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ABSTRACT
The solid oxide fuel cell (SOFC) with up to 60 % energy efficiency and a life expectancy of 40,000
hours has emerged as an ideal candidate to meet the energy challenges of the modern world.
However, the commercialization of SOFC is hindered due to its high operating temperature, high
manufacturing cost, and lack of structural reliability. Previous studies have investigated the
development of functionally graded electrodes to improve SOFCs performance; however, further
investigation needs to be done on the cell-level optimization for functionally graded electrodes. In
addition, the performance of functionally graded SOFCs is influenced by the SOFC
microstructural evolution at elevated operating temperature. Microstructural evolution cause
performance degradation and crack formation at elevated operating temperate. It is generally
believed that microstructural evolution caused by the coarsening of Ni particles of Ni-yttria
stabilized Zirconia (YSZ) in the anode of a SOFC, which leads to the performance degradation
and crack formation. Ni particle coarsening is believed to be controlled by the interface diffusion
due to the minimization of total free energy of the anode system. High operating temperature of
SOFC leads to the enhanced interface diffusion of Ni particle. In this work, a multi-scale electrode
polarization model of SOFCs has been expanded and developed into a cell-level model using
various nonlinear particle size and porosity graded microstructures. The cell-level SOFCs model
has been utilized to reveal the complex relationship among the transport phenomena, which
include the transports of electron, ion, and gas molecules through the electrode. The performance
of functionally graded electrodes has been investigated to understand the effects of tailored
electrode microstructures on cell power output, as well as microstructural evolution using diffuseinterface theory as well as phase-field method. The developed microstructural evolution
framework is capable of exploring the quantitative effect of Ni particle coarsening by tracking the
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effective properties (e.g., particle size, particle size ratio, TPB area) on the performance of SOFC.
The TPB is found to be affected by microstructural evolution and the accumulation of pores is
discovered to be responsible for crack formation. The work advances the understanding of the cell
performance with graded microstructures and the effect of microstructural evolution on the
performance of SOFC.
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CHAPTER 1 . INTRODUCTION

1.1 MOTIVATION

The world’s ever-growing economy largely depends on the fossil fuel. This dependency
may result in regional or global conflicts when it will come to energy crisis, since fossil fuels are
not equally dispersed around the planet. In addition, the processes of refining and using fossil fuel
have vastly adverse effects on the global environment. In 2010, 80% of the world’s total energy
demand was met by fossil fuel sources. Approximately 41% of the total CO2 produced in 2010
was produced by the burning of fossil fuels, and this has caused the concentration of CO2 in the
atmosphere to experience a 40% increase when compared to the pre-industrial era [1]. This
increase in atmospheric greenhouse gases is widely accepted and believed to be the single most
significant driving factor of global warming. Excessive consumption of fossil fuels is expected to
result in other negative effects including ocean acidification and the rising of global sea levels [2].
Therefore, the challenge herein is to explore a suitable alternative that would take the pressure off
the fossil fuels and be more nature friendly.

By 2025, the electrical energy consumed by the world is expected to rise by more than 50%
[3-6], as shown in Figure 1.1. The consumption rate of the total electricity of the world by U.S in
2003 is around 24%. And this rate is expected to grow to 44% in the first quarter of the new
century. The installed generating capacity needs to be expanded extensively in order to meet the
future demand of the global electricity. The installed electricity generating capacity is expected to
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increase worldwide from 3,626 GW (gigawatts) in 2003 to 5,495 GW in 2025 (Figure 1.2) where
the average annual growth rate is 2.2% [4-6].

Figure 1.1. World and US electricity demand, 1990-2040 [3-5]

The U.S. electricity generating capacity is declining compared to the generating capacity of the
world. In 2003, it was around 25%. But according to the estimation of Energy Information
Administration (EIA), it will be around 20% in 2025 (Figure 1.2). But the capacity of electricity
generation in this country is still expected to grow about 38% from 2000 to 2025 [3]. Although, ,
according to the electricity consumption data in Figure 1.1 and the generation capacity data in
Figure 1.2 the consumption is growing faster than generation. If nothing changes, then the U.S.
will have to import electricity in the near future.
2|Page

Figure 1.2. World electricity generating capacity 2010-2030 [3-5]

Electricity can be produced from many energy sources and in various ways. Conventional
thermal power plants (using fossil fuels or nuclear energy) or alternative power generating units
(such as hydropower stations, wind turbine generators, photovoltaic arrays, fuel cells, biomass
power plants, geothermal power stations etc.) can be the generating source of electric power.
Nuclear energy sources and fossil fuels are not renewable, and their sources are not unlimited. The
ones that can be sustained for future use and can self-renew are the renewable energy resources,
like the wind or solar energy. From Figure 1.3, where the world and U.S. electricity generation
from 1980 to 2014 is shown by type, it is clear that the conventional fossil fueled thermal power
plants and nuclear power plants are responsible for more than 80% of the world and the U.S.
3|Page

electricity generation [6]. Apart from the hydro-electric power, there are limited other source of
renewable energy. An overview will follow later in this section, where the present situation and
the future development of various types of electricity generation will be discussed.

Figure 1.3. Electricity production from all energy sources from 1980 – 2014 [7]

Fossil fuels such as coal, oil and natural gases are used to generate electric power in conventional
thermal power plants. Initially, water goes through a boiler, is heated up by the fossil fuels which
are being burnt and then produces high temperature and high pressure steam. The produced steam
then goes through a multi-stage steam turbine, by which a generator is operated to run electricity.

Coal has relatively abundant reserves and is of low price. That is why it is and will continue to be
the leading raw material for electricity generation in the world and the U.S. The graphical
representation is shown in Figure 1.4 and Figure 1.5 In terms of installed coal-fired capacity, the
U.S. and China are the current front-runners,as both of these countries have huge amount of coal
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reserves. Coal-fired electricity is anticipated to grow by 1.5% per year and coal is expected to fuel
38% of the world electricity generation in 2025 [5].

Figure 1.4. World electricity generation by fuel types [3-6]
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Figure 1.5. Energy demand in building and related pollutant emissions by fuel in the United
States [3-6]

On the other hand, using natural gas as raw materials is a smart option for newer power plants
because it is fuel efficient, flexible during operation, and can be deployed rapidly. Although the
reserve of natural gas is not as plentiful as coal. In 2004, the amount of dry natural gas reserved in
the U.S. was 192,513 billion cubic feet and the amount of natural gas consumed in the same
country was 22,430.3 billion cubic feet [6]. The quarter of the amount consumed was used for
producing electricity. At this consumption rate, the amount reserved would have been depleted by
now. Fortunately, the natural gas is not the only means of resource and certainly the amount of
reserve has changed [6]. The demand of crude oil is very high compared to its’ reserve and it will
continue to rise for around 2.5% per year [8]. The proven crude oil reserve was around 1277 billion
barrels in 2005 and the daily demand of oil was 78.2 million barrels [8]. At this rate, clearly, the
6|Page

reserve of the oil will not be able to sustain the increasing demand very long. Even the estimated
undiscovered oil reserves, which is thought to be around 2800 billion barrels, will only be able to
meet the present rate of demand for around 100 more years.

However, there are environmental sides to consider when it comes to fossil fuel usage. Also,
high oil price and the instability of some oil production regions should also come into
consideration. However, burning coal and fossil fuel has adverse impact on the environment due
to the emission of greenhouse gasses. International communities have negotiated policies, like the
Kyoto protocol, to reduce climate change by controlling the emission of CO2 in developing
countries [9]. The European Union has also committed to the EU 20-20-20 that outlines goals to
reach emission levels 20% lower than in 1990, to increase the use of renewable energy by 20%,
and to adopt an energy plan to increase total energy efficiency by 20% by 2020 [9]. However, the
International Energy Agency (IEA) predicts that even with the successful implementation of EU
20-20-20, CO2 levels will still be increased by 20% over the next 20 years [10]. Weighing the
desire for inexpensive energy against the harmful effects caused by providing this energy,
policymakers are facing a tremendous challenge and have started to look towards alternative
energy sources for possible solutions.
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Figure 1.6. World energy consumption by fuel, showing each fuel separately on BP Statistical
Review of World Energy 2015 [11]

1.2 FUEL CELLS

Fuel cell technology is an alternative electricity generation source considered to play a vital
role in ensuring clean energy for a sustainable energy infrastructure. A fuel cell is an
electrochemical energy conversion device that uses hydrogen and oxygen to produce electricity.
Fuel cells provide electricity through the conversion of chemical energy; however, unlike batteries,
fuel cells can operate continuously for as long as fuel and oxidant are supplied. The electrical
energy converted by a fuel cell is created without combustion effects, which allows fuel cells to
avoid Carnot cycle efficiency limitations [12]. Additionally, fuel cells can utilize different
hydrocarbons, e.g., CO and natural gas.
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Sir William Grove first introduced fuel cell using porous platinum as the electrodes and
sulphuric acid as the electrolyte solution [13]. The first revolutionary step towards fuel cell was
made by Dr. Francis T. Bacon in early 20th century as he used nickel electrodes and built the first
high pressure, medium temperature alkaline fuel cell system [14]. Later Pratt and Whitney adopted
the concept of Bacon for the Apollo missions in the 1960s. The work of Bacon also stimulated the
interest in fuel cell technology as an alternative to fossil fuel [14]. Since 1980, the fuel cell research
stepped up to develop a wide range of technological concepts to make it sustainable as an
alternative energy source.

The fuel cell technology can be divided into two groups: 1) high-temperature fuel cells, 2)
low temperature fuel cells. Low temperature fuel cells, such as, Alkaline Fuel Cells (AFC),
Polymer Electrolyte Membrane Fuel Cells (PEMFCs), and Phosphoric Acid Fuel Cells (PAFCs)
use hydrated electrolytes, but they require expensive catalysts like platinum. On the other hand,
high temperature fuel cells like molten carbonate fuel cells (MCFCs) and Solid Oxide Fuel Cells
(SOFCs) that do not require any noble metal catalyst. They do not require any hydrogen reformer
as the hydrogen can be produced internally. Comparison between different fuel cell technologies
are shown in Table 1.1.
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Table 1.1. Comparison of fuel cell technologies [15]
Fuel cell

Operating

Type

Temperature

Advantages

Solid electrolyte reduces



Expensive catalysts

Electrolyte

corrosion and electrolyte



Sensitive to fuel impurities

Membrane

management problems



Low temperature waste

Polymer

50-100 ℃

(PEM)

Alkaline

90-100 ℃



Disadvantages



Low temperature



Quick Start-up



Cathode reaction faster in

(AFC)



alkaline electrolyte, leads to
high performance

Phosphoric

heat

150-200 ℃

Sensitive to C𝑂2 in fuel and
air



Electrolyte management



Low cost components



Higher temperature enables



Requires expensive catalyst

it to operate at combined



Longer start up time

Acid (PAFC)

heat and power cycle (CHP) 


Low current and power

Increased tolerance to fuel
impurities



High efficiency

Carbonate



Fuel flexibility

(MCFC)



Can use a variety of



Long start up time

catalysts



Low power density

Molten

600-700 ℃





High temperature corrosion
and break down

Suitable for CHP
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Solid Oxide
(SOFC)

700-1000 ℃



High efficiency



Fuel flexibility



Solid electrolyte



Suitable for CHP



Can be used in hybrid/ gas



High temperature corrosion
and breakdown



Long start up time

turbine cycle

Among different available technologies polymer electrolyte membrane fuel cells (PEMFC)
and sold oxide fuel cells (SOFC) both have shown huge potential for transportation systems and
stationary power generation systems [16]. Due to their high efficiency, low carbon emission, fuel
flexibility, and flexible modular structure, they can be strategically placed for grid reinforcement,
improving system integrity, and efficiency. In addition to that, the high temperature of SOFC can
be used for residential and commercial applications [16], which is the research subject of this
thesis.

1.3 SOLID OXIDE FUEL CELLS

SOFC is a solid state conversion device, which consists of an anode, electrolyte, and a cathode.
Cathode is also known as the air electrode and reduces the oxygen to oxygen ions. The electrolyte
transport the oxygen ion produced in the cathode side to the anode. The fuel electrolyte or anode
oxidizes the fuel using oxygen ion to produce water and heat.
0.5𝑂2 + 2𝑒 − = 𝑂2− (Cathode half reaction)
𝐻2 + 𝑂2− = 𝐻2 𝑂 + 2𝑒 − (Anode half reaction)
11 | P a g e

𝐻2 + 0.5𝑂2 = 𝐻2 𝑂 (Overall electrochemical reaction)

Figure 1.7. Transport and reduction mechanisms in a SOFC [17]

Multiple SOFC cells are stacked together to achieve the desired power output because the
power output obtained from a single cell is relatively small. The gradient energy developed by the
fuel gas oxidation reaction in the anode side controls the transportation of oxygen ions from
cathode to anode. The electrons produced by the electrochemical reaction, flow from anode to
cathode by an external connection. The aforementioned electrochemical reaction occurs in the
triple phase boundary (TPB) area. TPB is the area of contact between the three phases (i.e., add on
the three phases) necessary for the electrochemical reaction. The SOFC promises to meet the
energy demand of the modern world in a more environment-friendly way. The higher efficiency
of SOFC compared to the conventional energy sources reduces the emissions per unit electricity
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production. In addition, SOFCs have demonstrated its advantage of fuel flexibility and impurity
tolerance. It has demonstrated more than 50% energy efficiency and the utilization of its waste
heat could raise the efficiency up to 85% [18].

Figure 1.8. (a) Comparison of various energy generation (b) energy conversion technologies [19]
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Despite the immense potential, the widespread use of SOFCs is hindered due to its high
operating temperatures and lack of structural reliability. Hence, further investigation needs to be
done on cell level operation to reduce the operating temperature of SOFC. Successfully tailoring
the microstructure of SOFC electrodes can increase the efficiency at lower operating temperatures.
In this work, a complete cell level model has been developed assuming the electrode composite
particles to be randomly packed. Micro and macro models were developed separately and then
integrated to establish a cell level model. The developed full cell model is used to investigate the
electrochemical performance of SOFCs at lower operating temperature. The results of this
modeling work closely match the referenced literature and provide a robust measure of SOFC
performance. The conclusions drawn from the modeling work demonstrate that the performance
of SOFCs can be improved with a tailored microstructure.

Furthermore, microstructural evolution occur in SOFCs at elevated operation temperature
(above 600°C), which causes severe performance. Nickel (Ni) coarsening of Ni-yttria stabilized
zirconia (YSZ) in the anode of SOFCs is believed to lead to the microstructural evolution. In the
meanwhile, severe thermal stress due to high operation temperature is one of the main factors
responsible for crack formation in the microstructure. Both microstructural evolution and crack
formation have a significant impact on both electrochemical activity and structural integrity of
SOFCs during operation. Based on diffuse interface theory, an integrated phase field model is
established to investigate electrode microstructural evolution and crack formation in SOFCs. Then,
the model is applied to SOFCs with tailored microstructures, to explore the synergy between
microstructural evolution and SOFCs performance degradation. The results show that particle size
and particle size ratio are the most influential microstructural parameters in the microstructural

14 | P a g e

evolution of SOFCs’ electrochemical activity and accumulation of pore is responsible for crack
formation. This work will provide one comprehensive evaluation computational tool for SOFC’s
long-term degradation analysis and novel electrode design.

1.4 RESEARCH OBJECTIVES

The objectives of the research are (1) to develop cell level multi-scale polarization model to
optimize the peak power density of SOFC; 2) lowering SOFC operation temperature via
computationally tailoring electrode microstructure; 3) to establish a meso-scale phase field model
to analyze the microstructural evolution and performance degradation of SOFC; 4) to develop an
integrated phase field model is established to investigate electrode microstructural evolution and
crack formation in SOFCs.

1.5 THESIS ORGANIZATION

The rest of the thesis is divided into 5 chapters. Chapter 1 is the introduction. Comprehensive
literature review on microstructural modeling and structural degradation can be found on chapter
2. Simulation based microstructural optimization of SOFC to reduce the operating temperature is
presented in chapter 3. Mesoscale phase-field model of microstructure evolution in SOFC is
illustrated in chapter 4. Conclusion and suggested future work is presented in chapter 5.
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CHAPTER 2 . LITERATURE REVIEW

2.1 INTRODUCTION

The SOFC is merited with high efficiency, low carbon emission, fuel flexibility, and ease of
operation [1]. The stationary SOFCs operation calls for a long life expectancy of more than 40,000
hours. Significant progress has been made in SOFC modeling in order to satisfy the ever growing
demand of alternative energy source [2]. In this chapter, we summarize and review the literature
for both experimental observations and theoretical investigations on microstructural properties,
material system, and microstructural evolution of SOFC during operation.

2.2 SOFC CONFIGURATIONS

The SOFC unit cell is made of a metal-oxide electrolyte sandwiched between anode and
cathode. A number of unit cells are stacked together to achieve the desired voltage for practical
use. There are four different kinds of SOFC configurations: (1) planar, (2) tubular, (3) monolithic,
and (4) coplanar, as seen in Figure 2.1. The anode-supported SOFCs are the most popular due to
their high efficiency; Hence, we focus on the anode-supported SOFCs instead of electrolyte or
cathode supported structures [3]. The improvements in fabrication techniques have resulted in
increased peak power densities from ~250 mW/cm2 at 1,000℃ in 1989 [4], to the vicinity of
2 W/cm2 at 800℃ for planar SOFC [4]. The electrolyte supported cell is popular for its ease of
sealing. Coplanar configuration does not separate the reactant gasses, which leads to the lower
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efficiency of SOFC. The tubular configuration does not require the anode to be on the outside of
the tube. This type of configuration can be easily mass produced by extrusion and dip coating
process, which has been developed by Siemens Westinghouse for decades [5]. The monolithic
structure is used to increase the volumetric power efficiency.

Figure 2.1. Schematic of SOFC configurations, (a) planar SOFC [6], (b) tubular SOFC [7], (c)
monolithic SOFC [3]
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Figure 2.2. Schematic representation of SOFC working principle [8]

In a unit SOFC cell, the anode acts as oxidation reaction sites. At the anode-electrolyte
interface, hydrogen molecules react with oxygen ions to produce water. Two electrons also get
released as a result of this reaction. Spacil [9] in the 1960s firstly introduced the porous Ni/YSZ
cermet as anode material. Spacil used the combination of Ni and YSZ for the following reasons:
1) Nickel is an excellent conductor of electronic charges and a good catalyst for the fuel oxidation,
2) High operating temperature of SOFC, facilitate the transportation of oxygen ion through YSZ
composite, 3) the fuel gas and reaction byproduct can transfer through the porous Ni/YSZ
composites, and 4) the use of porous Ni/YSZ composites mitigates mechanical stresses that caused
at the anode-electrolyte interface due to the mismatch in thermal expansion coefficient. Currently,
porous Ni/YSZ cermet is the most commonly used material system for SOFC anode [10], which
can be fabricated using various techniques. A Ni/YSZ cermet can be fabricated inexpensively via
wet ceramic processing such as screen printing [11], slurry spraying [4], or tape casting [12] of
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NiO and YSZ powders. The processed mixture is then sintered at a high temperature to fabricate
Ni/YSZ cermet, which is then placed in a hydrogen mixture at high temperatures to reduce the
NiO to Ni [13, 14]. The other alternative techniques, such as atmospheric plasma spraying [15],
vacuum plasma spraying [16], electrochemical vapor deposition [17], and laser reactive deposition
[18] have also been used but their usage has been limited due to their high fabrication cost. In the
Ni/YSZ cermet, Ni particle serves as oxidation catalyst [19] and the porous structure conducts
electron and inhibits a channel for fuel transportation between the electrolytes and interconnect.
The YSZ facilitates the transportation of oxygen ions and acts as a supporting structure for the
coarsening of Ni particles during microstructural evolution. The YSZ also acts as a mediator to
match the thermal expansion coefficients of the anode and electrolyte [20]. Typically, the Ni
particle is 0.2 − 5 μm in diameter, and generally, the range of the porosity level lies in the order
of 30 − 40% [21]. The electrons released by the reaction and the byproducts of the reaction are
transported to the interconnect while fuel is supplied towards the anode-electrolyte interface [22].
Schematic representation of the reaction mechanism of a porous Ni/YSZ cermet has been shown
in Figure 2.2. Furthermore, SOFC anodes are expected to be good electronic conductors and
electro-catalytically active to allow for the transportation of oxygen ions and fuel gas to triple
phase boundary (TPB) area. Triple phase boundaries (TPBs) are the area in contact where the
electronic conducting Ni phase, ion conducting YSZ phase, and pore phase meet together [23].
The TPB area serves as a reaction site to produce electricity, hence, it is desired to have high TBP
area to host more electrochemical reactions [24].
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Figure 2.3. Schematics of TPB area [25]

2.3 SOFC PERFORMANCE

The SOFC performance is controlled by different efficiency parameters, these are; (1)
thermodynamic efficiency, (2) voltage efficiency, and (3) current efficiency [3]. Thermodynamic
efficiency is formulated by Nernst potential equation that is also known as open circuit voltage
(OCV). The OCV is dependent on the operation temperature as well as the partial pressure of
reactant gasses utilized during SOFC operation [26]. The OCV increases with decreasing
temperature, as seen in Figure 2.4. However, temperature also has a significant impact on the ionic
conductivity of the cell, as the ionic conductivity increases with the increasing temperature, hence
it is desired to have a high temperature during SOFC operation.
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Figure 2.4. Nernst potential verses temperature [3]

In addition, SOFC operation is associated with three different voltage losses; (1) activation
loss, (2) ohmic loss, and (3) concentration loss. The voltage loss is also known as polarization.
Figure 2.5 shows three different voltage losses that are widely studied during SOFC operation.
The energy required for the catalytic reaction to occur controls the activation loss. The rate of
reaction is influenced by the temperature, hence, the temperature is a dominant factor in activation
loss. Furthermore, the activation loss is dependent on the material, ion concentration, and surface
area and can be formulated by Butler-Volmer equation [27-29]. Electrical and ionic resistance in
determine the ohmic loss. Slow diffusion of reactant leads to the lack of reactants at the TPB area,
which in turn causes the concentration loss [30, 31]. Literature shows, functionally graded microstructures of anode reduces activation loss [32-34]. In a functionally graded electrode, the material
properties (i.e., particle size, porosity, tortuosity, composition) changes gradually over the volume
of the electrode as seen in Figure 2.6. The functionally graded structure can also reduce the
concentration loss by enhancing diffusion and high electrochemical activity near the TPB area
reduces the activation loss [35-37].
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Figure 2.5. Typical polarization I-V curve of SOFC [38]

2.4 FUNCTIONALLY GRADED ELECTRODE MICROSTRUCTURE MODELING

In order to improve SOFCs performance, efforts have been put into microstructural
investigations of mass transport and electrochemical reactions by developing numerical models
[40-42]. The typical modeling used to consider electro-chemical properties of Ni/YSZ, however,
recent investigations consider particle geometry to estimate TBP area [41]. The mass
transportation of hydrogen and water vapor was formulated using Lattice Boltzmann method [43].
Distribution of oxygen ion was examined using Monte Carlo simulations [44]. Generally, the
differential equations have been solved by using finite volume method, however, finite difference
and finite element method has also been widely used [45].

Costamagna et al. [46] considered randomly packed sphere theory to treat electrode
microstructure, which, provided analytical estimates of active area and effective conductivity for
a randomly packed spherical bed. Chinda et al. [47] showed the effective ionic and electronic
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conductivities in the reaction zone layers are the function of the necking factor that minimum
activation loss is achieved for necking factor =0.5. Binary randomly packed sphere theory was
also adopted by Bouvard and Lange [48] in their modeling work. These numerical investigations
were mainly focused on the formulation of TPB area, however, more recent studies have been
focused to improve the performance of SOFC anode by modifying electrode microstructures near
TPB area [49-54]. Functionally graded electrode microstructure has been investigated to improve
the performance of SOFC anode [3, 4, 10, 40, 41, 45, 46].

The functionally graded electrode computational modeling can be classified into the macroscale and the micro-scale modeling based on the length-scale [55]. The Macro-scale modeling
investigates the mass & heat transfer, and charge transport phenomena associated with the
electrochemical reactions. The microscopic phenomena occurring within the fuel cell components
is taken into consideration via the micro-scale modeling approach. Functionally grading of
microstructure can optimize the TPB area by increasing the electrical-ionic conductivity, reducing
the concentration loss, and decreasing the operating temperature. Studies have also been using
three different kinds of grading in SOFC anode to improve the TPB area, namely, porosity grading,
particle size grading, and composition grading. There are reports in the literature that attempt to
correlate effective grading with microstructure [3, 4, 10, 40, 41, 45, 46]. Attempts have been made
on microstructural optimization using linear particle size grading [34]. Particle size distribution
has also been studied which strongly influence anode performance [56]. Two-layered anode
structure has been investigated [57], which proposes a finer microstructure in the inner layer
(electrolyte layer) than that of outer layer (interconnect layer). The finer inner layer maximizes the
TPBs to lower activation loss, while the coarser outer layer facilitates the transportation of gas to

25 | P a g e

minimize concentration loss. Wang et al. [58] implemented a mathematical model to predict
SOFCs performance by inserting one interlayer in electrodes. It was found that the insertion of an
interlayer has the potential to improve the SOFC operation, but the cell performance strongly
depends on the thickness of the interlayer [58].

Figure 2.6. Schematice illustration of, (a) porosity grading, and (b) particle size grading [34]
The modeling work used the experimental data obtained by Jiang et al. [59]. Ni et al. [36] showed,
the effective microstructural properties, in general, depend on electrode variables such as porosity
and average grain size. A significant difference in particle size reduces the porosity and makes the
structure more packed, which in turn indicates dense particle packing near the TPB area. On the
other hand, comparable particle size makes the structure more porous, which reduces the TPB area
and makes the structure more prone to activation loss. The larger porosity allows the greater
diffusion of the molecule through the microstructure by reducing the concentration loss. Hence,
the concentration loss of a functionally graded electrode can be reduced by applying densely
packed structure near the electrode- electrolyte surface and porous structure near the fuel channel.
The result showed significant performance improvement over the non-graded anode due to
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reduced concentration loss and increased TPB area. Greene et al. [40] developed a micro-scale
level model to investigate the ohmic loss in graded electrode computational model to explore mass
transport and ohmic loss in graded SOFC electrodes from a micro-scale level. A porosity graded
electrode is applied to demonstrate the reduction of overpotential. Wang et al. [60] investigated
the particle size and tortuosity grading to compare the performance of functionally graded
electrode with non-graded SOFC electrode, which demonstrated the particle size ratio appears to
be increasing with the increase of porosity, which leads to the decrease of TPB area. The porosity
is inversely proportional to the tortuosity, hence, the increase in porosity also reduces the active
reaction sites by decreasing the tortuosity. Smaller tortuosity means the fuel molecules travels a
shorter distance from one end of the electrode to the other. The porosity of a medium can be easily
derived from its weight and density, but the tortuosity of porous media, in general, depends on the
pore volume fraction, shape, and connectivity. A Bruggeman relation [61] exist expressing the
tortuosity as a function of porosity. Chung et al. [47] investigated the validity of Bruggman relation
for 16 different porous electrodes, which shows the total tortuosity as a function of active phase
porosity.

2.5 MICROSTRUCTURAL EVOLUTION OF SOFC ANODE

The high temperature of SOFC enables it to operate without precious meatal catalyst.
However, high operating temperature also lead to microstructural evolution of SOFC components.
A typical SOFC electrode consists of three phase structure, i.e., electronic conducting phase (Ni
phase), ionic conducting phase (YSZ phase), and gas phase (pore phase). Since the melting
temperature of Ni is relatively low 1,453℃ [62], coarsening of Ni particle tends to occur during
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long-term operation, leading to the microstructural evolution [63]. This high operating
temperatures and aforementioned complex microstructure of SOFC anode lead to microstructural
evolution during operation. The microstructural evolution of SOFCs leads to performance
degradation. In this section, experimental findings and modeling results pertaining to the
microstructural evolution in SOFC anode are reviewed as below.

2.6 PERFORMSNCE DEGRADATION DUE TO Ni COARSENING

In situ SOFC performance degradation have been investigated in terms of area-specific
resistance increase or cell power or voltage decrease using electrochemical impedance
spectroscopy (EIS) in a few articles [3-6]. However these EIS methods are unable to characterize
mechanism and impact of each phase evolution. In recent studies, researchers investigated the
degradation and failure mechanism of SOFC using non-electrochemical methods (i.e., X-ray
tomography and X-ray diffraction) [7]. However, numerical modeling is required to get a clear
understanding of time-dependent, 3D Ni-cermet based anode structure.

The SOFC anode is usually made of composite Ni/ YSZ composites, which has a complex
morphology to facilitate the electrochemical reaction. The electrochemical reaction occurs in the
TPB area where the pore phase, electron conducting phase, and ion conducting phase are in contact
[8]. The electrochemical reaction mechanism of SOFC is yet to be fully understand however TPB
is considered as the single most important geometrical parameter controlling the SOFC anode
resistance [9]. Hence, it is expected to have increased TPB area. However, the anode
microstructure is not stable and typically evolve with time due to the agglomeration and coarsening
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and of Ni particle [10]. Microstructural evolution due to the coarsening of Ni particle leads to the
performance degradation in SOFC microstructure. Coarsening process was first studied by
Wilhemlm Ostwald in 1900 and reported particle-radius dependency of the material system [6466]. The outcome of the result is known as Ostwald ripening [65], it is a process by which a
material system releases its free energy. Lifshitz and Slyozov and Wagner, independently,
developed a theory of particle coarsening which is later known as LSW theory [67, 68]. They
considered spherical second phase particles embedded in a matrix phase with fixed position. The
effects of the Ni particle coarsening on the TPB area, and the volume fraction of each phase on
coarsening behavior have been the subject of many studies [69-77], where it was shown that the
temporal evolution law for diffusion-limited coarsening is valid for all volume fractions.

Figure 2.7. Evolution of Ni particle [78]

29 | P a g e

Figure 2.8.Schematic of SOFC anode evolution due to Ni particle coarsening

In addition the phase diffusion is dependent on the volume fraction of the each phase [65, 79]. The
evolution of each phase leads to the reduction of total interfacial area. In an immiscible binary
mixture the domain of a phase pure in each component is the interfacial area of that phase. The
isotropic interfaces do not exhibit the orientation dependency. In general, the formulation of the
microstructural evolution process starts with the diffusional flux that is dependent on the local
interface curvature. The diffusional flux of a Ni particle is a capillary driven phenomena which is
controlled by the interfacial free energy of the anode system. The pioneering work of Mullins [80,
81] investigated on the kinetic model of surface evolution due to capillary forces. It showed,
regions with high mean curvature exhibit larger interfacial energy than that of the ones with smaller
curvatures. The dominant transport mechanism (i.e., surface and volume diffusion, or vapor
diffusion) dictates the final form of the governing equation, which describes the normal velocity
of the interface in terms of the mean interface curvature.
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In addition, high temperature leads to enhanced mass transport for the Ni phase. Variations in
the local interfacial area of the Ni phase in combination with enhanced Ni phase mobility lead to
a mass transport and redistribution of the Ni phase, where Ni atoms are transferred from regions
of high curvature regions to low curvature regions (Figure 2.7). Furthermore, when two solid
phases are in contact, a local equilibrium contact angle is established to balance interfacial energy
[82]. For high operating temperature of Ni/YSZ system at SOFC, the experimental investigations
determine the contact angle of Ni droplet on YSZ substrates to be approximately 117° [83]. Large
contact angle indicates that the Ni particle thermodynamically does not favor contact into YSZ
substrates. Figure 2.8 is a schematic illustration of the equilibrium contact angle of Ni phase on
static YSZ structure, where, α > 90°. Experimental efforts have been made to investigate the long
term coarsening of Ni/YSZ anode. Ageing experiment by Simwonis et al. [84] showed the
electrochemical activity is decreased by 33% over 4000 hours of operation. Micro-graph analysis
of the investigation showed the Ni particle size is increased by 26%. Thyden [85, 86] conducted
an experimental investigation for 17,500 hours and showed increase in 𝐻2 𝑂 concentration can
promote the Ni particle coarsening and lead to the conductivity loss. The microstructural evolution
in SOFC anode was investigated using optical microscopy, field emission-scanning electron
microscopy (FE-SEM), SEM –charged contrast (SEM-CC), focused ion beam (FIB-SEM), and
EIS measurement. Tanasisni et al. [87] reported coarsening of Ni particle leads to the anode
degradation, which in turn reduce the performance of SOFC. The modeling also showed he cell
potential also dropped and Ni particle size increased during operation. Despite these experimental
efforts numerical models are required to investigate the quantitative correlation between
microstructure and coarsening of Ni particle. The performance of SOFC is largely dependent on
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the microstructural parameter yet only a very few models have considered the effect of Ni
coarsening on the performance of SOFC [13-15]. These models are mainly based on simplified
microstructure using empirical relations due to the difficulty of getting 3D microstructural
information of NI/YSZ anode. In summary, various experimental observations [53, 71, 84, 88-92]
indicate that Ni particle coarsening in SOFC anodes leads to: 1) continuous decrease in the TPB
area due to the coarsening of Ni particle, which ultimately lead to the reduction in the total number
of electrochemically active sites; 2) Decrease in Ni phase contiguity and electronic conductivity.
When Ni clusters become spatially isolated, they can no longer conduct electrons to the current
collector; and 3) Evolution of the pore phase microstructure, where the total number of pore
decreases by increasing the average pore size.

Figure 2.9. The evolution of a Ni (orange) particle on a static YSZ (grey) substrate as the state of
equilibrium is approached with a contact angle [93]

2.7 CRACK FORMATION IN SOFC ANODES

The particle size distribution of SOFC anodes is controlled by controlled milling process. During
the Anode forming process the combination of NiO and YSZ powders are sintered at high
temperature to form a dense microstructure of NiO-YSZ networks as shown in Figure 2.9, where
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NiO (green) and YSZ (pink) phases form interconnected networks. The anode is then reduced in
order to transform NiO particles to Ni, thus creates a porous Ni/YSZ cermet as shown in figure.
The pore phase is developed due to the shrinkage caused by the transformation of NiO to Ni, which
act as pre-existing crack or defects in the structure. During SOFC operation, the anodes is kept at
a reduced state and Ni phase is stabilized against oxidation. During the operation period of SOFC,
Ni coarsening takes place. Ni coarsening is driven by the interfacial free energy where Ni particles
along with several microstructural features evolve with time in order to reduce the total interfacial
energy of the Ni phase. During SOFC microstructural evolution the Ni phase releases its interfacial
free energy and grows in size. The average size of the Ni particle increases and the number of Ni
particle decreases. The movement of Ni particle is controlled by the Gibbs-Thompson effect. And
the transportation of Ni particle is done by interface diffusion. Elevated operating temperature of
SOFC promotes the interface diffusion of Ni particle. During this interface diffusion the YSZ
particle acts as supporting structure due to their low mobility. The other constituent of SOFC
microstructure is gas phase or pore phase. Numerous pore exist in the structure to facilitate the
transportation of gas. In addition to that pore phase transport the byproduct of electrochemical
reaction. These pores are essential part of TPB area however at elevated temperature during the
interface diffusion the pore phase agglomerate together to form a large continuous crack in the
microstructure. In summary, the pore phase acts a pre-existing microstructural defects during the
microstructural evolution. Whenever these pores agglomerate together to form a continuous
structure crack formation occurs in the structure.
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Figure 2.10. A schematic illustration of the microstructural evolution that are associated with a
reduction-oxidation (redox) cycle. (a) A system is prepared by combining NiO and YSZ particles.
(b) Initially, the anode is subjected to reducing environment to form a porous Ni/YSZ cermet, (c)
Ni coarsening takes place during SOFC utilization. (d) When the anode is suddenly subjected to
oxidizing environments, Ni particles are transformed to NiO. Ni, YSZ and NiO particles are shown
in grey, pink and green respectively [94].

2.8 CONCLUSION

Therefore, a study of functionally graded electrode, will be introduced that is capable of
simulating the complex gas transport phenomena and electrochemical reactions. The cell-level
model is applied to provide insight into reducing SOFC operating temperature via optimizing
electrodes’ microstructures. The microstructural factors of SOFC are physically linked to each
other in the real world, and considered in the modeling approach based on the microscopic
correlation between the particle size, porosity, and particle size ratio. After that a meso-scale phase
field model is developed to investigate the microstructural evolution and performance degradation
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in SOFCs. The integrated phase field model is proposed using diffuse-interface theory and the
Ginzburg-Landau equation. The modeling efforts focusing at Ni phase coarsening and its impact
on features affecting the performance, assume that coarsening dynamics and mass transport
processes are solely driven by high operating temperature which is ~70% of the melting
temperature of Ni. Electrochemical reaction will have a direct impact on several kinetic parameters
that affect Ni coarsening. Furthermore, additional heating effects exist due to the localized nature
of these reactions, which are typically confined to regions at and in the vicinity of TPB.
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CHAPTER 3 . SIMULATION BASED MICROSTRUCTURAL
OPTIMIZATION OF SOLID OXIDE FUEL CELL FOR LOW
TEMPERATURE OPERATION1

3.1 INTRODUCTION

Solid oxide fuel cell (SOFC) power generation promises high energy efficiency while
producing low emissions [1-4]. However, further commercialization of SOFCs is hampered by
high operating temperatures (over 1000 K) [5-7], which limits the selection of materials.
Moreover, severe thermal stress due to the high operating temperatures can cause serious structural
failure (e.g., cracking and delamination) [8, 9]. For example, a model for crack formation in SOFCs
under thermal cycling was previously developed and validated by Liu et al. [6]. Additionally, Liu
et al. [9] investigated the detrimental effect of degradation of the anode microstructure on overall
cell performance during thermal cycling. Due to the adverse effects of high operating temperature,
much attention has been focused on lowering SOFC operating temperature [10-12]. However,
decreasing the operating temperature can significantly reduce SOFCs efficiency as well as the
power output [13]. Thus, anode-supported SOFCs were developed as one of the attempts to lower

Material in this chapter is a published paper: Abdullah, T. and L. Liu, “Simulation-based microstructural
optimization of solid oxide fuel cell for low temperature operation”, International Journal of Hydrogen
Energy, Volume: 41, Issue: 31, Pages: 13632-13643, 2016.
1
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the operating temperature while maintaining overall cell performance [3, 14]. Investigation on
anode-supported SOFC shows electrode microstructure plays a vital role in determining SOFC
electrochemical behavior [5, 15-17]. The triple phase boundary (TPB) is widely considered to be
one of the key microstructural features responsible for determining the electrochemical behavior
of SOFCs [5, 17, 18]. As shown in Figure 3.1, the TPB is the contact area among the three phases
(i.e., the ion conducting phase, electron-conducting phase, and gas phase) necessary for
electrochemical reactions in the electrodes [19, 20]. The power output of SOFC is directly
dependent on TPB area within the electrodes [9, 17, 21]. Many studies, including but not limited
to [22, 23], show that optimizing the TPB area of the electrode is an important factor in achieving
maximum power output. A precise structural characterization of TPB area is, therefore, crucial to
correlate the electrochemical performances with its microstructure [17]. Experimental studies use
high-quality sample preparation and high-resolution techniques such as Focus Ion Beam (FIB) [24,
25] and Atomic Force Microscopy (AFM) [26-31] techniques to explore TPB microstructure. The
FIB-SEM (Scanning Electron Microscopy) technique is used for three-dimensional (3D)
reconstruction of TPB microstructure. Wilson et al. [32] determined key microstructural
parameters of TPB such as phase volume fractions, tortuosity, etc. of LSM-YSZ composite
cathode using the FIB-SEM techniques. Symmetric LSM-YSZ-LSM cells were also investigated
using the aforementioned techniques [33]. Size, shape, and topology of granular cermet were
analyzed by Holzer et al. [34] using FIB-SEM techniques. AFM method is used to approximate
electrochemical functionality [35]. Local irreversible electrochemical processes in the
electrochemically active surface are demonstrated by using scanning probe microscopy approach
[35].
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Figure 3.1. Schematics of TPB microstructure

Those aforementioned experimental investigations provide insight into the SOFC
microstructure and its performance, however, the numerical model is required for theoretical
explanation of experimentally observed phenomena as well as evaluating SOFCs’ performance
enhancement. Previous research has explored functionally graded electrode to optimize the TPB
area of an electrode. Costamagna et al. [36] developed a microscopic model of an electrode formed
by nearly spherical electronic and ionic conducting particles (i.e., randomly packed sphere theory).
This modeling approach had also been used in recent studies [37, 38]. The results showed that
volumetric composition and particle size strongly influence power output. Hussain et al. [39]
investigated a 1-D anode supported cell with a thin layer of a reaction zone in the vicinity of the
electrode. Greene et al. [40] confirmed a functionally graded electrode can increase
electrochemical activity and cell performance. Ni et al. [41] presented a model exploring linearly
graded electrodes to improve the peak power density of SOFCs.

These aforementioned microstructure models investigated particle-size graded electrodes and
how it can be beneficial to improve power output. In addition, controlling electrode porosity can
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further improve the performance of SOFCs with optimized TPB [42-44]. Experiments conducted
by Holtapples et al. [45] showed porosity graded SOFC anodes can optimize gas transport to
achieve high electrochemical activity at the anode-electrolyte interface. Joshi et al. [46] applied
the lattice Boltzmann method to formulate a diffusion model. Liu et al. [3] developed an electrodelevel model that focuses on the effects of particle-size- and porosity-graded anode on the
performance of SOFCs. Despite previous efforts, much investigation is yet to be done on cell level
modeling that considers particle-size- and porosity-grading in both anode and cathode. More
attention should be focused on microstructural optimization from the standpoint of lowering
operating temperature. In this work, we investigate offsetting adverse effects of lowering operating
temperatures by tailoring the microstructures of SOFC electrodes considering the electrochemical
behavior of both electrodes’ based on grading range as well as grading profile. In detail, our
previous developed electrode-level model [4] is extended to a full cell-level model, which
incorporates the microstructures of both electrodes. The performance of functionally graded
electrodes is numerically analyzed using the developed cell-level model. The cell-level model is
applied to provide insight into reducing SOFC operating temperature via optimizing electrodes’
microstructures.

3.2 MODEL DEVELOPMENT

In this paper, our previous models [3, 4] are extended to a cell level model for SOFCs. Both
macro-scale and micro-scale characteristics of SOFC electrodes are considered. The micro- model
considers the microstructural features, such as particle size, pore diameter, particle coordination
number, and TPB area. Effective resistivity and effective conductivity of SOFC electrode are
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treated by the micro-model based on aforementioned microstructural parameters. The macro
modeling is mainly focused on three different types of voltage losses: activation loss, ohmic loss,
and concentration loss. Additionally, macro-scale modeling focuses on investigating the effects of
porosity change and different porosity/tortuosity ratios on optimizing TPB area. Then, the two
models are integrated to formulate a cell level model of SOFC.

Following the micro-model of electrode developed by Costamagna et al. [47], which is based
on randomly packed sphere theory, this modeling approach considers the electrode to be a mixture
of spherical ionic and electronic particles with random particle packing. Various micro-model
parameters such as porosity, particle size, particle co-ordination number, ionic-electronic
conductor size ratio, ionic-electronic conductor particle number fraction, and bulk conductivity are
taken into account to calculate effective resistivity and effective diffusivity. The effective
conductivity and effective diffusivity are later used in the macro-modeling approach to formulating
ohmic loss and concentration loss. The TPB area, A, can be calculated by the following equation
[47],

𝐴=

𝜋(𝑟𝑒𝑙 sin 𝜃𝑒𝑙 )2 𝑛𝑠𝑡𝑎𝑟 𝑛𝑒𝑙 𝑛𝑖𝑜 𝑍𝑒𝑙 𝑍𝑖𝑜 𝑝𝑒𝑙 𝑝𝑖𝑜
𝑍

(3.1)

where θ is the contact angle between electronic and ionic conducting particles, 𝑟𝑖𝑜 represents ionic
particle radius, 𝑟𝑒𝑙 represents electronic particle radius, 𝑝𝑒𝑙 and 𝑝𝑖𝑜 are the probabilities of the
electronic and ionic conducting particles being in a percolation cluster, respectively. 𝑛𝑒𝑙 is the
number fraction of the electronic conducting particle, 𝑛𝑖𝑜 is the number fraction of the ionic
conducting particle. The effective resistivity, 𝜌𝑒𝑙(𝑒𝑓𝑓) , can be calculated by using Eq. (3.4)[36].
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This work assumes the coordination number, Z, to be 6 [3, 4, 36, 48, 49] because of the random
packing sphere of a 2-component mixture [50]. 𝑛𝑠𝑡𝑎𝑟 is the number of particle per unit volume,
can be determined by the following equation,

𝑛𝑠𝑡𝑎𝑟 =

1−𝜀

(3.2)

4 3
(1
)𝑅 3
3 𝜋𝑟𝑖𝑜 (𝑛𝑖𝑜 + − 𝑛𝑖𝑜 𝑝 )

where 𝜀 denotes the porosity ranged from 0.3 to 0.7. The radius ratio of ionic to electronic
conducting particles is denoted by RP , which can be defined as follows in Eq. (3.3),
𝑅𝑝 =

𝜌𝑒𝑙(𝑒𝑓𝑓) =

(1−𝑛𝑒𝑙,𝑐𝑟 )

𝑟𝑖𝑜
𝑟𝑒𝑙

2

𝛾𝜎𝑒𝑙 (𝑛𝑒𝑙 −𝑛𝑒𝑙,𝑐𝑟 )

2

and 𝜌𝑖𝑜(𝑒𝑓𝑓) =

(3.3)

(1−𝑛𝑖𝑜,𝑐𝑟 )

2

𝛾𝜎𝑖𝑜 (𝑛𝑖𝑜 −𝑛𝑖𝑜,𝑐𝑟 )

(3.4)
2

where 𝜎𝑒𝑙 and 𝜎𝑖𝑜 define the collision diameter for the electronic and ionic conductors respectively.
𝛾 is the necking factor between the contacting particles. The necking factor is an adjustable
parameter and takes into account the effect of necks between the conductive particles [51].
Researchers previously provided analytical estimates of effective conductivity for a randomly
packed structure and Costamagna et al. [36] assumed necking factor to be constant. An
investigation by Chinda et al. [52] showed the variation of the necking factor from 0.5 leads to
increased activation loss. This modeling work assumes 𝛾 = 0.5, which is a commonly accepted
value [3, 36, 50, 51]. The critical number fraction, 𝑛𝑒𝑙,𝑐𝑟 and 𝑛𝑖𝑜,𝑐𝑟 is obtained from percolation
theory critical thresholds for randomly packed bimodal spheres [9, 53, 54].
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Pore diameter, dpore, can be calculated using Eq. (3.5), developed by Nam et al. [42].
𝑑𝑝𝑜𝑟𝑒

2 𝑑𝑒𝑙 𝜀 𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙 )𝑅𝑝3
=
3 (1 − 𝜀) 𝑛𝑒𝑙 + (1 − 𝑛𝑒𝑙 )𝑅𝑝2

(3.5)

where del is particle diameter.

The spheres contact at a particular angle determined by particle size, volume fraction, and
coordination number. The binary particle mixture has a coordination number, Z, determined by
Eq. (3.6),
𝑍𝑒𝑙 = 3 + 𝑛

𝑍−3

2
𝑒𝑙 +(1−𝑛𝑒𝑙 )𝑅𝑝

and 𝑍𝑖𝑜 = 3 + 𝑛

2
(𝑍−3)𝑅𝑝

(3.6)

2
𝑖𝑜 +(1−𝑛𝑖𝑜 )𝑅𝑝

where 𝑍𝑒𝑙 represents the average coordination number of the electronic particle, and 𝑍𝑖𝑜 is the
average coordination number of the ionic particle.

The volume fraction ∅ can be determined from the particle size ratio, RP, and the number
fraction of electronic and ionic conducting particles, as shown in Eq. (3.7).

𝑛𝑒𝑙
3
𝑒𝑙 +(1−𝑛𝑒𝑙 )𝑅𝑝

∅𝑒𝑙 = 𝑛

𝑛𝑖𝑜
−3
𝑖𝑜 +(1−𝑛𝑖𝑜 )𝑅𝑝

(3.7)

and ∅𝑖𝑜 = 𝑛

where ∅𝑒𝑙 and ∅𝑖𝑜 are the volume fractions of the electronic and ionic particles, respectively.
The occurrence of electronic or ionic percolation is determined by the probability that a continuous
cluster of conducting particles extends from the electrolyte to the electrode free surface.
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Costamagna et al. [36] applied Eq. (3.8) to determine the probability of a particle being in a
percolation cluster, 𝑃𝑟𝑚 . Subscript m denotes the particle conducting phase.

0.4

4.236 − 𝑍𝑚−𝑚 2.5
= (1 − (
) )
2.472

𝑃𝑟𝑚

(3.8)

Here, the coefficient 𝑍𝑚−𝑚 is set equal to 1.764 based on the experimental study by Kuo et al.
[55]. For 0.154<Rp<6.464, Suzuki’s model [50] is proven to be valid. Suzuki’s model utilizes Eq.
(3.9) to calculate electronic and ionic coordination numbers,
𝑍𝑒𝑙−𝑒𝑙 = 𝑛

𝑛𝑒𝑙 𝑍

2
𝑒𝑙 +(1−𝑛𝑒𝑙 )𝑅𝑝

and 𝑍𝑖𝑜−𝑖𝑜 = 𝑛

𝑛𝑖𝑜 𝑍

−2
𝑖𝑜 +(1−𝑛𝑖𝑜 )𝑅𝑝

(3.9)

In the macro-model, the open circuit voltage (OCV), activation loss, ohmic loss, and
concentration (diffusion) losses are calculated. The operating cell voltage relationship can be
expressed in Eq. (3.10) as,

𝑉𝑜𝑢𝑡 = 𝑉𝑜𝑐 − 𝑉𝑙𝑜𝑠𝑠 = 𝑉𝑜𝑐 − 𝑉𝑜ℎ𝑚 − 𝑉𝑎𝑐𝑡 − 𝑉𝑐𝑜𝑛𝑐

(3.10)

where Vout is the output voltage, Voc is the open circuit voltage, and Vloss is the total voltage loss.
Vloss includes ohmic voltage loss (Vohm), activation voltage loss (Vact), and concentration voltage
loss (Vconc).
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The basic equations that are used in macro modeling are shared among many research papers
[2, 56, 57]. The open-circuit voltage of SOFC is calculated using the Nernst potential, as seen in
Eq. (3.11),

𝑉𝑜𝑐 =

−∆𝑔 𝑅𝑔 𝑇 𝑝𝐻2 √𝑝𝑂2
+
ln
𝑛𝑒 𝐹 𝑛𝑒 𝐹
𝑝𝐻2 𝑂

(3.11)

where ∆g is the Gibbs free energy, ne is the number of electrons involved in the reaction, F is
Faraday’s constant, Rg is the universal gas constant, T is the temperature in kelvin scale, and pA is
the absolute gas pressure of species A.

In an electrochemical system, as described by [36, 41, 50], voltage loss is defined by the
following equation

𝑉𝑙𝑜𝑠𝑠 = (𝑉𝑒𝑙(𝑒𝑞) − 𝑉𝑖𝑜(𝑒𝑞) ) − (𝑉𝑒𝑙 − 𝑉𝑖𝑜 )

(3.12)

where Vel(eq) is the electronic equilibrium voltage, Vio(eq) is the ionic equilibrium voltage, Vel is
electronic voltage, and Vio is the ionic voltage.

The charge transport in a SOFC electrode can be modeled based on Ohm’s law. Ohm’s law
for electronic and ionic conductors is written as,

𝑑𝑉𝑒𝑙
𝑑𝑥

= 𝜌𝑒𝑙(𝑒𝑓𝑓) 𝑖𝑒𝑙 and

𝑑𝑉𝑖𝑜
𝑑𝑥

= 𝜌𝑖𝑜(𝑒𝑓𝑓) 𝑖𝑖𝑜

(3.13)
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where ρel(eff) is the effective electronic resistivity, iel is the electronic current density, ρio(eff) is the
effective ionic resistivity, and iio is the ionic current density. The charge balance in the electronic
and ionic conductors is represented as,

𝑑𝑖𝑒𝑙
𝑑𝑖𝑖𝑜
=−
= −𝐴𝑖𝑛
𝑑𝑥
𝑑𝑥

(3.14)

where in is the exchange current density.

Ohmic loss occurs as a result of the voltage gradient driving the charge transport. By
combining Eq. (3.12), (3.13), and (3.14), the second derivative of Eq. (3.12) can be written as,
𝑑2 𝑉𝑙𝑜𝑠𝑠
𝑑𝑖𝑖𝑜
𝑑𝑖𝑒𝑙
= 𝜌𝑖𝑜(𝑒𝑓𝑓)
− 𝜌𝑒𝑙(𝑒𝑓𝑓)
= (𝜌𝑒𝑙(𝑒𝑓𝑓) + 𝜌𝑖𝑜(𝑒𝑓𝑓) )𝐴𝑖𝑛
2
𝑑𝑥
𝑑𝑥
𝑑𝑥

(3.15)

The Butler-Volmer equation is applied to determine the activation loss that take place in the
cell. In general, the Butler-Volmer equation is a rate determining equation that mainly depends on
the reaction mechanism. Formation of water in various stages of SOFC reaction processes makes
it difficult to determine the exact reaction mechanism. However, other SOFC modeling works have
evaluated the number of electrons (ne) transferred in the Butler-Volmer equation, and found this
number to be one [1] by comparing theoretical models with experimental data [58, 59]. Activation
polarization model verified the reaction to be a one-electron transfer mechanism [60, 61].
Therefore, the reaction mechanism assumes each reaction occurrence to be a one-step, singletransfer process represented by Eq. (3.16).
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𝛽𝑛𝑒 𝐹𝑉𝑎𝑐𝑡
𝑛𝑒 𝐹𝑉𝑎𝑐𝑡
𝑖𝑛 = 𝑖𝑜 {𝑒𝑥𝑝 (
) − 𝑒𝑥𝑝 (−(1 − 𝛽)
)}
𝑅𝑔 𝑇
𝑅𝑔 𝑇

(3.16)

where in is the charge transfer current density, io is the exchange current density, and β is the charge
transfer coefficient and has been assumed to be 0.5 in previous modeling works [3, 36, 49, 62].
The charge transfer coefficient is the fraction of the activation voltage loss that affects the
activation energy barrier, and thus the rate of electrochemical transformation. For single step
electron transfer reactions the sum of anodic charge transfer coefficient and cathode charge transfer
coefficient is equal to one [62, 63]. For simplicity the charge transfer coefficient 𝛽 considered to
be 0.5 on both sides to make a symmetric energy barrier.

The activation loss can be expressed as Eq. (3.17).

𝑉𝑎𝑐𝑡 = 2

𝑅𝑔 𝑇
𝑖𝑛
sinh−1 ( )
𝑛𝑒 𝐹
2𝑖𝑜

(3.17)

Recent studies found the exchange current density io is directly proportional to the TPB area [48,
64, 65] and can be expressed as,

𝑖𝑂(𝑎) = 𝛼𝑎 𝐴 (

𝑖𝑂(𝑐)

𝑃𝐻2 𝑃𝐻2 𝑂
𝐸𝑎
)(
) 𝑒𝑥𝑝 (− )
𝑃
𝑃
𝑅𝑇

𝑃𝑂2 0.25
𝐸𝑐
= 𝛼𝑐 𝐴 ( )
𝑒𝑥𝑝 (− )
𝑃
𝑅𝑇

(3.18)

(3.19)
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where 𝛼𝑎 and 𝛼𝑐 are the coefficient for the exchange current density of the anode and the cathode,
𝑝𝐻2 is the inlet hydrogen pressure, 𝑝𝐻2 𝑂 is the inlet water vapor pressure, and 𝐸𝑎 and 𝐸𝑐 are the
activation energy at the anode and cathode.

The concentration loss, or mass transfer loss, can be calculated from the Nernst potential
difference between the bulk and TPB via Eq. (3.20),

𝑉𝑐𝑜𝑛𝑐 = −

𝑝𝑟,𝐻2 𝑝𝐻2 𝑂
𝑅𝑔 𝑇
ln (
)
𝑛𝑒 𝐹
𝑝𝐻2 𝑝𝑟,𝐻2 𝑂

(3.20)

where 𝑝𝑟,𝐻2 is the hydrogen pressure within the electrode and 𝑝𝑟,𝐻2 𝑂 is the water vapor pressure
within the electrode. The hydrogen and water vapor pressures inside the electrode can be calculated
by Eq. (3.21),

𝑝𝑟,𝐻2 = 𝑝𝐻𝑖 2 − 𝑛

𝑅𝑇𝑙𝑎 𝑖𝑛

𝑒 𝐹𝐷𝑎(𝑒𝑓𝑓)

and 𝑝𝑟,𝐻2 𝑂 = 𝑝𝐻𝑖 2 𝑂 − 𝑛

𝑅𝑇𝑙𝑎 𝑖𝑛

(3.21)

𝑒 𝐹𝐷𝑎(𝑒𝑓𝑓)

where la is the anode thickness and Da(eff) is the anode effective diffusion coefficient.

The partial pressure gradient along the thickness of the anode can be obtained by combining
the Fickian diffusion and current flux flowing in the electrode, shown in Eq. (3.22),

𝑑𝑝𝐻2
𝑅𝑔 𝑇𝑖𝑛
=−
𝑑𝑥
2𝐹𝐷(𝑒𝑓𝑓)

(3.22)
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where D(eff) is the effective diffusion coefficient. Calculation of the effective diffusion coefficient
can be found in the Appendix. Eq. (3.22) is valid for all depths throughout the electrodes and can
account for hydrogen consumption when combined with the Butler-Volmer equation. The secondorder derivative of total voltage loss is expressed as Eq. (3.23) and utilizes the Butler-Volmer
equation coupled with the mass transport equation [36, 41, 50]. By combining Eqs. (3.14), (3.15),
(3.16), (3.21), and (3.22), a system of coupled differential equations for the anode can be derived.
These are represented by Eqs. (3.23), (3.24), and (3.25),

𝑝𝑟,𝐻2
𝑑2 𝑉𝑙𝑜𝑠𝑠
𝛽𝑛𝐹𝑉𝑙𝑜𝑠𝑠
=
(𝜌
+
𝜌
)𝐴𝑖
[
𝑒𝑥𝑝 (
)
𝑒𝑙(𝑒𝑓𝑓)
𝑖𝑜(𝑒𝑓𝑓)
𝑜
2
𝑖
𝑑𝑥
𝑅𝑇
𝑝𝐻2
−

𝑝𝑎 − 𝑝𝑟,𝐻2
𝑝𝑎 −

𝑝𝐻𝑖 2

𝑒𝑥𝑝 (−(1 − 𝛽)

(3.23)

𝑛𝐹𝑉𝑙𝑜𝑠𝑠
)]
𝑅𝑇

𝑑𝑝𝑟,𝐻2
𝑅𝑇
𝑖𝑒𝑙
=−
𝑝𝑟,𝐻2
𝑑𝑥
2𝐹 (1 − 𝑝𝑟,𝐻2 ) 𝐷
𝐻2(𝑒𝑓𝑓) + ( 𝑝 ) 𝐷𝐻2 𝑂𝑒𝑓𝑓
𝑝𝑎
𝑎

(3.24)

𝑝𝑟,𝐻
𝑝𝑎 − 𝑝𝑟,𝐻2
𝑑𝑖𝑒𝑙
𝛽𝑛𝐹𝑉𝑙𝑜𝑠𝑠
𝑛𝐹𝑉𝑙𝑜𝑠𝑠
= −𝐴𝑖𝑜 [ 𝑖 2 𝑒𝑥𝑝 (
)−
𝑒𝑥𝑝
(−(1
−
𝛽)
)]
𝑑𝑥
𝑅𝑇
𝑅𝑇
𝑝𝐻2
𝑝𝑎 − 𝑝𝐻𝑖 2

(3.25)

where pa is the total pressure on the anode,

Eqs. (3.23), (3.24), and (3.25) are modified to account for the cathode in Eqs. (3.26), (3.27),
and (3.28):
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𝑝𝑟,𝑂2
𝑑 2 𝑉𝑙𝑜𝑠𝑠
𝛽𝑛𝐹𝑉𝑙𝑜𝑠𝑠
=
(𝜌
+
𝜌
)𝐴𝑖
[
𝑒𝑥𝑝
(
)
𝑒𝑙(𝑒𝑓𝑓)
𝑖𝑜(𝑒𝑓𝑓)
𝑜
𝑑𝑥 2
𝑅𝑇
𝑝𝑂𝑖 2
−

𝑝𝑎 − 𝑝𝑟,𝐻2
𝑝𝑎 − 𝑝𝐻𝑖 2

𝑒𝑥𝑝 (−(1 − 𝛽)

(3.26)

𝑛𝐹𝑉𝑙𝑜𝑠𝑠
)]
𝑅𝑇

𝑑𝑝𝑟,𝐻2
𝑝𝑐 − 𝜕𝑝𝑟,𝑂2
𝑅𝑇 𝑖𝑒𝑙
=−
(
)
𝑑𝑥
2𝐹 𝐷𝑂2(𝑒𝑓𝑓)
𝑝𝑐

(3.27)

𝑝𝑟,𝐻
𝑝𝑎 − 𝑝𝑟,𝐻2
𝑑𝑖𝑒𝑙
𝛽𝑛𝐹𝑉𝑙𝑜𝑠𝑠
𝑛𝐹𝑉𝑙𝑜𝑠𝑠
= −𝐴𝑖𝑜 [ 𝑖 2 𝑒𝑥𝑝 (
)−
𝑒𝑥𝑝
(−(1
−
𝛽)
)]
𝑑𝑥
𝑅𝑇
𝑅𝑇
𝑝𝐻2
𝑝𝑎 − 𝑝𝐻𝑖 2

(3.28)

The electrolyte of a SOFC is sandwiched between two electrodes and is made of ceramic
materials, for example yttria-stabilized zirconia (YSZ). Let 𝛿 present the electrolyte thickness and
𝜗𝑦𝑠𝑧 is the conductivity of YSZ. Then, ohmic resistance of the electrolyte is determined by the
following equation [66],

𝑉𝑜ℎ𝑚,𝑒𝑙𝑒𝑐 =

𝐼𝛿
𝜗𝑦𝑠𝑧

(3.29)

where I is the total current density, total current density is varied from 0 to 55000 A m-2 for cell
level modeling. At 1173 K, 𝜗𝑦𝑠𝑧 = 8 × 10−2 S/cm [66].

3.3 MODEL VALIDATION
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This work focuses on the optimization of SOFC cell level performance with nonlinearly
graded electrodes in order to compensate the adverse effect of reduced operating temperature. In
the model validation, we adopted porous composite of Nickel (Ni)/YSZ for the anode, a
Lanthanum Strontium Manganite (LSM)/YSZ composite for the cathode, and YSZ for the
electrolyte. These materials were chosen based on the availability of material properties reported
in the literature and our previous experimental works [67]. However, the developed modeling
framework can also be applied to different SOFC material systems and configurations. By
volumetric ratio, 40% Ni was mixed with 60% YSZ for the anode [68]. A volumetric composition
of 20% LSM and 80% YSZ was used for the cathode [69]. For cell level performance simulation,
89% H2 and 11% H2O were used, while air was used as the oxidant [70]. Throughout the study,
the air pressure was kept constant at 1 atm. The particle size of the SOFC graded electrode varied
from 0.3 to 3 µm [3], and the porosity grading was in the range of 30% to 70%, similar to the
ranges used by Ni et al. [41]. The boundary conditions of this coupled boundary value equation
developed in the previous sections are summarized in Table 3.1. All model validation parameters
are shown in
Table 3.2. Numerical steps required to solve the coupled boundary value equation is shown
in Figure 3.2.

Table 3.1. Boundary conditions for the anode and cathode
X=0

dVloss
 el ( eff )iel
dx

X=l

dVloss
 io (eff )iio
dx

Pr,H2 =piH2

iel =It

Table 3.2. Values of model parameters used in this study
Model Parameter

Symbol

Value

Temperature (K)

T

1073

Total pressure on anode (Pa)

pa

101300

Pressure of hydrogen (Pa) [3]

pHi 2

86105

Pressure of oxygen (Pa)

pHi 2O

21273
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Electronic number fraction (unitless) [47]

nel

0.36

Activation energy for anode (J mol-1) [71]

Ea

1×105

Activation energy for cathode (J mol-1) [71]

Ec

1.17×105

Thickness of anode (µm)

la

1000

Thickness of cathode (µm)

lc

50

Electrolyte thickness (µm)

𝛿

25

Electronic conductor in anode (S m-1) [3, 47]

σel

2×106

Coefficient for exchange current density (anode) (A

𝛼𝑎

1.344×1010

𝛼𝑐

2.051×109

Ionic conductor in anode (S m-1) [3, 47]

σio

3.44×104exp(-10300/T)

Porosity (unitless)

ε

0.3

Electronic conductor in cathode (S m-1) [41]

σel,c

1×104

Ionic conductor in cathode (S m-1) [41]

σio,c

3.44×104exp(-10300/T)

Tortuosity (unitless) [3]

τ

2.8

Electrolyte resistance(Ω m-2) [72]

Re

1.3×10-5

Number of electrons in reaction (unitless) [3, 47, 73]

n

1

Necking factor (unitless) [47]

γ

0.5

Symmetry factor (unitless) [3, 47, 73]

β

0.5

Faraday’s constant (C mol-1)

F

96485

Gas constant (J (mol*K)-1)

R

8.314

m-2) [64]
Coefficient for exchange current density (cathode)
(A m-2) [64]
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Figure 3.2. Numerical Flow Chart
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Figure 3.3. Comparison between model simulation and simulation results of Liu et al. [3]

Figure 3.4. Comparison between model simulation and experimental data of Zhao et al. [35]
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Simulation results from Liu et al. [3] were considered for the half-cell validation, as shown in
Figure 3.3. For half- cell validation, the anode was considered with a thickness of 150 µm and
porosity of 30%, as reported by Liu et al. [3]. Temperature and pressure were kept constant at 1073
K and 101325 Pa, respectively. Exchange current density is a fitting parameter varied from 1,000
to 6,500 A m-2. Upon completion of the half-cell validation both the anode and cathode were
considered for the complete cell model and the developed complete cell model is validated against
the experimental work by Zhao et al. [74], see Figure 3.4. A reasonable fit is obtained at the
operating temperature of 1073 K.

3.4 RESULTS AND DISCUSSION

In the following sections, we apply the validated model to analyze the effect of microstructural
optimization on the performance improvement of SOFCs. Performance improvement on both
conventional non-graded SOFCs and graded SOFCs are compared via applying different particlesize- and porosity-grading profiles in both anode and cathode. Then, a combination of particle-size
and porosity grading are applied to grading both electrodes. The material system used in the model
validation is applied here as well.

Figure 3.5 (a) shows the voltage loss for different anode- and electrolyte- thickness. For this study,
we considered three different anode thickness of 1000 micron, 700 micron, and 500 micron. The
voltage loss seems to be decreasing with the decrease of the anode thickness. This large thickness
of anode influence both ohmic and concertation loss. Concentration polarization is related to the
transport of gaseous species through porous electrodes and thus is related to the microstructure of
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the electrodes, specifically the volume percent of porosity, the pore size, the tortuosity ratio, and
finally the thickness of the electrode. On the other hand, the thickness of electrode also has a
significant influence on ohmic loss due to the reduction of ionic conductivity. So the higher voltage
loss was obtained due to high ohmic and concentration loss was driven by the higher thickness of
components. Therefore, investigation needs to be done to reduce the voltage loss of SOFC.
Comparison between different cathode materials at 873 k is shown in Figure 3.5 (b). This study
considered three different cathode material LSM/YSZ composite, Lanthanum strontium cobalt
ferrite (LSCF), and a composite of LSCF/Gadolinium doped ceria (GDC). The figure shows at
low temperature the voltage loss of LSCF and LSCF/GDC composite exhibits better result
compared to the LSM / YSZ composite cathode. However, LSM/YSZ composite cathode was
chosen for the ready availability of material properties reported in the literature and our own
experimental results.
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Figure 3.5. (a) Voltage loss for different SOFC components thickness, (b) voltage loss for
different cathode material

At high current density, the thickness of the electrodes plays a critical role in determining
voltage loss [41]. In Figure 3.6, we compare the voltage loss in both anode and cathode at different
current densities for an anode-supported SOFC without microstructural optimization. It shows the
voltage loss from anode side is higher compared with the cathode side at same current density.
This is due to the configuration of the anode-supported structure with different thicknesses in both
electrodes. In Figure 3.6, anode thickness of 1000 μm and cathode thickness of 50 μm are
considered. As the anode shows considerable voltage loss, investigation needs to be done on the
anode. However, cathodes are widely cited as being the limiting electrode in SOFC performance
[75, 76], as shown in the Figure 3.6 cathode side shows higher voltage loss. Therefore, different
grading profiles apply to both anode and cathode in order to increase the peak power density of
SOFC. It has been shown in the literature that, successfully tailoring the microstructures of SOFC
electrodes can effectively increase the peak power density by reducing voltage loss [3, 41].
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Figure 3.6. Comparison between anode (thickness of 1000 μm) and cathode (thickness of 50 μm)
voltage losses as a function of total current density

In order to examine linear and nonlinear particle-size- and porosity-grading, we developed the
following Eqs (3.30) and (3.31) [3, 49] to obtain different particle-size- and porosity-grading
profiles, as illustrated in Figure 3.7.

(𝑑𝑓 − 𝑑𝑖 ) (𝑏 2 + 𝑙𝑏)𝑑𝑓
𝑑𝑓 (𝑏 2 + 𝑙𝑏)
𝑑𝑝 =
(
+ 𝑑𝑓 − (
)) + 𝑑𝑖
𝑑𝑓
𝑙(𝑥 + 𝑏)
𝑙𝑏

(3.30)

(𝑑𝑓 − 𝑑𝑖 ) (𝑏 2 + 𝑙𝑏)𝑑𝑓
𝑑𝑓 (𝑏 2 + 𝑙𝑏)
𝑑𝑝 =
(
− 𝑑𝑓 + (
)) + 𝑑𝑓
𝑑𝑓
𝑙(𝑥 − 𝑙 − 𝑏)
𝑙𝑏

(3.31)

where dp represents the particle diameter, or porosity, b is the shape factor which determines the
nonlinearity of the grading profile, df is the particle diameter, or porosity, at the free surface, and
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di is the particle diameter, or porosity, at the interface between electrode and electrolyte. When b
= 1, the grading profile is linear. If b < 1, the grading profile is nonlinear. Eq. (3.30) can generate
any grading profile between the linear profile (b = 1) and a concave down profile (Figure 3.7 shows
concave down profiles with dark blue and green lines) with b = 0.00001 [3, 49]. On the other hand,
Eq. (3.31) can generate any grading profile between the linear profile (b = 1) and a concave up
profile (Figure 3.7 represents concave up profile with orange and red lines) with b = 0.00001 [3,
49]. In this study, the grading profile using Eq. (3.30) and Eq. (3.31) have been implemented to
examine nonlinear particle-size- and porosity-grading profiles.

Figure 3.7. Particle size and porosity grading variations across the electrode as related to grading
profile linearity

We investigate the effect of different grading profiles on both lowering SOFC voltage loss and
increasing power density, as shown in Figure 3.8. In Figure 3.8, it shows that the particle size
grading can positively influence the peak power density of an SOFC. The voltage losses in both
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non-graded (i.e., homogeneous) electrodes and graded electrodes with different grading profiles
are compared in Figure 3.8. Particle size varies from 0.3 to 3 µm (i.e., dp = 0.3 μm @ x = 0 and dp
= 3 μm @ x = la =1000 μm) and a shape factor, b = 0.00001 was used in the simulations shown in
Figure 3.8. The result shows nonlinear electrode grading shows up to a 22% reduction in voltage
loss over linear grading. This is caused by reduced concentration and activation loss with increased
TPB area, which agrees with previous research [41]. In Figure 3.9, different shape factors related
to the grading profile were used to determine a specific shape factor that can optimize the TPB
area. Four different shape factors were applied and they are b = 0.00001 and b = 0.000075 for
concave up particle-size grading and b = 0.00001 and b = 0.00005 for concave down particle-size
grading. The results give a comprehensive comparison and were used to identify a shape factor
which can maximize the power density. Figure 3.9 shows that peak power density for different
shape factor and the maximum peak power density was achieved with concave down particle
grading and a shape factor of 0.00001. The particle size at electrode free surface is 0.3 μm (x = 0)
and is 3 μm (x = la =1000 μm) at the electrode-electrolyte interface.
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Figure 3.8. Voltage loss for 0.3 to 3 µm particle size grading range (for both concave up and
concave down particle-size grading profiles with a shape factor b=0.00001)

Figure 3.9. Power density curves for graded (0.3 ̶ 3 µm) electrode with different grading profiles

In Figure 3.10, the shape factor b was fixed to be 0.00001 for the nonlinear particle size
grading. The particle size was varied from 0.3 μm (@ electrode free surface) to 3 μm (@
electrode/electrolyte interface). The peak power density obtained for the linear profile size is 7,778
W m-2, while the peak power density for the concave down profile is 9,132 W m -2. Thus, the
maximum power density for the concave down profile is 17% higher than the linear profile.
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Figure 3.10. Comparison of voltage and power density curves for a linear (0.3 ̶ 3 µm), concave
up (0.3 ̶ 3 µm) and concave down (0.3 ̶ 3 µm) particle size graded electrodes (with a shape factor
b=.00001)

Figure 3.11 shows the effect of the combination of nonlinear particle-size- and porositygrading on the performance of SOFCs. The shape factor was considered to be 0.00001 for all
grading profiles. The porosity was varied from 30% to 70% along the thickness of the electrode as
well as applying particle size grading. The particle size varied from 0.3 to 3 µm. Electrodes with
lower porosity have low diffusion coefficients due to the small pore size, which leads to the
increased concentration loss [3]. So the application of porosity grading can further improve the
peak power density by reducing concentration loss. However, increased porosity grading can also
reduce the TPB area and lead to more activation loss. In order to mitigate this problem, both
particle-size- and porosity-grading were applied simultaneously to the electrode microstructure.
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The result shows peak power density is improved by 27% compared to the linearly graded SOFC,
as seen in Figure 3.11.

Figure 3.11. Comparison of power densities of SOFCs for linear (0.3 ̶ 3 µm) and nonlinear (0.3 ̶
3 µm) particle graded electrodes (with a shape factor b=.00001) in combination with porosity
gradient (30% ̶ 70%)

The power output of a SOFC tends to decrease with lower operating temperatures. To
determine the peak power density, the OCV needs to be calculated. OCV of a SOFC is a function
of temperature and can be determined with the following equation,

𝐸 = 𝑉𝑜𝑐 (𝑇0 ) +

∆𝑠
(𝑇 − 𝑇0 )
𝑛𝑒 𝐹

(3.32)

where 𝑉𝑜𝑐 is the OCV at 298 K (25ºC), ∆𝑠 is the change in entropy, and 𝑇0 is 298 K. Different
peak power densities of graded SOFCs at 1273 K, 1073 K, and 873 K are predicted and shown in
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Figure 3.12. The peak power density is 7,778 Wm-2 at 1273 K, which tends to decrease as reducing
operating temperature. Figure 3.12 shows, compared to operation at 1273 K, there is a 7.7%
decrease in peak power density when the temperature is lowered to 1073 K and an even larger
performance reduction of 13% when operating at 873K. The negative effect on the performance
of SOFC is experienced at lower temperatures can be mitigated by utilizing the combination of
nonlinear particle-size- and porosity-grading. The blue curve (i.e., the very top one) from Figure
3.12 plots the power density of a nonlinearly graded electrode at 873 K, the particle size is varied
from 0.3 to 3 µm with a concave down grading profile of b = 0.00001, and porosity is varied from
30% to 70%. The peak power density of this electrode is found to be 8004 Wm-2, which is 18.3%
increase compared with the linearly graded electrode at the same temperature.

Figure 3.12. The effect of applying different grading profiles on peak power density at different
temperatures.
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3.5 CONCLUSION

In this work, a cell-level, multi-scale SOFC model is developed to investigate the effect of
particle-size- and porosity-grading of both electrodes on reducing the operating temperature of
SOFC. The model is validated against both simulation and experimental data reported in the
literature. Optimization of the graded microstructure of SOFC electrodes increases TPB area and
reduces the total voltage loss, which plays an important role in lowering the operating temperature
of SOFC while maintaining its performance at high temperature. The simulation results show that
the optimum particle size for achieving both a minimum voltage loss and a maximum power output
is 0.3 ̶ 3 µm. It is also found that the power output for a nonlinearly graded SOFC is 17% higher
than that of a linearly graded SOFC. Moreover, the combination of nonlinear particle-size- and
porosity-grading in the electrodes results in 27% improvement in peak power density. This
demonstrates that a properly graded electrode can significantly reduce the adverse effect of
lowering operating temperature and enable SOFCs to operate at a reduced temperature (as low as
873 K) while maintaining the performance at high temperature of 1273 K. However, further
investigation is needed to reduce the ohmic loss by performing more sensitive analysis of different
cell geometries and material systems.

3.6 APPENDIX

D(eff) can be obtained using binary and Knudsen diffusion models. Binary diffusion occurs where
molecular-molecular interactions are dominant, and Knudsen diffusion occurs where molecularsurface interactions are dominant. The binary diffusion coefficient can be calculated using the
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Chapman-Enskog theory, as seen in Eqs. (A-1) and (A-2) [60]. σAB is the collision diameter and
ΩDAB ΩDAB is the collision integral based on the Lennard-Jones potential. The collision integral
can be found in Eq. (A-2).

M H 2 and

MH2 O are the molecular weights of hydrogen and water. The

0.5
average energy well depth, in ergs, is calculated by: H 2 - H 2O  (H 2 H 2O ) . H 2 and H 2O are found

from the viscosity of the gas [60]. The average collision diameter, Ω is calculated using
H

2  H 2O



H H O
2

2

2

.  H2 and σH2 O  H 2O are the collision diameters, in angstroms, of the individual

species molecules [72].
1

𝐷𝐻2 −𝐻2 𝑂

1
1 2
𝑇 1.5
= 0.0018583 (
+
)
𝑀𝐻2 𝑀𝐻2 𝑂 𝑝𝑎 𝜎𝐻22 −𝐻2 𝑂 Ω𝐷,𝐻2 −𝐻2 𝑂

Ω𝐷,𝐻2 −𝐻2 𝑂 =

where T  

KT
H 2 - H 2O

𝐴
𝐶
𝐸
𝐺
+
+
+
∗
𝐵
∗
∗
(𝑇 )
𝑒𝑥𝑝(𝐷𝑇 ) 𝑒𝑥𝑝(𝐹𝑇 ) exp(𝐻𝑇 ∗ )

(A-1)

(A-2)

, A = 1.06036, B = 0.15610, C = 0.19300, D = 0.47635, E = 1. 03587, F = 1.52996,

G = 1.76474, H = 3.89411.

Knudsen diffusion conditions occur where the pore diameter is approximately 50 nm. As
determined by [50, 55, 73], the Knudsen diffusion coefficient for a gas species A can be calculated
by Eq. (A-3)

𝐷𝐴𝐾

𝑇
= 48.5𝑑𝑝𝑜𝑟𝑒 √
𝑀𝐴

(A-3)
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where dpore is the pore diameter.

The effective diffusion coefficient, DA(eff), can be found by Eq. (A-4),

𝜀 1
1 −1
𝐷𝐴(𝑒𝑓𝑓) = (
+
)
𝜏 𝐷𝐴𝐵 𝐷𝐴𝐾

(A-4)

where ε and τ represent porosity and tortuosity of the porous structure, respectively.

3.7 LIST OF SYMBOLS
Greek letters
α

Coefficient for exchange current density

β

Symmetry factor, unitless

γ

Necking factor, unitless

ε

Porosity, unitless

θ

Contact angle, radians

ρ

Resistivity, ohm m

σ

Collision diameter, Å

τ

Tortuosity, unitless

φ

Volume fraction, unitless

Ω

Collision integral

𝜗𝑦𝑠𝑧

Conductivity of YSZ
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Latin letters
A

Reaction area, m2 m-3

b

Shape factor, unitless

d

Diameter, m

D

Diffusion coefficient, mol m-2 s-1

E

Activation energy J mol-1

F

Faraday’s constant, C mol-1

g

Gibbs free energy, J mol-1

in

Charge transfer current density, A m-2

io

Exchange current density, A m-2

I

Total current, A m-2

J

Molar flux, mol m-2 s-1

l

Thickness of electrode, m

M

Molecular weight, g mol-1

ne

Number of electrons in reaction

𝑛𝑠𝑡𝑎𝑟

Number of particle per volume

nel

Number fraction of electronic particles, unitless

nio

Number fraction of ionic particles, unitless

p

Pressure, Pa

pr

Probability of being in a percolation cluster, unitless

part

Particle size or porosity

r

Radius of particle, m

Re

Electrolyte resistance Ω m-2
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Rg

Gas constant, J mol-1 K-1

Rp

Particle size ratio, unitless

T

Temperature, K

V

Voltage, V

Z

Coordination number, unitless

Super script
i

Inlet

Sub scripts
a

Anode

A

Gas specie A

act

Activation

B

Gas specie B

c

Cathode

conc

Concentration

cr

Critical

e

Electrolyte

eff

Effective

el

Electronic

eq

Equilibrium

f

Free surface

H2O

Water

H2

Hydrogen

i

Interface at electrolyte
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io

Ionic

K

Knudsen diffusion

loss

Loss

O2

Oxygen

ohm

Ohmic

part

Particle

pore

Pore

r

Reaction site
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CHAPTER 4 . MESO-SCALE PHASE-FIELD MODELING OF
MICROSTRUCTURAL EVOLUTION IN SOLID OXIDE FUEL
CELLS2

4.1 INTRODUCTION

Solid oxide fuel cells (SOFCs) could be one possible solution to the depleting energy
resources of the modern world due to its fuel flexibility, low carbon emissions, and high efficiency.
With up to 60% energy efficiency and a life expectancy of 40,000 hours, the SOFC has emerged
as an ideal candidate to meet the energy challenges of the modern world [1-3]. However, the
commercialization of SOFC is hindered due to its high operating temperature, manufacturing cost,
and structural instability [4-6]. Structural evolution of SOFC often leads to the structural failure
and shortening of SOFC lifetime [7, 8]. Moreover, structural evolution results in compromising
SOFCs’ electrochemical performance, mostly in the electrodes.

An SOFC consists of both electrodes (i.e., anode and cathode) and a ceramic electrolyte. The
anode is consisted of ion-conducting phase and electron-conducting phase to facilitate the fuel
oxidation reaction [9]. The cathode reduces the oxygen into oxygen ion, which is then diffused to
the anode through the ceramic electrolyte, such as yttria stabilized zirconia (YSZ) [10].

Material in this chapter is a published paper: Abdullah, T. and L. Liu, “Meso-Scale Phase-Field Modeling of
Microstructural Evolution in Solid Oxide Fuel Cells”, Journal of The Electrochemical Society, 2016. 163(7): p.
F618-F625.
2
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Electrochemical reaction of SOFC mainly occurs in the triple phase boundary (TPB) area [11],
where the pore phase, the ion conducting phase, and electron-conducting phase join to convert
chemical energy of fuel gases to electrical energy [1, 8, 12, 13]. TPB area is the key microstructural
property controlling the electrochemical activities of SOFC [14]. It is desired to have a stable
microstructure with optimized TPB area [15, 16]. However, recent studies reveal that TPB area is
often diminished due to microstructure evolution [10, 17-20]. The microstructure evolution is
controlled by the Ni particle coarsening, which in turn leads to the performance degradation and
crack formation. Particle coarsening process was first reported by Ostwald et al. [21]. However,
Ostwald ripening involves evaporation and condensation and controlled by the solubility of the
droplet [22]. Gibbs-Thompson effect is often used to explain the particle coarsening phenomena
[23] in the solid. Various experimental investigations explored the effects of Ni particle coarsening
on the performance degradation of SOFC. For example, Tanasini et al. [24] revealed the
performance degradation is directly related to Ni particle coarsening in the anode electrode. The
experimental study by Simwonis et al. [25] showed that electrical conductivity of anode decreases
due to Ni coarsening. Nelson et al. [26] reported TPB contiguity is affected by Ni particle
coarsening. Faes et al. [27] investigated the interplay between particle size and TPB by measuring
Ni-YSZ particle size and the TPB area using microscopy techniques. Experimental investigation
by Iwata et al. [28] showed that the pore radius decreases due to Ni particle coarsening. Recent
work by Cronin et al. [29] demonstrated that both pore percolation and TPB area are affected by
Ni particle coarsening process.

Those aforementioned experimental investigations provide insight into the SOFC degradation
process caused by Ni particle coarsening, however, the numerical model is required for theoretical
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explanation of experimentally observed phenomena as well as evaluating SOFCs’ performance in
the long term. In this modeling work, the coarsening of Ni particle is considered as a capillaritydriven phenomena [30]. According to the Gibbs-Thomson effect, materials with high curvature
regions have higher chemical potential than that of the lower curvature regions, this difference in
chemical potential controls the transportation of materials from higher curvature regions to lower
curvature regions this process is known as minimization of total free energy. In SOFCs, the
modeling of the microstructural evolution is dependent on local interface mean curvature of Ni
particle, which is driven by the process of minimization of total free energy of the system [25].
The total free energy function is governed by the dominant transport mechanism (i.e., surface- and
volume-diffusion) of Ni particle [31]. Additionally, high operating temperature of SOFC leads to
the enhanced mass transport of Ni particle [32]. During its operation, the surface diffusion
coefficient of Ni particle is much higher than that of the YSZ particle, which essentially makes
YSZ stationary or non-evolving compared to the Ni particle [33-35]. Moreover, the evolution of
the microstructure leads to the pore size growth and the accumulation of expanded pores during
the surface- and volume-diffusion, which causes crack formation [36]. However, it is quite
challenging capturing microstructural evolution due to the explicit tracking of the interface moving
boundaries.

To overcome the aforementioned issue, researchers have been applying the phase-field
method for illustrating the variety of interfacial phenomena among different immiscible interfaces,
microstructural evolution, and crack formation [30, 37, 38]. The phase-field method, which allows
explicit tracking of the phase interfaces, has emerged as a powerful computational method for
modeling transport phenomena and complex microstructural evolution process [9]. In addition, the
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modeling approach allows visualizing the microstructural evolution in two- and three-dimensional
[9]. The phase-field method separates an immiscible binary mixture into a domain pure in each
component. It applies different orientation fields to defining the crystallographic orientations of
Ni- and YSZ phases. The interfacial dynamics of the anode is defined by a variable called Order
Parameter (OP) (i.e., phase-field variable). For instance, an OP 𝐶 = 0 𝑡𝑜 1 can be used to indicate
the domains of different constituents’ particles, i.e., 𝐶 = 1 indicates one particle phase while 𝐶 =
0 denotes the other particle phase in an immiscible binary mixture. The interfacial region is tracked
by 0 < 𝐶 < 1. The phase-field modeling approach has been successfully applied to explore the Ni
particle coarsening associated with SOFCs evolution. For example, modeling work by Li et al. [9]
revealed that TPB area is significantly reduced due to the microstructural evolution of SOFC. Chen
et al. [30] quantitatively characterized the microstructural evolution by examining the TPB
density, interfacial area, and tortuosity versus time using phase-field method. Abdeljawad et al.
[19] established an integrated phase-field model coupling the analysis of the microstructural
coarsening process with SOFC electrochemical performance evaluation of SOFC. Many
researchers, including but not limited to Aranson et al. [39], Karma et al. [40], Mieche et al. [41],
and Marconi et al. [42] have also explored crack formation using the phase-field model. Despite
previous efforts, further investigation is yet to be done on the long-term degradation of SOFC
caused by microstructural evolution, which has been identified as one of the major sources of
SOFCs structural failure and performance degradation [19, 30]. Experimental investigation of
SOFC electrodes degradation needs more further theoretical analysis [24]. In particular, a more
comprehensive understanding is needed to investigate the interplay between the dynamics of
microstructural evolution at the meso-scale and electrochemical performance at the macro-scale.
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In this work, a meso-scale computational framework was established to investigate the
quantitative effect of Ni particle coarsening on the performance of SOFC. An integrated phasefield model was developed to couple microstructure evolution and crack formation in the anode.
The developed meso-scale model captures the dynamics of Ni particle coarsening and crack
formation in Ni-YSZ anodes. Moreover, it tracks the evolution of microstructural features that
influence the electrochemical performance. The time-dependent microstructural properties
obtained from the phase-field model was applied as effective properties to our previously
developed SOFC electrochemical model [1] to investigate the electrochemical performance of
SOFC.

4.2 MODEL DEVELOPMENT

In this work, SOFC anode consists of three constituents, Ni particle, YSZ, and pore. The mass
of each phase inside anode is assumed to be unchanged. The modeling approach is based on the
minimization of the total free energy of the anode that is represented by Ftot. YSZ is assumed to be
stationary due to slow diffusion compared to Ni that evolves via diffusion along Ni-pore interface.
Three OPs are utilized to represent Ni phase (ζ), YSZ phase (ξ), and crack (𝜗), respectively. Based
on the phase-field method, an OP changes continuously from 0 to 1 based on diffuse-interface
theory. The range over which the OP changes from 0 to 1 is defined as interfacial region or
interfacial thickness. For example,𝜗 = 1, 𝜗 = 0, and 0 < 𝜗 < 1 represent the intact, fully broken,
and the transitional interfacial thickness of the material. Minimization of total free energy leads to
the interface diffusion. Interface diffusion can be formulated by using the Cahn Hilliard equation
as follows,
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𝜕𝜁
= 𝑀∇2 𝜇
𝜕𝑡

(4.1)

where, M is the mobility function that depends on the OPs of the system, ∇2 is the Laplace operator,
and µ is the chemical potential of the system. The chemical potential is driven by total free energy
that is based on dominant transport mechanism. The three phases of Ni-YSZ anode is considered
immiscible, therefore, the effect of elastic energy is assumed to be negligible. Ftot represent the
total free energy of the anode and can be expressed as follows,

𝜑2
𝐹𝑡𝑜𝑡 = ∫ [ |∇𝜁|2 + 𝑓(𝜁) + 𝑓(𝜗) + 𝑓(𝜎)] 𝑑𝑉
2

(4.2)

where the first term on the right represents gradient energy, 𝜑 donates interfacial thickness, 𝑓(𝜗)
is the fracture OP of anode, and 𝑓(𝜎) is the elastic strain energy. f(𝜁) is a generic double wall
function that can be represented as follows,

𝑓(𝜁) =

𝜁 2 (1 − 𝜁 2 )
4

(4.3)

Two boundary conditions (i.e., contact angle at the TPB and no flux at the Ni-YSZ interface)
are implemented with the Cahn-Hilliard equation. No flux BC (i.e., 𝜕𝜇 × 𝜕𝜁 = 0) can be solved
using the smoothed boundary method (SBM) [43, 44]. The BC of contact angle is implemented as
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elaborated in the literatures [45, 46]. The Cahn-Hilliard equation for anode within SBM framework
can be written as follows,

𝜕𝜁
= 𝛻. 𝑀(ζ, ξ)𝛻μ = ∇. 𝜅⃗
𝜕𝑡

(4.4)

where M is the mobility function of two OPs (i.e., ζ and ξ), 𝜅⃗ = 𝑀(ζ, ξ)𝛻μ.
The chemical potential of anode is denoted by µ and can be represented by the following equation
[36],

𝛿𝐹𝑡𝑜𝑡

µ=

𝛿𝜁

1 𝐸Ω

= 𝑓 ′ (𝜁) − 𝜑 2 ∇2 𝜁 − 𝑔(𝜗) 3 1−2ʋ 𝜁𝜀

(4.5)

where φ represents interfacial thickness, 𝑔(𝜗) = 𝜗 3 (4 − 3𝜗), is the coupling function between
the fracture OP and elastic stress field. Karma et al. [40] showed the choice of 𝑔(𝜗) does not affect
the transport mechanism as long as 𝑔(𝜗) = 0. 𝜗 = 0 represents the material is fully fractured. E
is the Young’s modulus, ʋ is the Poisson’s ratio, and Ω is the volume fraction of Ni phase (i.e.,
ratio of Ni volume to total anode volume).
Multiplying with the OP ξ, Eq. (4.4) can be rewritten as follows,

𝜕(𝜁𝜉)
= 𝜉∇. 𝜅⃗ = ∇. (𝜉𝜅⃗) − 𝜅⃗. ∇𝜉
𝜕𝑡

(4.6)

Applying the no flux boundary condition, i.e., 𝜕𝜇 × 𝜕𝜁 = 0, into Eq. (4.6),
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𝜕(𝜁𝜉)
= 𝜉∇. 𝜅⃗ = ∇. (𝜉𝜅⃗)
𝜕𝑡

(4.7)

The unit normal vector of YSZ particle can be formulated as follows,

𝑛⃗⃗ =

∇𝜉
|∇𝜉|

(4.8)

Immiscible properties of Ni-YSZ controls the crystallographic orientation of the structure
and is used to formulate the TPB contact angle 𝜃,

𝑛⃗⃗

∇𝜁
∇𝜉 ∇𝜁
=
= − cos 𝜃
|∇𝜁| |∇𝜉| |∇𝜁|

(4.9)

where the negative sign is due to the outward normal of the Ni particles.

The energy equilibrium at the TPB corresponds to an extremum of the total free energy, i.e.,
𝜕𝐹𝑡𝑜𝑡 = 0. Hence Eq. (4.2) can be written as follows,

|∇𝜁| =

√2[𝑓(𝜁) + 𝑓(𝜗) + 𝑓(𝜎)]
𝜑

(4.10)

Eq. (4.9) can be formulated as follows,

∇𝜁. ∇𝜉 = −|∇𝜉|𝑐𝑜𝑠𝜃

√2[𝑓(𝜁) + 𝑓(𝜗) + 𝑓(𝜎)]
𝜑

(4.11)
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The microstructural evolution governing equation can be defined as follows,

𝜕(𝜁𝜉)
𝜑2
√2[𝑓(𝜁) + 𝑓(𝜗) + 𝑓(𝜎)]
= ∇. {𝜉𝑀∇ [𝑓𝜁 −
(∇(𝜉∇𝜁) +
𝑐𝑜𝑠𝜃)]}
𝜕𝑡
𝜉
𝜑

(4.12)

In Eq. 4.12, M is the mobility function and can be formulated as follows,

𝑀(𝜁, 𝜉) = 𝑀𝑁𝑖−𝑝𝑜𝑟𝑒 ∏

(𝜁)(𝜁 2 (1 − 𝜁 2 ))𝑔(𝜉)

(4.13)

𝐶𝑙 𝐶ℎ

where, g(ξ) is a function to control the Ni particle mobility near the TPB area, can be represented
by a polynomial function [30] .

𝑔(𝜉) = 𝜉 6 (10𝜉 2 − 15𝜉 + 6)

(4.14)

The pores in anode are treated as pre-existing crack or initial cracks. Following the previous
work [36], the governing equation for crack formation using fracture OP can be described as
follows,

1 𝜕𝜗
= 𝛼∇2 𝜗 − 32𝐻𝜗(1 − 𝜗)(1 − 2𝜗) − 12𝜗 2 (1 − 𝜗)(𝜎𝑠𝑡 − 𝜎)
𝜔 𝜕𝑡

(4.15)
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where, 𝜔 is the relaxation constant [47] of fracture order parameter, 𝛼 is gradient energy coefficient, H is the energy barrier [48], 𝜎𝑠𝑡 is the elastic energy density, and 𝜎 is the threshold value
strain [36].

The microstructural properties are expressed in non-dimensional units in order to allow the
investigation with a wide range of particle size and particle size ratio. Suitable parameters of the
mobility function are necessary for the effective calculation of the Ni particle coarsening process.
Due to diffuse interface nature of the microstructure, it is necessary to get an asymptotic analysis
of phase-field method for the normalization of time. Following the references [49, 50], an
asymptotic analysis has been developed to measure the characteristic time (time normalization),
𝜏=

𝐿4 𝑘𝐵 𝑇𝑁𝑣
𝛾𝑠 𝐷𝑠 𝛿𝑠

(4.16)

where, L represents characteristic length scale of sample, 𝑘𝐵 is the Boltzmann constant, T is the
temperature, 𝑁𝑣 is the atomic number density, 𝛿𝑠 is surface diffusin depth, 𝛾𝑠 is surface energy,
and 𝐷𝑠 is surface diffusivity.

4.3 NUMERICAL SETUP AND SOLVER FLOW

The simulations were carried out by solving governing Eqs. 12-15 in FeniCS, an open source
finite element software. Numerical calculations were on the order of 884736 elements and required
about 16 GB of RAM and 140 hrs of time when solved in parallel over seven cores on an Ubuntu
Linux workstation with 24 3.4 GHz Intel Xeon processors. The numerical tolerance for
convergence and tolerance for the Newton solver were both set to be 1 × 10−6 . The Newton
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iterative solver was utilized due to nonlinear nature of the governing equations. An open-source
multiplatform tool ParaView was used for data analysis and visualization. The numerical solver
flow can be referred to Figure 4.1.

Figure 4.1. Numerical solver flow

4.4 MODEL VALIDATION

The work focuses on the modeling of microstructural evolution and crack formation in SOFC
anode. Randomly disordered Ni-YSZ anode was adopted for the simulations due to the difficulty
of obtaining initial crystallographic orientation. Ni particle size of 0.55 µm and Ni-YSZ particle
size ratio of 0.9 were used as initial values. Time step size for simulation represented one-hour
operation in real time. The mobility for Cahn-Hilliard equation was taken as one. Simulation
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results show 26% increment in the Ni particle size after 1000 time steps, which agrees with the
experimental result reported by Tanasini et al. [24]. Additionally, the particle size ratio of Ni-YSZ
was decreased by 16%, while Tanasini et al. [24] reported 14.6% decrement based on their
experimental study. Figure 4.2 shows the comparison between the experimental and modeling
work for both particle size and particle size ratio. Comparison of TPB evolution shows a close
match with the literature from Li et al. [9]. As for the volume ratios of three different phases, we
used 30% Ni phase, 30% YSZ phase, and 40% porosity to validate the simulation result obtained
from the modeling work. Figure 4.3 shows a close match between the two simulation results for
TPB fraction (i.e., TPB fraction is defined as the ratio between TPB volume and anode volume).
The TPB area is calculated using the ParaView. The key model parameters and values are listed
in Table 4.1.

Figure 4.2. Comparison between model simulation and experimental data by Tanasini et al. (24)
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Figure 4.3. Comparison of temporal evolution simulation of TPB fraction with Li et al.(9)
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Table 4.1. Values of model parameters used in this study
Model parameter

Value

Elastic constant, GPa (57)

E

200

Partial molar volume, 𝑚3 /𝑚𝑜𝑙 (57)

Ω

6.63 × 10−6

Poisson ratio (58)

P

0.3

Energy barrier, 𝐽/𝑚3 (43)

H

5

Threshold strain, (51, 52)

𝜀

0.002

Characteristic length, m

𝜑

25 × 10−6

Relaxation constant (59)

𝜔

0.3

Surface energy, J m-2 (30)

γs

1.9

Surface diffusion co-efficient, m2 s-1 (30)

Ds

10−6

Interfacial thickness, nm (30)

δs

1

Boltzmann constant, m2 kg s-2 K-1 (30)

𝑘𝐵

1.38 × 10−23

4.5 RESULT AND DISCUSSION

In this work, the developed meso-scale phase-field model was applied to investigate the anode
microstructural evolution and crack formation. The SOFC anode microstructure evolution is
driven by the Ni particle coarsening process, which leads to TPB area reduction, long term
performance degradation, and crack formation of SOFC. The developed model was also used to
obtain the time-dependent microstructural properties during microstructure evolution, which is
later used to quantify the performance degradation of SOFC.
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The temporal microstructural evolution in two-dimensional is shown in Figure 4.4. A
randomly disordered microstructure is generated in a normalized domain, where blue color
represents the Ni particle, green color represents the YSZ, and red color is the pore, to explore the
microstructural evolution process. During SOFC operation, the anode evolves over time due to
coarsening of Ni particle. Due to the nature of the diffusive interface, YSZ-pore phase interface
and Ni-pore interface can be tracked with obtaining their microstructural parameters (e.g., particle
size ratio, TPB fraction) by solving governing Eqs. 44-47. This particle coarsening process is
driven by the minimization of total free energy, which causes average particle size to increase and
the number of particles to decrease. Two different stages of microstructures at T=40 (i.e., 40 hrs
operation) and T=1000 (i.e., 1000 hrs operation) are shown in the figure.

Figure 4.4. Microstructural evolution at different time steps of SOFC anode, where Blue, yellow,
and red represent the Ni, YSZ, and pore, respectively
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The temporal three-dimensional structural simulations are completed for an anode
microstructure of 25 𝜇𝑚 × 25 𝜇𝑚 × 25 𝜇𝑚 with a mesh grid of 96 × 96 × 96. The Ni-YSZ
microstructure was generated following a previous study, where three phase volume fraction was
prescribed as 27% Ni phase, 30% YSZ phase, and 43% pore phase [30]. Figure 4.5 shows temporal
three-dimensional microstructural evolution for Ni, YSZ, and pore after 1000 hours of operation.
Each of the constituents’ phases is shown in Figure 4.5. The simulation results show the internal
structure of the connectivity of each phase, which can be utilized to quantify the growth of the
average characteristic length and discriminate the percolated cluster from isolated clusters in the
evolved anode.
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Figure 4.5. Temporal evolution of the three phases associated with the anode system of SOFC, at
T=1000

Ni particle coarsening decreases TPB density and increases the resistance of anode. Figure
4.6 visualizes the reduction of the TPB area during the microstructural evolution process. The
result shows rapid reduction of TPB area at the initial stage of the coarsening process, which agrees
with the experimental observation where the main performance change occurs at the initial stages.
Due to high interfacial energy at the initial stages, the TPB area decreases rapidly, but it slows
down over the time period. The TPB area reduction is consistent with the temporal phase
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coarsening, which indicates the performance degradation is directly related to the particle
agglomeration and coarsening of Ni particle. The overall TPB area reduction is found to be
approximately 24%, which is close to the experimental work of Cronin et al. [29].

Figure 4.6. Degradation of TPB during temporal evolution of three phase SOFC electrode at
three different dimensionless time steps. (a) Time step=40; (b) Time step=500; (c) Time
step=1000 where the volume fractions are 27% Ni phase, 30% YSZ phase, and 43% pore phase
at the initial stage.
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The evolution of pore phase has been illustrated in Figure 4.7. Numerous pores exist in the
anode to facilitate gas transportation. Pre-existing pores in Ni-YSZ grow due to interface diffusion
during anode microstructure evolution which results in the increase of pore radius. By examining
the evolution of pore phase, it can be concluded that the pores are growing in size and evolving
into a round shape, thus minimizing total free energy. The coupling effect of diffuse interface and
stress evolution plays a vital role in the formation of cracks. The radius of the pore increases during
the minimization of interfacial area. The interface diffusion during the evolution process leads to
the accumulation of these expanded pores which causes crack formation. In the meanwhile, as Ni
particle diffuses during microstructural evolution, the tensile stress field in the inner region
evolves, which causes stress concentration at the crack tip. The stress concentration eventually
leads to the formation of crack and subsequently structural failure. The simulation results are in
good agreement with annealing experiments on Ni-YSZ anodes with Ni and YSZ particles of
similar sizes, where a 25% decrease in total Ni-pore interfacial area was observed [24].
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Figure 4.7. Propagation of crack in the microstructure due to interface diffusion. (a) Blue,
yellow, and red represent the Ni, YSZ, and pore, respectively at T=40; (b) Formation of initial
crack in microstructure at T=780; (c) Propagation of crack due to the coupling effect of interface
diffusion and stress evolution at T=850.

The temporal pore phase evolution is presented in Figure 4.8, which helps to visualize the
crack formation during microstructural evolution in three-dimension. Only the pore phase after the
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evolution is shown for an anode microstructure of 25 𝜇𝑚 × 25 𝜇𝑚 × 25 𝜇𝑚 with a mesh grid
of 96 × 96 × 96 to demonstrate crack formation. In the modeling work, the initial crack appears
after 780 dimensionless time steps. Then, the crack formation develops quickly, as shown in Figure
4.8, at two different dimensionless time steps, T=40 and T=1000.

Figure 4.8. Temporal evolution of pore phase. (a) Pore phase at the beginning of the simulation,
T=40; (b) Crack formation in the microstructure during evolution at T=1000
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The microstructural features and effective material properties extracted from meso-scale
phase-field simulations can be utilized to investigate the influence of Ni coarsening on the
electrochemical performance degradation of SOFCs. For the electrochemical analysis in this
section, we assigned an absolute value to the size of non-evolving YSZ particle as the characteristic
length scale. In order to make the results as general as possible, all dimensions were scaled with
respect to the characteristic length and no absolute physical dimensions of the simulation box had
been assigned. Peak power density plots are shown to quantify the performance degradation of
SOFC due to microstructural evolution. Figure 4.9 compares the peak power density plot at the
initial stage and after the degradation for an anode. The result shows, the peak density is 9550 W
m-2 at the initial stage of the operation. However, the final peak power density decreases by 4.3%
and reaches to 9150 W m-2 after the initial 500 hours of operation. After 1000 hours of operation
the peak power density is further reduced to 8680 W m-2. Overall, 1000 hours of operation results
in 9.11% decreased power output. However, the performance degradation appears to slow down
during 500-1000 simulation time steps. The performance degradation is caused by the combined
effects of continuous loss of TPB area, a decrease in electronic conductivity, and the crack
formation.
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Figure 4.9. Comparison of power density plot at different stages of the microstructural evolution
for anode.

Figure 4.10 shows the performance degradation of anode supported SOFC due to crack
formation. The formation of crack causes the interruption of current flow, which in turn increases
the polarization resistance of the anode microstructure. The increased polarization resistance due
to crack formation causes a sudden fall in the power density curve [51, 52]. The peak power density
at the initial stage of anode supported SOFC is 11345.34 W m-2. But the formation of cracks causes
increased resistance and results in a 27% reduction in the peak power density and the obtained
peak power density is 8210 W m-2.
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Figure 4.10. Power density curve before and after crack formation for anode.

4.6 CONCLUSION

A meso-scale phase-field model is developed to investigate performance degradation and
crack formation during anode microstructural evolution. A phase-field model was developed to
illustrate the effect of Ni particle coarsening in electrode microstructure. Randomly generated
microstructure was considered and the time step size of 1 hour was used for the simulation.
Developed phase-field model was validated against the experimental work by Tanasini et al. [24]
the modeling work can be used to predict the morphology of three phases associated with the
electrode. The volume fraction of the phases is used to find out the TPB area reduction. Statistical
material properties due to microstructural changes obtained from the phase-field simulation results
are used as input parameter to the previously developed cell level model to quantify the
performance degradation.
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The simulation result shows that the average particle size is increased during temporal
microstructural evolution. The Ni particle size is increased by 26%, which leads to the TPB area
reduction. Moreover, TPB phase contiguity is also affected significantly due to 24% reduction if
Ni-YSZ particle size. Temporal evolution of the microstructure leads to a decrease in the TPB area
by 24%, which has a profound effect on the microstructural performance level. The power output
is found to be decreased by 11.03% after 1000 hours of operation. Additionally, crack formation
due to the accumulation of pores during phase diffusion is also demonstrated. This work is
expected to provide us a comprehensive understanding of SOFCs’ microstructural evolution as
well as a tool for SOFC’s performance degradation analysis.

4.7 LIST OF SYMBOLS

Greek Letters

𝛼

Gradient energy coefficient

γs

Surface energy

ζ

Order parameter for Ni particle

ξ

Order parameter for YSZ

𝜗

Order parameter for crack

𝜀

Strain tensor

𝜇

Chemical potetntial of the anode

φ

Gradient energy coeffiecient

𝜔

Relaxation constant
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𝜎

Threshold strain

𝜎𝑠𝑡

Elastic energy density

δs

Interfacial thickness

ʋ

Poisson’s ratio

𝑣⃗

Unit interface normal

Ω

Volume fraction of the phase

τ

Time scale for surface diffusion

Latin Letters

Cl

Lower cutoff order parameter value

Ch

Upper cutoff order parameter value

Ds

Surface diffusion coefficient

E

Young’s modulus

Ftot

Total free energy

H

Energy barrier

kB

Boltzman constant

kc

Local curvature

L

Characteristic length

M

Mobility

Nν

Atomic number density per volume

T

Time (sec)

Vn

Normal velocity
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V

Total volume

s

Surface

n

Normal

Operator

∇2

Laplacian

𝜋

Multiplication notation

𝜕/𝜕𝑠

Gradient operator along the interface
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CHAPTER 5 . CONCLUSION AND SCIENTIFIC
CONTRIBUTION

5.1 CONCLUSION
5.1.1 SUMMARY

This study strengthens the understanding of SOFC electrochemical performance with graded
microstructure and shed light on the microstructural evolution of SOFC. In order to fully
understand the SOFC electrochemical performance with tailored microstructure, a cell level
microstructure model has been developed incorporating both particle size and porosity grading.
The modeling work illustrates the effect of functionally graded electrode on the performance of
SOFC. Then, a meso-scale phase-field model has been developed combining the Chan Hilliard
and Ginzburg-Landau equations to investigate the microstructural evolution. The model
successfully predicts the performance degradation due to the Ni particle coarsening as well as
crack formation. Several microstructural attributes such as TPB area, particle size, particle size
ratio, and pore space were tracked down to examine the performance degradation during
microstructural evolution.

5.1.2 SIMULATION BASED MICROSTRUCTURAL OPTIMIZATION OF SOLID
OXIDE FUEL CELL FOR LOW TEMPERATURE OPERATION

In this study, functionally graded electrode microstructure was studied to compensate the
effect of reducing operating temperature. A complete cell level microstructural modeling based on
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the functionally graded electrode was developed to examine the effect of non-linear grading. The
modeling approach was based on the minimization of the voltage losses associated with SOFC.
The numerical model considered both particle size and porosity grading to compare the
performance of homogenous, linear, and non-linear graded electrode. The following conclusions
have been drawn from this study.
1. Among three different losses associated with SOFC the activation loss is more significant
than other two.
2. Microstructure grading of electrode demonstrates improved power output compared to the
homogenous electrode. Additionally, nonlinear grading can show a significant benefit over
linear microstructural grading.
3. Combined effect of particle size and porosity grading in SOFC microstructure is used in
this work. Typically, the particle size is more influential compared to the porosity grading
but the combination of particle size and porosity grading results in enhanced power output.
4. Performance optimization of SOFC can enable SOFCs to operate at a reduced temperature
(as low as 873 K) while maintaining the performance of high-temperature SOFCs.

5.1.3 A PHASE-FIELD MODEL OF COUPLED MICROSTRUCTURAL EVOLUTION
AND CRACK FORMATION IN SOLID OXIDE FUEL CELL

In this study, a meso-scale phase-field model was developed to illustrate the
microstructural evolution. The modeling framework examined the microstructural evolution
based on the minimization of total free energy. Randomly disordered microstructure model is
used to investigate the evolution. The evolution of Ni phase is considered to be driven by the
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interface diffusion of Ni phase where YSZ composite is considered stationary. Simulation
result of the phase-field model is applied to the previously developed microstructure model for
the quantitate analysis of the performance degradation. The following conclusions can be
drawn from the integrated phase-field model.
1. Rapid microstructural evolution occurs at the initial stages caused by relatively higher
total free energy, which appears to slow down with time.
2. Accumulation of pores and pre-existing cracks during phase diffusion causes crack
formation. Initial crack formation takes time, then the crack develops quickly due to
stress concentration.
3. The average Ni particle size is increased during temporal microstructural evolution by
26%, which leads to the TPB area reduction.
4. The temporal microstructural evolution affects the contiguity of TPB area which
significantly reduced by 24%.

5.2 SCIENTIFIC CONTRIBUTIONS

The major scientific contributions of the thesis may be summarized as the following:
1. The work provided insight on the effect of nonlinear particle size and porosity grading on
the electrode microstructure. A multi-scale cell level model was developed to incorporating
both particle size and porosity grading to optimize the peak power density of SOFC.
2. The cell-level, multi-scale model demonstrates that a properly graded electrode can
significantly reduce the adverse effect of lowering operating temperature and enable
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SOFCs to operate at a reduced temperature (as low as 873 K) while maintaining the
performance at high temperature of 1273 K.
3. Meso-scale phase field model in expected to provide a comprehensive understanding of
SOFCs’ microstructural evolution as well as a tool for SOFC’s performance degradation
analysis.

5.3 RECOMMENDATION FOR FUTURE WORK

1. Randomly disordered particle structure is used to explore the microstructural degradation
and crack formation. So designing a controlled microstructures will be helpful to determine
and predict the exact location of the crack.
2. A complete cell level model could be developed by coupling thermo-mechanical model
and electrochemical model that could be used as an effective tool for designing and
optimizing cell structure.
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