In the study, empirical methods and numerical methods
are used rather than experiment methods.

4.3.2 Porosity tortuosity relationships

Porosity-tortuosity relationships provide a straightforward approach to cal-
culating tortuosity based solely on porosity. One widely used model is
the Bruggeman model147,148, which is given by Eq. (4.6). This model
assumes a porous medium with a connected conductive phase containing
uniform-sized insulating spherical particles. It is important to note that
the Bruggeman correlation is only valid when the insulating (obstruction)
phase is present in a low-volume fraction (saturated porous) and is rep-
resented by random isotropic spheres or cylinders. Typically, a correction
factor of γ ≈ 1 and a Bruggeman exponent of α ≈ 1.5 are used142,148.

τBrug = γε1−α (4.6)

The Millington and Quirk model149 assumes that the porous media is ho-
mogeneous and consists of spherical solids that interpenetrate with each
other and spherical pores that also interpenetrate with each other. In a
saturated porous medium, the tortuosity can then be expressed as:

τMill = ε−1/3 (4.7)
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It is noted that, for both Bruggeman, Millington and Quirk model, the
porous media are assumed to be saturated. For a cluster of randomly
arranged spheres, Maxwell’s porosity-tortuosity correlation gives the ex-
pression shown in Eq. (4.8)150.

τMax =
3− ε

2
(4.8)

4.3.3 3D microstructure based approach

As discussed in Section 4.2, advanced tomography methods have greatly
facilitated the availability of 3D microstructure data. By utilizing the 3D
volume, microstructure parameters such as TPB length, connectivity, phase
distribution, porosity, particle size distribution, and tortuosity can be ob-
tained142. There are different methods to calculate tortuosity based on 3D
microstructure data. The first approach is the path-length-based method,
which involves finding the path length across the porous medium. The sec-
ond approach is the flux-based algorithm, which uses either voxel-based or
mesh-based simulations.

Path-length approaches are considered the most direct and straightforward
approach for calculating tortuosity as they align with the initial definition
of tortuosity presented in Section 4.2. In this approach, algorithms such as
the centroid pore method, fast marching method, and distance propagation
method are applied to the voxel domain of interest to find the shortest
path from the inlet plane to the outlet plane142. However, the shortest
path may not necessarily reflect the effective path length, and therefore,
the average path length is also used in other literature143. Additionally, a
CFD simulation-based path-length approach is also used, which calculates
the path length of fluid streamlines in the porous medium151,152. In this
study, we utilize the CFD simulation combined path-length approach for
comparison.

The voxel-based approach solves the flux equation in the voxel domain,
making it highly dependent on the resolution of the 2D images153. The ac-
curacy and calculation time of the voxel-based approach is greatly impacted
by the size of the voxels in the 3D image. However, compared to mesh-
based flux simulation, the voxel-based approach is relatively more accurate
since it preserves more detailed geometric information without the need
for a smoothing process by normal reconstruction. For more information
about the voxel-based approach, refer to Paper IV.
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Chapter 5

Results and discussions

In this section, the SOFC performance test results are analyzed. The real
3D microstructure of the anode is constructed, followed by comparing dif-
ferent approaches for tortuosity calculations. The results found that even
based on 3D real microstructure, the tortuosity value may differ greatly
due to different assumptions. In order to further develop SOFC model, we
comprehensively studied a fully coupled 3D planar single-channel solid ox-
ide fuel cell (SOFC) model by comparing different forms of electrochemical
reaction kinetics and gas diffusion models which is the content of Paper
II. Furthermore, we investigate the impact of microstructure on the per-
formance of the SOFC, based on the model developed previously. Lastly,
the thermal stress of the SOFC with different sealant compositions is ana-
lyzed by multiphysics simulations. Further research focused on the interface
thermal stress simulations based on simplified interface contact.

5.1 SOFC test and microstructure characteriza-
tion

5.1.1 SOFC test results

The anode composition of 60:40 wt.% (CP1) and 40:60 wt.% (CP2) is
prepared and tested. The detailed procedure for electrode preparation and
test rig setup is in Paper IV. Fig. 5.1 shows the electrochemical impedance
spectroscopy (EIS) and polarization power (IVP) plots for CP1 and CP2.
The impedance is lower for CP1 than CP2, which means better electrical
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performance. Therefore, SOFC with CP1 anode has a higher power density
and a higher current density. The big electrical difference between CP1 and
CP2 is that the former has a higher content of NiO, which is reduced to Ni
acting as a catalyst for fuel oxidation. In addition, high NiO also leads to
high volume change, since the reduction of NiO to Ni will lead to volume
shrink. Therefore, the microstructure is altered, which affects both charge
and gas transport. This, on the other hand, restricts the NiO content, as Ni
agglomeration will decrease the catalyst performance. A uniform catalyst
(Ni) distribution will yield a high current density.
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Figure 5.1: (a) The Nyquist plots measured at 0.7V for CP1 and CP2measured at different temperatures; (b) The
IVP for CP1 and CP2 at different temperatures. (the same colour legend is used for each composition
and its testing temperature).

In addition, EIS plot fitting and DRT analysis is also carried out to obtain
the equivalent circuit (EC) and analyze the dynamic processes in the elec-
trode. After the test, FIB-SEM is used to characterize the SOFC and the
anode electrode. The cross-section of the button SOFC shows in Fig.5.2
(a), with a dense electrolyte and a porous cathode and anode. The trench
cut around the anode is shown in Fig. 5.2 (b). 2D slice images of the anode
through FIB-SEM are used to calculate the tortuosity.
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Figure 5.2: SEM image of (a) cross-section of the polished cell; (b) trench milled on the anode.

There are three methods used to calculate the anode pore tortuos-
ity, namely, porosity-tortuosity relationship, voxel-based and path-length-
based methods as introduced before. The porosity used for the porosity-
tortuosity relationship is evaluated by voxel-based methods. There are
three porosity-tortuosity relationships. i.e., Bruggeman model, Millington
and Quirk model, and Maxwell model. The other 2 methods are based on
microscale tomography data. The 2D slice images are used for the voxel-
based method, and the porosity is also evaluated. The 3D volume structure
is used for the path-length-based approach. A detailed description of these
methods is given in Paper IV.

Table 5.1: tortuosity calculated using different methods; The porosity-tortuosity relationship give single value;
The x-direction (thickness) and y-direction (radial) are calculated for Voxel-based and path-length-
based method; The path-length-based method counted minimum, maximum, and average path
length.

Method CP1 CP2
Brug 1.58 1.69
Mill 1.36 1.41
Max 1.30 1.33
Voxel 2.00 2.07 2.44 2.29
Path 1.14 2.00 1.42 1.21 2.00 1.42 1.18 2.02 1.47 1.17 2.34 1.46

Table 5.1 shows the tortuosity calculated with different methods for CP1
and CP2. It can be seen that CP1 with high NiO content has lower tor-
tuosity, which is favourable for gas transport. The porosity-tortuosity re-
lationship underestimates the tortuosity. Besides, it can only give a single
value. While the voxel-based and path-length-based approaches can calcu-
late the tortuosity in different directions. It can be seen that the x-direction
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and y-direction have similar tortuosity values for the voxel-based approach,
with values of 2.00 and 2.07 respectively. While CP2 has a relatively larger
discrepancy between the x-direction and the y-direction, with values of 2.44
and 2.29. This means that CP1 has a more homogeneous pore structure,
although the pixel number may affect the results. It is interesting that the
longest path length gets the tortuosity similar to the voxel-based approach.
While the shortest and average path lengths get too low a tortuosity value.
Besides, the path-length-based approach uses a shorter time than the voxel-
based approach. A high electronic phase (Ni) in the anode, will improve
the electric performance of SOFC. The parametric sweep of the electrode
composition also demonstrates that there is an optimum electronic phase
volume fraction between 0.25-0.28.

5.2 Investigation of electrochemical reaction ki-
netics and diffusion models

5.2.1 Model settings

The geometry of the SOFC model supported by anodes has been described
in detail in Paper II. The model incorporates governing equations for the
transport of charges, gas species, momentum, and heat. The fuel inlet
composition consists of H2 and H2O, with a molar fraction of H2 being 0.9.
The air inlet consists of O2 and N2, with an O2 molar fraction of 0.21.
The counter-flow mode has been employed at the fuel and air inlet. The
fixed gas flow velocity has been set at the inlet of the air and fuel channel.
The outflow boundary condition has been set to a constant atmospheric
pressure of 1 atm. The inlet temperature has been set at 727◦C, while the
outlet has been set to normal flow, meaning that the heat flows out of the
domain only by convection. The voltage on the cathode side has been set
to 0.7 V, and the anode has been set to a ground condition of 0 V.

5.2.2 Case setup for electrochemical reaction kinetics

Case 1

Two different BV equations and the exchange current density i0 are used
in this study. The Cases are differentiated based on whether the concen-
tration term is included or not, and the BV equation is further divided
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into activation-controlled and diffusion-controlled models. The activation-
controlled BV equation for Case 1 is given by:

i = avi0

[
exp

(
βaFη

RT

)
− exp

(
−βcFη

RT

)]
, (5.1)

where i0 is the exchange current density defined in Eq. (2.16)154. The
pre-exponential factor is 6.54×1011 1/Ω/m2 and 2.35×1011 1/Ω/m2 for the
anode and cathode, respectively. The activation energy is 140 kJ/mol and
137 kJ/mol for the anode and cathode, respectively. The symmetry factor
βa and βc for the anodic and cathodic reactions are set to 0.5. The active
surface area av,a and av,c for the anode and cathode is 0.4785×106 1/m and
1×106 1/m, respectively, and is kept constant for all Cases.

Case 2

For Case 2, the same BV equation is used as Case 1, as shown in Eq.
5.1. However, the exchange current density for the anode and cathode is
different111,112:

i0,a = ka

(
pH2

pH2,ref

)A(
pH2O

pH2O,ref

)B

exp

(
−Ea

RT

)
, (5.2)

i0,c = kc

(
pO2

pO2,ref

)C

exp

(
−Ec

RT

)
, (5.3)

where ka and kc are the pre-exponential factors with values of 3.5×102
A/m2 and 3.35×105 A/m2, respectively. Ea and Ec are the activation
energies for the anodic and cathodic reactions, which are 70 kJ/mol and
130 kJ/mol, respectively. The exponents A, B, and C are 0.41, 0.4, and
0.3, respectively.

Case 3

For Case 3, the diffusion-controlled BV equation is used. The current
density for the anode and cathode can be defined as:

iv,a = av,ai0,a

[
xH2

xH2,ref
exp

(
αaFη

RT

)
− xH2O

xH2O,ref
exp

(
−αcFη

RT

)]
. (5.4)

iv,c = av,ci0,a

[
xO2

xO2,ref
exp

(
αaFη

RT

)
− exp

(
−αcFη

RT

)]
. (5.5)

The exchange current density i0,a/c remains the same as in Case 1 with
identical parameters, but the concentration term is now incorporated in
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the anode and cathode exponent term instead of the exchange current den-
sity. It is important to note that the inclusion of species concentration
terms in these kinetic models accounts for the concentration polarization
phenomenon.

Diffusion models based on Case 2

The Maxwell-Stefan description of diffusion flux is shown in Eq. (3.20),
followed by considering porous structure and Knudsen diffusion. The Fick
model relates the diffusion flux to the gradient of the species concentration,
which can be written as:

ji = −ρDi∇ωi − ρωiDi
∇Mn

Mn
+ ρωi

∑
k

Mi

Mn
Dk∇xk, (5.6)

The diffusion coefficient Di can also be adapted to account for porous struc-
ture impact and Knudsen diffusion. Therefore, four diffusion models are
compared quantitatively compare its effect on SOFC performance.

5.2.3 Velocity and species distribution

To ensure the accuracy of the numerical simulations, a mesh independence
analysis is conducted by examining the temperature profile along the fuel
flow direction in the middle of the anode. The mesh is generated by sweep-
ing face elements in the flow direction. The temperature profile for various
mesh densities is presented in Figure 2 and the velocity profile is first ana-
lyzed in Figure 3 in Paper II.
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(a)

(b)

(c)

Figure 5.3: The temperature profile for (a) Case 1; (b) Case 2, and (c) Case 3.

Fig. 5.3 displays the temperature profiles of Cases 1, 2, and 3. As the air
inlet velocity is higher, the high-temperature zone is located near the fuel
inlet. The temperature magnitudes for Case 1 and Case 2 are similar, while
Case 3 shows an obviously lower temperature. Typically, the velocity in the
air channel is higher than the fuel channel to ensure sufficient O2 supply
and heat dissipation. The average velocity magnitudes in the fuel channel
are 0.18 m/s, 0.41 m/s, and 0.2 m/s for Case 1, 2, and 3, respectively.
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(a)
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(e)

(f)

Figure 5.4: (a-c) H2 distribution at the interface of anode/electrolyte (IAE) for Case 1-3; and (d-f) O2 distribution
at the interface of cathode/electrolyte (ICE) for Case 1-3.

Figure 5.4 displays the H2 and O2 distribution at the interface of an-
ode/electrolyte (IAE) and cathode/electrolyte (ICE). The colour map
scales are set equal to facilitate comparison. The counterflow model is
adopted, with the fuel inlet on the left-hand side and the air inlet on the
right-hand side. It is observed that Case 1, which utilizes the activation-
controlled BV equation, exhibits a more significant O2 deficiency. On the
other hand, Case 3, which employs the same exchange current density as
Case 1 but a diffusion-controlled BV equation, demonstrates the lowest gas
consumption. Notably, both Case 1 and Case 2 display higher O2 con-
sumption near the outlet of the air channel, beneath the interconnect rib,
in contrast to Case 3. This is because there is a higher electrochemical
reaction rate for Case 1 and 2 compared to Case 3. Furthermore, O2 is less
diffusive than H2, despite the higher velocity, which can be improved by
reducing the thickness of the interconnect ribs.

5.2.4 Current density

The exchange current density represents the current density at which the
forward and backward reactions are in equilibrium. In Fig. 5.5 (a-c), the
exchange current density at the ICE is shown for Cases 1-3. The figure
indicates that the exchange current density is higher where the molar frac-
tion of O2 is low, indicating that electrochemical reactions are more intense
in those regions. The high local current density is also observed near the
fuel inlet, but it is higher near the interconnect ribs where the electron
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transport path is shorter than in the middle of the channel. However, the
high exchange current density spreads across the electrode. The average
exchange current density values are 0.65, 0.52, and 0.09 A/cm2 for Cases
1, 2, and 3, respectively. The local current density is the current density
evaluated by the BV equation without multiplying the activation surface
area (av). The average local current density values are 0.82, 1.38, and 0.26
A/cm2 for Cases 1, 2, and 3, respectively. Although Case 1 and 3 use the
same expression for exchange current density, the latter has a lower local
current density value, while Case 2 has the highest, as can be seen from
the figure. These results demonstrate that the activation-controlled BV
equation gives a higher reaction rate compared to the diffusion-controlled
Case. When considering gas composition in the exchange current density
for Case 2, there is an even higher local current density compared to Case
1.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.5: (a-c) Exchange current density and (d-f)local current density at the interface of cathode/electrolyte
(ICE) for Case 1-3.

The electronic and ionic current density distribution at the ICE is evaluated
by the charge balance equation, as discussed in Chap. 3, and shown in Fig.
5.6. The distribution of electronic and ionic current density is similar to
that of the local current density, with higher values near the fuel inlet.
However, the electronic current density is higher near the interconnect and
does not diffuse under it. In contrast, the high ionic current density at
the IAE (not shown in the figure) further diffuses under the interconnect.
This is because the cathode side, interconnect hinders O2 diffusion, while
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the small H2 molecule on the anode side is not affected. The high ionic
current density distributes under the interconnect for both ICE and IAE
is the same, independent of O2 deficiency. The average electronic current
density is 1.40, 1.48, and 0.60 A/cm2 for Cases 1, 2, and 3, while the average
ionic current density is 0.39, 0.36, and 0.16 A/cm2, respectively. Case 2
has the highest electronic and ionic current density, reflecting its higher
local current density, and higher gas consumption than Case 3 (Fig. 5.4).
The exchange current density for diffusion-controlled BV is the lowest and
therefore has the lowest electronic and ionic current density.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.6: (a-c) Electronic current density and (d-f) ionic current density at the interface of cathode/electrolyte
(ICE) for Case 1-3.

Fig. 5.7 illustrates the activation polarization at the IAE and ICE for
Cases 1-3. Case 1 shows the lowest value at IAE, while Case 2 shows the
highest. On the other hand, at ICE, Case 3 exhibits the highest activation
overpotential, while Case 2 has the lowest. In addition, for Cases 1 and 3,
the activation overpotential is higher at ICE compared to IAE. For Cases
1 and 2, the lowest activation overpotential appears in the middle of the
SOFC, where the highest value appears near the inlet. However, IAE and
ICE have different activation overpotential distributions for Case 3, which
is mainly due to the lower current density.

During a typical IV curve, shown in Fig. 2.1, the activation overpotential
is high when the current density is low. This is because the low reaction
rate requires more energy to break the energy barrier, resulting in a voltage
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loss in the SOFC, which is reflected by the highest activation overpotential
near the fuel inlet at ICE for Case 3.

(d)

(e)

(f)

(a)

(b)

(c)

Figure 5.7: The activation overpotential at (a-c) the IAE, and (d-f) the ICE for Cases 1-3.

5.2.5 Diffusion models comparison

Figure 5.8: The average ionic current density at IAE and ICE for the Fick model (FM) andMaxwell-Stefan model
(MSM) with and without considering Knudsen diffusion.
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The average ionic current density both at IAE and ICE for FM and MSM
predict almost the same values. Therefore, gas consumption, concentration
overpotential and temperature are almost the same for each model con-
sidered. The consideration of pressure and multicomponent diffusion for
MSM compared with FM has a negligible impact on the overall cell per-
formance prediction. The ionic current density decreased for both models
with the same magnitude after considering Knudsen diffusion. The results
demonstrate that Knudsen diffusion must be considered, while FM is more
efficient.

5.2.6 Discussions

The present Case study compares the results of different electrochemical ki-
netic models, i.e., the exchange current density and the BV equation. Case
1, without considering the gas species in the kinetic model, results in a high
current density but encounters an O2 deficiency. Case 2, which still uses
the activation-controlled BV equation but considers the gas composition in
the exchange current density, gives a slightly higher current density and rel-
atively lower O2 deficiency. However, the diffusion-controlled BV equation
for Case 3, with the same exchange current density as Case 1 gives a lower
current density, resulting in a slow electrochemical reaction rate. For Cases
1 and 3, the parameters such as pre-exponential factor, activation energy,
symmetry factor, and activation surface area can be adjusted to fine-tune
the model. For Case 2, the extra exponent in the exchange current density
can also be adjusted. Since Case 2 incorporates the species concentration,
it implicitly included the concentration overpotential. Case 3 considers the
gas composition effect but has a slow reaction rate. Therefore, Case 2 is
selected for further simulations.

5.3 Micro-structure impact on SOFC perfor-
mance

5.3.1 Model construction and validation

The simulation setup used in this study is consistent with that described
in Chapter 3, with the same governing equations and numerical methods.
The geometry size parameters and mesh details are described in Paper III,
and the mesh has been selected based on a thorough mesh independence
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investigation. The electrochemical kinetic model used is the same as in Case
2, with the exception of the active surface area and the activation energy
at the anode, which have been adjusted according to the parameters listed
in Table 2 of Paper III. The numerical polarization curve obtained from
the simulation is then compared with experimental data to validate the
accuracy of the model.

5.3.2 Case setup

Table 5.2 summarizes Case setup with different tortuosity values for gas
(τg), ions (τion), and electrons (τele) transport. In base Case A, all porous
electrodes have a tortuosity of 10. Based on Case A, Case B decreases the
tortuosity τion for ion transport in the active anode and cathode to 5. Case
C sets the tortuosity for electron transport τele in the active and support
layers to 5. Similarly, the gas transport tortuosity τg in the active and
support layers is changed to 5 in the Case of D. Finally, Case E decreases
all tortuosity to 5 with the same changes in each individual Case.

Table 5.2: Tortuosity changes for different Cases.

Case A B C D E
τg 10 10 10 5 5
τion 10 5 10 10 5
τele 10 10 5 10 5

In addition to the Cases mentioned earlier, we conducted a parametric
study to investigate the impact of electrode composition. Specifically, we
varied the electronic phase volume fraction in the anode and cathode active
layers in Group 1, ranging from 0.2 to 0.35 with a step increase of 0.025.
The porosity of both layers remained constant at 0.3, resulting in a change
in the ionic phase volume fraction along with the electronic phase volume
fraction.

Similarly, in Group 2, we changed the electronic phase volume fraction
in the anode and cathode support layers from 0.6 to 0.4 with a step de-
crease of 0.04. Since the support layer only contains an electronic phase
and pores, the porosity changed correspondingly with the electronic phase
volume fraction.
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5.3.3 Temperature

Figure 5.9 illustrates the 3D temperature profile for Case A. It is evident
that the temperature rise is significant near the fuel inlet and gradually
decreases until the air inlet. One contributing factor is the higher air ve-
locity compared to fuel, resulting in greater temperature convection. The
maximum temperature observed in Case A is 900 ◦C. Among all Cases,
Case E exhibited the highest temperature rise, with a maximum tempera-
ture of 940◦ C, achieved by simultaneously reducing the tortuosity of gas
and charge transfer. However, individually reducing tortuosity resulted
in a comparable temperature rise, with maximum temperatures of 908◦C,
909◦C, and 907◦C for Cases B, C, and D, respectively. Further analysis of
the gas distribution was conducted.

Figure 5.9: Maximum temperature variation for all Cases, and embedded 3D temperature distribution profile
for Case A.

5.3.4 Gas consumption

Fig. 5.10 illustrates the molar fraction distribution for H2 and O2 at the
anode and cathode sides. The maximum molar fraction is observed at the
inlet, which gradually decreases along the flow direction. As a counter-
flow mode is employed, the concentration reduces in the opposite direction.
Under the interconnect, the O2 concentration almost reaches zero due to the
hinder effect from the interconnect. The H2 utilization based on the outlet
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and inlet molar fraction reaches 84.01%. For Cases, B, C, D, and E, the H2

utilization values were 88.42%, 89.45%, 89.07%, and 96.54%, respectively.
The electric transport tortuosity has a greater impact on fuel consumption
than the gas and ionic transport tortuosity. This is due to ionic conduction
only occurring in the active layer, while electric conduction occurs in both
the active and support layers resulting in slightly higher fuel consumption.

(a) (b)

Figure 5.10: (a) H2 molar fraction distribution and (b) O2 molar fraction distribution in the SOFC for the base
Case A.

5.3.5 Current density and overpotential

Fig. 5.11 displays the ionic and electronic current density for Case A. The
high current density is predominantly distributed under or near the inter-
connect, with the current density decreasing along the gas channel from
the fuel inlet (i.e., the left-hand side of the figure). This indicates that
the electrochemical reaction rate is highest near the fuel inlet, resulting in
elevated temperatures and gas consumption in that region. As a result, an
O2 deficiency is observed under the interconnect rib.

(a) (b)

Figure 5.11: (a) Ionic current density at the middle of the electrolyte for Case A; and (b) electronic current
density at the IAE for Case A.

Fig. 5.12 displays the average electronic current density at IAE, the average
ionic current density at the middle of the electrolyte, and the average H2
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molar fraction at the outlet. The average ionic current density for each
Case is 0.98, 1.07, 1.06, 0.99, and 1.17 A/cm2, while the average electronic
current density exhibits greater variability with changes in tortuosity. The
average electronic current density at the IAE for each Case is 3.34 A/cm2,
3.64 A/cm2, 4.11 A/cm2, 3.04 A/cm2, and 4.23 A/cm2. Decreasing the
ionic and electronic tortuosity individually for Case B and C results in
higher electronic current density, whereas decreasing the gas transport tor-
tuosity for Case D leads to a lower electronic current density compared to
Case 1. The average ionic current density for Case D is almost the same
as Case 1. Case E exhibits the highest ionic and electronic current density
among all Cases, resulting in the lowest average outlet H2 molar fraction.
High current density indicates a high electrochemical reaction rate and,
therefore, more gas consumption. The results demonstrate that decreasing
the electronic transport tortuosity has a greater impact on the electrochem-
ical reaction, but the combined decrease of tortuosity has a much higher
impact.
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Figure 5.12: The average current density and outlet average H2 molar fraction variation with different Cases.

The flow of electrons is from the anode to the cathode, while O2− ions
are generated at the cathode and transported through the electrolyte to
the anode. When the tortuosity is decreased, it facilitates faster trans-
port of species from the anode to the cathode TPB. However, the aver-
age ionic current density does not change significantly compared with the
average electronic current density, due to the thinner ionic contained elec-
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trode thickness compared to the total electrode thickness. Moreover, the
electrolyte, being the main ionic conductor, implies that the ionic current
density can be significantly improved by increasing the electrolyte conduc-
tivity. On the other hand, the electronic phase is thicker than the ionic
phase, which means that the decrease in tortuosity has a more significant
impact on the electronic current density.

Fig. 5.13 illustrates the activation overpotential for Case A, which shows
that the high activation overpotential is mainly concentrated at the fuel
inlet side, and it decreases along the flow direction. The high activation
overpotential also appears at the IAE and ICE, as depicted in Fig. 5.13(c)
and (d). The activation overpotential near/under the interconnect is higher
than in the middle and lateral regions, as seen from Fig. 5.13(d). Notably,
in the middle, an elliptical shape forms where a low activation overpotential
appears.

(a) (b)

(c) (d)

Figure 5.13: (a) Activation overpotential at IAE; (b) activation overpotential at ICE; (c) activation overpotential
at the middle of the SOFC along flow direction; (d) activation overpotential at the middle of the
SOFC perpendicular to the flow direction (bottom is the active anode, top is the active cathode).

The high activation overpotential means that more energy is needed to
overcome the energy barrier for the electrochemical reaction to proceed.
This energy is reflected as voltage loss of the cell potential. The activation
overpotential variation at the middle of the SOFC along the flow direction
can be found in Paper III. The gas transport tortuosity change has a
negligible effect on the maximum overpotential compared with a decrease
in the electron and ion transport tortuosity. The decrease in tortuosity
tends to increase the activation overpotential. The average activation is
evaluated together for the active anode and cathode, with a value of 0.023
V, 0.023 V, 0.025 V, 0.023 V, and 0.029 V for Cases A-E. Therefore, the
high activation comes along with a high electronic current density. As
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the electronic current density increases, the electrochemical reaction rate
increases, more electrons are needed, and there need more species involved,
which need more energy to overcome the energy barrier. This further leads
to voltage loss, i.e., high activation overpotential.

5.3.6 Composition impact

A further parametric sweep is performed for anode and cathode composi-
tions. The first group increase the volume fraction of the electronic phase
in the active anode and active cathode and keep the porosity constant. In
general, the increase of the electronic phase in the active electrode will lead
to the increase of electronic current density, but the ionic current density
decreased consequently, and vice versa. Therefore, there is a trading-off
point, which has the highest electric performance. It is noted that the
porosity of the active electrode also affects the electric potential.

In conclusion, tortuosity is an important parameter which affects the elec-
tric performance of the SOFC. Therefore, a proper method must be used to
evaluate the tortuosity of the porous material. Besides, the volume fraction
in the electrode also has an optimum value. The results stressed the impor-
tance of microstructure optimization. The Optimization must come with a
suitable approach to characterize the microstructure quantitatively. In or-
der to design electrode architecture, experiments, 3D reconstruction-based
characterization, and Multiphysics simulation are promising approaches.

5.4 Thermal stress simulations

5.4.1 Button SOFC with different sealant materials

This part of the simulation is based on the experimental data of different
sealant materials. The glass sealant is prepared by doping with different
ZrO2. The CTE, gas leakage rate and morphology are investigated in Pa-
per V. The geometry size, governing equations, and boundary conditions
are also described in detail.
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Figure 5.14: (a) Residual stress profile of the button SOFC and at the cross-section for reference Case; (b-d)
Maximum and minimum residual stress in the sealant G0-GZ50, with sealant width of 0.5 mm,
1.5mm, and 2.5 mm.

Fig. 5.14 shows the residual stress distribution with different sealant ma-
terials. The residual stress is relatively small in the electrodes due to the
porous structure, which absorbs the thermal expansion. The stress in the
sealant is not evenly distributed, therefore, the maximum and minimum
stress is obtained. The width of the sealant materials is changed to con-
sider the geometry effect on the stress. The difference between the maxi-
mum and minimum stress for the width of 1.5 mm is smaller than that of
0.5 mm and 2.5 mm. Larger contact areas tend to spread the stress more
evenly and also with a lower value. The stress decrease with the increase
of the doping content. But considering the CTE match, and the leakage
test results, GZ10 is considered as a suitable sealant material.

5.4.2 Thermal stress at micro interface

The interface of the electrode and electrolyte is not closely bonded, rather,
it consists of individual contact points. Besides, the cathode material al-
ways suffers from Cr poisoning due to the high temperature. At high tem-
peratures, the Cr in the metallic interconnect evaporated, diffused and react
with the cathode material. Therefore, the contact area of the cathode and
electrolyte with and without Cr poisoning are also investigated based on a
micro-scale SOFC.
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Figure 5.15: The maximum electrical current density (ECD) with different contact modes at the interface be-
tween cathode and contact layer (ICCL) (bar graph), out the surface of cathode (OSC) (line graph),
with an embedded ECD distribution the # 1 Case before and after Cr poisoning.

Figure 5.15 displays the maximum electrical current density variation with
different contact sites with the same area, and also with and without Cr
poisoning. From the embedded figure, high current density distribute at the
rim of the contact sites compared with poisoned ones distributed across the
whole contact area. The maximum current density of a single contact area
decreases with the increase of the contact site’s number with and without Cr
poisoning at the interface between the cathode and contact layer. Before
poisoning, the outer surface electrical current density increase with the
increase of the contact number. While the current density decreases with
the increase of the contact sites after Cr Poisoning.
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Chapter 6

Summary and outlook

6.1 Summary

This thesis investigates the impact of microstructure on the performance of
SOFCs. The effect of solid phase volume fraction on SOFC performance is
examined to achieve this. Two-anode composition assembled button SOFC
are tested and characterized using FIB-SEM to obtain 2D cross-sectional
images of the anode. There are three methods to characterize the tortuosity
of the porous material. The path length-based approach is based on the re-
constructed 3D anode porous microstructure. Specifically, CFD simulation
is performed to obtain the streamline, with MATLAB script used to obtain
the maximum, minimum, and average path length. The 2D images are uti-
lized for the voxel-based approach to obtain both tortuosity and porosity,
and the porosity is then utilized in porosity-tortuosity relationships.

Meanwhile, several electrochemical kinetics models and diffusion models are
implemented on a planar SOFC to select a suitable model. The activation-
controlled and diffusion-controlled BV equations are utilized, along with
two kinetic expressions for exchange current density. After selecting the
appropriate model, the activation-controlled BV equation with modified
exchange current density is chosen to explore the impact of tortuosity vari-
ation on gas consumption and electrical properties. The results can be
concluded as follows:

• Experiment is conducted to interrogate the anode composition impact
on a button SOFC performance. The results reveal that the high NiO
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content greatly improves the electric performance. This is due to the
fact that there is a more percolated electronic phase for CP2 with
higher NiO content. Besides, there is also an increased three-phase
boundary, which allows electrochemical reaction happens. The FIB-
SEM is used to get the porous anode tomography structure, i.e., 2D
slice images. The 2D slice images are used to generate the 3D volume
structure for CFD simulation. The results show that the porosity-
tortuosity model underestimates the tortuosity compared with the
base Case (voxel-based approach). The longest path length gives a
similar tortuosity value to the voxel-based approach. The shortest
and average path length also gives a lower tortuosity value.

• Electrochemical kinetics Case 1 and Case 2 use the activation-
controlled BV equation. While Case 2 uses exchange current density,
which considers species concentration. The change in the exchange
current density has a limited impact on the SOFC electrical perfor-
mance. Both Case 1 and Case 2 have similar average exchange cur-
rent density and electrical/ionic current density. But for that Case 2
there is a more uniform current density. Case 3, uses the diffusion-
controlled BV equation to give the lowest electrochemical reactions.
However, it gives the highest activation overpotential. The results
show that considering a gas concentration in the BV equation is es-
sential. Therefore, Case 2 is used for further simulations.

• Case 2 with a modified exchange current density BV equation is se-
lected for investigation of microstructure impact on SOFC perfor-
mance. The results show that the electrical performance can be im-
proved by decreasing the electric and ionic conducting tortuosity. A
high current density caused by a decrease in electronic conducting
tortuosity increases activation overpotential. The gas transport tor-
tuosity has a lower impact on the electrical performance compared
with the electrical and ionic conduction tortuosity. The variation of
the average ionic current density is smaller compared with the elec-
tronic current density. With fixed porosity in the anode and cathode
active layer, there is a trade-off point for the electronic phase and ionic
phase volume fraction. The same applies to the anode and cathode
support layers.

• Thermal stress of different sealant materials used for a button SOFC
is studied. The results show that modified glass sealant has good
hermiticity and better mechanical properties at high temperatures.
Thermal stress distribution at the interface of the cathode/electrolyte
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is also investigated. With the increase of contact sites in between,
the current density increases. Meanwhile, the thermal stress of sin-
gle contact sites also increases. Cr poisoning greatly decreases the
performance of the SOFC.

6.2 Outlook

The SOFC can be used for power generation, but when combined with so-
lar and wind power generation, the SOEC mode can be used for carbon
capture. The existing primary energy can be efficiently utilized while the
exhaust gas CO2 can be converted to fuels. In such a way, near-zero CO2

emissions can be achieved in the near future. From the development of
materials to the balance of plants, however, there are still many fundamen-
tal problems, such as the short life and high cost. While electrode material
must balance a spectrum of criteria such as cost, thermal/chemical stability,
electronic conductivity, gas diffusion and catalytic activity. These criteria
determine the SOFC performance throughout all operation regimes. There-
fore, starting from the design of electrode materials, the following research
works can be conducted:

Mesoscale

Quantitatively analysing the porous electrodes through advanced mi-
crostructural characterization techniques such as nano-CT and FIB-SEM
tomography. The key parameters such as porosity, tortuosity, TPB den-
sity, and electronic/ionic/gas phase percolation, are closely related to the
electrochemical performance that can be obtained. However, the mi-
crostructure parameters are not independent of each other, which means
improving one property may come with sacrificing others. Therefore, com-
bining electrochemical tests and tomography techniques can help design
high-performance electrodes, by controlling the processing and environmen-
tal parameters such as particle size distribution, compositions, deposition
methods, and sintering. Besides, long-term characterize microstructure al-
tering and its relationship with SOFC performance also can be investigated.

In order to further quantitatively understand the microstructure impact on
the SOFC performance, mesoscale modelling can be used to establish this
relationship. There is numerical modelling work based on real microstruc-
ture through multiphysics FEM simulations155. Further work can be done
to establish a relationship between microstructure parameters and electro-
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chemical performance to help the design of efficient electrode materials.

Macroscale

With optimized electrode materials, there are still engineering difficulties
to build and scale up the SOFC for large and commercial applications. The
existing research involves macroscale mechanical optimization, gas channel
design and lifetime predictions which need single-cell and stack-level mod-
els. However, on the stack level, it is notoriously expensive as it takes too
much time even for stationary simulations. Therefore, next research also
can be conducted regarding establishing a sufficiently accurate stack model
while saving computational cost.

More efficient approach

Machine learning appears extremely hot topic regarding its application in
many research areas due to its robustness and high efficiency. The appli-
cation mainly focused on performance evaluation, lifetime prediction and
application monitoring156. Recently interesting work has been done to
generate microstructure based on SOFC performance using machine learn-
ing157. Therefore, connecting processing parameters, microstructure per-
formance and macroscale performance can be achieved through machine
learning as long as there are sufficient experimental data. This in turn,
greatly facilitates the design of SOFC.
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In SOFC simulations, a heterogeneous porous structure is often simplified as a
homogeneous bulk material with effective properties. Considering microstructure
optimization, the real geometry as shown above is needed to quantitatively assess the
porous electrode performance. The real geometry also can be used to derivate the
effective properties for a more accurate SOFC simulation.

In SOFC simulations, a heterogeneous porous structure is often 
simplified as a homogeneous bulk material with effective properties. 
Considering microstructure optimization, the real geometry as 
shown above is needed to quantitatively assess the porous electrode 
performance. The real geometry also can be used to derivate the 
effective properties for a more accurate SOFC simulation.
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