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ABSTRACT 

 

SOLID OXIDE FUEL CELL CATHODE INFILTRATE PARTICLE SIZE CONTROL 

AND OXYGEN SURFACE EXCHANGE REISTANCE DETERMINATION 

 

By 

 

Theodore E. Burye 

 

Over the past decade, nano-sized Mixed Ionic Electronic Conducting (MIEC) – 

micro-sized Ionic Conducting (IC) composite cathodes produced by the infiltration 

method have received much attention in the literature [1-9] due to their low polarization 

resistance (RP) at intermediate (500-700°C) operating temperatures.  Small infiltrated 

MIEC oxide nano-particle size and low intrinsic MIEC oxygen surface exchange 

resistance (Rs) have been two critical factors allowing these Nano-Micro-Composite 

Cathodes (NMCCs) to achieve high performance and/or low temperature operation.  

Unfortunately, previous studies have not found a reliable method to control or reduce 

infiltrated nano-particle size.  In addition, controversy exists on the best MIEC infiltrate 

composition because: 1) Rs measurements on infiltrated MIEC particles are presently 

unavailable in the literature, and 2) bulk and thin film Rs measurements on nominally 

identical MIEC compositions often vary by up to 3 orders of magnitude [10]. 

Here, two processing techniques, precursor nitrate solution desiccation and ceria 

oxide pre-infiltration, were developed to systematically produce a reduction in the 

average La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF) infiltrated nano-particle size from 50 nm to 22 

nm.  This particle size reduction reduced the SOFC operating temperature, (defined as the 

temperature where RP=0.1 Ωcm
2
) from 650°C to 540°C.  In addition, Rs values for 

infiltrated MIEC particles were determined for the first time through finite element 
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modeling calculations on 3D Focused Ion Beam-Scanning Electron Microscope (FIB-

SEM) reconstructions of electrochemically characterized infiltrated electrodes. 
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CHAPTER 1: Thesis Motivation and Overview 

1.1 The World Energy Problem 

According to the U.S. Census Bureau, the world population in 2012 was 

approximately 7 billion people and is projected to continue to increase by approximately 

6.5 million people each month on average [11].  According to the Energy Information 

Administration, world energy consumption for fossil fuels has increased from 354 

quadrillion BTUs in 1990 to 505 quadrillion BTUs in 2008 and is projected to increase to 

770 quadrillion BTUs by 2035 [12].  This increasing world energy demand stimulates the 

need for the development of alternative energy sources and/or improved energy 

conversion devices, such as Solid Oxide Fuel Cells (SOFCs). 

1.2 Solid Oxide Fuel Cells as a Solution to the World Energy Problem 

As demonstrated in Figure 1.1 [13-15], SOFCs have some of the highest 

gravimetric and volumetric power densities of any electricity generating technology.  

SOFCs also have the ability to operate on a variety of fuel types (hydrogen, ethanol, 

biofuel, gasoline, natural gas, syngas, landfill gas, jet-fuel, etc.) [15, 16]. These benefits 

provide SOFCs with the capability to both reduce the environmental impacts of today’s 

hydrocarbon based economy while simultaneously developing the infrastructure for a 

CO2-neutral economy utilizing biofuels, solar fuels or hydrogen.  SOFCs can also be used 

for: 1) chemical separation, 2) chemical sensing, and 3) energy storage when operated in 

reverse as Solid Oxide Electrolysis Cells [17-19].   
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SOFCs demonstrate high electrical conversion efficiencies greater than traditional 

electricity generating technologies.  For example, typical coal-fired electricity generating 

plants have demonstrated electrical efficiencies around 46% [20] compared to 60% for 

SOFCs [21, 22] .  When both heat and electricity are valued, coal-fired power plants have 

demonstrated efficiencies near 60% [20], compared to 90% for SOFCs [23, 24].  SOFC 

efficiencies are also size independent, (a feature not shared by many chemical to 

electrical conversion devices such as gas turbines), which allows SOFCs to range from 1 

Watt to multi-Megawatt [25, 26].   

Commercial SOFC devices using traditional macro-porous cathodes typically 

operate at temperatures above 750°C.  However, in the past two decades Nano-Micro-

Composite Cathodes (NMCCs) have been shown to increase cathode performance (i.e. 

lower the polarization resistance, RP) and/or reduce the SOFC operating temperature 

compared to traditional Micro-Composite cathodes. In addition, many studies have 

sought to experimentally improve [5, 27, 28] and/or mathematically model NMCC 

Figure 1.1: Gravimetric and Volumetric Energy Densities for Electricity Generating Devices. Modified 

from [13-15]. 
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performance [5, 29].  Unfortunately, two knowledge gaps are currently preventing 

additional NMCC performance improvements. 

1.3 Solid Oxide Fuel Cell Knowledge Gaps 

The first knowledge gap is the inability to control the size of infiltrated Mixed 

Ionic and Electron Conducting (MIEC) nano-particles [5, 7, 30].  Small MIEC nano-

particle diameters allow for increased oxygen exchange into the cathode microstructure 

due to an increased MIEC surface area to volume ratio.  Unfortunately, most infiltrated 

NMCCs exhibit average particle sizes around 40 nm or greater [5, 7, 30], and previous 

literature studies have not identified a reliable method to further reduce infiltrated MIEC 

particle sizes.   

The second knowledge gap is an inability to accurately determine intrinsic NMCC 

MIEC oxygen surface exchange resistance (Rs) values.  Previous literature studies have 

only determined Rs values on thin film and bulk MIEC materials and the surface structure 

and/or stress state of MIEC infiltrate could be very different.  Further, the magnitude of 

the Rs value reported in these thin film and bulk studies can vary by as much as 3 orders 

of magnitude for the same material composition [10].  An accurate set of MIEC infiltrate 

Rs numbers are needed to determine the best MIEC infiltrate material and to perform 

cathode microstructural optimization (such as that done in Song et al. [31]).   

1.4 Thesis Overview 

 This thesis will address these two knowledge gaps.  Specifically, Chapter 2 will 

delve into a literature review of SOFC devices and explore the status of research today.  

Chapter 3 will address the experimental methods and characterization techniques used to 

conduct the experiments in this thesis. Chapters 4-7 will illustrate two methods, 
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desiccation (aka precursor nitrate solution desiccation) and pre-infiltration (aka ceria 

oxide pre-infiltration), that were developed to systematically control infiltrated MIEC 

nano-particle size.  The effect of organic solution additives and MIEC composition are 

also explored in these chapters to examine their effect on desiccated and pre-infiltrated 

particle sizes.  Chapter 8 will show infiltrated MIEC Rs determinations made by 

performing Finite Element Modeling (FEM) on Focused Ion Beam–Scanning Electron 

Microscopy (FIB-SEM) 3D reconstructed SOFC cathodes.  Lastly, Chapter 9 will 

provide a set of overall conclusions and restate the advances this work has provided to 

the scientific community. 

1.5 Summary 

 In summary, SOFCs are a promising alternative energy conversion technology 

because they: 1) have one of the highest gravimetric and volumetric power densities of 

any electricity generating technology, and 2) have the capability to both reduce 

environmental impacts of today’s hydrocarbon based economy while also one day 

serving as the infrastructure for a CO2-neutral economy utilizing biofuels, solar fuels or 

hydrogen.  Commercialization of this technology is held back by poor performance at 

low operating temperatures, especially on the cathode side.  NMCCs help improve the 

performance at low operating temperatures but additional performance increases are 

being restrained by: 1) a lack of control of infiltrate nano-particle size, and 2) a lack of 

accurate infiltrated MIEC Rs values.  The work presented in this thesis advances SOFC 

technology by addressing these two knowledge gaps.  
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CHAPTER 2: Literature Review 

2.1 Solid Oxide Fuel Cell Overview 

Even though SOFC performance improvements have occurred through the use of 

NMCCs [1, 5] there still exists the need to control infiltrated MIEC nano-particle size and 

understand the Rs values of infiltrated MIEC materials. As pointed out in Section 1.3 

addressing these two limitations will greatly improve SOFC devices by allowing the 

operating temperature to be lowered, which in turn will limit the performance 

degradation caused by nano-particle size coarsening. 

As shown in Figure 2.1 [32], the cathode is the most resistive component of a 

traditional LSM-YSZ|YSZ|YSZ-Ni SOFC device (the resistance can be calculated from 

the slope of each curve and clearly the cathode has the greatest resistance at low and  

moderate currents).  The greatest source of resistance in the cathode comes from 

limitations in oxygen incorporation into the MIEC lattice structure [5, 33] ; hence the 

need for smaller MIEC nano-particles.  Further, reliable measurements of the intrinsic 

oxygen surface exchange resistance process, Rs, of the MIEC infiltrate are needed to 

Figure 2.1: Traditional LSM-YSZ|YSZ|YSZ-Ni SOFC Component Overpotential Comparison.  

Resistance values depicted as the slope of each Polarization curve [32]. 
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accurately select the best MIEC material to infiltrate, and for SOFC microstructure 

optimization [31].  This chapter will provide an overview of SOFC operating principles 

and discuss how infiltrate particle size and infiltrate Rs values play a role in determining 

SOFC performance.  

2.1.1 Solid Oxide Fuel Cell Operating Principles 

Figure 2.2 [34] shows the three components of an SOFC, which are the: 1) 

cathode, 2) electrolyte, and 3) anode.   Figure 2.2 also demonstrates the chemical 

reactions and/or the transport of charged species that take place in each component [34].  

The cell shown in Figure 2.2 yielded the performance curves shown in Figure 2.1.  At the 

cathode, oxygen gas is first incorporated into oxygen vacancies located in the MIEC 

lattice structure and then transported to the anode through the electrolyte.  At the anode, 

the fuel (hydrogen, methane, etc.) rips oxygen out of the anode MIEC crystal structure to 

form oxygen vacancies, water and electrons.   

 

 

 

The resulting gradient in oxygen vacancies and electrons across the cell drives the 

flux of these species.  An external circuit conducts the electrons (thus creating electricity) 

Figure 2.2: Traditional SOFC Cathode and Anode Chemical 

Reactions. Modified from [34]. 
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from anode to cathode.  The electrolyte acts as a gas barrier and prevents fuel cross-over 

to the cathode or gaseous O2 transport to the anode.  Operational SOFCs have a 

thermodynamically determined open circuit voltage (OCV) (which is ~1.2 V at SOFC 

operating temperatures) [35] and generate power through the flow of electrons shown in 

Figure 2.2.  Note that to balance the reaction, for a given number of electrons to flow 

through an external circuit, half that number of oxygen vacancies must flow across the 

electrolyte.  Therefore, high rates of oxygen ion transport are critical for the development 

of high power SOFCs. 

Figure 2.3 shows that the SOFC operating voltage (V) can be plotted against the 

operating current (I) to form an I-V plot, and the power can also be plotted against 

current to form a power density plot.  Both of these plots are useful to help characterize 

SOFC performance. 

 

        

 

Figure 2.3: Current-Voltage and Power Density Curves for SOFC Devices.  

Region 1 is below 0.6 A/cm
2
, Region 2 is between 1.6 and 0.6 A/cm

2
 and 

Region 3 is above 1.6 A/cm
2
 [35]. 
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Figure 2.3 [35] shows the current-voltage (I-V) curve and power density curve for 

a typical SOFC which provides an idea of how SOFCs operate.  The slope of the I-V 

curve is the sum of all three resistances (cathode, electrolyte and anode).  Region 1 is 

where the electrical losses are dominated by oxygen incorporation into or removal from 

the cathode or anode lattice structure, respectively.  Region 2 is where electrical losses 

are dominated by ohmic losses (resistances originating from the electrolyte and 

electrode), and Region 3 is where RP losses occur due to the current density being so 

large that the SOFC consumes more oxygen than can diffuse through the pores in the 

cathode microstructure or hydrogen than can diffuse through the pores in the anode 

microstructure; a condition referred to as gas-phase polarization.  The slope in Region 1 

is the sum of the cathode and anode polarization resistances. However, in common 

SOFCs, this slope reduces to the cathode polarization resistance, RP, because the cathode 

performance is so much worse than the anode performance.  Hence, Region 1 is where 

NMCC infiltrate nano-particle size control and an understanding of cathode MIEC Rs 

values will have the largest impact.   

Figure 2.4 shows that SOFCs are not operated at their maximum power densities 

because as the output power density increases, the cell efficiency decreases [36].  Instead, 

SOFCs are operated at current densities to the left of the maximum power density value 

[36].  The cell efficiency is calculated by dividing the cell power by the enthalpy of 

combustion of the fuel [36].   
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One possible approach to lower the cathode RP and increase SOFC performance is 

to fabricate NMCCs.  A lower RP value will decrease the initial slope of the I-V curve 

which also results in an increase in the maximum power obtainable at a given efficiency.   

2.1.2 Traditional and Nano-Micro-Composite Cathodes 

NMCCs are a type of SOFC cathode that combine materials with low Rs values 

(MIEC materials) and materials with high ionic conductivity, such as Gd0.1Ce0.9O1.95 

(GDC) [7] or Y2O3-ZrO2 (YSZ) [16].  NMCCs are produced by first infiltrating metal 

nitrate solutions into porous ionic conducting (IC) scaffolds, and then firing the gelled 

solutions at elevated temperatures to form MIEC oxide nano-particles upon 

decomposition of the nitrate solutions [5].  The techniques used to fabricate MIEC nano-

particles are described in more detail in Chapters 3-7.  Both traditional Micro-Composite 

Cathodes and NMCCs have interconnected particles which allow electronic and ionic 

transport, but only NMCCs have nano-scale MIEC particles which allow for increased 

oxygen incorporation into the MIEC lattice due to an increase in MIEC surface area 

(shown in Figures 2.5 [37] and 2.6 [7]).  Traditional Micro-Composite Cathodes have 

Figure 2.4: Traditional SOFC Cell Efficiency.  

Cell efficiency decreases as power output increases. [36]. 
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MIEC and IC particles sizes that are tens of micrometers in size while NMCCs have 

particles that are tens of nanometers in size. This small MIEC particle size causes 

increased catalytic activity [38] resulting in lower cathode operating temperatures 

(defined here as the cathode operating temperature where RP values equal 0.1Ω*cm
2
 [1, 

5, 9]).  

 

                            

 

                              

By lowering the operating temperature of NMCCs, MIEC particle coarsening can also 

be limited.  Particle coarsening reduces SOFC performance by decreasing the number of 

active surface sites for oxygen incorporation into the MIEC lattice structure by 

decreasing the MIEC surface area to volume ratio.  In a NMCC, the low 𝑅𝑆 values of the 

Figure 2.5: Representative Micro-Composite Cathode 

Microstructure.  White components are ionic conducting 

material is the black  component is MIEC material.[37]. 

Figure 2.6: Representative Nano-Micro-Composite Cathode 

Microstructure with Connected MIEC Nano-Particles.  

Nano-particles are MIEC materials that have been infiltrated 

[7]. 
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MIEC infiltrate particles (which facilitates oxygen surface exchange), the high 

characteristic thickness (𝐿𝐶) of the MIEC infiltrate particles (which ensures that the 

oxygen exchange reaction takes place over the entire MIEC infiltrate particle surface), 

and the high MIEC infiltrate surface area (which provides many locations for the oxygen 

surface exchange reaction), work together with a high IC scaffold (which facilitates 

oxygen transport to the electrolyte), and a high MIEC electronic conductivity (which 

facilitates electron transport to the current collectors) to produce cathodes reported to 

reach polarization resistances of 0.1 Ωcm
2
 at temperatures as low as 550C [1].  

2.1.3 Thin Film Cathodes 

 Thin film SOFC electrodes are another area of research.  These electrodes can be 

used as part of SOFCs or as model electrodes to better understand or measure SOFC 

material properties.  Thin film electrodes are typically dense, single phase, substrate 

supported films, with thicknesses less than 100 nm.  Thin film electrodes can be 

fabricated through many different approaches such as radio frequency sputtering, DC 

sputtering, vacuum plasma spraying, pulsed laser deposition [39-45], etc. 

 Using thin films, material properties such as Rs and the bulk oxygen conductivity 

can be measured, which has been shown numerous times in the literature using both 

cathode and anode materials [46-52].  Compared to traditional porous electrodes, the 

geometry of a thin film is less complex since only a single, dense layer on top of a 

substrate is present.  This allows for easily known surface and cross-sectional areas and 

hence easy conversion of a measured resistance into area-corrected intrinsic materials 

properties [53, 54].  For this reason many authors have performed MIEC Rs 

measurements using thin film micro-electrodes [47, 53, 54].  These thin film Rs 
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measurements are often performed using the Electrochemical Impedance Spectroscopy 

(EIS) characterization technique.  However, since thin film measurements may not 

accurately describe the Rs of infiltrated MIEC particles, (due to differences in surface 

structure, stress states, etc.) further analysis of infiltrated MIEC Rs values is needed.  

Unfortunately, no studies containing this information have ever been reported in the 

literature. 

2.2 Planar Solid Oxide Fuel Cell Geometric Arrangements 

 Three different types of SOFCs are described in the literature: 1) cathode 

supported, 2) anode supported, and 3) electrolyte supported SOFCs.  The mechanically 

supporting layer is typically the thickest (and typically the first to be fabricated). 

 In cathode supported cells the cathode layer thickness is typically several hundred 

microns thick, while the anode and electrolyte layers are typically much thinner (~20 

nanometers to 100 microns) [55].  Typically cathode supported cells are not used for 

SOFC devices because increasing the thickness of the cathode layer will not increase the 

performance of the SOFC due to the active area of the cathode being set to less than ~50 

microns by the typical MIEC infiltrate Rs and ionic conductivity of the scaffold materials 

[51]. 

 Anode supported cells have anodes that are much thicker than either the cathode 

or electrolyte.  Like cathode supported cells, these cells have the advantage of using a 

thinner electrolyte, which minimizes ohmic resistance performance losses [56]. In these 

cells, the cathode is typically fabricated after the anode and electrolyte, which prevents 

the cathode materials from seeing the higher fabrication temperatures used in processing 

the anode and electrolyte.  This promotes less coarsening of the cathode MIEC nano-
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particles [57, 58] than cathode supported cells.  Anode supported SOFCs are typically 

used for commercial SOFC devices because the anode Rs value is typically much lower 

(an order of magnitude or lore lower) than cathode Rs values [59, 60] due to increased 

oxygen exchange in the anode material compared to the cathode material.  This means 

that the electrochemically active region in the anode is larger than the cathode.  Since the 

optimal electrochemically active region is much larger than the cathode, the anode is 

often made the mechanical support. 

 Electrolyte supported SOFCs have electrolytes as the thickest component, which 

are typically hundreds of microns thick [5, 7] as opposed to the cathode or anode 

electrodes which are thinner [56].  In these cells the electrolyte is typically fabricated 

first, with the result that any cathode and/or anode nano-particles present do not coarsen 

significantly in response to a high electrolytic firing temperature.  Since the electrolyte is 

the thickest component it also will have increased ohmic resistance performance losses, 

preventing their use in commercial SOFCs.  However, electrolyte supported SOFCs are 

often used in laboratory experiments when electrode performance, not total SPFC 

performance is of interest [5, 7, 61]. 

2.3 Commonly Used Solid Oxide Fuel Cell Materials 

 Chapter 1 pointed out that one key knowledge gap was a lack of understanding of 

the infiltrated MIEC Rs values for the cathode.  In fact, because of this knowledge gap, 

the SOFC community has no clear consensus on which material makes the best MIEC 

cathode infiltrate (cathode microstructural effects make it difficult to judge MIEC 

performance from the cathode RP).  Since this thesis focuses on improving the cathode 
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performance, the following sections discuss the various MIEC and IC materials found in 

literature and their roles in improving NMCC performance. 

2.3.1 Ionic Conductors 

 For the electrolyte there currently exist a number of materials used to promote 

bulk oxygen transport from the cathode to the anode, including: 1) Bi2V0.9Cu0.1O5.35 

(BICVOX) [62], 2) Ce0.9Gd0.1O1.95 (GDC) [7], 3) La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM) [63],  

4) Sc2O3-ZrO2 (ScSZ) [64], and 5) (ZrO2)0.9(Y2O3)0.1 (YSZ) [65].  Due to its combination 

of high ionic conductivity and chemical compatibility with most MIEC materials, doped 

ceria is commonly used as an ionic conductor in SOFC cathodes [66]. 

2.3.2 Electronic Conductors 

Typically a layer is applied on top of the electrode, named the current collection 

layer.  This high electronic conductivity layer promotes a uniform flow of electrons 

across the entire electrode surface. Commonly used current collector materials include: 

La0.6Sr0.4TiO3-x (LST) [67, 68], and La0.8Sr0.2MnO3-x (LSM) [5]. 

2.3.3 Mixed Ionic Electronic Conductors 

 Section 2.1.1 showed that oxygen in an SOFC is exchanged from the gas phase 

into the oxygen vacancies in the MIEC lattice structure in the cathode, and is then 

transported through the electrolyte to the anode.  Currently a number of different MIEC 

materials have been used as cathodes or infiltrated into cathode microstructures to 

promote oxygen incorporation.  The most commonly used MIEC materials include: 

La0.6Sr0.4FeO3-x (LSF), La0.6Sr0.4Co0.2Fe0.8O3-x (LSFC), La0.6Sr0.4Co0.8Fe0.2O3-x (LSCF), 

La0.6Sr0.4CoO3-x (LSC), Ba0.5Sr0.5Co0.8Fe0.2O3-x (BSCF), and Sm0.5Sr0.5CoO3-x (SSC) [54]. 
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2.4 Composite Solid Oxide Fuel Cell Cathode Geometries 

 Section 2.2 discussed that there are a number of SOFC geometries. However, 

there are also a number of cathode geometries as well.  The following are different 

cathode geometries that exist in literature which utilize different MIEC and ionic 

conducting materials.  The cathode scaffold (into which the infiltrate precursor solutions 

are infiltrated and to which the MIEC particles cling) can be manufactured from either: 1) 

electronic conducting materials (such as La0.6Sr0.4MnO3-δ) infiltrated with an ionic 

conducting material, 2) ionic conducting materials (such as Yttria Stabilized Zirconia) 

infiltrated with electronic conducting or mixed-conducting materials (which all have 

>99% of the conductivity resulting from the transfer of electronic, not ionic, species), or 

3) mixed-conducting materials (such as La0.6Sr0.4Co0.8Fe0.2O3-δ) and infiltrated with 

electronic, ionic or mixed-conducting materials. 

 A composite cathode allows for the combination of multiple materials that each 

do something well, so the entire cathode can benefit from both materials.  As shown in 

Figure 2.2, electrons, oxygen vacancies, and oxygen gas must all be transported to 

support the cathode reaction.  For instance, in the composite cathode of Figure 2.6, the 

MIEC material nano-particles transports electrons and incorporates oxygen gas into the 

MIEC lattice structure, while the GDC ionic conducting scaffold material transports the 

oxygen vacancies through the scaffold.   

2.4.1 Electronic Conducting Scaffolds 

 Cathodes fabricated using an electronic conducting scaffold typically utilize LSM 

screen printed onto an ionic conducting electrolyte pellet (such as YSZ) and fired to form 

a porous electrode [69-71].  Ionic materials are then typically infiltrated into the porous 
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electrode to form nano-particles on the electronic conducting surface [69-71].  An 

advantage of an electronic conducting scaffold is that it facilitates oxygen incorporation 

into the ionic conductor at the triple-phase-boundary where the gas, electronic conductor 

and ionic conductors all meet, and has a high electronic conductivity.  The infiltration of 

electronic or mixed-conducting nano-particles into the electronic scaffold is typically not 

performed because, as discussed in Section 2.3, both materials have low ionic 

conductivity [72] and hence no path would exist in the cathode for ionic conduction from 

the cathode to the electrolyte.  Another disadvantages of using electronic conducting 

scaffolds is that there is the problem of thermal expansion mismatch between the 

electronic conducting scaffold and the electrolyte material, which, if different enough, 

cause cracks to form and damage cell performance [28].  Since the scaffold material has a 

low Rs value and high electronic conductivity, but a low ionic conductivity, these reasons 

make electronic conducting scaffolds a poor choice to use for the SOFC cathode 

geometry. 

2.4.2 Mixed Ionic Electronic Conducting Scaffolds 

 Cathodes with MIEC conducting scaffolds are typically made by screen printing 

an MIEC layer onto an ionic conducting electrolyte and firing the cell to form a porous 

MIEC electrode [73, 74].  An electronic conducting, ionic conducting or mixed-

conducting material is then infiltrated onto the mixed-conducting scaffold surface.  MIEC 

scaffolds have the advantage of high electronic conductivity, low Rs values, but 

unfortunately have an ionic conductivity much lower than IC scaffolds such as GDC [66, 

72]. 
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 There are two disadvantages to using a mixed-ionic electronic conducting scaffold 

geometry.  The first is that there can be a thermal expansion mismatch between the MIEC 

scaffold and the IC electrolyte material, which, if large enough, can cause cracks to form 

and reduce the cell performance. MIEC thermal expansion coefficients (for temperatures 

between 30-1000°C) are between ~17.5*10
-6

 K
-1

 (LSFC) [72], and ~25*10
-6 

K
-1

 (LSC) 

[72], while the thermal expansion coefficient of IC scaffold materials (for temperatures 

between 30-1000°C) are between ~10*10
-6

 K
-1

 (GDC) [75] and ~13*10
-6

 K
-1

 (GDC).  

The second disadvantage is that the oxygen ion diffusion through all of today’s MIEC 

materials is much lower than traditional IC materials such as YSZ or GDC.  This means 

that IC materials must be infiltrated into the MIEC scaffold to transport oxygen to the 

electrolyte.  Unfortunately this reduces the MIEC surface area available for oxygen 

exchange.  

2.4.3 Ionic Conducting Scaffolds 

 Cathodes IC scaffolds are typically made by screen printing an ionic conducting 

layer onto an ionic conducting electrolyte and firing the cell to form a porous IC 

electrode [5, 61].  An electronic conducting (such as La0.6Sr0.4MnO3-δ) [76] or mixed-

conducting (such as La0.6Sr0.4Co0.8Fe0.2O3-δ or Sm0.5Sr0.5CoO3-δ) [5, 61] material are then 

typically infiltrated into the ionic conducting scaffold structure.  The advantage of 

infiltrating an MIEC into an IC scaffold is that the oxygen incorporation reaction into the 

lattice structure is spread over the entire MIEC surface and not just limited to the triple 

phase boundary [7].  Another advantage to using an ionic conducting scaffold is that 

there is no thermal expansion mismatch between the scaffold and electrolyte (assuming 
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the same IC material is used for both) [28].  Hence MIEC infiltrated IC scaffolds were 

examined in this these.  

2.5 Models Identifying the Parameters Controlling Nano-Micro-
Composite Cathode Performance 

 Since oxygen surface exchange into the cathode typically limits overall 

performance [5, 77], being able to reduce infiltrate oxide nano-particle size is very 

important to ultimately achieve lower RP values at lower operating temperatures.  In 

addition, being able to model the impact that different parameters (such as Rs values, 

infiltrate nano-particle size, the scaffold ionic conductivity, the cathode thickness, the 

cathode porosity, etc.) have on cathode performance is also important.  Two of the most 

widely used MIEC on IC NMCC performance models in the literature are the Surface 

Resistance (SR) model [5, 7, 61], and Simple Infiltration Microstructure Polarization 

Loss Estimation (SIMPLE) model, [5, 7, 61, 78].  Both models quantify the performance 

increases possible by varying infiltrated nano-particle size and infiltrate MIEC Rs values, 

but the SIMPLE model also partially accounts for IC scaffold effects.   

2.5.1 The Surface Resistance Model 

The Surface Resistance (SR) model predicts the SOFC cathode performance using 

the equation: 

          
Inf

Gs

P
A

AR
R                                                              [1] 

 

where RP is the polarization resistance of the cathode, Rs is the intrinsic MIEC oxygen 

surface exchange resistance, AG is the geometric area(i.e. footprint) of the cathode, and 

AInf is the surface area of the MIEC infiltrate particles [7].  The SR model ignores any 
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resistance caused by the ionic conducting scaffold, assuming instead that the RP is just 

linearly related to the MIEC Rs and the MIEC surface area in a specific unit of cathode.  

Oftentimes this is a good assumption because: 1) the RS for oxygen incorporation into the 

IC scaffold is typically much higher than the RS of the MIEC material (meaning that 

oxygen exchange directly into the IC scaffold is limited), and 2) the resistance associated 

with bulk transport through the IC scaffold is typically low.  That said, as the operating 

temperature increases, the SR model deviates more from the experimental results because 

the IC ionic transport resistance starts to become a larger contributor to the RP value.  

Due to the fact that only the oxygen surface resistance is accounted for, literature studies 

have shown that this model is typically not as effective as the SIMPLE Model at 

accurately predicting cathode performance values [7]. 

2.5.2 The Simple Infiltration Microstructure Polarization Loss Estimation 
Model 

The SIMPLE model takes into account both the surface resistance of oxygen 

incorporation into the MIEC lattice and the bulk resistance of oxygen transport to the 

electrolyte material.  The SIMPLE Model is also “simple” in that it is an analytical 

expression that can be evaluated quickly (in contrast to the more rigorous finite element 

modeling methods), and can typically predict the RP values of cathodes made from 

today’s best performing materials to within 33% of experimentally measured values [7]. 

Figure 2.7 [7] depicts the approximated SOFC NMCC microstructure geometry 

used to predict the overall RP value of NMCCs using the SIMPLE model.  The actual  
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microstructure of a NMCC is complex, but here it is modeled as a symmetrical NMCC 

with repeating unit cell columns. Symmetrical cells are NMCCs that have both scaffold 

microstructures fabricated as if they were cathodes on each side of a mechanically-

supporting electrolyte.  The benefit of experimentally testing symmetrical cells, instead 

of a whole SOFC, is that the individual open-circuit electrode performance values, such 

as each cathode, can be obtained by dividing the total measured electrode response by 2.  

In the SIMPLE model, the cathode thickness is L, the column within the unit cell is w, the 

unit cell width is r, and the electrolyte thickness is d, as labeled in Figure 2.7.  The 

SIMPLE mode assumes that the surface of each IC column is heavily coated with an 

MIEC electrocatalyst infiltrate which has an Rs value associated with the MIEC 

material’s ability to incorporate oxygen into its lattice structure.  Having the MIEC 

heavily infiltrated onto the surface of the electrode also promotes electronic contact 

within the current collector, helping ensure that all the MIEC particles are 

electrochemically active.  This, coupled with the high electronic conductivity of the 

MIEC infiltrate and the low current (i.e. open-circuit) conditions, also place each 

infiltrate particle surface (i.e. every MIEC-gas interface) at the same electrochemical 

Figure 2.7: SOFC SIMPLE Model Approximated Geometry.  

SIMPLE model approximated geometry is for a symmetrical cell 

that contains two cathodes in this example [7]. 
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potential.  The SIMPLE model is derived from the Tanner, Fung, and Virkar (TFV) 

model for Micro-Composite Cathodes.  The difference is that the SIMPLE mode 

correctly accounts for the surface area ratio between the MIEC and the IC; which is close 

to 1, and can therefore be ignored in a nano-composite cathode but often greater than 2 in 

a NMCC.  The SIMPLE model does this by mathematically spreading the Rs value across 

the entire IC scaffold [33].  By using microstructural parameters from Figure 2.7 (such as 

cathode thickness, MIEC infiltrate nano-particle size, IC scaffold ionic conductivity, 

etc.), and intrinsic material properties (MIEC infiltrate Rs and IC scaffold ionic 

conductivity), the SIMPLE model provides an estimate of the NMCC Rp value using the 

equation: 
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Rs is the effective oxygen surface exchange resistance, ASc is the surface area of the IC 

scaffold, AInf is the surface area of the infiltrated MIEC material, r is the repeat unit 
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thickness, h is the height of the repeating unit cell, σo2- is the IC scaffold oxygen 

conductivity, and p is the non-infiltrated scaffold porosity.  The SIMPLE Model has been 

compared to experimental data from NMCCs with varying MIEC infiltrate loading levels 

[7, 8], cathode thicknesses [7] and MIEC materials [5].  In all cases the results to date 

indicate that the SIMPLE Model is capable of accurately predicting RP values for the 

NMCC microstructures and materials combinations used today to within an order of 

magnitude.  A complete derivation of the SIMPLE model is included in Appendix 1 of 

this thesis. 

 As shown in Equations 1-4, both the SR limit and the SIMPLE model indicate 

that the cathode RP drops (i.e. cathode performance increases) as the MIEC surface area 

(Ainf) increases and the Rs value decreases.  Unfortunately, as discussed in the next 

section, experimental methods to increase Ainf by reducing MIEC nano-particle size and 

precisely determined infiltrated Rs values are presently lacking in the literature. 

2.6 Infiltrate Particle Size is Difficult to Control According to the 
Literature 

Figure 2.8 shows nano-particle sizes for a number of literature studies using SSC, 

LSCF, and LSFC [5, 7-9, 30].  Each set of literature studies for a given material was 

processed in exactly the same manner, yet reported a large range in average nano-particle 

size.  The SSC nano-particles were produced using a 10°C/min firing ramp rate, an 

800°C firing temperature, a 1 hr hold time at 800°C, a 12.0 vol% MIEC loading level, 

and a 0.5 molar precursor solution.  The LSCF and LSFC nano-particles were produced 

using a 5°C/min firing ramp rate, an 800°C firing temperature, a 1-2 hr hold time at 

800°C, a 12.0 vol% MIEC loading level, and a ~0.5 molar precursor solution.  The 
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different literature studies also used different solution additives such as Triton X, Citric 

Acid, or a lack of solution additives (i.e. Pure Nitrate).   As shown in Figure 2.8, there 

appears to be a lack of control in infiltrated nano-particle size for particles 40 nm and 

larger, and an inability to produce MIEC infiltrate particles with average sizes less than 

40 nm, which may be partly the result of different solution additives used in the literature 

studies.  That being said, some studies have reported MIEC particle sizes less than 15 nm 

[79, 80], but the process variables necessary to achieve this have not been clearly 

identified or understood. 

 

Figure 2.8: Infiltrated MIEC Nano-Particle Size for SSC, LSCF, and LSFC.  Colors indicate which 

solution additives were used in each literature study for easy comparison [5], [7-9], [30]. 

The following sections will discuss in greater detail the different fabrication 

techniques used in the literature to reduce MIEC infiltrate particle size and improve 

performance. 

2.6.1 Fabrication Techniques that Reduce Particle Size 

The addition of an additive to the precursor solution has been shown in literature 

to reduce infiltrate particle size and improve performance.  Solution additives 

(Surfactants, Chelating agent, etc.) are typically used to prevent the precipitation of 
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individual nitrate cations from the precursor solution [5, 7].   However, Nicholas et al. [5] 

have shown SSC nano-particle size also is reduced when using Triton X-100 as compared 

to not using a solution additive.  Nicholas et al. [5] have also shown that not all solution 

additives reduce nano-particle size.  For example, SSC made with Citric Acid had similar 

nano-particle size when compared to not using a solution additive.  The mechanism 

behind these nano-particle size reductions using solution additives may be described by 

the synthesis method Evaporation-Induced Self-Assembly (EISA).  The EISA synthesis 

method has been documented in multiple literature studies and has been shown to result 

in the reduction of nano-particle sizes [81-86].  EISA was initially used to create micro 

and meso-porous silica nano-particles which were ordered [87]. The EISA method takes 

advantage of the fact that solution additives generate templates (such as micelles for 

surfactants) as the solution there are in becomes evaporated [88].  Thermal 

decomposition is then used to remove the additive template and to form continuous nano-

oxide particles with a high level of porosity [89]. 

  Alternatively, increasing the heating rate of the thermal decomposition of the 

precursor solutions has been shown in literature [1] to decrease the average size of MIEC 

oxide particles formed.  Zhao et al. [1] also showed that the performance of their SOFC 

cells increased as a result of reduced infiltrate nano-particle size as a result of the 

increased heating rate. 

 Overall, the connection between solution additives, the water content in the gelled 

precursor solutions, and infiltrate MIEC nano-particle oxide sizes suggested by the 

literature [79, 80] matches other studies using different material compositions 

demonstrating that 1) the EISA method with organic solution additives is capable of 
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controlling the nano-particle size, geometry, and template arrangement produced from 

thermally decomposition gels [85, 89], and 2) that the water content in precursor gels can 

have a large effect on the oxide nano-particle size resulting from this process [84, 90]. 

2.6.2 Fabrication Techniques that Have No Impact on Particle Size Reduction 

 The amount of MIEC precursor solution infiltrated into a porous IC scaffold can 

easily be adjusted by increasing or decreasing the volume of each infiltration.  Literature 

studies have shown that increasing or decreasing the volume of MIEC precursor solution 

has little to no effect on the average MIEC infiltrate particle size and the resulting 

cathode performance [5, 7].  The molarity of the MIEC precursor solution infiltrated into 

the porous IC scaffold can also be changed by increasing or decreasing the amount of 

water used in the solution.  Literature studies have also shown that the precursor solution 

molarity has little to no effect on the average MIEC oxide nano-particle size and the 

resulting cathode performance [5]. 

Therefore, the first objective of this thesis is to investigate how and why several 

processing variables can be used to reduce MIEC infiltrate particle sizes.  The second 

objective of this thesis is to obtain MIEC infiltrate Rs values for the first time.  As 

background, the next part of Chapter 2 will discuss common approaches used to measure 

Rs values for different infiltrate MIEC materials. 

2.7 Literature Oxygen Surface Exchange Resistance Measurement 
Techniques 

As discussed at the end of Section 2.5.2, measuring the Rs values for various 

MIEC materials is crucial for gauging whether a material will be a good choice when 

used in NMCCs.  A smaller Rs value indicates that the material has a lower resistance for 



26 

 

exchanging oxygen into its lattice structure and would therefore lower overall SOFC 

resistance and/or SOFC operating temperatures if it were employed in a NMCC. The 

following measurement techniques are typically used to determine Rs values found in the 

literature: 1) thin film EIS measurements, 2) Rs conversions from ko measurements, and 

3) Rs conversions from kchem measurements.  Rs values determined through these three 

techniques can then be input into the active models such as the SR and SIMPLE models 

to predict NMCC performance. 

2.7.1 Oxygen Surface Exchange Resistance from Thin Film Electrochemical 
Impedance Spectroscopy 

The Rs value is often measured in literature using the EIS characterization 

technique [47, 54].  In this method a thin film (described in Section 2.1.3) of a MIEC 

material is typically deposited onto a substrate (such as YSZ or GDC), and an AC signal 

is passed through the thin film at various frequencies (typically between 10
5
 and 10

-1
 Hz).  

This process is repeated over a wide range of temperatures to understand how the Rs 

value of each MIEC material varies as a function of temperature.  Rs values are typically 

extracted from electrochemical impedance spectroscopy using Nyquist plots produced by 

plotting the real (x-axis) and imaginary (y-axis) components of each frequency 

impedance data point.  As shown in Figure 2.9, multiple arcs may be present in an 

impedance spectra, but once the arc related to MIEC oxygen surface exchange is 

identified, the distance between the two x-axis intercepts multiplied by the electrode area 

can be used to extract the Rs value [47].  
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Figure 2.9: SOFC LSCF Rs Measurement using Electrochemical Impedance Spectroscopy.  The 

Electrochemical Impedance plot is depicted as a  Nyquist plot in this example [47]. 

 

Oftentimes, identification and fitting of the AC arc corresponding to oxygen surface 

exchange is facilitated by equivalent circuit modeling [59, 91-94].  Figure 2.10 [59, 91-

94] shows an equivalent circuit commonly used in the literature to describe the physical 

processes involved in a NMCC.  Figure 2.10 shows three resistive processes: 1) 

resistance through the bulk (Rb), 2) resistance through an interfacial layer between the 

MIEC and the IC scaffold (Ri), and 3) the oxygen surface exchange resistance in the 

MIEC material (Rs).  Because they occur across interfaces the Ri and Rs processes also 

have capacitance values.  Each process is assumed to be independent of each other, which 

is why the Rb, Ri, and Rs RC elements are shown in series in Figure 2.10. 
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Figure 2.10: Typical Nano-Micro-Composite Cathode Equivalent Circuit Model.  This example depicts 

three resistive processes in series, where two resistive processes have capacitance elements [59], [91-94] 

 

The equivalent circuit has been used to determine Rs values in Figure 2.10 [59, 

91-94] and can be depicted mathematically described by: 
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where Z is the total calculated impedance (“AC resistance”), Rb is the resistance for the 

electrolyte, Ri is the resistance for either the ionic bulk transport through the IC scaffold 

or the interfacial resistance between the IC scaffold and the MIEC lattice, Rs is the 

resistance for oxygen surface exchange into the MIEC lattice structure, Ci is the 

capacitance for the ionic bulk transport through the IC scaffold or the interfacial 

capacitance between the IC scaffold and the MIEC lattice, Cchem is capacitance for the 

oxygen surface exchange into the MIEC lattice structure, ω is the frequency, and j is the 

imaginary component of the equation.  Fitting the equivalent circuit model to 

experimentally determined EIS results allows for the different resistance values to be 

determined.  In the literature, fitting the equivalent circuit is typically accomplished by 
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adjusting the Rb, Ri, and Rs values (and the capacitance values too) in Equation 5 so the 

resulting impedance arcs match the experimental data. 

2.7.3 Oxygen Surface Resistance from Chemical Rate Constant Measurements 

 Rs values can be converted from chemical rate constant values, (ko or kchem) found 

in the literature.  The difference between ko and kchem is that ko is only dependent on the 

diffusion of oxygen vacancy species through the material, while kchem is dependent on the 

combined ambipolar diffusion of oxygen vacancies and electrons through the material.  

The relationship between Rs and ko is described as: 

 

                                                            𝑅𝑠 =
𝑘𝑏𝑇

4𝑒2𝑘𝑜𝐶𝑜
                                                        [6] 

 

where kb is the Boltzmann constant, T is temperature (K), e is the elementary charge, Co 

is the concentration of oxygen in the MIEC lattice structure, and ko is the chemical rate 

constant through the bulk [10].  If the kchem value is provided in literature, then ko can be 

determined from kchem and Rs can be determined using Equation 5.  The relationship 

between kchem and ko is described as: 

 

𝑘𝑐ℎ𝑒𝑚 = 𝑘𝑜𝛾                                                       [7] 

 

where γ is the thermodynamic factor (which is determined by dividing the derivative of 

the natural log oxygen partial pressure of the equilibrium gas by the derivative of the 

natural log of the oxide concentration in the MIEC material) [95]. 
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Figure 2.11 shows the literature-reported concentration of oxygen in the MIEC 

lattice structure [50, 54, 95-98] as a function of temperature for the MIEC materials LSF, 

LSFC, LSCF, LSC, SSC and BSCF.  All these materials increase the amount of oxygen 

in the MIEC lattice structure as the temperature increases except for SSC, which stays 

constant.  (The fact that SSC has constant oxygen concentrations with respect to 

temperature may indicate that this material is operating in the extrinsic regime).  Figure 

2.11 also shows the thermodynamic factor, γ, for the different cathode MIEC materials as 

a function of temperature [48, 95, 97-99].  These Co and γ values were all used in 

Equations 6 and 7 to calculate Rs from kchem, and ko.   

 
Figure 2.11: Oxygen Concentration and Thermodynamic Factor Values for LSF, LSFC, LSCF, LSC, 

SSC and BSCF in Air Reported in Literature Studies.  The oxygen concentration values [50], [54], [95-

98] are shown on the left and the thermodynamic factor values are shown on the right [48], [95], [97-99]. 

Due to literature sources typically only reporting kchem or ko values, Co and γ 

values from multiple literature studies were used to convert kchem or ko values into Rs 

values. This may not be completely legitimate since differences in sample preparation, 

surface structure, grain size, stress state, etc. could lead to different k, Co and γ values 

between samples with the same composition.  The uncertainty introduced by the need to 
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mix study results produces an additional incentive to directly measure the Rs values of 

MIEC infiltrate particles. 

  Figure 2.12 shows both kchem and ko values for some typical MIEC materials 

found in literature [48-51, 54, 95-102].  These values were determined from EIS 

 

Figure 2.12:  kchem and ko Values Reported in Literature for the Cathode MIEC Materials LSF, LSFC, 

LSCF, LSC, SSC, and BSCF.  Literature study authors are listed in the legend [48-51], [54],[95-102]. 
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measurements or were converted using Equations 6 and/or 7.  The values shown in 

Figure 2.12 vary in magnitude between reports within a single material, for unknown 

reasons, which also promotes large variations in the Rs value.   

2.8 Large Uncertainties Exist in the Rs Value of Even the Most Common 
Mixed Ionic Electronic Conducting Materials 

Figure 2.13 shows Rs values for several common MIEC materials (with a lower Rs 

value promoting more oxygen incorporation) [10, 48-51, 54, 95-97, 99-102].  The values 

shown in Figure 2.13 were determined using: 1) EIS, 2) Rs conversion from ko values, or 

3) Rs conversion from kchem values.  As shown in Figure 2.13, some MIEC materials have 

reported Rs values that range by as much as 3 orders in magnitude.  This inconsistency in 

Rs values within the same material composition demonstrates the need to understand 

where infiltrated MIEC Rs values lie in comparison to the bulk and thin film Rs literature 

values in Figure 2.13.  Rs values determined from EIS measurements were from Baumann 

(LSF, LSFC, LSCF, LSC, SSC, and BSCF), Niu (LSF), Egger (LSC), and Xiong (LSCF).  

Rs values converted from kchem or ko values were from Yang (LSF), G.J. La O’ (LSF), ten 

Elshof (LSF), Dalslet (LSFC), Steele (LSFC), Simrick (LSFC), Yeh (SSC), Girdauskaite 

(BSCF), Burriel (BSCF), and Bucher (BSCF) 
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Figure 2.13:  Rs, Values Reported in Literature for Cathode MIEC Materials LSF, LSFC, LSCF, LSC, 

SSC, and BSCF. Literature study authors are listed in the legend[10], [48-51], [54], [95-97], [99-102]. 

 

2.9 Summary 

 In summary, previous literature studies have shown that SOFCs have had their 

performance improved through the use of NMCCs.  Cathode, electrolyte and anode 

supported SOFCs are have been used previously in literature.  The NMCC itself can also 

use different combinations of ionic conducting, electronic conducting, or mixed-

conducting scaffolds and infiltrate materials.  Despite the performance advances in 

SOFCs made possible through the use of NMCCs, there exist two knowledge gaps that 

previous literature studies have not adequately addressed: 1) controlling NMCC infiltrate 

MIEC nano-particle size, and 2) accurately determining the Rs values for MIEC infiltrate 

materials.  The first knowledge gap (lack of infiltrate particle size control) needs to be 

filled to increase cathode performance at operating lower temperatures.  The second 
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knowledge gap (accurate determination of infiltrate MIEC Rs values) need to be filled to 

improve cathode performance at lower operating temperatures, and provide the scientific 

community useful knowledge which MIEC material is the best to use.  
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CHAPTER 3: Experimental Methods 

3.1 Symmetrical Cathode Fabrication Processes 

 Since SOFC electrode performance and not entire SOFC performance was the 

objective of this thesis, for the reasons described in Section 2.2, electrolyte supported 

cells were used here to explore the impact of processing conditions on NMCC 

performance and infiltrate particle size.  Although specific sample fabrication details can 

be found in later chapters, this section provides an overview of the NMCC fabrication 

process. 

3.1.1 Cathode-Electrolyte-Cathode Symmetric Cell Production 

Dense SOFC electrolytes can be fabricated through a number of approaches 

including dry pressing and firing [103, 104], chemical vapor deposition [105, 106], 

electrochemical vapor deposition [107, 108], spray pyrolysis [109, 110], pulsed laser 

deposition [111, 112], 6) sputtering [113, 114], etc.  Here, electrolyte-supported cells 

were prepared first by pressing GDC powder in a steel die using a uniaxial press, shown 

in Figure 3.1 [115], to form a porous cylindrical pellet.  The resulting porous pellet was 

sintered at temperatures close to 1450°C and then cooled to room temperature to produce 

pellets with relative densities >95%.  Lastly, the top and bottom of these cylindrical 

pellets were sanded flat and parallel, first using 240 grit SiC sandpaper and then 600 grit 

SiC to obtain final thickness values ranging from 430 to 480 µm, which promotes a 

uniform electrode thickness. 
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3.1.2 Cathode Fabrication 

 The cathode scaffold was fabricated using the screen printing technique.  Porous 

well-necked GDC IC scaffolds were produced on both sides of the electrolyte cell.  To 

achieve this, GDC powder was coarsened prior to being mixed with an electronic vehicle 

to form a GDC ink.  Three layers of GDC ink were then screen printed, using a screen 

printer shown in Figure 3.2 [116], onto each side of the dense GDC pellet.  Before the 

next ink layer was applied, each ink layer was allowed to flow across the pellet surface, 

and then was placed in a bake oven to extract the electronic vehicle solvent and increase 

the green strength (i.e. mechanical strength prior to sintering).  After screen printing, the 

samples were then sintered and cooled to room temperature.  Sintered IC scaffold 

thickness and roughness measurements were made with a profilometer. 

Figure 3.1: Uniaxial Press Device. Uniaxial press 

used to produce green strength electrolyte samples 

[115]. 
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Figure 3.2: Screen Printer Device.  The screen printer is used to fabricate the porous cathode 

microstructure [116]. 

. 

3.1.3 Mixed Ionic and Electronic Conducting Precursor Solution Fabrication 
and Cathode Infiltration 

 MIEC lanthanum strontium cobalt iron oxide (La0.6Sr0.4Co0.8Fe0.2O3-x, LSCF) 

metal nitrate precursor solutions were prepared by dissolving lanthanum nitrate, 

strontium nitrate, cobalt nitrate and iron nitrate in distilled water, with or without a 

solution additive (such as Triton X-100 or Citric Acid).  These LSCF precursor solutions 

were infiltrated into symmetrical cells fabricated using both the desiccation and pre-

infiltration techniques (mentioned in Section 2.6.3).  GDC precursor solutions, used in 

the pre-infiltration technique, were prepared by dissolving gadolinium nitrate and cerium 

nitrate.  GDC precursor solutions were only used with the pre-infiltration technique.  

After being infiltrated these solution were allowed to soak into the scaffold for 5 

minutes and gelled at 80°C in a drying oven for 10 minutes.  Desiccated cells were then 

sealed inside a desiccator with chemical desiccant, and then thermally decomposed after 
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being desiccated.  The two step infiltrate-gel-fire technique omits the desiccation step, 

and thermally decomposes the precursor solutions after being infiltrated and dried in the 

oven at 80°C. 

3.1.4 Mixed Ionic and Electronic Conducting Oxide Phase Purity Analysis 

 After the MIEC precursor solution was thermally decomposed, the phase purity of 

the resulting MIEC oxide powder was characterized using XRD.  Precursor solutions 

were placed onto an alumina slide, gelled and then thermally decomposed.  The resulting 

oxide powder was placed onto a low X-ray background fused silica slide and 

characterized using XRD to determine the resulting oxide powder phase purity. 

 The purpose of analyzing the LSCF oxide powder outside the scaffold was that 

XRD characterization of the LSCF powder inside the GDC scaffold was much more 

difficult due to XRD peak overlap between the LSCF and GDC [117, 118].  The phase 

purity of the resulting LSCF oxide powder was assumed to be the same inside the 

scaffold as outside the scaffold, since the processing conditions were the same using both 

fabrication techniques.  A representative phase pure XRD scan for LSCF is shown in 

Figure 3.3. 

 
Figure 3.3: Representative X-ray Diffraction Data for Phase Pure LSCF Oxide Powder.                        

The PDF file was obtained from the JADE XRD computer program for LSCF. 
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3.1.5 Current Collector Application 

 After complete NMCC fabrication, current collector layers were applied to 

symmetrical cathodes by screen printing bilayer LSM – Au layers onto the surface of 

each NMCC. The LSM ink was prepared by mixing LSM powders with a polymer 

formulation to form an ink with a 34% solids loading.  A single layer of LSM ink was 

then screen printed onto each NMCC cathode, and the samples were sintered and allowed 

to cool to room temperature.  Finally Au paste was screen printed in an open grid pattern 

across the surface of each LSM current collector. 

3.2 Characterization Techniques 

3.2.1 Electrochemical Impedance Spectroscopy 

Here, EIS measurements were used to measure cathode performance (i.e. cathode 

RP) at open circuit as a function of temperature using the setup schematic shown in 

Figure 3.4 [10].  EIS measurements were evaluated in both air, 20%O2-80%He, and 

20%O2-80%N2.  EIS measurements using the two-point technique were taken every 50°C 

between 400°C and 700
o
C.  An unbiased AC signal, at frequencies typically between 1 

MHz and 0.1 Hz [1, 5, 61, 119], was applied to the sample to collect impedance 

measurements.  4-point EIS measurements are performed in literature, but were not 

performed for this thesis because lead and contact resistances for the EIS measurement 

are minimal compared to the cathode RP [5, 61].  Samples were allowed to thermally 

equilibrate before each EIS measurement was collected. 
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Cathode RP values were extracted by measuring the distance between the high and low 

frequency x-axis intercepts on Nyquist plots, which had been multiplied by the geometric 

cathode area and divided by two (since each symmetric cell has two cathodes). Ohmic 

resistivity (𝜌𝑂ℎ𝑚𝑖𝑐) values for each cell were determined by combining the measured 

distance between the origin and the high frequency x-intercept on the Nyquist plot 

(𝑅𝑂ℎ𝑚𝑖𝑐), the geometric cathode area (𝐴), and the measured electrolyte thicknesses (𝑙) 

using the definition of resistance: 

𝜌𝑂ℎ𝑚𝑖𝑐 =
𝑅𝑂ℎ𝑚𝑖𝑐𝐴

𝑙
           [8] 

Figure 3.4: Nano-Micro-Composite Cathode 

Electrochemical Impedance Measurement Device.  The 

depicted measurement device uses a 2-point measurement 

technique instead of the 4-point technique [10]. 
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3.2.2 Scanning Electron Microscopy 

 Figure 3.5 [120] shows a diagram of the SEM characterization technique which 

can be used to determine whether different fabrication techniques impact nano-particle 

size.  The SEM characterization technique was also useful for evaluating the morphology 

and overall size of powders and bulk samples.  Inside a SEM electrons are generated, 

 

 Figure 3.5: Scanning Electron Microscopy Component Schematic.  The schematic depicts the Scanning 

Electron  Microscopy components from the electron producing component to the individual detectors[120]. 

focused using condenser lenses, and directed onto the sample.   These high velocity 

electrons interact with the sample and generate different signals which are: secondary 

electrons, backscatter electrons, diffracted backscatter electrons, etc. and are measured by 

various detectors.  The secondary electrons and backscatter electrons are typically used in 

literature  [1, 3, 5, 7, 9] for image processing and were used to characterize nano-particle 
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sizes and the cathode microstructure in this thesis.  The SEM characterization technique 

has been used in many different literature studies to determine MIEC and IC particle 

sizes [1, 5, 7, 61]. 

3.2.3 Solid Oxide Fuel Cell Nano-Particle Coarsening Rate 

 At the elevated temperatures at which SOFCs operate, an opportunity for MIEC 

nano-particle size growth via diffusion exists.  Further, during the thermal decomposition 

of MIEC precursor solutions the precursor oxides that form also have an opportunity to 

coarsen in order to reduce the nano-particle surface area.  Here nano-particles coarsening 

were characterized through either SEM images or through the Williamson-Hall method 

using X-ray diffraction (XRD).  Specifically, various precursor solutions were first 

thermally decomposed at the same starting conditions (such as molarity, solution 

composition, solution infiltration volume, heating rate, dwell time, etc.), and the resulting 

oxide powders were characterized to determine the average particle size using SEM or 

the XRD Williamson-Hall method.  After being characterized, the same oxide powders 

were again heated at an elevated temperature, cooled and characterized (using SEM or 

XRD Williamson-Hall) a second time to determine how much the average oxide particle 

size increased (if at all). 

3.2.4 X-ray Diffraction 

 The XRD characterization technique was used to identify the crystal structure of 

the different powders.  In this technique, X-rays are generated from a metal target by 

hitting the target with electrons generated from a sealed tungsten filament, shown in 

Figure 3.6 [121].  When the electrons hit the target they eject electrons from the target K 

or L shells, which are then filled by electrons in the shell above the lost electron (L or M 
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shells, respectively).  The process of transferring electrons from an upper shell to a lower 

shell releases energy in the form of an X-ray.  The most common X-rays are the Kalpha 

(from the K shell) and Kbeta (from the L shell).  X-rays are generated in all directions 

 

Figure 3.6: X-ray Diffraction Component Schematic.  Components depict filtered x-rays impacting 

sample crystal [121]. 

 

around the target, but a filter is applied in the direction of the sample to generate a 

monochromatic, or nearly monochromatic, X-ray beam. The X-ray beam hits the crystal 

or powder sample and diffracts, according to Bragg’s Law: 

 

𝑛 ∗ 𝜆 = 2 ∗ 𝑑 ∗ 𝑠𝑖𝑛𝜃                                                    [9] 

 

where n is an integer, λ is the X-ray wavelength (nm), d is the lattice plane spacing (nm), 

and θ is the angle between the incident and scattered X-rays off the crystal or powder 

sample, before being measured in an X-ray detector. 

3.2.5 Williamson-Hall Particle Size Determination from X-ray Diffraction 

 Nano-particle size characterization was not simply limited to the SEM 

characterization technique.  Infiltrated MIEC oxide nano-particle sizes were calculated 

via the Williamson-Hall method [122] for powders fabricated inside and outside a porous 
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IC scaffold.  The Williamson-Hall method was applied to XRD spectrum taken of the 

MIEC powder, assuming that peak broadening was caused by the instrument, particle 

size, and nano-particle strain.  The full-width half-max (FWHM) values for at least two 

peaks were utilized to obtain average particle size and strain.  These XRD peak were 

carefully selected so only peaks corresponding to a single miller index are used; (i.e. in 

order to prevent peak broadening caused by additional diffraction from additional lattice 

planes).  Peak broadening contributions for the instrument were removed by: 1) 

measuring the peak breadth (β) (breadth of each peak was calculated using the FWHM 

values measured with the JADE computer program) for a number of particle sizes, and 2) 

subtracting the instrument β value from the total β value.  The y-axis linear intercept 

value from the plot of β*Cos(θ) vs 4*Sin(θ) was then used to calculate the infiltrate 

MIEC nano-particle size, using the following equation: 

𝐾 ∗ 𝜆

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡
= 𝐷                                                                  [10] 

 

where D is the average infiltrate MIEC nano-particle size (nm), K is shape factor (typical 

value of 0.9) and λ is the X-ray wavelength (0.154 nm for Cu Kα X-rays).  The particle 

strain was determined directly from the slope of the linear trend line determined from 

βCos(θ) vs 4Sin(θ). 

3.2.6 ThermoGravimetric Analysis 

 The ThermoGravimetric Analysis (TGA) technique was also used to elucidate 

precursor solution decomposition processes.  A TGA device, such as that shown in 

Figure 3.7 [123], was used to measure mass changes during sample heating for a small 

sample (usually between 25 and 50 mg) placed inside a platinum or alumina pan.  As the 
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sample was heated, decomposition products were released until only oxide powder 

remained, with the mass loss caused by sample decomposition measured by the TGA.  

Here, experiments were conducted in flowing nitrogen to determine the waters of 

hydration for each nitrate, and in air for precursor solution decomposition measurements.    

 

 Figure 3.7: Thermo-Gravimetric Analysis Schematic.  The depicted Thermo-Gravimetric Analysis uses a 

hanging scale to measure mass changes. [123]. 

3.2.7 Profilometry 

 Characterization of the cathode thickness was necessary to accurately determine 

the precursor solution volumes required for infiltration [33].  The profilometry 

characterization technique, shown in Figure 3.8 [124], allows for careful measurement of 

both the cathode thickness and surface roughness.  The profilometer used a needle that 

was lowered and moved across the surface of the cathode.  The needle was attached to a 

spring and as the needle was raised and lowered, due to height changes in the cathode, 

and the profilometer calculates cathode thickness values according to Hooke’s Law. 
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Figure 3.8: Profilometer Schematic.  The zoomed image of the stylus tip shows the difference in the 

measured and original surface profile. [124]. 

3.2.8 Focused Ion Beam-Scanning Electron Microscopy 2D Serial Sectioning 

NMCC microstructure 2D serial sectioning was performed using Focused Ion 

Beam-Scanning Electron Microscopy (FIB-SEM).  The 2D microstructural images were 

obtained using a scanning electron microscope (Auriga Dual Column Focused Ion Beam-

Scanning Electron Microscope) operated with an electron beam voltage of 20 kV, an 120 

um aperture, a 40 second scan speed, a 5.0 mm working distance, and a 10,000x 

magnification.  The FIB-SEM x-y spatial resolution was 1 nm and the z spacing between 

each 2D section was 20 nm [125].  The FIB was operated with a beam voltage of 2 kV 

and a 5.0 mm working distance.  The FIB beam current used to initially clear around the 

desired target image area was 16 nA, while the beam current used to collect 2D serial 

section images was reduced to 4 nA.  The reduction in beam current allowed for more 
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detailed image to be obtained for image processing.  A detailed outline of FIB-SEM 

sample preparation and analysis technique is presented in Appendix 2. 

 

3.3 Finite Element Modeling of Cathode Microstructure and 
Performance 

3.3.1 Motivation for Using Finite Element Modeling 

 In addition to experimentally determined EIS measured and SIMPLE Model 

predicted RP measurements, Finite Element Modeling (FEM) was used to predict RP 

values on imported cathode 3D microstructures taken from FIB-SEM images.  Here, the 

Rs values used in FEM RP calculations were adjusted until the FEM RP value matched the 

EIS measured RP values.  In this manner, MIEC infiltrate Rs values were obtained for the 

first time. Determination of Rs values from FIB-SEM images is not a common technique 

found in the literature because sample preparation is a lengthy process, and construction 

of 3D models used in the FEM calculations are not a trivial task. 

Since only Rs values for thin film microstructures and bulk samples currently exist 

as a guide to select which MIEC cathode materials provided improved performance FEM 

allows for a much more accurate determination of infiltrated MIEC Rs values in NMCCs. 

The assumptions used to determine Rs from RP via FEM were that the 1) gas-

phase concentration polarization resistance was minimal, 2) the interfacial resistances 

were minimal, 3) the electronic resistance losses in the oxygen surface exchange layer 

were minimal, and 4) the ionic conductivity in the MIEC infiltrate was minimal due to 

the layer being 50 nm or less in thickness.  These assumptions were valid for the 

following reasons.  First, post-infiltration porosity measurements for all cells in this thesis 

were 20 vol% or greater (Post-infiltration porosity measurements were determined by 
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subtracting infiltration volume % values from FIB-SEM porosity measurements on non-

infiltrated cathode microstructures [33]).  The fact that volume %’s greater than 18% are 

typically sufficient for percolation [7] suggests that the pore network in the reconstructed 

cathodes was percolated (and therefore gas-phase concentration polarization resistance 

was low).  In addition, experimental tests performed in 20%O2-80%He and 20%O2-

80%N2 have shown similar RP results in air, which also indicates that gas-phase 

concentration polarization resistance is low [126].  Second, XRD scans taken on NMCCs 

only detect impurity phase fractions which are greater than 5% of the main peak, which 

indicates that any possible interfacial resistance from these oxide phases would be 

minimal.  Literature studies have shown phase pure LSCF and GDC to be free of reaction 

products [5].  Third, electronic resistance losses were minimal because infiltrated MIEC 

nano-particles in the cathode microstructure have been shown to be interconnected at 

infiltration loading levels of 12 vol%, which was the case for all experimentally 

determined results in this thesis [5].  EIS ohmic offset NMCC values also indicate an 

absence of electronic losses in the open-circuit RP measurements taken here.  Fourth, the 

characteristic thickness (ratio of the diffusion coefficient to the oxygen surface exchange 

coefficient) of LSCF has been measured to be greater than ~100 μm [51], indicating that 

the 50 nm or smaller infiltrate particles here were electrochemically active over their 

entire surface and their performance was dominated by their surface resistance. 

3.3.2 Finite Element Modeling Performance Calculation Overview 

 FEM open-circuit RP modeling work was performed using the same set of 

microstructurally independent assumptions covered in Appendix 1 up to Equation A1.1.  

Like the SIMPLE model, this FEM open-circuit RP modeling did not require the use of 
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the Buttler-Volmer equation to solve the current density flux across the electrolyte 

because both models predict open circuit RP values.  As done previously in the literature 

[127], the first step in deriving the FEM open-circuit potential was to assume that 

diffusion-limited oxygen vacancy flux density through the IC scaffold was controlled by 

dilute thermodynamics and therefore amenable to modeling via the Nernst-Planck 

equation: 

 

∑ 𝐽𝑖 = ∑𝑖 − 𝑧𝑖𝜇𝑖𝐹𝑐𝑖𝜑 − 𝐷𝑖𝑐𝑖 + 𝑐𝑖𝜈                           [11] 

 

where J is the atomic flux, ∑i is the sum of all the species charge carrier, z is the charge, μ 

is the mobility, F is the Faraday constant, φ is the electrical potential, D is the diffusivity 

of species, c is the concentration, ν is the convective velocity, is i was the index number.   

The Nernst-Planck equation was then simplified by first assuming that the IC scaffold in 

the electrode and electrolyte had a constant composition (a common assumption used in 

the SOFC modeling community [33]). This assumption was reasonable because: 1) the 

current densities seen in SOFC cathodes near operation are relatively low, and 2) the 

oxygen partial pressure inside the cathode pore was constant (which leads to low 

concentration polarization).  This first assumption allowed the second term of the Nernst-

Planck equation to be removed and reduced the equation to the following form:   

 

                                               ∑ 𝐽𝑖 = ∑𝑖 − 𝑧𝑖𝜇𝑖𝐹𝑐𝑖𝜑 + 𝑐𝑖𝜈                                         [12] 
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The second assumption was that no convection in the cathode or electrolyte materials 

existed.  This was a reasonable assumption since the MIEC material, cathode 

microstructure, and electrolyte had been made of solid oxide materials which would lack 

convection.  This assumption allowed the third term in the Nernst-Planck equation to be 

removed and reduced the equation to the following form: 

 

                                                    ∑ 𝐽𝑖 = ∑𝑖 − 𝑧𝑖𝜇𝑖𝐹𝑐𝑖𝜑                                              [13] 

 

Using these assumptions and the fact that GDC was a pure ionic conducting material (at 

least in air) [128] allowed the atomic flux in the IC material to be reduced to the 

following form:  

 

𝐽 = −2𝜇𝑉𝑜..𝐹𝑐𝑣𝑜..𝜑                                                 [14] 

 

where z was replaced with 2 because each oxygen ion has a 2
+
 oxidation state, the 

mobility was the mobility of oxygen vacancies (𝜇𝑉𝑜..), F was Faradays constant, and the 

concentration was the oxygen vacancy concentration (𝑐𝑣𝑜.. ).  In order to solve for the 

steady state cathode RP the gradient of each side of Equation 14 was taken and the fact 

that at steady state J=0 was applied to yield Laplace’s Equation: 

 


2𝜑 = 0                                                          [15] 
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Hence in this special, open-circuit situation for a NMCC with an IC scaffold, FEM 

programs such as ABAQUS or in this case COMSOL (capable of solving Laplace’s 

equation) could be used to determine the potential distribution within the ionic 

conducting scaffold.  Since the MIEC material was limited by the oxygen exchange 

across the surface, (i.e. since they were well below the characteristic thickness there was 

no electrical potential drop across the bulk of each MIEC particle, only across its surface) 

the MIEC nano-particles were modeled as a thin surface resistance layer across the 

cathode microstructure.  The surface resistance for this MIEC layer was applied to the 

ionic conducting scaffold as a surface material property.   

The final assumption was that an extremely small interfacial resistance between 

the MIEC surface impedance layer and the IC GDC cathode microstructure existed.  This 

last assumption was realistic because Baumann et al. [47] have shown the interfacial 

resistance to be at least 2 orders of magnitude lower than the surface impedance 

resistance for MIEC-IC material combinations at SOFC operating temperatures.  The 

assumptions up to this point are shown in the Appendix 1 derivation up to Equation A1.1. 

The potential distribution, discussed in Equation A1.1, was then solved for within 

the GDC.  After the potential distribution through the GDC had been determined by using 

COMSOL to solve Equation 15, the RP value was determined by dividing the potential 

difference, V (i.e. φ in Equation A1.1), across the reconstructed volume by the total 

oxygen vacancy current density flowing through the reconstructed volume (A/I) (a 

derivation showing how 
𝜎

𝑟
∫

𝑑𝜑(𝑥,𝑦)

𝑑𝑦

𝑟

0
|𝑦=0𝑑𝑥, from Equation A1.1, can be determined from 

I/A can be found in Appendix 1, Figure A1.3) and subtracting out the ohmic resistance 

for the reconstructed electrolyte (i.e. 
𝑑

2𝜎
 in Equation A1.1).  The potential difference was 
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defined as the difference between the 1V applied to the MIEC surface impedance layer 

and the 0V applied to the bottom of the electrolyte using the equation: 

 

                                             𝑅𝑃 = (
𝜑

𝐼
∗ 𝐴) − (

𝑑

2∗𝜎𝐼𝐶
)                                                      [16] 

 

where RP is the polarization resistance, φ is the applied reference potential to the MIEC 

surface, I is the integrated current across the electrolyte, A is the electrolyte area 

integrated across to obtain the current, t is the electrolyte thickness contained in the 

reconstructed volume, and σIC is the IC of the electrolyte and scaffold materials. 

3.3.3 Focused Ion Beam-Scanning Electron Microscopy Sample Preparation 

Samples for FIB-SEM analysis were prepared first by screen printing a porous 

GDC scaffolds on top of a dense, sanded electrolyte pellets.  Samples were then epoxy 

infiltrated to improve pore-scaffold contrast in later FIB-SEM measurements.  Epoxy 

resin and hardener (EpoThin, Buehler) previously mixed in a 5:1.95 mass ratio and 

stirred for ~5 minutes, were then placed inside a chamber where a vacuum was applied to 

remove bubbles from the epoxy (the vacuum was -20 inches Hg).  While maintain the 

vacuum the epoxy was poured around the sample until the sample was submerged in 

epoxy.  The vacuum was maintained for at least 5 minutes to remove gas bubbles, and 

allowed the epoxy to soak into the scaffold pores. The vacuum was then released and the 

epoxy was allowed to harden around the sample over 12 hrs.  After the epoxy hardened 

the sample was cut to expose the scaffold surface, and was sanded using 1200 grit 

sandpaper which produced a mirror smooth surface.  The sanded sample was bonded to 

an aluminum sample holder and had ~2 nm of tungsten sputtered on its surface. 
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Figure 3.9 shows the epoxy coated sample oriented in the FIB-SEM [129].  The 

sample was placed at a 54
0
 angle so it was perpendicular with the FIB.  The FIB was used 

to remove a section of material in front of the desired observation surface and the SEM 

was aligned to image the observation surface.  After each serial section, the FIB was used 

to remove 20 nm off the observation surface (in the direction of the arrow on Figure 

A2.1) and the SEM was used to take a 2D image of the newly exposed surface, shown in 

Figure 2.10 where black areas represent pores and the grey areas are electrode scaffold 

material.  This process was repeated to create a set of 2D serial section images.          

 

Figure 3.9:  Epoxy Coated Porous GDC Scaffold on a Dense GDC Electrolyte Oriented Inside the FIB-

SEM.  The FIB is used to make serial sections in the direction of the arrow while the SEM images each 

newly exposed sample surface [129]. 
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Figure 3.10: FIB-SEM Cathode Backscatter Image used for 3D Reconstruction.  The depicted black 

areas are pores while the depicted lighter regions are scaffold material. 

3.3.4 Cathode Microstructure 3D Reconstruction 

 These 2D serial section images were then recombined using a program called 

MIMICS [130] to create a 3D reconstruction of the cathode and electrolyte 

microstructure.  A step-by-step discussion of how 3D reconstructions were created is 

shown in Appendix 2.  For the work in this thesis, 205 serial section images were 

imported into the MIMICS program, and a threshold was applied to tell MIMICS what 

grey-scale values were IC scaffold and what gray-scale values were pores.  From these 

images a 3D reconstruction was created for the cathode and electrolyte microstructures. 

 Figure 3.11 shows a 3D reconstruction created in MIMICS of the cathode and 

electrolyte, done separately.  The 3D reconstruction can be generated using an optimum, 

high, medium, or low number of triangles.  A larger number of triangles improves the 

accuracy of the final measurement but increases the calculation time required for 3D 

volume meshing and the RP calculation.  For this thesis, due to the sample size being 

large (in the millions of triangles), a medium density of triangles was used.   
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Figure 3.11: FIB-SEM 3D Reconstruction for Cathode and Electrolyte.  The electrolyte is shown on the 

left and the cathode is shown on the right.  Both parts were reconstructed in the MIMICS computer 

program separately. 

3.3.5 3D Cathode Reconstruction Volume Meshing 

 Once a 3D representation of the electrolyte and cathode was created in MIMICS, 

the cathode and electrolyte were merged together and volume meshed using the 3-Matic 

computer program before being FEM modeled with the COMSOL computer program.  

The dense electrolyte layer was added to each cathode to facilitate summation of the 

current flowing across the cathode.  Step-by-step instructions for how to merge the 3D 

reconstructions and volume mesh the entire sample are shown in Appendix 2.  Figure 

3.12 shows the volume mesh of the combined cathode and electrolyte microstructures 

produced using 3-Matic.  This volume mesh was then exported to COMSOL for 

performance calculations. 
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Figure 3.12: FIB-SEM 3D Reconstruction Volume Mesh of Cathode and Electrolyte.  The electrolyte 

and cathode reconstructions from Figure 3.11 were merged and volume meshed using the 3-Matic 

computer program. 

3.3.6 Infiltrated Solid Oxide Fuel Cell Cathode Finite Element Modeling to 
Predict Polarization Resistance 

 Figure 3.13 shows the electrochemical potential lines modeled in COMSOL using 

the 3-Matic assembled volume mesh shown in Figure 3.12.  Inside COMSOL an oxygen 

exchange surface resistance layer was applied to the surface layer of the volume mesh 

around the electrode to represent the contribution from the infiltrated MIEC oxide nano-

particles to account for the non-flat nature of the MIEC infiltrate hemisphere.  The 

boundary condition used by COMSOL for the applied surface resistance layer to the IC 

scaffold is described: 

                                                 𝒏 . 𝑱 =
1

𝑅𝑠𝑢𝑟𝑓
(𝑉 − 𝜑)                                         [17] 
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where n is the normal vector, J is the electric current density vector, Rsurf  is the surface 

resistance of the infiltrated MIEC material (defined in Equation 18), V is the potential 

through the IC GDC scaffold material, and φ is the 1V reference potential applied to the 

porous IC scaffold surface. 

The oxygen exchange surface resistance value was scaled by multiplying the 

intrinsic Rs value by the surface area ratio between the total cathode surface area and the 

infiltrated nano-particle surface area on the cathode using the equation: 

𝑅𝑠𝑢𝑟𝑓 =
𝑅𝑠𝐴𝑆𝑐

𝐴𝑖𝑛𝑓
                                                       [18] 

where Rsurf is the Rs value spread over the surface of the IC scaffold, ASc is the surface 

area of the IC scaffold, and Ainf is the surface area of the infiltrate.   The GDC 

conductivity was then assigned to the entire electrolyte and cathode IC scaffold volume 

mesh.  Finally, a 1V bias was applied to the entire cathode microstructure surface (all 

four sides and the top) and a 0V bias was applied to the bottom of the electrolyte 

microstructure surface to simulate an electrochemical potential through the 

microstructure.  Applying a potential to the edges of the microstructure is unphysical 

because in real life the edges of the reconstructed microstructure would be connected to 

other GDC particles in the next repeating unit and would not be covered by MIEC 

infiltrate.  However, in large enough reconstructions these incorrect edge polarizations 

would not be expected to significantly contribute to the overall cathode results (as 

discussed in Chapter 8, reconstructions of various sizes all yielded identical RP values, 

indicating these edge effects could be safely ignored).  The COMSOL FEM program was 
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used to solve Laplace’s equation (Equation15) to calculate the electrochemical potential 

lines shown in Figure 3.12.  The current generated from the electrochemical potential 

lines located at the 0V surface were then integrated (the I term in Equation 16) to 

determine RP values at different operating temperatures. 

 

Figure 3.13: FIB-SEM 3D Reconstruction Electrochemical Potential Gradient.  The electrochemical 

potential gradient was generated using the COMSOL computer program. 

3.4 Summary 

 In summary, various processing and characterization techniques were used to 

analyze SOFC devices and better understand the underlying processes.  The insights from 

these experimental techniques are discussed in the following chapters.  The next chapters 

evaluate the effects desiccation and nano-ceria pre-infiltration have on infiltrated MIEC 

nano-particle size, MIEC oxide phase purity, and ultimately SOFC symmetrical cell 
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performance.  In addition, different solution additives and infiltrated MIEC compositions 

will be used with desiccation and pre-infiltration to evaluate if infiltrated MIEC nano-

particle size can be controlled other parameters as well.  The characterization techniques 

outlined in this chapter are used in the following chapters to evaluate the underlying 

processes that control MIEC nano-particle size, MIEC oxide phase purity and SOFC 

performance.    
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CHAPTER 4: The Impact of Precursor Nitrate 
Solution Desiccation on Infiltrated 
La0.6Sr0.4Co0.8Fe0.2O3-δ Cathodes 

4.1 Introduction 

 This chapter evaluates the desiccation fabrication approach as a means to 

systematically reduce infiltrated MIEC nano-particle size, and subsequently improve 

NMCC performance.  Processing techniques, such as how desiccation was performed, 

will be discussed in detail in addition to the characterization techniques used.  This 

chapter is intended to initially demonstrate that desiccation reduces nano-particle size. An 

in-depth analysis of what promotes this particle size reduction will be presented in 

Chapter 5.  As mentioned in Section 2.1.2, NMCCs are typically produced by the 

dissolution of MIEC precursor nitrates in water, the infiltration of these nitrate solutions 

into porous IC scaffolds, and the thermal decomposition of the nitrates into MIEC oxide 

nanoparticles that cling to the IC scaffold.   

Unfortunately, it has been difficult to control the size of MIEC nanoparticles obtained 

via the infiltration method. For instance, a survey of recent literature indicates that 

𝑆𝑚0.5𝑆𝑟0.5𝐶𝑜𝑂3−𝛿 (SSC) – ceria NMCCs produced by infiltration, a 10
o
C/min heating 

ramp, and firing at 800
o
C for 1 hour after each infiltration step had average particle sizes 

ranging from 40 to 100 nm [5, 7, 30]. Similarly, LSCF – ceria NMCCs produced by 

infiltration, a 10
o
C/min  heating ramp, and firing at 800

o
C for 1 hour after each 

infiltration step had average particle sizes ranging from 50 to 60 nm [7].  Lastly, LSFC – 

ceria NMCCs produced by infiltration, a 10
o
C/min heating ramp, and firing at 800

o
C for 

2 hours after each infiltration step had average LSFC particle sizes ranging from 38 to 80 

nm [8, 9]. Since past studies have shown that average SSC or LSCF infiltrate particle 
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sizes remain constant with successive infiltration and firing steps [7], the cause of these 

large average particle size variations remains a mystery. 

This chapter shows that the chemical and physical desiccation of LSCF precursor 

nitrate solutions infiltrated into porous GDC scaffolds, prior to thermal decomposition, 

can be used to control the average LSCF infiltrate particle size. 

4.2 Experimental Methods 

4.2.1 Cathode-Electrolyte-Cathode Symmetric Cell Production 

Cathode-supporting electrolytes were prepared in the following manner.  First, 0.8 

grams of GDC powder were pressed to 63 MPa in a steel die with a 19 mm diameter 

bore.  According to manufacturer specifications, this ultra-high surface area powder 

(Rhodia; Cranbury, NJ, USA) had an agglomerate d50 size of 240 nm, a specific surface 

area of 25.2 m
2
/g, and an average particle size of ~32 nm.  The pressed porous pellets 

were heated to 1475
o
C at 3°C/min, held at 1475

o
C for ~10 hours, and then cooled to 

room temperature at a nominal cooling rate of 3°C/min to produce discs with relative 

densities >95%.  These discs were sanded flat and parallel with SiC sandpaper until they 

achieved thicknesses ranging from 432 to 457 µm.   

 Porous, well-necked GDC IC scaffolds were then produced on both sides of these 

electrolyte pellets.  To achieve this, some of the aforementioned Rhodia GDC powder 

was coarsened at 800°C for 4 hours and then mixed with a polymer (Heraeus; West 

Conshohocken, PA, USA) to form a GDC ink with a 34% solids loading.  Three layers of 

GDC ink were then screen printed onto each side of the dense GDC electrolyte pellet 

using a patterned 80 mesh stainless steel screen with a circular 0.5 cm
2 

open area.  Before 

the next ink layer was applied, each ink layer was allowed to flow for 5 minutes and then 
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was placed in a bake oven at 120°C for 5 minutes to extract the electronic vehicle solvent 

and increase the green strength.  After screen printing, the samples were heated to 400°C 

at 3°C/min, held at 400°C for one hour, heated to 600°C at 3°C/min, held at 600°C for 

one hour, heated to 1100
o
C at 5

o
C/min, held at 1100

o
C for 3 hours, and then cooled to 

room temperature at a nominal cooling rate of 10
o
C/min.  Sintered IC scaffold thickness 

and roughness measurements were then made with a Dektak 3 profilometer (Bruker; 

Tucson, AZ, USA). 

 1.50 molar MIEC precursor solutions were infiltrated into these IC scaffolds, 

desiccated, and fired to coat the IC scaffold surface with MIEC oxide nanoparticles.  As 

done in past studies [7], the infiltrated  LSCF metal nitrate precursor solutions were 

prepared by dissolving 99.999% pure La(NO3)3*6.3 H2O, 99.9965 % pure Sr(NO3)2, 

99.999% pure Co(NO3)2*5.67 H2O, and 99.999% pure Fe(NO3)3*9.42 H2O (Alfa Aesar; 

Ward Hill, MA, USA) in distilled water containing 3 wt% of pre-dissolved Triton-X 100 

(weight Triton X-100/weight nitrate), (These precise nitrate water of hydration contents 

were determined prior to nitrate weighing by measuring the mass loss that occurred 

inside a Q500 thermogravimetric analyzer (TA Instruments; New Castle, DE, USA) with 

heating under nitrogen up to 850
o
C).  These solutions were then pipetted into the porous 

GDC cathode scaffolds, allowed to soak into the scaffold for 5 minutes, and heated in an 

80
o
C drying oven for 10 min before being desiccated.  Based on previous desiccation 

kinetics studies [131], samples desiccated with dry air were desiccated for 30 minutes,  

samples desiccated with CaSO4 were desiccated for 56 hours, and samples desiccated 

with CaCl2 were desiccated for 8-10 hours.  After each desiccation, the samples were 

heated to 700°C at 10°C/min, held at 700°C for one hour, and then cooled to room 
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temperature at a nominal cooling rate of 20°C/min.  This infiltrate-fire process was 

repeated 3 times to achieve the desired MIEC loading level of 12.0 vol%. 

 Lastly, symmetric cells were prepared for electrical measurements by screen 

printing bilayer (𝐿𝑎0.8𝑆𝑟0.2)0.98𝑀𝑛𝑂3−𝛿 (LSM) – Au current collectors onto the surface 

of each NMCC. The LSM ink was prepared by mixing LSM powders (Praxair Specialty 

Ceramics; Woodinville, WA, USA) that had a d50 agglomerate size of 1.1 µm, a specific 

surface area of 3.00 m
2
/g, and an average particle size of ~300 nm with V-737 electronic 

vehicle to form an ink with a 34% solids loading.  A single layer of LSM ink was then 

screen printed onto each NMCC using a 290 mesh stainless steel screen with a circular 

0.5 cm
2 

open area. The samples were then heated to 700
o
C at 10°C/min, held at 700

o
C for 

1 hour, and then cooled to room temperature at a nominal cooling rate of 20°C/min.  

Heraeus C5756 fritted Au paste was then screen printed in an open grid pattern across the 

surface of each LSM current collector using a patterned 290 mesh stainless steel screen. 

4.2.2 Symmetric Cell Impedance Measurements 

NMCC performance as a function of temperature was evaluated in air, 20%O2-

80%He, or 20%O2-80%N2 under open circuit conditions using EIS.  Measurements in air 

were performed in a static atmosphere, while controlled atmosphere experiments in 

20%O2-80%He and 20%O2-80%N2 were performed with a 100 mL/min flow rate. Two-

point EIS measurements were taken every 50 degrees between 400 and 700
o
C using an 

IM6 impedance analyzer (Zahner Elektrik GmbH; Kronach, Germany).  At each 

temperature, a 100 mV AC amplitude was used to collect impedance measurements 

between 100 kHz to 0.1 Hz.  All samples were allowed to equilibrate for a minimum of 

30 minutes before an EIS spectrum was collected. Cathode polarization resistances were 
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extracted by measuring the distance between x-axis intercepts on Nyquist plots that had 

been multiplied by the geometric cathode area (0.5 cm
2
) and divided by two (since each 

symmetric cell had two cathodes). Ohmic resistivity (𝜌𝑂ℎ𝑚𝑖𝑐) values for each cell were 

determined by combining the measured distance between the origin and the high 

frequency x-intercept on a Nyquist plot (𝑅𝑂ℎ𝑚𝑖𝑐), the 0.5 cm
2
 geometric cathode area 

(𝐴), and the measured electrolyte thicknesses (𝑙) using the definition of resistance: 

 

𝜌𝑂ℎ𝑚𝑖𝑐 =
𝑅𝑂ℎ𝑚𝑖𝑐𝐴

𝑙
         [19] 

 

4.2.3 X-ray Diffraction Measurements 

MIEC infiltrate phase purity was evaluated using XRD. XRD analyses were 

conducted from 20
o
 ≤ 2𝜃 ≤ 80

o
 with a 0.040

o
 step, a 1.00 second scan speed, and a 

copper filament using a Miniflex II (Rigaku Americas Corporation; The Woodlands, TX, 

USA) operated at 30kV and 15 mA.  Due to overlap of the 33.0° LSCF and 33.0° GDC 

peak, the 47.3° LSCF peak and the 47.4° GDC peak, the 69.2° LSCF peak and the 69.3° 

GDC peak, and the 78.6° LSCF peak and the 78.9° GDC peak [117, 118], LSCF XRD 

analyses were conducted on precursor nitrate solutions fired both inside a GDC scaffold 

and outside a GDC scaffold on an alumina plate. 
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4.2.4 Scanning Electron Microscopy Measurements 

NMCC microstructure was evaluated after EIS testing using a Auriga Dual 

Column Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) (Carl Zeiss 

Microscopy GmbH; Jena, Germany) operated with a beam voltage of 20 kV, a 30 μm 

aperture, a 40 second scan speed, a 1.4 mm working distance, and magnifications 

between 100,000 and 300,000 times. SEM samples were prepared by fracturing 

symmetric cells in half, bonding the remnants to an aluminum vertical sample holder, and 

sputtering 2.0 nm of tungsten on the surface.  

Figure 4.1 [61] shows the infiltrate particle fracture surface measurements that 

were performed at the electrolyte-cathode interface. Particle size measurements were 

conducted using the Heyne linear intercept method [132], 3 micrographs per sample, and 

at least 35 intercepts per micrograph. 

4.2.5 Nano-Micro-Composite Cathode Performance Modeling 

NMCC performance was modeled using the SIMPLE model [5, 7, 8]. As 

discussed [7], the SIMPLE model accounts for NMCC resistances associated with 

oxygen exchange across the MIEC infiltrate surface and oxygen transport through a 

microstructurally idealized IC scaffold. As such, it predicts the lowest-possible NMCC 

Figure 4.1:  Scanning Electron Microscope Fracture Surface Image.  The depicted parts are an 

undesiccated LSCF-GDC NMCC (left), and a FIB-SEM Serial Section Showing the Microstructure of a 

LSM Current Collector, a GDC Scaffold, and a GDC Electrolyte (right) [61]. 
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𝑅𝑃, since additional sources of resistance (electronic transport losses through the MIEC 

infiltrate, IC tortuosity induced resistances, gas concentration polarization resistances, 

etc.) are ignored.  The model is “simple” in that it only relies on intrinsic materials 

properties and easily-measured microstructural properties. These materials properties 

include the intrinsic area specific resistance for oxygen surface exchange into the MIEC 

(Rs) and the bulk oxygen vacancy conductivity of the IC scaffold (𝜎𝑉𝑂,𝑆𝑐⦁⦁ ). These 

microstructural parameters include the IC scaffold surface area (𝐴𝑆𝑐), the MIEC infiltrate 

surface area (𝐴𝐼𝑛𝑓), the cathode thickness (ℎ), the IC scaffold column repeat unit width 

(𝑟), and the scaffold porosity (𝑝). The model is also “simple” in that 𝑅𝑃 is expressed in 

terms of an analytical expression: 

   𝑅𝑃 =
𝑟(
𝑅𝑆𝐴𝑆𝑐
𝐴𝐼𝑛𝑓

)

(
1+𝛽

1+𝛽𝑒𝑥𝑝(
−2ℎ
𝛼
)
)𝑟(1−𝑝)𝑒𝑥𝑝(

−ℎ

𝛼
)+

(1+𝛽𝑒𝑥𝑝(
−ℎ
𝛼
))

(1+𝛽𝑒𝑥𝑝(
−2ℎ
𝛼
))

𝛼(1−𝑒𝑥𝑝(
−ℎ

𝛼
))+𝑝𝑟

            [20] 

where: 

        𝛼 = √𝜎𝑉𝑂,𝑆𝑐⦁⦁ 𝑟(1 − 𝑝)
𝑅𝑆𝐴𝑆𝑐

𝐴𝐼𝑛𝑓
         [21] 

and: 

 𝛽 =

𝜎
𝑉𝑂,𝑆𝑐
⦁⦁ 𝑅𝑆𝐴𝑆𝑐

𝐴𝐼𝑛𝑓
−𝛼

𝜎
𝑉𝑂,𝑆𝑐
⦁⦁ 𝑅𝑆𝐴𝑆𝑐

𝐴𝐼𝑛𝑓
+𝛼

                         [22] 

 

that can be quickly solved within a spreadsheet or via an online calculator, as done on-

demand for a variety of user-selected NMCC materials and geometries at 

https://www.egr.msu.edu/nicholasgroup/simple.php. Here, the procedures described in 

the literature [7] were used to combine the SEM measurements, previous GDC IC 

scaffold measurements [7], literature LSCF 𝑅𝑆 measurements [51], and literature GDC 

𝜎𝑉𝑂,𝑆𝑐⦁⦁  measurements [7] to produce SIMPLE model NMCC 𝑅𝑃 predictions. 

https://www.egr.msu.edu/nicholasgroup/simple.php
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NMCC performance was also modeled using the surface resistance (SR) model 

that assumed oxygen surface exchange was the only source of NMCC resistance [5, 7, 8]. 

Based on the definition of area specific resistance this model predicts 𝑅𝑃 using the 

following equation: 

 

𝑅𝑃 = 𝑅𝑆𝐴𝐺/𝐴𝐼𝑛𝑓         [23] 

 

where 𝐴𝐺  is the geometric (i.e. footprint) area of the cathode and the other symbols have 

their previously defined meanings. 

4.3 Results 

4.3.1: Desiccant Impacts on Infiltrate Particle Size 

Both the SIMPLE model and the SR Limit indicate that NMCC performance is 

influenced by infiltrate oxide nano-particle size.  The results in this chapter will 

demonstrate that precursor gel desiccation systematically reduces infiltrated LSCF oxide 

nano-particle size. 

Figure 4.2 [131, 133] shows a series of representative scanning electron 

micrographs indicating that the chemical or physical desiccation of precursor nitrate 

solutions results in the reduction of the average size of infiltrated LSCF particles 

produced by firing precursor nitrate solutions at 700
o
C. In fact, precursor nitrate solutions 

that were infiltrated, air-dried, and subsequently fired at 700
o
C produced 48 +/- 15 nm 

diameter LSCF nano-particles while those infiltrated, desiccated with CaCl2, and 

subsequently fired at 700
o
C, produced 22 +/- 5 nm diameter LSCF nano-particles.  
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Figure 4.2: Scanning Electron Micrographs for Desiccated LSCF Nano-Particles Produced by using 

Triton X-100. LSCF oxide particles were produced inside GDC Scaffolds at 700
o
C. Note: Desiccants are 

Listed in Order of Increasing Effectiveness. [131,133] Each scale bar is 50 microns in width. 

 

Figure 4.3 [131, 133] shows the impact of desiccation and firing temperature on 

the average LSCF particle size. As indicated in the literature, calcium chloride was the 

strongest chemical desiccant, followed by calcium sulfate, and finally treatment in dry air 

[131, 133].  Desiccant strength ranking is based on each chemical desiccant’s 

thermodynamic driving force to lower the water partial pressure in the infiltrated 

precursor solution. At each firing temperature, increased amounts of precursor nitrate 

solution desiccation produced smaller LSCF particles. For each desiccant, increased 

firing temperature resulted in larger LSCF particles. Given the high number of particles 

counted (>100 in each case) and the high resolution of the SEM, the error bars mainly 

represent the actual infiltrate particle size distribution within each NMCC. 
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Figure 4.3:  Bar-Graph of Desiccated Average LSCF Infiltrate Particle Sizes from Scanning Electron 

Microscopy Images. =Undesiccated, ■=Dry Air, ▲=CaSO4, and ●=CaCl2. Desiccants are listed in 

order of increasing effectiveness. [131,133] Error bars are +/- a standard deviation calculated using the 

SEM-measured particle size distribution. 

4.3.2: Desiccant Impacts on Infiltrate Phase Purity 

Figure 4.4 [117, 118, 134-137] shows that LSCF infiltrate phase purity remained 

constant with desiccation and firing at 700
o
C. Although intense signals from the large 

volume of GDC scaffold particles in the Figure 4.4a NMCCs XRD scans made the LSCF 

and impurity phase peaks difficult to resolve, those peaks were well resolved in the 

Figure 4.4b XRD scans taken on loose LSCF powders produced outside a GDC scaffold. 

Regardless of the precursor nitrate solution desiccation conditions, LSCF was the 

dominant infiltrate phase; making up ~85% of the infiltrate material based on peak 

intensity ratios. Similar phase purity has been observed in other LSCF-GDC cathodes 

reported in the literature [7, 138, 139]. Although generally similar to the phase purity 

observed after firing at 700
o
C, LSCF-GDC NMCCs fired at 600

o
C (not shown) had a 

larger percentage of impurity phases, while those fired at 800
o
C had a smaller percentage 

of impurity phases (not shown). NMCCs fired at 700
o
C were chosen for their 

combination of high LSCF infiltrate phase purity and small LSCF infiltrate particle size.  

It is important to note that the identity and phase fraction of each impurity phase shown 
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in Figure 4.4 remained essentially constant as the precursor nitrate solution desiccation 

conditions were varied. 

 

 

Figure 4.4:  XRD Scans of LSCF Nano-Particles Produced by Firing Desiccated Precursor Nitrate 

Solutions.  Solutions were fired at 700°C: a) outside a porous GDC scaffold, and b) inside a porous GDC 

scaffold. ▼=Ce0.9Gd0.1O1.95 (JCPDS # 01-075-0161) [118].  =La0.6Sr0.4Co0.8Fe0.2O3 (JCPDS # 00-048-

0124) [117], =CoCo2O4 (JCPDS # 01-080-1537) [134], =La2O3 (JCPDS # 00-040-1279) [135], 

=La(Co0.42Fe0.58O3) (JCPDS # 01-074-9369) [136], =La2O3 (JCPDS # 01-071-4953) [137]. 
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4.3.3: Desiccant Impacts on Cathode Electrochemical Performance 
Table 1: Desiccated TXD LSCF-GDC NMCC Cathodes.  Processing parameters are 

also shown. 

 
 

Figure 4.5 [131, 133] shows EIS data for the LSCF-GDC symmetric cells listed in 

Table 1. EIS measurements taken using both 50 mV and 100 mV AC amplitudes 

produced similar results, indicating that these EIS results represent open-circuit behavior.  

The observed EIS curve shapes were similar to those observed previously for LSCF-GDC 

NMCCs [6, 7, 9]. As shown in Table 1 [131, 133], the only significant, systematic 

difference between these cells was the LSCF infiltrate particle size. This suggests that the 

systematic reduction in polarization resistance with desiccation shown in Figure 4.5 

resulted from the reduction in LSCF infiltrate particle size. 

 

Desiccant 

Type 

LSCF 

Loading 

Level 

(Vol %) 

Cathode 

Thickness 

(µm) 

Scaffold 

RMS 

Surface 

Roughness 

(µm) 

Electrolyte 

Thickness 

(µm) 

LSCF 

Diameter 

(nm) 

Total 

LSCF 

Surface 

Area 

(cm2) 

Total 

GDC 

Surface 

Area 

(cm2) 

LSCF Infiltrate 

Hemispherical 

Footprint 

Area/GDC 

Surface Area 

(%) 

Air-LSCF 

Surface 

Area/GDC 

Surface 

Area 

(%) 

Undesiccated  12.0 35.2 4.39 457 46 275 146 95 188 

Undesiccated  12.0 36.1 4.05 457 46 282 150 95 188 

Dry Air 12.0 32.1 4.11 432 30 385 133 145 289 

Dry Air 12.0 35.8 3.91 432 30 429 148 145 290 

CaSO4 12.0 34.9 3.67 432 25 503 145 173 347 

CaSO4 12.0 36.7 4.64 432 25 529 152 173 348 

CaCl2 12.0 36.6 4.28 432 22 599 152 197 394 

CaCl2 12.0 36.2 4.36 432 22 592 150 197 395 

Note, desiccants are listed in order of increasing effectiveness [118, 120]. All samples in this table 

were produced by infiltrating 1.50 M LSCF precursor solution into GDC scaffolds with a geometric 

area of  0.50 cm
2
, an initial porosity of 32%, and a scaffold column width of 120 nm.  See the 

experimental methods section for additional details. 
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Figure 4.5: Desiccated LSCF-GDC NMCC RP EIS Nyquist Plot. 

=Undesiccated, ■=Dry Air, ▲=CaSO4, and ●=CaCl2. Desiccants are listed 

in order of increasing effectiveness [131,133]. 
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Figure 4.6 (derived from the EIS measurements including those in Figure 4.5) 

shows that increased amounts of precursor nitrate solution desiccation led to improved 

SOFC NMCC performance across the full 400-700
o
C range.  Further, the cathode 

operating temperature (defined here as the temperature at which 𝑅𝑃=0.1 Ωcm
2
, after 

Steele and Heinzel [16]) decreased from 640
o
C for an undesiccated LSCF-GDC NMCC 

to 575
o
C for a CaCl2-desiccated LSCF-GDC NMCC. The 1.0-1.1 eV 400-600

o
C 𝑅𝑃 

activation energies displayed in Figure 4.6 are similar to the 1.1 eV 400-600
o
C 𝑅𝑃 

activation energy for LSCF reported in literature [51]. This suggests that poor oxygen 

exchange into the LSCF infiltrate particles was the dominant source of NMCC resistance 

between 400 and 600
o
C. The 0.56 eV 650-700

o
C 𝑅𝑃 activation energy displayed in 

Figure 4.6 is identical to the 0.56 eV 𝑅𝑃 activation energy for GDC reported [7].  

 

 

Figure 4.6:  Desiccated LSCF-GDC NMCC RP Arrhenius Plots. Plots produced by Desiccated Firing 

Precursor Nitrate Solutions at 700°C.  RP predictions for the undesiccated (top, red) and CaCl2-desiccated 

(bottom, black) NMCCs are compared to the a) SIMPLE model, and b) SR model. =Undesiccated, 

■=Dry Air, ▲=CaSO4, and ●=CaCl2. The solid inclined lines are a guide to the eye linking the 

experimental data. The dashed horizontal line is the 0.1 Ωcm
2
 performance target. 
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This suggests that poor ionic conduction through the GDC scaffold was the dominant 

source of NMCC resistance between 650 and 700
o
C. 

Figure 4.6a also shows SIMPLE model [5, 7, 8] predictions for the undesiccated 

and CaCl2-desiccated LSCF-GDC NMCCs. These predictions were made using the 

average SEM-measured particle sizes shown in Figure 4.3, the intrinsic LSCF oxygen 

surface exchange resistance [51], the GDC oxygen ion conductivity [7], and the NMCC 

microstructural properties listed in Table 1. Given the microstructural simplicity of the 

SIMPLE model, it is perhaps unsurprising that the model predictions were not an exact fit 

to the experimentally measured data. However, it is interesting to note that the factor of 

two 400-600
o
C 𝑅𝑃 difference predicted by the SIMPLE model when changing the 

average LSCF infiltrate particle size from 48 nm (the size observed for the undesiccated 

samples) to 22 nm (the size observed for the CaCl2-desiccated samples) is similar to the 

measured 400-600
o
C 𝑅𝑃 difference between the CaCl2-desiccated and undesiccated 

samples.  

Figure 4.6b shows SR model [5, 7, 8] predictions for the undesiccated and CaCl2-

desiccated LSCF-GDC NMCCs. Like the SIMPLE model, the SR model predicted a 

factor of two 400-600
o
C 𝑅𝑃 difference when changing the average LSCF infiltrate 

particle size from 48 nm (the size observed for the undesiccated samples) to 22 nm (the 

size observed for the CaCl2-desiccated samples). This difference is close to the 

experimentally measured 400-600
o
C 𝑅𝑃 difference between the undesiccated and CaCl2-

desiccated NMCCs, suggesting that the observed 𝑅𝑃 reductions were solely the result of 

desiccation-induced infiltrate particle size reductions.  
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Figure 4.7 shows the performance of identical undesiccated NMCC’s tested in air, 

20%O2-80%He, and 20%O2-80%N2. If gas concentration polarization were a significant 

source of resistance, the 3.5 times higher diffusivity of oxygen in a 20%O2-80%He  

 

 

Figure 4.7: Arrhenius RP Plot for Desiccated LSCF-GDC NMCCs Tested under Different Atmospheres. 

Air (), 20%O2-80%He (), and 20%O2-80%N2 (). 

 

mixture compared to that in air or a 20%O2-80%N2 mixture would be expected to lead a 

significantly lower 𝑅𝑃, as has been the case for other SOFC cathodes [126]. However, the 

essentially identical Figure 4.7 𝑅𝑃 values at 400-600°C indicate that concentration 

polarization resistance was not a major source of resistance in undesiccated NMCCs in 

this temperature range. Therefore, the desiccation-induced 𝑅𝑃 performance 

improvements shown in Figure 4.6 were not the result of a reduction in concentration 

polarization resistance.  Temperature measurements were not conducted in pure O2 

because an oxygen partial pressure greater than air will improve the oxygen diffusion 

through the cathode microstructure, but also lower the oxygen vacancy concentration in 
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the MIEC material [95].  All three gas mixtures listed in Figure 4.7 contain 

approximately the same O2 concentration where only the O2 diffusivity was altered. 

Figure 4.8 [7] shows that 400-700
o
C ohmic resistivity of all the NMCCs tested in 

air. Identical results (not shown) were also observed for the undesiccated NMCCs tested 

in 20%O2-80%He and 20%O2-80%N2 [7] demonstrated that electronic transfer losses 

within infiltrated electrodes increase both the polarization resistance and the ohmic 

resistivity. The good agreement with the ohmic resistivity of each cell and that of pure  

 

 

Figure 4.8: Arrhenius Ohmic Resistivity Plots for LSCF-GDC NMCCs Tested in Air.  Samples produced 

by firing desiccated precursor nitrate solutions at 700°C. =Undesiccated, ■=Dry Air, ▲=CaSO4, and 

●=CaCl2. The inclined solid line is the resistivity of pure GDC from the literature [7]. 

 

GDC [7] in Figure 4.8 indicates that oxygen ion transport through the electrolyte was the 

only source of ohmic resistance and that electronic losses within the current collectors or 

through the network of MIEC nano-particles were insignificant in magnitude. This 

indicates that the desiccation-induced 𝑅𝑃 performance increases shown in Figure 4.6 

were not the result of a reduction in electronic resistance.  The fact that the Table 1 LSCF 

infiltrate hemispherical footprint area to GDC surface area ratios were much greater than 
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the 44% needed to ensure percolation between randomly deposited non-overlapping 

circles on a 2D plane [140] also supports this interpretation.  

The previously mentioned constancy of the infiltrate phase compositions and 

fractions with desiccation in Figure 4.4 suggests that the desiccation-induced 𝑅𝑃 

performance increases shown in Figure 4.6 were not related to changes in LSCF phase 

purity. Additional studies performed on phase pure LSCF infiltrate showing similar 

desiccation-induced 𝑅𝑃 and infiltrate particle size behavior [61] confirm this.  

Taken together, the data in Figures 4.2-4.8 suggest that precursor nitrate solution 

desiccation led to a reduction in average LSCF infiltrate particle size that, in turn, lead to 

improved NMCC electrochemical performance. Although not previously recognized as a 

method to tailor infiltrate particle size, desiccation may be the reason why Bansal and 

Wise [79] were able to use an unconventional, 15 hour, 300
o
C precursor nitrate solution 

pre-heating treatment to produce 15 nm SSC particles, while other studies not employing 

a precursor nitrate solution pre-heating treatment [5, 7, 30] but using an identical 

maximum firing temperature of 800
o
C for 1 hour produced SSC particles larger than 40 

nm in diameter.  In addition, as mentioned in Section 2.6.1, EISA may be the mechanism 

which controls the desiccation process to reduce nano-particle size when using Triton X-

100.  By desiccating the precursor solution prior to thermal decomposition this chapter 

has shown that desiccation can be a useful tool for tailoring SOFC infiltrate particle size 

and infiltrated electrode electrochemical performance.  Future chapters determine if 

desiccation has a similar effect on other infiltrate solution compositions, and provide a 

clearer understanding how desiccation alters infiltrate particle size. 
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4.4 Summary 

This chapter represents the first time that chemical desiccants have been shown to 

impact the size of infiltrated SOFC nano-particles. For infiltrated LSCF in particular, 

precursor nitrate solution desiccation and firing at 700
o
C lowered the average LSCF 

particle size from 48 to 22 nm. However, desiccation did not alter the infiltrate phase 

purity, the NMCC concentration polarization resistance, or the NMCC electronic 

resistance. These results, coupled with mathematical 𝑅𝑃 predictions made using the 

observed infiltrate particle sizes, indicate that the observed 65
o
C drop in cathode 

operating temperature was solely the result of desiccation-induced infiltrate particle size 

reductions. The precursor nitrate solution desiccation technique explored in this chapter 

may be useful for tailoring the size of nano-particles used as catalysts, fuel cells, and 

other applications. 
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CHAPTER 5: The Impact of Surfactants on 
Desiccated La0.6Sr0.4Co0.8Fe0.2O3-δ Infiltrated Solid 
Oxide Fuel Cell Cathodes 

5.1 Introduction 

 Many studies have used organic solution additives (surfactants, such as Triton X-

100, and chelating agents, such as Citric Acid, etc.) [5, 7] to alter MIEC precursor 

solution behavior. Chapter 4 introduced precursor gel desiccation and showed that the 

desiccation of Triton X-100 containing LSCF precursor nitrate solutions was capable of 

controlling the average LSCF oxide infiltrate nano-particle size.  The objective of this 

chapter was to examine the effect desiccation has on infiltrate solution nano-particle sizes 

containing different organic solution additives.  A deeper evaluation of the desiccation 

processes is also conducted. 

5.2 Experimental Methods   

5.2.1 Cathode-Electrolyte-Cathode Symmetric Cell Production 

Symmetrical infiltrated cathode-electrolyte cell fabrication was performed in the 

same manner as in Section 4.2.1.  Specifically, GDC IC scaffolds were screen printed and 

sintered the same way as in Section 4.2.1.  Infiltrated 1.50 molar Triton X-100 derived 

(TXD), 0.50 molar  Citric Acid derived (CAD) LSCF, and 1.50 molar Pure nitrate 

derived (PND) precursor solutions were infiltrated into sintered GDC IC scaffolds, 

desiccated, and fired in the same manner as Section 4.2.1.  Infiltrated TXD LSCF 

precursor solutions were prepared in the same manner as Section 4.2.1 and PND LSCF 

precursor solutions are the same as TXD LSCF solutions without the addition of a 

solution additive.  Infiltrated CAD LSCF precursor solutions were fabricated by first 
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dissolving 99.999% pure La(NO3)3*6.3 H2O, 99.9965 % pure Sr(NO3)2, 99.999% pure 

Co(NO3)2*5.67 H2O, and 99.999% pure Fe(NO3)3*9.42 H2O (Alfa Aesar; Ward Hill, 

MA, USA) in distilled water containing 0.75 mol Citric Acid/mol metal nitrates. (These 

precise nitrate water of hydration contents were determined prior to nitrate weighing by 

measuring the mass loss that occurred inside a Q500 thermogravimetric analyzer (TA 

Instruments; New Castle, DE, USA) with heating under nitrogen up to 850
o
C).  These 

different molar solutions were then allowed to soak into the porous GDC scaffolds and 

gelled in a similar manner as Section 4.2.1. Desiccation times were based on previous 

desiccation kinetics literature studies [131].  PND LSCF, CAD LSCF, and TXD LSCF 

infiltrated cells were all heated to 700°C at 10°C/min, held at 700°C for one hour, and 

then cooled to room temperature at a nominal cooling rate of 20°C/min after being 

desiccated.  This infiltrate-gel-desiccate-fire routine was repeated up to 6 times to achieve 

the desired MIEC loading level of 12.0 vol%.  Lastly (LSM) – Au current collectors were 

screen printed onto the surface of each NMCC. 

5.2.2 Symmetric Cell Impedance Measurements 

Just like in Section 4.3.3 NMCC performance as a function of temperature was 

evaluated in air, 20%O2-80%He, or 20%O2-80%N2 under open circuit conditions using 

EIS.  Measurements in ambient air were performed in a static atmosphere, while 

controlled atmosphere experiments in 20%O2-80%He and 20%O2-80%N2 were 

performed with a 100 mL/min flow rate.  Since each atmosphere contained 20% O2 the 

only difference was the diffusivity of O2 in those mixtures.  EIS measurements were 

taken in the same manner as Section 4.2.2. 
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5.2.3 X-ray Diffraction Measurements 

MIEC infiltrate phase purity was evaluated using XRD in the same manner as was 

described in Section 4.2.3. 

5.2.4 Scanning Electron Microscopy Measurements 

NMCC microstructure was evaluated after EIS testing using an Auriga Dual 

Column Focused Ion Beam-Scanning Electron Microscope (FIB-SEM) (Carl Zeiss 

Microscopy GmbH; Jena, Germany) in the same manner as was described in Section 

4.2.4. 

5.2.5 Nano-Micro-Composite Cathode Performance Modeling 

The NMCC performance was modeled using the SIMPLE model [5, 7, 8] and was 

performed in the same manner as was described in Section 4.2.5. 

5.2.6 Williamson-Hall Particle Size and Strain Calculations 

LSCF nano-particle sizes were calculated via the XRD Williamson-Hall method [122] for 

powders fabricated outside a GDC scaffold.  The full-width half-max (FWHM) values for 

the LSCF peaks located at ~22.7
0
, ~40.7

0
, and ~46.9

0 
(2-Theta) were used for TXD LSCF 

and CAD LSCF precursor solutions, but PND LSCF precursor solutions calculated 

particle sizes using peaks only at ~22
0
 and ~40.7

0
 due to the PND LSCF solutions being 

amorphous even at firing temperatures above 600°C.  The Lorentzian profile shape 

function using a parabolic background was used to determine the FWHM values using 

JADE 9.  The breadth (β) of each peak was calculated using the FWHM values.  The 

linear intercept values from plots of β*Cos(theta) vs 4*Sin(theta) were then used to 

calculate nano-particle size and strain values in the same manner described in Section 
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3.2.4.  All other peaks had multiple planes that contribute to peak broadening and 

therefore could not be used to determine particle size from XRD peak broadening.   

5.3 Results 

5.3.1: Desiccant and Solution Additive Impacts on Infiltrate Particle Size 
 

Table 2 shows the processing parameters used when fabricating symmetrical 

PND, TXD, or CAD LSCF NMCCs.  Since the precursor solutions used different 

molarities, (0.5M and 1.5M), the infiltrate MIEC particle size was evaluated to see if it 

was influenced by precursor solution molarity.  As shown in Table 2 nano-particle size, at 

least for PND and TXD LSCF precursor solutions were not altered by the solution 

molarity.  Due to precursor nitrate solubility’s it was not possible to make a 1.5 molar 

CAD LSCF precursor solution.  Similarly the precursor solution infiltration volume was 

found to not influence the infiltrated oxide nano-particle size.  These results indicate that 

it was legitimate to compare particle sizes between the 1.5 molar PND 1.5 molar TXD, 

and 0.5 molar CAD LSCF solutions. 

Figure 5.1 [131, 133] shows that the infiltrated nano-particle size using PND 

LSCF and TXD LSCF did not change when using different solution molarities.   

 
Figure 5.1: Scanning Electron Micrographs of Desiccated LSCF Nano-Particles Produced by using 

Different Triton X-100 Solution Volumes.  1.5 molar PND LSCF using a) undesiccated and b) desiccated 

precursor solutions, and 0.50 molar TXD LSCF c) undesiccated and d) desiccated precursor solutions 

inside GDC scaffolds at 700
o
C. Note, desiccants are listed in order of increasing effectiveness [131,133]. 

Each scale bar is 50 microns in width. 
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Table 2: Desiccated PND, TXD and CAD LSCF-GDC NMCC Cathodes.  Processing parameters are also shown.

Surfactant 
Desiccant 

Type 

Firing 

Temperature 

(°C) 

LSCF Loading 

Level 

(%) 

Number 

of LSCF 

Infiltrations 

LSCF Nitrate 

Solution 

Molarity 

Cathode 

Thickness 

(µm) 

Scaffold 

RMS 

Surface 

Roughness 

(µm) 

Volume of 

Solution 

per Infiltration 

(μL) 

Cathode 

Geometric 

Area 

(cm2) 

 

 

Cathode 

Porosity 

(%) 

 

 

 

Scaffold 

Column  

Width 

(nm) 

LSCF 

Diameter 

(nm) 

Total 

LSCF 

Surface 

Area 

(cm2) 

Total 

GDC 

Surface 

Area 

(cm2) 

LSCF 

Surface 

Area/GDC 

Surface Area 

(%) 

PND Undesiccated 700 12.0 3 1.5 35.7 4.00 2.78 0.5 32 120 65 198 148 134 

PND Undesiccated 700 12.0 3 1.5 36.3 4.05 2.82 0.5 32 120 65 202 151 134 

PND Undesiccated 700 12.0 6 0.5 35.4 3.50 4.13 0.5 32 120 62 206 147 140 

PND Undesiccated 700 12.0 6 0.5 36.4 3.41 4.25 0.5 32 120 62 212 151 140 

PND Dry Air 700 12.0 3 1.5 34.3 3.50 2.67 0.5 32 120 73 170 142 120 

PND Dry Air 700 12.0 3 1.5 35.2 3.90 2.74 0.5 32 120 73 174 146 120 

PND CaSO4 700 12.0 3 1.5 36.3 4.30 2.82 0.5 32 120 72 182 151 121 

PND CaSO4 700 12.0 3 1.5 36.0 4.42 2.80 0.5 32 120 72 180 149 121 

PND CaCl2 700 12.0 3 1.5 35.2 4.61 2.74 0.5 32 120 71 179 146 123 

PND CaCl2 700 12.0 3 1.5 35.7 4.04 2.78 0.5 32 120 71 182 148 123 

PND CaCl2 700 12.0 6 0.5 34.8 4.10 4.06 0.5 32 120 70 179 144 124 

PND CaCl2 700 12.0 6 0.5 35.8 3.95 4.18 0.5 32 120 70 185 148 125 

CAD Undesiccated 700 12.0 6 0.5 34.2 3.74 3.98 0.5 32 120 50 246 142 173 

CAD Undesiccated 700 12.0 6 0.5 34.5 3.54 4.02 0.5 32 120 50 249 143 174 

CAD Dry Air 700 12.0 6 0.5 26.7 3.84 3.11 0.5 32 120 43 224 111 202 

CAD Dry Air 700 12.0 6 0.5 31.8 4.67 

8 
3.70 0.5 32 120 43 266 132 202 

CAD CaSO4 700 12.0 6 0.5 27.7 4.62 3.23 0.5 32 120 42 237 115 207 

CAD CaSO4 700 12.0 6 0.5 29.5 4.35 3.44 0.5 32 120 42 253 122 207 

CAD CaCl2 700 12.0 6 0.5 32.1 3.50 3.74 0.5 32 120 41 282  
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212 

CAD CaCl2 700 12.0 6 0.5 34.1 3.55 3.97 0.5 32 120 41 300 141 213 

TXD Undesiccated 700 12.0 3 1.5 35.2 4.39 2.74 0.5 32 120 48 275 146 188 

TXD Undesiccated 700 12.0 3 1.5 36.1 4.05 2.81 0.5 32 120 48 282 150 188 

TXD Undesiccated 700 12.0 3 0.5 36.0 3.50 8.40 0.5 32 120 49 254 149 170 

TXD Undesiccated 700 12.0 9 0.5 36.3 3.41 2.82 0.5 32 120 51 256 151 170 

TXD Dry Air 700 12.0 3 1.5 32.1 4.11 2.50 0.5 32 120 30 385 133 289 

TXD Dry Air 700 12.0 3 1.5 35.8 3.91 2.78 0.5 32 120 30 429 148 290 

TXD CaSO4 700 12.0 3 1.5 34.9 3.67 2.71 0.5 32 120 25 503 145 347 

TXD CaSO4 700 12.0 3 1.5 36.7 4.64 2.85 0.5 32 120 25 529 152 348 

TXD CaCl2 700 12.0 3 1.5 36.6 4.28 2.84 0.5 32 120 22 599 152 394 

TXD CaCl2 700 12.0 3 1.5 36.2 4.36 2.81 0.5 32 120 22 592 150 395 

 
TXD CaCl2 700 12.0 3 0.5 35.2 4.30 8.20 0.5 32 120 23 551 146 377 

TXD CaCl2 700 12.0 9 0.5 36.6 4.21 2.85 0.5 32 120 23 575 152 378 
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Figure 5.2 [131, 133] shows SEM images of undesiccated and CaCl2-desiccated 

symmetrical cells infiltrated with 0.50 molar TXD LSCF precursor solutions using 

different infiltration solution volumes.  Figure 5.2 shows that the infiltration solution 

volume did not impact the average infiltrated oxide nano-particle size.  

 

Figure 5.2: Scanning Electron Micrographs of Desiccated LSCF Nano-Particles Produced using 

Different Solution Additives.  Samples used a) undesiccated 3 infiltrations, b) desiccated 3 infiltrations, c) 

undesiccated 9 infiltrations and d) desiccated 9 infiltrations, precursor solutions inside GDC scaffolds at 

700
o
C. Note, desiccants are listed in order of increasing effectiveness [131,133]. Each scale bar is 50 

microns in width. 

 

Figure 5.3 [131, 133] shows that desiccation reduced the nano-particle size of 

TXD LSCF and CAD LSCF, but not the PND LSCF nano-particle size.  SEM images of 

these infiltrated NMCCs show that both TXD and CAD nano-particles decreased their 

average size as the strength of the desiccant increased, while PND infiltrated oxide nano-

particle sizes remained constant with increasing desiccant strength.  Specifically, the 

TXD average infiltrated oxide nano-particle sizes were reduced from 50 nm to 22 nm, the 

CAD average infiltrated oxide nano-particle sizes were reduced from 48 nm to 41 nm and 
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the PND infiltrated oxide average nano-particle sizes remained constant with increasing 

chemical or physical desiccation strength at around 70 nm in diameter on average. 

 
Figure 5.3: Scanning Electron Micrographs of Desiccated LSCF Nano-Particles Produced using 

Different Solution Additives. Pure nitrate-containing precursor nitrate solutions (a-d), 1.50 molar Triton 

X-containing precursor nitrate solutions (e-h) and 0.50 molar Citric Acid-containing precursor solutions 

(i-l) inside GDC scaffolds at 700
o
C. Note, desiccants are listed in order of increasing effectiveness 

[131,133]. Each scale bar is 50 microns in width. 

 

Figure 5.4 shows the raw data used to calculate the XRD Williamson-Hall particle 

sizes and strains for the LSCF particles resulting from PND, TXD and CAD LSCF 

precursor solutions fired at 600°C, 700°C and 800°C outside a GDC scaffold.  Due to the 

amorphous nature of the 600 and 700°C fired PND LSCF (as mentioned above) 

Williamson-Hall particle sizes could only be determined at the 800°C firing temperature.  

Further, particle sizes for the 800°C PND LSCF were calculated using only two peaks 

(instead of the standard 3) due to the amorphous nature of the powder.  In all cases, a 
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linear relation between βCos(θ) and 4Sin(θ) indicating that the Williamson-Hall 

technique could be applied to determine size and strain. 

 

 
Figure 5.4: Desiccated Williamson-Hall Raw Data Plot for PND LSCF, TXD LSCF and CAD LSCF 

Nano Particles.  Data was collected from XRD scans from samples fired at 600°C, 700°C and 800°C. 

  

Figure 5.5 shows the XRD Williamson-Hall calculated strain % determined from 

Figure 5.4 for the desiccated LSCF nano powders outside a GDC scaffold using PND, 

TXD and CAD solution additives. Strain was calculated directly from the slope of each 

data set in Figure 5.4 using the error bars to calculate the standard deviation values shown 

in Figure 5.5. 
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Figure 5.5:  Strain Plots for Desiccated PND LSCF, TXD LSCF and CAD LSCF Nano-Particles. Strain 

was calculated using undesiccated, dry air, CaSO4, and CaCl2 desiccants fired at 600°C, 700°C and 800°C 

for 1 hr. 

Overall, the strain for PND LSCF nano-particles, for all desiccation strengths, was 

much lower than CAD and TXD LSCF strain values, and was consistently similar in 

magnitude. Since the PND LSCF nano-particles also did not change size with desiccation 

strength it also makes sense the desiccation would not impact the PND LSCF nano-

particle strain either.  The TXD and CAD LSCF nano-particles showed similar trends 

where the strain was greatest at 600°C, was then reduced at 700°C, and stayed relatively 

constant at 800°C.  The strain magnitude for TXD LSCF nano-particles at 600°C did 

show some overlap shown by the error bars. Overall the effect of desiccation on strain for 

TXD LSCF and CAD LSCF nano-particles is not conclusive. 

Figure 5.6 [131, 133] shows the average oxide nano-particle sizes for PND, TXD 

and CAD LSCF using various desiccant strengths when fired at 600°C, 700°C or 800°C 

for 1 hr.  Using the techniques described in Section 4.2.4 the particle sizes were 

calculated directly from the SEM images shown in Figure 5.3, and standard deviation 

values were also calculated from the same SEM images. In Figure 5.6 the SEM 

calculated particle sizes are displayed as opaque colored bars in the foreground.  XRD 

Williamson-Hall calculated particle sizes from LSCF powders were also shown in 

transparent colors and were calculated from the raw XRD Williamson-Hall data in Figure 
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5.4.  XRD particle sizes were unable to be calculated for the PND LSCF powders 

fabricated at 600°C and 700°C due to the powders being amorphous.  In contrast, both 

TXD and CAD LSCF oxide nano-particle sizes were reduced when using desiccation, at 

least when fabricated above 600°C.  Figure 5.6 shows that PND LSCF nano-particle sizes 

were not reduced with desiccation at 600°C, 700°C or 800°C, (the average nano-particle 

size is depicted in Figure 5.6 as a solid horizontal black line to show that the average 

nano-particle size for each fabrication temperature) was within the standard deviation for 

each temperature, and thus was not influenced by desiccation.  The black horizontal bar 

in the 600°C TXD and CAD LSCF data indicates that desiccation had no effect on the 

particle size of TXD and CAD LSCF fired to 600°C. 



89 

 

 
Figure 5.6: Bar-Graph of Average Desiccated LSCF Infiltrate Particle Size Produced using Different 

Solution Additives. Samples were: a) 1.50 molar pure nitrate-containing, (b) 0.50 molar Citric Acid-

containing and c) 1.50 molar Triton X-containing precursor nitrate solutions at various temperatures. 

PND:  =Undesiccated, =Dry Air, =CaSO4, and =CaCl2 CAD: □ =Undesiccated, =Dry Air, 

=CaSO4, and ■=CaCl2 and TXD: =Undesiccated, =Dry Air, =CaSO4 and =CaCl2.  Particle 

size data collected from SEM images are shown with 100% opacity and are striped pointing to the left, 

while particle size data collected using the Williamson-Hall method are shown with 50% opacity and are 

striped pointing to the right.  Desiccants are listed in order of increasing effectiveness [131,133]. Error 

bars are +/- a standard deviation calculated using the SEM-measured particle size distribution. 
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Figure 5.7 [131, 133] shows the raw EIS data for the desiccated CAD LSCF (left) 

and TXD LSCF (right) symmetrical cells at 500°C, 600°C and 700°C operating 

temperatures.  The outermost nested impedance data was taken at an operating 

temperature of 500°C while the innermost nested impedance data was taken at an 

operating temperature of 700°C.  PND LSCF raw data was collected for both the 

undesiccated and CaCl2-desiccated cases, but showed no change in performance when 

desiccated.  On the other hand, both the CAD and TXD LSCF raw EIS data show that the 

cathode resistance decreases with both increasing temperature and increasing desiccation 

strength. 

Figure 5.8 shows the RP data for desiccated PND, CAD and TXD LSCF 

symmetrical cells determined from the raw EIS data of Figure 5.7.  Consistent with the 

collected particle size trends, the RP data for CAD and TXD LSCF were both reduced 

with increasing desiccation strength, while PND did not change RP with desiccation.  

Desiccation lowered the operating temperature (the temperature at which a RP value of 

0.1 Ωcm
2
 is achieved) from 650°C to 570°C with TXD, and from 700°C to 650°C with 

CAD.  In Figure 5.8 SIMPLE model RP predictions are also included for the undesiccated 

and CaCl2-desiccated cases using LSCF nano-particle sizes from Figure 5.1.  For TXD 

and CAD LSCF, the SIMPLE model predictions show similar RP reductions compared to 

the experimental results suggesting that nano-particle size reduction causes the measured 

performance gains.  The SIMPLE model predictions also do not show any change in RP 

for PND LSCF which makes sense since Figure 5.1 shows no change in particle size.  

The SIMPLE model in all cases predicts lower RP values than the experimental results 

because (as mentioned in Section 2.5.2) the SIMPLE model does not take into account 
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tortuosity effects in the scaffold microstructure which can provide an additional source of 

resistance. 

 

Figure 5.7: Raw Impedance Data Plots of Desiccated LSCF-GDC NMCCs Produce using Citric Acid 

and Triton X-100. Samples are: 0.50 molar CAD LSCF (left) and 1.50 molar TXD LSCF (right) precursor 

nitrate solutions fired at 700°C.  The outermost data was taken at 500°C, the nested data was taken at 

600°C and the double nested data was taken at 700°C. CAD: □=Undesiccated, =Dry Air, =CaSO4, 

and ■=CaCl2. TXD:=Undesiccated, =Dry Air,  =CaSO4 and =CaCl2.  Desiccants are listed 

in order of increasing effectiveness [131,133]. 



92 

 

 

Figure 5.8: LSCF-GDC RP Arrhenius Plots for Desiccated NMCCs Produced using Different 

Solution Additives. Samples are:  a) 1.50 molar PND LSCF, b) 0.50 molar CAD LSCF, and c) 1.50 

molar TXD LSCF precursor nitrate solutions fired at 700°C for 1 hour. PND :   =Undesiccated , 

inclined lines are a guide to the eye linking the experimental data. The dashed inclined lines are 

SIMPLE model predictions for the undesiccated and CaCl2 cases. The dashed horizontal line is the 

0.1 Ωcm
2
 performance target.. 
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Figure 5.9  [7] shows the ohmic resistivity of the GDC IC scaffold at the different 

operating temperatures.  All the ohmic resistivity data for PND, CAD and TXD LSCF 

symmetrical cells match the resistivity of pure GDC, which indicated that differences in 

performance shown in Figure 5.8 were not caused by electronic losses in the scaffold. 

 

 

 

 

Figure 5.9: Arrhenius Ohmic Resistivity Plots for Desiccated LSCF-GDC NMCCs Tested 

in Air and produced using Different Solution Additives.  Samples are fired at 700°C. PND: 

  =Undesiccated,  =Dry Air,  =CaCl2,  CAD: □=Undesiccated,  =Dry 

 =Dry Air,   =CaSO4 and 

■=CaCl2.  The inclined solid line is the resistivity of pure GDC from literature [7]. 
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5.3.2: Desiccant and Solution Additive Impacts on Infiltrate Phase Purity 

 Figure 5.10 shows ex-situ XRD data for PND, TXD and CAD LSCF oxide 

powders fired at 700°C for 1 hr using different desiccants.  PND LSCF oxide powder 

XRD scans are shown on the left column, TXD LSCF oxide powder XRD scans are 

shown on the middle column, and CAD LSCF oxide powder XRD scans are shown on 

the right column.  Each column, going from top to bottom, depicts XRD scans of each 

powder using increasingly stronger desiccants.  Comparison of the measured XRD data 

with JCPDS reference spectrum [117, 134-137, 141, 142] indicates that LSCF was the 

dominant phase by volume in all cases.  Within the leftmost column the phase impurity of 

the PND LSCF powder decreases with increasing desiccant strength, while the secondary 

phase impurity of the TXD LSCF and CAD LSCF powders remains relatively constant 

when using different desiccants.  The fact that desiccant strength does not change the 

 

Figure 5.10: XRD Scans of Desiccated LSCF Nano-Particles Produced using Different Solution 

Additives.  Samples are: a) 1.50 molar PND LSCF, b) 0.50 molar CAD LSCF, and c) 1.50 molar TXD 

LSCF nitrate solutions fired at 700°C.  □=La0.6Sr0.4Co0.8Fe0.2O3 (JCPDS # 00-048-0124) [117], =Co3O4 

(JCPDS # 01-074-2120)[141],=CoCo2O4 (JCPDS # 01-080-1537)[134], =(La0.38Sr0.62)2FeO4 (JCPDS 

# 01-072-7576) [142], =La2O3 (JCPDS # 00-040-1279) [135], =La(Co0.42Fe0.58O3) (JCPDS # 01-074-

9369) [136], ■=La2O3 (JCPDS # 01-071-4953)[137]. 
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secondary phase impurity fraction significantly for TXD and CAD LSCF powder 

suggests that LSCF phase purity changes were not responsible for the performance 

changes observed in Figure 5.8. 

Figure 5.11 [117] shows undesiccated and CaCl2-desiccated XRD data for PND 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C.  The 

phase purity of the undesiccated powder, compared to the CaCl2-desiccated powder, did 

not improve and actually became worse at temperatures 600°C and above. The PND 

LSCF phase became dominant at fabrication temperatures of 700°C or greater. 

 

Figure 5.11: XRD Scans for CaCl2-Desiccated PND LSCF Fired between 80°C and 800°C. 

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 
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Figure 5.12 [117] shows undesiccated and dry air-desiccated XRD data for TXD 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C.  The 

phase purity of the undesiccated powder compared to the desiccated powder was 

improved at 600°C, 500°C, 400°C and 80°C, while 300°C and 200°C did not show any 

significant difference. 

 

 

Figure 5.12: XRD Scans for Dry Air-Desiccated TXD LSCF Fired between 80°C and 800°C.  

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 
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Figure 5.13 [117] shows undesiccated and CaSO4-desiccated XRD data for TXD 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C.  The 

phase purity was similar to the previous plot (as far as the phases present and their 

relative percentage). 

 

Figure 5.13: XRD Scans for CaSO4-Desiccated TXD LSCF Fired between 80°C and 800°C.  

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 
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Figure 5.14 [117] shows undesiccated and CaCl2-desiccated XRD data for TXD 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C and 

shows similar phase purity trends to those in Figure 5.13.   

 

 

 

Figure 5.14: XRD Scans for CaCl2-Desiccated TXD LSCF Fired between 80°C and 800°C. 

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 
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Figure 5.15 [117] shows undesiccated and dry air-desiccated XRD data for CAD 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C.  The 

phase purity of the undesiccated powder compared to the desiccated powder was shown 

to change with dry air desiccation at 500°C and below.  In all cases, phase pure LSCF 

was obtained at 600°C and above. 

 

Figure 5.15: XRD Scans for Dry Air-Desiccated CAD LSCF Fired between 80°C and 800°C. 

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 
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Figure 5.16 [117] shows undesiccated and CaSO4-desiccated XRD data for CAD 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C.  The 

phase purity of the undesiccated powder compared to the desiccated powder was shown 

to be slightly different at 400°C and 500°C, but in all cases phase pure LSCF was 

obtained at 600°C and above. 

 

Figure 5.16: XRD Scans for CaSO4-Desiccated CAD LSCF Fired between 80°C and 800°C. 

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 
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Figure 5.17 [117] shows undesiccated and CaCl2-desiccated XRD data for CAD 

LSCF precursor solutions fired at various temperatures between 80°C and 800°C.  The 

phase purity of the undesiccated powder compared to the desiccated powder was different 

at processing temperatures below 600°C.  According to Figures 5.15 through 5.17 CAD 

LSCF XRD phase purity was only affected at processing temperatures below 600°C, 

while retaining constant phase purity at temperatures 600°C and above. The reduction in 

impurity phases can possibly be attributed to reducing uncontrolled precipitation via 

cation-surfactant solution complexing. 

 

Figure 5.17: XRD Scans for CaCl2-Desiccated CAD LSCF Fired between 80°C and 800°C. 

La0.6Sr0.4Co0.8Fe0.2O3-δ (PDF #00-048-0124) [117]. 



102 

 

Overall, Figures 5.12 through 5.14 indicate that the TXD LSCF XRD phase purity 

was only affected at fabrication temperatures below 700°C, and retained similar phase 

purity with desiccation at temperatures 700°C and above.  The TXD LSCF XRD scans 

shown in Figure 5.12-5.14 possibly have a higher percentage of impurities compared to 

CAD LSCF XRD scans shown in Figure 5.15-5.17 because Triton X-100 only interacts 

with dissolved cations over a portion of its polymer chain, while Citric Acid can interact 

with the dissolved cations along its entire polymer chain which leads to an increased 

cation interaction to form phase pure LSCF.  In addition, desiccation may lead to smaller 

nano-particle sizes by collapsing the Triton X-100 and Citric Acid polymer network 

chain to produce smaller decomposed solution volumes.  These smaller solution volumes 

would be expected to reduce the diffusion distances the cations need to travel and hence 

increase phase purity. 

While CAD and TXD LSCF XRD scans showed desiccation did not have an 

impact on the LSCF secondary phase purity at 700°C and above, desiccation did 

influence the secondary phase purity at processing temperatures below 700°C.  This 

difference in phase purity at lower processing temperatures, when using desiccation, may 

influence low temperature impurity phase content and hence LSCF coarsening rates.   

5.3.3 Impurity Impacts on LSCF Nano-Particle Coarsening Behavior 

The impact impurity phases had on infiltrated MIEC particle size coarsening is 

the next area investigated in this chapter.  Particle size reduction has been suggested to 

result in increased cell performance, which may be the result of coarsening caused by 

different oxide impurity phases shown in Figures 5.12-5.17. 
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Figure 5.18 shows the raw data used to calculate the XRD Williamson-Hall 

particle sizes for TXD LSCF precursor solutions.  The 22
0
 2-Theta, ~40

0
 2-Theta and 

~47
0
 2-Theta peak positions were used to determine particle sizes.  The linearity of the 

βCos(θ) vs. 4Sin(θ) plots indicate that the Williamson-Hall method could accurately be 

used to extract LSCF size and strain values from this data. 

 

 

Figure 5.19 shows the Williamson-Hall calculated strain % from Figure 5.18 for 

the TXD LSCF nano-powders combined with different impurity oxides. Strain was 

calculated directly from the slope of each data set in Figure 5.18.  Desiccated TXD LSCF 

strain showed a reduction from 600°C to 700°C and then stayed relatively constant from 

700°C to 800°C.   When impurity phases were combined with LSCF, the resulting LSCF 

nano-particle strain decreased from 600°C to 800°C in almost a linear fashion.  The strain 

data at 600°C did overlap when taking into account the error bars, which could suggest 

that strain for all cases was similar at 600°C and desiccation strength did not impact 

strain at that temperature.  The only exception is phase pure LSCF, which decreased its 

strain from 600°C to 700°C and then remained relatively constant at 800°C, possibly due 

to its smaller particle size.  The addition of iron oxide also reduced the LSCF nano-

particle strain at 800°C but showed reduced particle size as well, which needs future 

Figure 5.18:  Williamson-Hall Raw Data Plots for Coarsened Undesiccated TXD LSCF Nano-Particle 

Sizes Produced at 600°C, 700°C and 800°C.  Williamson-Hall data was obtain for LSCF nano-particles: 

a) without oxide additives, b) with La oxide added, c) with Sr oxide added, d) with Co oxide added, and e) 

with Fe oxide added. 



104 

 

analysis.  These impurity effects were only conducted on TXD LSCF and these trends 

may also occur with PND and CAD LSCF, but is not know at this time. 

 
Figure 5.19: Strain Plots for Coarsened Undesiccated TXD LSCF Nano-Particle Sizes Produced at 

600°C, 700°C and 800°C.  Strain data was obtain for LSCF nano-particles: a) without oxide additives, b) 

with La oxide added, c) with Sr oxide added, d) with Co oxide added, and e) with Fe oxide added. 

Figure 5.20 shows the average particles of TXD LSCF made from 1.50 molar 

precursor solutions that were first fired at 700°C for 1 hr, combined with various impurity 

oxides, and finally coarsened at 600°C, 700°C or 800°C for 1hr.  The data shows that: 1) 

TXD LSCF nano-particle size coarsens with increasing processing temperature for all 

impurity oxides, and 2) TXD LSCF nano-particle size coarsening rates of were much 

larger with the addition of lanthanum oxide, cobalt oxide, or strontium oxide then that of 

phase pure TXD LSCF oxide nano-particles. 

The effect of impurity phases on TXD LSCF nano-particle coarsening rates 

support the trends observed in the Figures 5.15-5.17 XRD data and the Figure 5.4 nano-

particle size data.  A possible explanation why desiccated CAD LSCF nano-particles are 
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Figure 5.20: Coarsened Undesiccated TXD LSCF Average Nano-Particle Sizes Produced at 600°C, 

700°C and 800°C.   600°C (blue, left), 700°C (green, middle) and 800°C (orange, right), each for 1 hour, 

with different oxide impurities.  Particle size data collected using the Williamson-Hall method.   

 

larger than TXD LSCF nano-particles could be due to the fact that different impurity 

phases (La2O3, Co3O4, etc.) that formed with different solution additives, in the process 

producing different LSCF particle sizes.   

A second explanation for particle size reduction, when using precursor solution 

additives is EISA, which was discussed in Section 2.6.1.  Both TXD and CAD LSCF 

nano-particles were reduced using desiccation, while PND LSCF nano-particles were not 

affected.  After being evaporated (i.e. desiccated) both the Triton X-100 and Citric Acid 

solution additives could be forming into templates which produce, when thermally 

decomposed, reduced MIEC nano-particle sizes. 

5.3.4 Desiccant and Solution Additive Impacts on Performance and Stability 

Figure 5.21 shows 500 hr open-circuit RP data for undesiccated PND LSCF, and 

desiccated TXD and CAD LSCF symmetrical cells all taken at an operating temperature 

of 540°C.  The degradation rates for CAD and TXD LSCF are similar but PND LSCF 
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had a significantly higher degradation rate.   All cells had a “break-in” period during the 

first 100 hrs and after that period the cells developed a lower, more constant degradation 

rate.  SOFC durability and degradation stuides in literature have also observed this 

“break-in” period followed by a more constant degradation rate [143-145].  The 

degradation rates between 100-500 hrs were 9.8% /khr for PND LSCF, 1.7% /khr for 

TXD LSCF and 3.3% /khr for CAD LSCF.  These degradation rates can also be related 

back to the phase purity.  Both the CAD and TXD LSCF had either phase pure or nearly 

phase pure oxide powders and had the lower degradation rates, while the PND LSCF had 

much lower overall phase purity and had the largest degradation rate.  

 

Figure 5.21: LSCF-GDC 500 hour RP hour Plot for NMCCs Produced using Desiccation and Different 

Solution Additives.  Samples are: a) 1.50 molar PND LSCF, b) CaCl2 0.50 molar CAD LSCF ■, and 

1.50 molar TXD LSCF  precursor nitrate solutions fired at 700°C for 1 hour. 
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Figure 5.22 shows SEM images of the CAD and TXD LSCF nano-particle sizes 

before and after 500 hr at 540°C.  Even with 500 hrs at 540°C, the particle sizes remained 

constant and did not show any signs of coarsening.  This can be related back to the low 

phase impurity fraction seen in the CAD and TXD LSCF XRD data.  Unfortunately, 

SEM images of an aged PND LSCF cell were not obtained for this thesis due to the long 

time needed to perform an additional 500 hr PND LSCF test.  Particle size coarsening 

could explain the increased RP observed with the undesiccated PND LSCF.  Particle sizes 

of ~100 nm would be needed to obtain the measured 500 hr RP values (calculated using 

the SIMPLE model calculator), and this size of particles is within the standard deviation 

for 0 hr PND LSCF nano-particles shown in Figure 5.6.  In contrast, the final 500 hr 

CAD and TXD LSCF nano-particle sizes required to obtain the observed 500 hr RP 

values would need to be between 60-65 nm, which is much larger than the standard 

deviation shown in Figure 5.6 and the 500 hr CAD and TXD LSCF particles sizes shown 

in Figure 5.22.  In addition, literature [146] shows that performance degradation, due to 

particle size coarsening, would show a different performance degradation trajectory than 

the one shown on Figure 5.21.  This suggests that some mechanism other than MIEC 

particle size coarsening was responsible for the TXD and CAD LSCF degradation.   
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Figure 5.22: Desiccated Scanning Electron Micrographs for CAD and TXD LSCF-GDC Symmetric 

Cells Tested for 500 hrs.  Samples held at 540°C were imaged using the SEM  for 0.5 molar CAD LSCF 

symmetric cell after a) 0 hrs and c) 500 hrs, and CaCl2-Desiccated 1.50 molar TXD LSCF symmetric cells 

tested at 540°C after b) 0 hrs and d) 500 hrs.  Each scale bar is 50 microns in width. 

 

Figure 5.23 shows the raw EIS data for Figure 5.21 taken at an operating 

temperature of 540°C over 500 hrs of aging.  Consistent with Figure 5.22, the data shows 

that over time the RP increased for PND, CAD and TXD LSCF NMCCs.  However, 

Figure 5.23 also shows a significant increase in the ohmic offset with time.  The 

increased ohmic offset, possibly caused by iron or cobalt doping the GDC over time, may 

help explain the performance degradation. However additional experiments beyond the 

scope of the present thesis are needed to investigate the operable degradation 

mechanisms. 
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Figure 5.23: Raw Impedance Data Plots of Desiccated LSCF-GDC NMCCs Produced using Different 

Solution Additives. Samples are:  a) 1.50 molar PND LSCF (), b) 0.50 molar CAD LSCF (■) and c) TXD 

LSCF () precursor nitrate solutions fired at 700°C.  RP LSCF-GDC NMCC’s measurements were taken 

for 500 hours. 
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5.4 Summary 

In summary, desiccation was shown to reduce infiltrated LSCF nano-particle size 

using different precursor solution additions, such as Triton X-100 and Citric Acid.  In 

contrast, desiccation was shown to not have an effect on infiltrated LSCF nano-particle 

size when a precursor solution was not present, as with the PND case.  The magnitude of 

nano-particle size reduction was dependent on the precursor solution additive choice, as 

average TXD LSCF nano-particles were reduced from 48 nm to 22 nm, while the average 

CAD LSCF nano-particles were reduced from 50 nm to 41 nm. 

Performance was also shown to increase when using increasingly stronger 

desiccation, for both TXD and CAD LSCF symmetric cells.  XRD data showed that the 

use of desiccation lowered the LSCF phase impurity fraction at temperatures below 

700°C.  Both Triton X-100 and Citric Acid may increase the LSCF infiltrate phase purity 

by reducing the amount of nitrate precursor precipitation via cation-surfactant solution 

complexing. The improved phase purity of CAD LSCF compared to TXD LSCF may 

result from the fact that only a portion of amphiphlic surfactants (such as TXD) interact 

with cations in the solution while chelating agents (such as CAD) deprotonate over their 

entire length and hence are typically better at preventing cation segregation during 

processing. 

Finally, the LSCF oxide nano-particle coarsening rate was shown to increase 

when impurity oxide phases were present at aging temperatures of 600°C and above.  At 

540°C LSCF coarsening did not occur, but LSCF-GDC cell performance degraded by 

some other mechanism.  
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CHAPTER 6: The Impact of Nano-Ceria Pre-
Infiltration on La0.6Sr0.4Co0.8Fe0.2O3-δ Infiltrated Solid 
Oxide Fuel Cell Cathodes 

6.1 Introduction 

The previous two chapters evaluated the impact of desiccation and surfactant 

choice on infiltrated nano-particle size, NMCC performance, and NMCC performance 

stability.  This chapter explains a second infiltration size variation technique: ceria oxide 

pre-infiltration.  Pre-infiltration has been demonstrated in the literature to lower infiltrate 

oxide nano-particle size [27, 147-150]. However, these studies have not fully explored or 

explained the relationship between pre-infiltration and infiltrate particle size control.  

Therefore, the objective of this chapter was to: 1) characterize the effects ceria oxide pre-

infiltration have on performance and LSCF nano-particle size, 2) investigate why pre-

infiltration lowers nano-particle size, and 3) characterize the effects solution additives 

have on NMCC performance and LSCF nano-particle size when using pre-infiltration. 

6.2 Experimental Methods 

6.2.1 Cathode-Electrolyte-Cathode Symmetric Cell Production 

Cathode-supporting electrolytes were prepared in the same manner as Section 

4.2.1.  Next, GDC IC scaffolds were then screen printed on both sides of these dense 

GDC electrolyte pellets.  To achieve this, Rhodia GDC powder was coarsened at 800°C 

for 4 hours prior to being mixed with a polymer (Heraeus; West Conshohocken, PA) to 

form a GDC ink with a 34% solids loading.  Three layers of GDC ink were screen printed 

onto each side of dense GDC pellets using a patterned 80 mesh stainless steel screen with 

a circular 0.5 cm
2 

open area.  Before the next ink layer was applied, each ink layer was 
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allowed to flow across the pellet surface for 5 minutes and then was placed in a bake 

oven at 120°C for 5 minutes to extract the electronic vehicle solvent and increase the 

green strength.  After screen printing the GDC ink, the resulting scaffolds were heated to 

400°C at 3°C/min, held at 400°C for one hour, heated to 600°C at 3°C/min, held at 600°C 

for one hour, heated to 1050
o
C at 5

o
C/min, held at 1050

o
C for 3 hours, and then returned 

to room temperature at a nominal cooling rate of 10
o
C/min.  Sintered IC scaffold 

thickness and roughness measurements were then made with a Dektak 3 profilometer 

(Bruker; Tucson, AZ). 

 GDC precursor solutions were then infiltrated into the IC scaffolds, gelled, and 

fired at 700°C for 1 hr to coat the IC scaffold surface with nano-GDC oxide particles.  

GDC precursor solutions were prepared by dissolving 99.99% pure Ce(NO3)3*6.0 H2O 

and 99.99 % pure Gd(NO3)3*4.0 H2O (Alfa Aesar; Ward Hill, MA) in distilled water 

containing 3 wt% of pre-dissolved Triton-X 100 (weight Triton X-100/weight nitrate).  

(These precise nitrate water of hydration contents were determined prior to nitrate 

weighing by measuring the mass loss that occurred inside a Q500 thermogravimetric 

analyzer (TA Instruments; New Castle, DE) with heating under nitrogen up to 850
o
C.))   

Next, LSCF precursor solutions were infiltrated into the nano-GDC coated micro-

GDC scaffold.  Specifically, TXD, CAD and PND LSCF precursor solutions were 

prepared and infiltrated in the same manner as Section 5.2.1.  This infiltrate-gel-fire 

process was repeated twice for both the nano-GDC nanoparticles and LSCF nano-

particles to achieve both the desired nano-GDC loading levels between 0 vol% and 7.4 

vol% and LSCF loading levels  of 12.0 vol%.  Lastly, symmetric cells were prepared for 
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electrical measurements by screen printing bilayer LSM –Au current collectors on each 

NMCC in the same manner described in Section 5.2.1. 

Figure 6.1 visually demonstrates the nano-GDC pre-infiltration and LSCF 

infiltration processes described above.  Figure 6.1a shows a bare micro sized GDC 

scaffold with no infiltrated nano-GDC or LSCF oxide nano-particles sintered onto the 

scaffold microstructure.  Figure 6.1b shows how subsequent nano-GDC infiltration 

produced oxide particles sintered onto the bare micro sized GDC oxide scaffold.  Finally, 

Figure 6.1c shows that LSCF infiltration produced nano-particles sintered onto both the 

bare micro sized GDC scaffold and nano-GDC oxide particles. 

 

Figure 6.1: Pre-Infiltrated Cathode Nano-Particle Fabrication Diagram. (a) without pre-infiltration 

of nano-GDC or LSCF, (b) with pre-infiltrated nano-GDC particles and without LSCF and (c) pre-

infiltrated nano-GDC particles (small black circles) and LSCF nano-particles (small orange circles).  

This schematic is not drawn to scale.  SEM images are used to illustrate the diagram shown on the left 

for each stage in the infiltration process.  Scale bars indicate a length of 50 nm. 
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6.2.2 Symmetrical Cell Impedance, X-ray Diffraction, and Scanning Electron 

Microscopy Measurements 

NMCC symmetrical cells were characterized using EIS, XRD, and SEM in the 

same manner described in Section 5.2.2, 5.2.3, and 5.2.4 respectively.  XRD Williamson-

Hall particle size measurements were conducted in the same manner as Section 5.2.6 

except that only two peaks (the ~23
0
 and ~40

0
 2-Theta peaks) were used for particle size 

characterization.  Williamson-Hall measurements were restricted to two LSCF XRD 

peaks because the addition of GDC (in the form of nano-GDC particles) resulted in peak 

broadening of the ~47
0
 2-Theta peak, excluding it from LSCF particle size analysis.  

Strain data was calculated from the slope of the raw data in the same manner as Section 

5.2.6. 

6.2.3 ThermoGravimetric Analysis Measurements 

ThermoGravimetric Analysis (TGA) was performed by taking MIEC precursor 

solutions and evaluating their thermal decomposition behavior using a Q500 TGA (TA 

Instruments; New Castle, DE, USA) with a 0.01 mg mass resolution.  Precursor solutions 

were gelled outside porous GDC scaffolds, placed in a platinum sample pan, and heated 

at 10°C/min in air up to 830°C with no hold time.  For those samples containing nano-

GDC, MIEC precursor solutions were infiltrated into loose GDC powders and then 

analyzed in the TGA. 

6.2.4 Nano-Micro-Composite Cathode Performance Modeling 

NMCC performance was modeled using the SIMPLE model [5, 7, 8] in the same 

manner as was described in Section 5.2.5. 



115 

 

6.3 Results 

6.3.1 Pre-Infiltration and Solution Additive Impacts on Infiltrate Particle Size 

 Table 3 shows the processing parameters used when fabricating symmetrical, 

GDC pre-infiltrated cathodes using PND, TXD or CAD LSCF.  Table 3 shows that TXD 

and CAD LSCF oxide nano-particles were reduced in size as the loading level of nano-

GDC was increased to 7.4 vol%.  Table 3 also shows that PND LSCF oxide nano-particle 

sizes were not affected by the addition of nano-GDC. 

Both GDC pre-infiltration and desiccation showed no particle size reduction when 

using PND LSCF.  The 700°C TXD LSCF nano-particle size reduction was the same for 

desiccation and ceria pre-infiltration, where both methods reduced the TXD LSCF nano-

particles to ~22 nm.  The 700°C CAD LSCF nano-particle reduction was, however, larger 

using ceria pre-infiltration than desiccation. 

Figure 6.2 shows scanning electron microscopy images of ceria pre-infiltrated 

symmetric cells with 0.0 vol% and 7.4 vol% nano-GDC infiltrated with 1.50 molar and 

0.50 molar PND and TXD LSCF precursor solutions.  The particle sizes were not 

affected by molarity, as was seen in Section 5.3.1 for desiccated cells. 

 
Figure 6.2: Scanning Electron Micrographs for Pre-Infiltrated TXD LSCF Nano-Particles Produced 

using Different Solution Molarities. 1.5 molar PND LSCF  a) 0.0 vol% nano-GDC and b) 7.4 vol% nano-

GDC precursor solutions, and 0.50 molar TXD LSCF c) 0.0 vol% nano-GDC and d) 7.4 vol% nano-GDC 

precursor solutions inside GDC scaffolds at 700
o
C. Each scale bar is 50 microns in width. 
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Table 3: Pre-Infiltrated PND, TXD and CAD LSCF-GDC NMCC Cathodes.  Processing parameters also shown.

Surfactant 

GDC 

Loading 

(%) 

Firing 

Temperature 

(°C) 

LSCF 

Loading 

Level 

(%) 

Number 

of GDC 

Infiltrations 

 

 

Number 

of LSCF 

Infiltrations 

GDC/ LSCF 

Nitrate 

Solution 

Molarity 

Cathode 

Thickness 

(µm) 

Scaffold 

RMS 

Surface 

Roughness 

(µm) 

Volume of 

Solution 

per 

Infiltration 

(µL) 

 

Cathode 

Geometric  

Area 

(cm2) 

Cathode 

Porosity 

(%) 

Scaffold 

Column 

Width 

(nm) 

LSCF& 

GDC 

Diameter 

(nm) 

Total 

LSCF 

Surface 

Area 

(cm2) 

Total 

GDC 

Surface 

Area 

(cm2) 

LSCF 

Surface 

Area/GDC 

Surface 

Area 

(%) 

PND 0.0 700 12.0 0 2 1.5/1.5 35.2 3.42 4.10 0.5 41 120 66 192 146 132 

PND 0.0 700 12.0 0 2 1.5/1.5/ 36.1 3.85 4.21 0.5 41 120 66 197 150 132 

PND 0.0 700 12.0 0 6 1.5/0.5 35.5 4.01 4.14 0.5 41 120 62 206 147 140 

PND 0.0 700 12.0 0 6 1.5/0.5 36.7 3.85 4.28 0.5 41 120 62 213 152 140 

PND 5.0 700 12.0 2 2 1.5/1.5 34.2 4.10 3.99 0.5 41 120 72 171 142 121 

PND 5.0 700 12.0 2 2 1.5/1.5 34.8 4.30 4.06 0.5 41 120 72 174 144 121 

PND 6.4 700 12.0 2 2 1.5/1.5 35.5 3.95 4.14 0.5 41 120 77 166 147 113 

PND 6.4 700 12.0 2 2 1.5/1.5 34.9 3.81 4.07 0.5 41 120 77 163 145 113 

PND 7.4 700 12.0 2 2 1.5/1.5 36.7 3.75 4.28 0.5 41 120 77 172 152 113 

PND 7.4 700 12.0 2 2 1.5/1.5 36.1 4.15 4.21 0.5 41 120 77 169 150 113 

PND 7.4 700 12.0 2 6 1.5/0.5 36.5 4.05 4.26 0.5 41 120 70 188 151 124 

PND 7.4 700 12.0 2 6 1.5/0.5 36.2 3.95 4.22 0.5 41 120 70 186 150 124 

CAD 0.0 700 12.0 0 7 1.5/0.5 34.2 3.74 3.42 0.5 41 120 50 247 142 174 

CAD 0.0 700 12.0 0 7 1.5/0.5 34.5 3.46 3.46 0.5 41 120 50 250 143 175 

CAD 5.0 700 12.0 2 7 1.5/0.5 32.6 4.96 3.26 0.5 41 120 43 273 135 202 

CAD 5.0 700 12.0 2 7 1.5/0.5 37.9 5.34 3.78 0.5 41 120 43 317 157 202 

CAD 6.4 700 12.0 2 7 1.5/0.5 32.9 4.50 3.29 0.5 41 120 27 439 136 323 

CAD 6.4 700 12.0 2 7 1.5/0.5 34.3 4.78 3.43 0.5 41 120 27 458 142 323 

CAD 7.4 700 12.0 2 7 1.5/0.5 34.8 3.50 3.48 0.5 41 120 27 465 144 323 

CAD 7.4 700 12.0 2 7 1.5/0.5 36.0 3.99 3.60 0.5 41 120 27 481 149 323 

TXD 0.0 700 12.0 0 2 1.5/1.5 35.2 4.39 4.10 0.5 41 120 48 264 146 181 

TXD 0.0 700 12.0 0 2 1.5/1.5 36.1 4.05 4.22 0.5 41 120 48 271 150 181 

TXD 0.0 700 12.0 0 2 1.5/0.5 36.0 3.50 12.60 0.5 41 120 49 265 149 178 

TXD 0.0 700 12.0 0 9 1.5/0.5 36.3 3.41 2.83 0.5 41 120 51 257 151 171 

TXD 5.0 700 12.0 2 2 1.5/1.5 35.8 4.43 4.17 0.5 41 120 42 307 148 207 

TXD 5.0 700 12.0 2 2 1.5/1.5 35.6 4.27 4.17 0.5 41 120 42 307 148 207 

TXD 6.4 700 12.0 2 2 1.5/1.5 34.8 5.30 4.06 0.5 41 120 22 507 144 352 

TXD 6.4 700 12.0 2 2 1.5/1.5 36.4 5.78 4.24 0.5 41 120 22 595 151 394 

TXD 7.4 700 12.0 2 2 1.5/1.5 34.6 5.41 3.86 0.5 41 120 21 568 143 397 

TXD 7.4 700 12.0 2 2 1.5/1.5 35.1 6.00 3.92 0.5 41 120 21 577 146 395 

TXD 7.4 700 12.0 2 2 1.5/0.5 36.1 4.23 12.62 0.5 41 120 23 566 150 377 

TXD 7.4 700 12.0 2 9 1.5/0.5 35.4 4.30 2.75 0.5 41 120 23 554 147 377 
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Figure 6.3 shows scanning electron microscopy images of pre-infiltrated 

symmetric cells with 0.0 vol% nano-GDC and 7.4 vol% nano-GDC infiltrated with 0.50 

molar TXD LSCF precursor solutions using different infiltration volume amounts, as 

reported in Table 3. Similar to experiments on the desiccated cells in Section 5.3.1, the 

particle sizes of the ceria pre-infiltrated cells shown in Figure 6.3 were not impacted by 

the LSCF precursor solution infiltration volume. 

 

Figure 6.3: Scanning Electron Micrographs for Pre-Infiltrated LSCF Nano-Particles Produced using 

Different Solution Volumes. 1.50 molar TXD LSCF a) 0.0 vol% nano-GDC 2 infiltrations, b) 7.4 vol% 

nano-GDC 3 infiltrations, c) 0.0 vol% nano-GDC 9 infiltrations and d) 7.4 vol% nano-GDC 9 infiltrations, 

precursor solutions inside GDC scaffolds at 700
o
C.  Each scale bar is 50 microns in width. 

 

Figure 6.4 shows SEM images for PND, CAD and TXD LSCF nano-particles 

formed with increasing amounts of pre-infiltrated nano-GDC ranging from 0.0 vol% to 

7.4 vol%.  The SEM images show that both the CAD and TXD LSCF nano-particles 

decreased their average size once the amount of nano-GDC increased above 5.0 vol%, 

while PND LSCF nano-particle sizes remained constant with increasing nano-GDC 

loading levels.  The TXD LSCF average nano-particle sizes were reduced from 48 nm to 

22 nm, CAD LSCF average nano-particle sizes were reduced from 50 nm to 27 nm, and 

PND LSCF average nano-particle sizes remained constant at around 70 nm. 
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Figure 6.5 shows the raw data used to calculate the XRD Williamson-Hall particle 

sizes for PND, TXD and CAD LSCF precursor solutions fired at 600°C, 700°C and 

800°C.  Due to peak overlap between the nano-GDC and LSCF on the XRD only two 

peak locations (instead of the standard 3) were used to determine LSCF particle size.   

 

Figure 6.4: Scanning Electron Micrographs for Pre-Infiltrated LSCF Nano-Particles 

Produced using Different Solution Additives.  0.50 molar CAD LSCF pre-infiltrated nano-

GDC and LSCF precursor gel decomposition (a-e) and after 1.50 molar TXD LSCF pre-

infiltrated nano-GDC and LSCF precursor gel decomposition (f-j) a GDC scaffold. Scale 

bars indicate a length of 50 nm. 
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Figure 6.5: Williamson-Hall Raw Data Plots Pre-Infiltrated for PND LSCF, TXD LSCF and CAD 

LSCF Nano-Particles.  Williamson-Hall data was obtained only for two LSCF XRD peaks due to peak 

overlap between the GDC and LSCF. 

 

Figure 6.6 shows the Williamson-Hall calculated strain % from Figure 6.5 for the 

pre-infiltrated LSCF nano powders using PND, TXD and CAD solution additives.  Strain 

was calculated directly from the slope of each data set in Figure 6.5.  

. 
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Figure 6.6:  Strain Plots Pre-Infiltrated for PND LSCF, TXD LSCF and CAD LSCF Nano-Particles.  

LSCF nano-particle strain was calculated using 0.0 vol% nano-GDC, 5.0 vol% nano-GDC, 6.4 vol% nano-

GDC, and 7.4 vol% nano-GDC fired at 600°C, 700°C and 800°C for 1 hr. 

 

The strain for PND LSCF nano-particles is very large, although is the smallest of 

any strains reported on Figure 6.6, and has a similar magnitude for each nano-GDC 

loading level, similar to Section 5.3.1.  The PND LSCF nano-particles were again the 

largest of any precursor solution and have the smallest strain.  The TXD LSCF and CAD 

LSCF nano-particles showed similar trends for the strain displayed in Section 5.3.1, but 

unlike the strain reported in Figure 5.5 at 600°C, the strain values in Figure 6.6 at 600°C 

are different enough that the error bars do not completely overlap.  The only exceptions 

are between the: 1) 5.0vol% and 6.4vol%, and 2) 0.0 vol% and 7.4 vol% nano-GDC 

strain values.  Overall strain started at a maximum at 600°C, was reduced at 700°C and 

then stayed relatively constant at 800°C, compared to the strain calculated at 700°C, 

which was also observed in Section 5.3.1.  

Figure 6.7 shows the raw data used to calculate the nano-GDC (not LSCF) 

Williamson-Hall particle sizes shown in Figure 6.6 for PND, TXD and CAD LSCF 

precursor solutions fired at 600°C, 700°C and 800°C.  Nano-particle strain was also 

determined from the slope of each data set, which is shown in the following figure.  The 
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error for the ~28 2-Theta and ~73 2-Theta values used for determining the strain were 

much larger than previous error values primarily at 600°C and 700°C because there was a 

much more peak overlap at those 2-Theta values, which made JADE have more difficulty 

differentiating between the correct values.  These error values decreased at 800°C since 

the peaks were much more defined at higher temperatures.  Without the error bars the 

slope would appear negative in Figure 6.5, but with the error included the slope can be 

interpreted as 0 or positive in value. 

 

Figure 6.7: Williamson-Hall Raw Data Plots for Pre-Infiltrated Nano-GDC Particle Sizes in TXD LSCF 

and CAD LSCF Infiltrated Cells.  Williamson-Hall data was collected for the ~28 2-Theta, ~56 2-Theta, 

and the ~76 2-Theta values for nano-GDC. 

 
 

Figure 6.8 shows the XRD Williamson-Hall calculated strain % from Figure 6.7 

for the pre-infiltrated nano-GDC nano powders using PND, TXD and CAD solution 

additives.  Strain was calculated directly from the slope of each data set in Figure 6.7.  

Since the slope could possibly be 0 or positive, a 0 slope from Figure 6.7 would appear as 

a horizontal line while a positive slope is similar in appearance to previous Williamson-
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Hall plot already shown.  The strain for the nano-GDC particles was much smaller than 

the LSCF nano-particles but still significant (reaching a maximum of 0.08%).  The strain  

 

Figure 6.8: Strain Plots for Pre-Infiltrated Nano-GDC Particles in TXD LSCF and CAD LSCF 

Infiltrated Cells. Strain data was determined from Figure 6.7 for the ~28 2-Theta, ~56 2-Theta, and the 

~76 2-Theta values for nano-GDC. 

 

initially starts at a higher values for TXD and CAD cases at 600°C, then decreases at 

700°C, and finally increases again at 800°C.  This makes sense since the nano-GDC 

particles were fabricated at 700°C and would be closer to a strain-free state at 700°C. 

Under a typical LSCF nano-particle atop a GDC nano-particle bilayer situation one 

would expect the nano-GDC to under significant strain since at 25°C the Thermal 

Expansion Coefficient (TEC) for LSCF [72] (~21*10
-6

 K
-1

 between 30-1000°C) is larger 

than that of GDC [151] (~13*10
-6

 K
-1

 between 27-827°C). Bilayer strain measurements 

(where calculations were based on a 23nm LSCF particle on top a 23 nm nano-GDC 

particle) were also calculated and ranged in magnitude from 0.001% to 0.02%, which is 

large but not nearly as large as shown in Figure 6.8.  Strain measurements were 

calculated using the LSCF Young’ Modulus [152] (150/GPa at 800°C, 110/GPa at 

700°C, and 100/GPa at 600°C), LSCF Poisson’s ratio [152] (~0.3 at 600-800°C), LSCF 

TEC (21.4*10
-6

 K
-1

) [72], GDC Young’s Modulus [153] (~200/GPa at 600-800°C), GDC 
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Poisson’s ratio [153] (0.33 at 600-800°C), and GDC TEC [151]  (~13*10
-6

 K
-1

).  These 

values considerably are considerably lower than those in Figure 6.8, but additional 

surface tension described by the Young-LaPlace equation could be an additional source 

of stress in real-world GDC nano-particles. 

Figure 6.9 shows the average oxide nano-particle sizes for PND, TXD and CAD 

LSCF using various nano-GDC loading levels when fired at 600°C, 700°C or 800°C for 1 

hr.  The particle sizes and standard deviation values were also calculated from the SEM 

images shown in Figure 6.2.  The LSCF particle sizes stayed relatively constant at nano-

GDC loading levels below 5.0 vol%, but were drastically reduced at nano-GDC loading 

levels above 5.0 vol% for TXD and CAD LSCF nano-particles fabricated at 700°C and 

800°C.  This is in sharp contrast to the gradual nano-particle reduction shown when using 

desiccation in Section 5.3.1.   

Figure 6.10 shows the average pre-infiltrated nano-GDC and LSCF particle sizes 

in the PND, TXD and CAD LSCF cells fired at 600°C, 700°C or 800°C for 1 hr.  The 

opaque particle size bars were calculated using the SEM images of Figure 6.2.  The 

columns that are slightly transparent in the back were calculated using the Williamson-

Hall technique.  Note that the Figure 6.10 SEM particle sizes are the average size for both 

the GDC and LSCF infiltrate particles (since it is impossible to distinguish between GDC 

and LSCF infiltrated in the SEM), while the Williamson-Hall particle sizes are the 

average size of just the LSCF infiltrate.  The fact that PND LSCF nano-particle size was 

not impacted by any nano-GDC loading level, but both TXD and CAD LSCF nano-

particle size were, indicates that both a nano-GDC loading level above 5.0 vol% and a 
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solution additive are required for LSCF nano-particle sizes to be reduced.  Possible 

reasons for this behavior are discussed at the end of this section. 

 

Figure 6.9:  Bar-Graph of Average LSCF Infiltrate Particle Size Produced using Pre-Infiltration 

and Different Solution Additives. a) 1.50 molar PND LSCF, b) 1.50 molar TXD LSCF and c) 0.50 

molar CAD LSCF precursor nitrate solutions at various temperatures. PND:  =0.0 vol%,  =5.0 

vol%,   =6.4 vol%, and  =7.4 vol%.  CAD: □=0.0 vol%,  =5.0 vol%,  =6.4 vol%, and  

=7.4 vol% and TXD: =0.0 vol%,  =5.0 vol%,  =6.4 vol% and  =7.4 vol%.  Particle size 

data collected from SEM images are shown with 100% opacity and are striped pointing to the left, 

while particle size data collected using the Williamson-Hall method are shown with 50% opacity and 

are striped pointing to the right. Error bars are +/- a standard deviation calculated using the SEM-

measured particle size distribution. 
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Figure 6.10: Bar-Graph of Average Nano-GDC Infiltrate Particle Size Produced using Pre-

Infiltration and Different Solution Additives. a) 1.50 molar PND, b) 1.50 molar TXD LSCF and c) 

0.50 molar CAD LSCF precursor nitrate solutions at various temperatures. PND:  =0.0 vol%,  

=5.0 vol%,   =6.4 vol%, and  =7.4 vol%.  CAD: □=0.0 vol%,  =5.0 vol%,  =6.4 vol%, and 

 =7.4 vol% and TXD: =0.0 vol%,  =5.0 vol%,  =6.4 vol% and  =7.4 vol%.  Particle 

size data collected from SEM images are shown with 100% opacity and are striped pointing to the 

left, while particle size data collected using the Williamson-Hall method are shown with 50% 

opacity and are striped pointing to the right. Error bars are +/- a standard deviation calculated 

using the SEM-measured particle size distribution. 
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Figure 6.11 shows the raw EIS data for the pre-infiltrated CAD and TXD LSCF 

symmetrical cells tested at 500°C, 600°C and 700°C operating temperatures.  Consistent 

with the LSCF particle size trends, the EIS data shows that the cathode resistance 

decreases with both increasing temperature and nano-GDC loading levels above 5.0 

vol%.  The raw EIS impedance data for CAD LSCF and TXD LSCF have both shown 

that pre-infiltration improves performance but the performance increase is larger when 

using TXD LSCF, which corresponds to the larger particle size reduction shown in 

Figure 6.2.  The TXD LSCF performance using desiccation was also shown to be better 

than its CAD LSCF counterpart as well, which was previously shown to be the result of 

reduced infiltrate LSCF nano-particle size. 

Figure 6.12 shows the RP data for desiccated PND, CAD and TXD LSCF-GDC 

symmetrical cells determined from the raw impedance data. The RP for CAD and TXD 

LSCF both decreased with increasing nano-GDC amount, while that for the PND LSCF 

did not change in response to pre-infiltrated nano-GDC.  Since the LSCF particle size did 

not change either with PND LSCF, (just like desiccation), having the RP not change is 

unsurprising.  The 0.1 Ωcm
2
 operating temperature decreased from ~650°C to ~545°C 

when using TXD LSCF and from ~700°C to ~600°C when using CAD LSCF.  The 

operating temperature was not affected when using PND LSCF. 
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Figure 6.11: Raw Impedance Data Plots of Pre-Infiltrated LSCF-GDC NMCCs Prodcued using Citric 

Acid and Triton X-100.  The outermost data was taken at 500°C, the nested data was taken at 600°C and 

the double nested data was taken at 700°C.  TXD: =0.0 vol%,  =5.0 vol%,  =6.4 vol% and  

=7.4 vol%. CAD: □=0.0 vol%,  =5.0 vol%,  =6.4 vol%, and  =7.4 vol%. All cathodes used 12.0 

vol% LSCF.  Differences in ohmic offset are due to thickness variations in the electrolyte between cells 

and not the result of electronic losses from GDC resistivity changes.   
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Figure 6.12: LSCF-GDC RP Arrhenius Plots for NMCCs Produced using Pre-

Infiltration and Different Solution Additives. a) 1.50 molar pure nitrate, b) 0.50 molar 

Citric Acid-contain and c) 1.50 molar TXD LSCF precursor nitrate solutions at 700°C 

fpr 1 hour. PND:  =0.0 vol% and  =7.4 vol%.  CAD: □=0.0 vol% and  =7.4 

vol% and TXD: =0.0 vol% and  =7.4 vol%.  All cathodes used 12.0 vol% LSCF.  

Differences in ohmic offset are due to thickness variations in the electrolyte between 

cells and not the result of electronic losses from GDC resistivity changes. 
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SIMPLE model RP predictions were also made using nano-particle sizes from 

Figure 6.2.  The SIMPLE model predicts similar performance changes compared to the 

experimental results.  This suggests that LSCF nano-particle size reductions alone were 

responsible for the observed cathode performance gains.  Similar behavior was observed 

for the desiccated LSCF of Section 5.3.1, which makes these results unsurprising.   

Figure 6.13 [7] shows the ohmic resistivity of the GDC IC scaffold for the 

different operating temperatures.  All the ohmic resistivity data for PND, CAD and TXD 

LSCF symmetrical cells match the resistivity of pure GDC, which indicate that 

differences in performance shown in Figure 6.12 were not caused by electronic losses in 

the scaffold. 

 

Figure 6.13: Arrhenius Ohmic Resistivity Plots for Pre-Infiltrated LSCF -GDC 

NMCCs Tested in Air using Different Solution Additives. PND:  =0.0 vol%,  

=5.0 vol%,   =6.4 vol%, and  =7.4 vol%.  CAD: □=0.0 vol%,  =5.0 vol%,  

=6.4 vol%, and  =7.4 vol% and TXD: =0.0 vol%,  =5.0 vol%,  =6.4 

vol% and  =7.4 vol%. The inclined solid line is the resistivity of pure GDC from 

literature [7]. 
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6.3.2 Pre-Infiltration and Solution Additive Impact on Infiltrate Phase Purity 

Figure 6.14 [117, 118, 134-137, 141] shows ex-situ XRD data for PND, TXD and 

CAD-containing LSCF oxide powder fired at 700°C for 1 hr using different loading 

levels of nano-GDC.  Just like the desiccated LSCF results of Section 5.3.2, in Figure 

6.14 the phase purity of the powder increased as the solution changed from PND (left 

column) to CAD (right column) without the use of nano-GDC.  After nano-GDC was 

added the phase purity could not be determined accurately due to peak overlap between 

the GDC and LSCF phase. 

 

 

Figure 6.15 [117, 118] shows 0.0 vol% nano-GDC and 7.4 vol% nano-GDC XRD 

data for LSCF 1.50 molar PND oxide powder fired at various temperatures between 80°C 

and 800°C.  This data suggests that the addition of 7.4 vol% nano-GDC made the 0.0 

vol% LSCF powder, at all fabrication temperatures (except at 80°C), phase pure.  Exact 

Figure 6.14: XRD Scans for Pre-Infiltrated LSCF and GDC Nano-Particles with Different Solution 

Additives.  a) 0.50 molar Citric Acid-containing pre-infiltrated nano-GDC precursor gels and b) 1.50 

molar Triton X-100-containing pre-infiltrated nano-GDC precursor gels (b) outside GDC scaffolds at 

700
o
C. The pre-infiltrated nano-GDC\LSCF vol% ratio for all samples is 50:12. ▼=Ce0.9Gd0.1O1.95 

(JCPDS # 01-075-0161) [118].  □=La0.6Sr0.4Co0.8Fe0.2O3 (JCPDS # 00-048-0124) [117], =Co3O4 

(JCPDS # 01-074-2120) [141],=CoCo2O4 (JCPDS # 01-080-1537) [134], =La2O3 (JCPDS # 00-

040-1279) [135], =La(Co0.42Fe0.58O3) (JCPDS # 01-074-9369) [136], ■=La2O3 (JCPDS # 01-071-

4953) [137]. 
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conclusions whether small impurity oxide phases are present are difficult to make due to 

the strong overlapping XRD signal of the nano-GDC.   

 

Figure 6.15: XRD Scans for 7.4 vol% Pre-Infiltrated PND LSCF Fired between 80°C and 800°C.  The 

LSCF vol% was held constant at 12.0 vol % in all cases. Ce0.9Gd0.1O1.95 (JCPDS # 01-075-0161) [118]. 

La0.6Sr0.4Co0.8Fe0.2O3 (JCPDS # 00-048-0124) [117]. 
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Figure 6.16 [117, 118] shows 0.0 vol% nano-GDC and 7.4 vol% nano-GDC XRD 

data for LSCF 1.50 molar TXD-containing oxide powder fired at various temperatures 

between 80°C and 800°C.  The phase purity of the LSCF is phase pure for all fabrication 

temperatures above 200°C when using 7.4 vol% nano-GDC.   

 

Figure 6.16: XRD Scans for 7.4 vol% Pre-Infiltrated TXD LSCF Fired between 80°C and 800°C. The 

LSCF vol% was held constant at 12.0 vol % in all cases. Ce0.9Gd0.1O1.95 (JCPDS # 01-075-0161) [118]. 

La0.6Sr0.4Co0.8Fe0.2O3 (JCPDS # 00-048-0124) [117]. 
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Figure 6.17 [117, 118] shows 0.0 vol% nano-GDC and 7.4 vol% nano-GDC XRD 

data for LSCF 0.50 molar CAD-containing oxide powder fired at various temperatures 

between 80°C and 800°C.  The phase purity of the LSCF is phase pure for all fabrication 

temperatures when using 7.4 vol% nano-GDC.  This is in contrast to the phase purity of 

CaCl2-desiccation CAD LSCF which still had phase impurities that formed at lower 

fabrication temperatures.   

 
Figure 6.17: XRD Scans for 7.4 vol% Pre-Infiltrated CAD LSCF Fired between 80°C and 800°C. The 

LSCF vol% was held constant at 12.0 vol % in all cases. Ce0.9Gd0.1O1.95 (JCPDS # 01-075-0161) [118]. 

La0.6Sr0.4Co0.8Fe0.2O3 (JCPDS # 00-048-0124) [117]. 
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The 7.4 vol% nano-GDC TXD LSCF had greater phase purity for all temperatures 

than the CaCl2-desiccated TXD LSCF data presented in Section 5.3.2. Phase purity, using 

desiccation, for temperatures below 600°C still had a noticeable quantity of impurity 

peaks while the data in Figure 6.17 showed no impurity phases at any fabrication 

temperature other than 80°C. 

Overall, the LSCF oxide phase when using TXD and CAD became the dominant 

phase around 600°C.  However, the addition of nano-GDC was hypothesized to act as a 

coarsening reducing agent.  It is hypothesized that at 600°C the addition of nano-GDC (at 

any loading level) did not reduce nano-particle size because the LSCF oxide particles 

have not had time to coarsen.  In contrast at 700°C and 800°C coarsening was assumed, 

based on the results in Figure 6.16-6.17, which is why the TXD LSCF and CAD LSCF 

nano-particles show reduced particle size at nano-GDC loading levels greater than 5.0 

vol%.  It is further hypothesized that the PND LSCF nano-particles were not influenced 

by the nano-GDC because there was no surfactant or chelating agent to limit cation 

separation, preventing PND LSCF oxide particles from becoming the dominant phase 

until 700°C, by which time their pre-existing impurity phases had already coarsened. 

6.3.3 Pre-Infiltration and Solution Additive Impact on Precursor Solution 
Decomposition Behavior 

Figure 6.18 shows TGA datasets for PND, CAD and TXD LSCF-GDC cells 

infiltrated with different loading levels of nano-GDC.  Since the nano-GDC does not 

allow for impurity phases to be observed in the XRD plots, TGA was used to observe the 

effects of nano-GDC.  The pre-infiltrated PND LSCF and TXD LSCF TGA data 

indicates that the LSCF precursor thermal decomposition peaks (at low nano-GDC vol%) 

shifted to lower temperatures and finally disappeared at higher nano-GDC loading levels.   
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Figure 6.18: Pre-Infiltrated TGA Plot using Different Solution Additives between 25°C and 850°C.  

Samples are for: a) PND LSCF precursor solutions, b) CAD LSCF precursor solutions, and c) TXD LSCF 

precursor solutions.  TGA data was collected up to 850°C. 
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The CAD LSCF TGA data also shows that a large multistage decomposition event 

(between 200°C and 400°C) gradually shifted to lower temperatures at higher nano-GDC 

loading levels.  Previous literature studies have shown that ceria catalyzes nitrate 

decomposition [27], which maybe the reason why nano-GDC reduces the LSCF 

formation temperature. 

6.3.4 Pre-Infiltration and Solution Additive Impacts on Performance and 
Stability 

Figure 6.19 shows 500 hr open-circuit RP data for 0.0 vol% nano-GDC PND and 

7.4 vol% nano-GDC TXD and CAD LSCF-GDC symmetrical cells.  As in Chapter 5, the 

initial performance of TXD LSCF cells were the highest, followed by the CAD LSCF 

cells, and finally the PND LSCF cells.  Figure 6.19 shows that the PND and CAD LSCF-

GDC degradation rate appears to be similar in magnitude and much larger than the TXD 

LSCF-GDC degradation rate.  The initial “break-in” rates for all PND, TXD and CAD 

are much higher that the later, more constant degradation rates, similar to Chapter 5 

desiccation.  The 100-500 hr break-in degradation rates for PND are 9.8 % / khr while 

TXD has degradation rates of 6.3 % / khr and CAD degradation rates are 12.0 % / khr.  

For unknown reasons the degradation break-in rates are clearly larger than desiccation.  

However, the CAD and TXD LSCF nano-particle sizes required to obtain 500 hr RP 

values would need to be between 60-65 nm, which is much larger than the standard 

deviation shown in Figure 5.6, and the particle sizes shown in Figure 6.20.  This suggests 

that like desiccation, MIEC nano-particle size coarsening was not an active degradation 

mechanism at 540°C.  However, more work beyond the scope of this thesis is needed to 

understand the active degradation mechanisms in these pre-infiltrated cathodes. 
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Figure 6.19: LSCF-GDC 500 hour RP hour Plot for NMCCs Produced using Pre-Infiltration and 

Different Solution Additives. a) 1.50 molar pure nitrate , and b) 0.50 molar Citric Acid-containing □ 

and 1.50 molar Triton X-containing  precursor nitrate solutions at 700°C for 1 hour. 

 

Figure 6.20 shows SEM images of the CAD and TXD LSCF nano-particle sizes 

before and after 500 hr at 540°C.  The particle sizes remain constant and do not show any 

signs of coarsening.  This can be related back to the low phase impurity fraction seen in 

the CAD and TXD LSCF XRD data.  As mentioned previously, SEM images of the PND 

LSCF cell were not obtained for this thesis due to time constraints for taking the PND 

LSCF 500 hr EIS measurement.  Particle size coarsening could explain the increased RP 

observed with the undesiccated PND LSCF, since particle sizes of ~100 nm were needed 

to produce the final 500 hr RP values (calculated using the SIMPLE model), a 100 nm 
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was well within the standard deviation for PND LSCF nano-particles shown in Figure 

6.9.  Just like in Section 5.3.4 literature studies [146] support our hypothesis that particle 

size coarsening was not responsible for the cathode performance degradation observed in 

Figure 6.19. 

 

Figure 6.20: Pre-Infiltrated Scanning Electron Micrographs for CAD and TXD LSCF-GDC Symmetric 

Cells Tested for 500 hrs.  Samples held at 540°C were imaged using the SEM for 0.5 molar CAD LSCF 

symmetric cells: a) 0 hrs and c) 500 hrs, and CaCl2-Desiccated 1.50 molar TXD LSCF symmetric cells 

tested at 540°C after b) 0 hrs and d) 500 hrs.  Each scale bar is 50 microns in width. 

 

 

Figure 6.21 shows the raw EIS data before and after 500 hr open-circuit stability 

testing.  The data shows that similar trends to these in Section 5.3.4, with RP and ohmic 

offset suggesting that some mechanism other than infiltrate particle size.  Further 

investigation into performance degradation is outside the scope of this thesis but should 

be investigated in the future. 
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6.4 Summary 

In summary, ceria pre-infiltration was shown to reduce infiltrated LSCF nano-

particle size using different precursor solution additives, such as TXD and CAD.  Pre-

infiltration was shown to not have an effect on infiltrated LSCF nano-particle size when a 

precursor solution additive was not present as with the PND case. Similar behavior was 

also observed with desiccation.  As with desiccation, the magnitude of the TXD and CAD 

Figure 6.21: Raw Impedance Data Plots of Pre-Infiltrated LSCF-GDC NMCCs 

Produced using Different Solution Additives. a)1.50 molar Pure Nitrate( ), b) 0.50 

molar Citric Acid-containing (□) and c) Triton X-100 containing () precursor nitrate 

solutions at 700°C.  RP LSCF-GDC NMCC’s measurements were taken for 500 hours. 



140 

 

LSCF nano-particle size reduction was dependent on the precursor solution addition 

choice. With ceria pre-infiltration the average TXD LSCF nano-particle size was reduced 

from 48 nm to 22 nm, while the average CAD LSCF nano-particle was reduced from 50 

nm to 27 nm.  In contract to desiccation, the reduction of nano-particle size with ceria 

pre-infiltration was not gradual, but suddenly decreased once the loading level of nano-

GDC was greater than 5.0 vol% for both CAD and TXD LSCF.  As with desiccation, 

ceria pre-infiltration included performance changes were found to be solely the result of 

infiltrate nano-particle size reductions. 

There were differences observed between the trends using pre-infiltration and 

desiccation. First, the performance degradation rate over 500 hrs was significantly higher 

using pre-infiltration for both CAD and TXD when compared to desiccation.  Second, the 

XRD data for pre-infiltration was inconclusive due to peak overlap between the GDC and 

LSCF phases which resulted in TGA data being used to observe changes during 

decomposition.  The TGA data suggests that when the loading level of nano-GDC is 

increased, the LSCF precursor solution decomposition events are shifted to lower 

temperatures or completely removed.  The decrease in low temperature impurity content 

this produces may limit particle size growth during manufacturing, resulting in reduced 

average LSCF particle size.  
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CHAPTER 7: The Impact of Precursor Solution 
Desiccation and Nano-Ceria Pre-Infiltration on 
La0.6Sr0.4Co1-xFexO3-δ (0≤x≤1) Infiltrated Cathodes 

7.1 Introduction 

The previous chapters have shown that the average infiltrated TXD and CAD 

LSCF nano-particle size can be reduced and NMCC performance can be increased using 

desiccation and ceria oxide pre-infiltration.  In addition, the previous chapters have 

shown that the performance and average nano-particle size of LSCF-GDC NMCCs both 

have a strong dependence on surfactant type.  The objective of the work in this chapter 

was to evaluate whether the precursor gel desiccation and ceria oxide pre-infiltration 

fabrication techniques could also be used to control the average nano-particle size of 

other CAD MIEC compositions in the La0.6Sr0.4CoyFe1-yO3-δ (y= 0 to 1) (LSF-LSC) 

system. 

7.2 Experimental Methods 

7.2.1 Cathode-Electrolyte-Cathode Symmetric Cell Production 

Symmetrical cathode-supporting electrolytes were fabricated in the same manner 

that was described in Chapters 4-6.  Specifically, porous well-necked GDC IC scaffolds 

were produced on both sides of these electrolyte pellets.  To achieve this, some of the 

aforementioned Rhodia GDC powder was coarsened at 800°C for 4 hours and then mixed 

with V-737 electronic vehicle (Heraeus; West Conshohocken, PA) to form a GDC ink 

with a 34% solids loading.  Three layers of GDC ink were then screen printed onto each 

side of each dense GDC electrolyte pellet using a patterned 80 mesh stainless steel screen 

with a circular 0.5 cm
2 

open area.  Prior to the next ink layer being applied, each ink layer 
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was allowed to flow across the pellet surface for 5 minutes and then was placed in a bake 

oven at 120°C for 5 minutes to extract the electronic vehicle solvent and increase the 

green strength.  After screen printing, the samples were heated to 400°C at 3°C/min, held 

at 400°C for one hour, heated to 600°C at 3°C/min, held at 600°C for one hour, heated to  

either 1100
o
C (desiccation) or 1050°C (pre-infiltration) at 5°C/min, held at either 1100

o
C 

for 3 hours (desiccation) or at 1050°C for 3 hours (pre-infiltration), and then cooled to 

room temperature at a nominal cooling rate of 10
o
C/min.  Sintered IC scaffold thickness 

and roughness measurements were made with a Dektak 3 profilometer (Bruker; Tucson, 

AZ). 

 Three different fabrication techniques 1) a standard technique commonly used in 

the literature [5, 7] that was neither desiccated or pre-infiltrated, 2) the desiccation 

technique described in Chapter 4, or 3) the ceria pre-infiltration technique described in 

Chapter 6 were used in conjunction with various precursor solution compositions in the 

(La0.6Sr0.4CoxFe1-xO3-δ) (x =0 to 1) system.  The standard technique had precursor 

solutions that were pipetted into the porous GDC cathode scaffolds, allowed to soak into 

the scaffold for 5 minutes, and gelled at 80
o
C for 10 min before being fired at 700°C for 1 

hr to form nano-sized MIEC oxide particles on the scaffold surface.  The desiccation 

technique is described in Section 4.2.1, and the pre-infiltration technique is described in 

Section 6.2.1.  For all three techniques the MIEC precursor solutions were fabricated in 

the same manner as described in Sections 4.2.1 and 6.2.1.  Desiccated cells used CaCl2 as 

the desiccant and pre-infiltrated cells used a 7.4 vol% loading level of nano-GDC 

precursor solution.  The cells made by all three techniques used a 12.0 vol% MIEC 

loading level for each composition.  Lastly, symmetric cells were prepared for electrical 
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measurements by screen printing bilayer LSM–Au current collectors onto each NMCC in 

exactly the same manner as previous chapters.  

7.2.2 Symmetrical Cell Impedance, X-ray Diffraction, and Scanning Electron 
Microscopy Measurements 

NMCC symmetrical cells were characterized using EIS, XRD, and SEM in the 

same manner as described in Sections 4.2.2, 4.2.3, and 4.2.4 respectively. 

7.2.3 Nano-Micro-Composite Cathode Performance Modeling 

The NMCC performance was modeled using the SIMPLE model [5, 7, 8] in the 

manner described in Section 4.2.1. 

7.3 Results 

7.3.1 Pre-Infiltration, Desiccation and Infiltrated Composition Impacts on 
Infiltrate Particle Size and Performance 

 Figure 7.1 shows 600°C raw electrochemical impedance spectroscopy data for 

symmetrical cells infiltrated with CAD La0.6Sr0.4FeO3 (LSF), CAD La0.6Sr0.4Co0.2Fe0.8O3 

(LSFC), CAD La0.6Sr0.4Co0.5Fe0.5O3 (LSCF55), CAD La0.6Sr0.4Co0.8Fe0.2O3 (LSCF), or 

CAD La0.6Sr0.4CoO3 (LSC) using the: a) standard, b) desiccation, or c) pre-infiltration 

processing techniques.  The highest RP value was observed with CAD LSF using the 

standard technique while the lowest RP value was observed using CAD LSC with the pre-

infiltration technique.  Note the systematic behavior of RP vs. composition for all three 

processing methods.  Another observation was that desiccation and pre-infiltration both 

improved performance to a greater extend with cobaltite compositions than ferrite 

compositions. 
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Figure 7.1: Figure 7.1: Raw Impedance Data Plots of Desiccated and Pre-Infiltrated La0.6Sr0.4CoxFe1-

xO3-δ (0≤x≤1) using Citric Acid. Standard: =La0.6Sr0.4FeO3-δ (LSF), =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55), □=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), Δ=La0.6Sr0.4CoO3-δ 

(LSC) ;Desiccated: ●=La0.6Sr0.4FeO3-δ (LSF),  =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),      ■=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), ▲=La0.6Sr0.4CoO3-δ 

(LSC);Nano-GDC: =La0.6Sr0.4FeO3-δ (LSF), =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),  =La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF),Δ=La0.6Sr0.4CoO3-δ (LSC).  All data 

was taken at 600°C. 
 

Figure 7.2 shows Arrhenius RP data for CAD LSF, CAD LSFC, CAD LSCF55, 

CAD LSCF, and CAD LSC infiltrated cells tested at operating temperatures between 

400°C and 700°C for the standard, desiccation and pre-infiltration processing techniques.     
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Figure 7.2: Desiccated or Pre-Infiltrated La0.6Sr0.4CoxFe1-xO3-δ (0≤x≤1) RP Arrhenius Plots for NMCCs 

Produced using Citric Acid.  The dashed lines are SIMPLE model predictions, where the top most (for 

each composition) is for the standard case, the middle most is for the desiccated case and the lowest is for 

the pre-infiltrated nano-GDC case.  Standard: =La0.6Sr0.4FeO3-δ (LSF), =La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSFC), =La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55), □=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), Δ=La0.6Sr0.4CoO3-δ 

(LSC) ;Desiccated: ●=La0.6Sr0.4FeO3-δ (LSF),  =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),      ■=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), ▲=La0.6Sr0.4CoO3-δ 

(LSC);Nano-GDC: =La0.6Sr0.4FeO3-δ (LSF), =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),  =La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF),Δ=La0.6Sr0.4CoO3-δ (LSC).  All data 

was taken at 600°C. 
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In Figure 7.2 both desiccation and pre-infiltration are shown to reduce RP for all material 

compositions but pre-infiltration reduced RP to a greater extent than desiccation.  The 

operating temperature for the target RP values of 0.1 Ωcm
2
 was reduced to a minimum 

temperature of ~550°C with CAD LSC using pre-infiltration.  (Note, the 540°C 0.1 Ωcm
2
 

behavior reported in Section 6.3.1 was for pre-infiltrated TXD LSCF, not CAD LSCF).  

As was observed with Figure 7.1, the cobaltite MIEC materials performed better than the 

ferrite materials.  Based on the Rs values from the literature shown in Figure 2.13, on 

average the cobaltite materials have a lower Rs (LSC, LSCF, SSC, and BSCF) value than 

the ferrite compounds (LSF and LSFC), which would tend to lead to improved cathode 

performance. 

Figure 7.3 shows SEM images for: 1) standard (a-e), 2) desiccated (f-j), and 3) 

pre-infiltrated (k-o) cells fabricated at 700°C.  For each processing technique, the average 

infiltrate particle size decreased slightly as the La0.6Sr0.4CoxFe1-xO3-δ cobalt content 

increased; with standard average particle sizes ranging from ~55 nm for CAD LSF to ~50 

nm for CAD LSC; desiccated average particle sizes ranging from ~46 nm for LSF to ~39 

nm for LSC and pre-infiltrated average particle sizes ranging from ~31 nm for LSF to 

~24 nm for LSC. 

Figure 7.4 shows the average particle sizes for the various MIEC compositions for 

the a) standard, b) desiccation and c) pre-infiltration techniques.  The nano-particle sizes 

shown in this figure are taken directly from Figure 7.3.  As was stated in Figure 7.3, the 

nano-particle size decreased within each processing technique, with ferrite materials 

having larger average nano-particle sizes than cobaltite materials.  Overall, desiccation 

and pre-infiltration both reduced the average nano-particle size with desiccation lowering 
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particle sizes from 55 nm to 42 nm and pre-infiltration lowering particle sizes from 55 

nm to 26 nm.  CAD LSC average nano-particle sizes were found to be the smallest of any  

 

 

 
Figure 7.3: Desiccated or Pre-Infiltrated La0.6Sr0.4CoxFe1-xO3-δ (0≤x≤1) Nano-Particle Sizes Produced 

using Citric Acid.  Standard (a-e) desiccated (f-j) and pre-infiltrated nano-GDC oxide particles (k-o). 

 

tested composition.  This, coupled with the low Rs of LSC om Figure 2.13 which 

correlates to the CAD LSC cells having the lowest RP values.  The changes in particle 

size, when input into the SIMPLE model predicted RP results that were consistent with 

observed experimental results. Williamson-Hall particle size measurements were not 
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conducted due to the large number of samples analyzed, and the reliability of the SEM-

determined particle sizes in Chapters 5 and 6. 

 
Figure 7.4: La0.6Sr0.4CoxFe1-xO3-δ Nano-Particle Sizes Determined from Scanning Electron Microscopy 

Images.  a) Standard, b) desiccated and c) pre-infiltrated nano-GDC nano-particles. Both desiccation and 

pre-infiltrated nano-GDC cells lower LSCF nano-particle sizes when compared to the standard case.  

Error bars indicate the standard deviation of LSCF nano-particle sizes calculated from the SEM images. 

Standard: =La0.6Sr0.4FeO3-δ (LSF), =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), =La0.6Sr0.4Co0.5Fe0.5O3-δ 

(LSCF55), □=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), Δ=La0.6Sr0.4CoO3-δ (LSC) ;Desiccated: ●=La0.6Sr0.4FeO3-δ 

(LSF),  =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), =La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),      
■=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), ▲=La0.6Sr0.4CoO3-δ (LSC);Nano-GDC: =La0.6Sr0.4FeO3-δ (LSF), 

=La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), =La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),  =La0.6Sr0.4Co0.8Fe0.2O3-δ 

(LSCF),Δ=La0.6Sr0.4CoO3-δ (LSC).  All data was taken at 700°C. 

 

 

Figure 7.5 shows the ohmic resistivity of the GDC IC scaffold for the various 

CAD La0.6Sr0.4CoxFe1-xO3 (0≤x≤1) EIS measurements in Figure 7.1.  All the ohmic 

resistivity data for tested sample symmetrical cells matched the resistivity of pure GDC, 
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which indicated that the differences in performance shown in Figure 7.2, were not caused 

by electronic losses in the IC scaffold. 

 
Figure 7.5: Arrhenius Ohmic Resistivity Plots for Desiccated or Pre-Infiltrated La0.6Sr0.4CoxFe1-xO3-δ 

(0≤x≤1) NMCCs Produced using Citric Acid and Tested in Air.  Standard: =La0.6Sr0.4FeO3-δ (LSF), 

=La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), =La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55), □=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), 

Δ=La0.6Sr0.4CoO3-δ (LSC) ;Desiccated: ●=La0.6Sr0.4FeO3-δ (LSF),  =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC),  

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),      ■=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF), ▲=La0.6Sr0.4CoO3-δ 

(LSC);Nano-GDC: =La0.6Sr0.4FeO3-δ (LSF), =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC), 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),  =La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF),Δ=La0.6Sr0.4CoO3-δ (LSC).  All data 

was taken at 600°C.The inclined solid line is the resistivity of pure GDC from literature [7]. 

 

 

7.3.2 Pre-Infiltration, Desiccation and Infiltrated Composition Impacts on 
Infiltrate Phase Purity 

Figure 7.6 [117, 154-156] shows standard and desiccated XRD data for the 

different powder compositions fired at 700°C for 1 hour.  The powder produced using the 

standard method is shown in the upper datasets and the powder produced using the 

desiccation method is shown in the lower datasets for each material composition.  The 

results in this figure show that desiccation did not affect CAD La0.6Sr0.4CoxFe1-xO3 

(0≤x≤1) phase purity. 
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Figure 7.6:  XRD Scans for CaCl2-Desiccated La0.6Sr0.4CoxFe1-xO3-δ (0≤x≤1) Produced using Citric Acid. 

Standard XRD spectra are stacked above the desiccated XRD spectra for each peak. Standard: 

=La0.6Sr0.4FeO3-δ (LSF)(JCPDS # 01-072-8133) [154], =La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC) [155], 

=La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55), □=La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF) (JCPDS # 00-048-0124) [117], 

Δ=La0.6Sr0.4CoO3-δ (LSC)(JCPDS # 01-089-5718) [156];Desiccated: ●=La0.6Sr0.4FeO3-δ (LSF) [154],  

=La0.6Sr0.4Co0.2Fe0.8O3-δ (LSFC) [155], =La0.6Sr0.4Co0.5Fe0.5O3-δ (LSCF55),      ■=La0.6Sr0.4Co0.8Fe0.2O3-

δ (LSCF) (JCPDS # 00-048-0124) [117], ▲=La0.6Sr0.4CoO3-δ (LSC) [156]. 

 

  

Figure 7.7 [118] shows standard and pre-infiltrated XRD data for the different 

powder CAD La0.6Sr0.4CoxFe1-xO3 (0≤x≤1) composition fired at 700°C for 1 hour.  As 

observed previously for CAD LSCF in Figure 6.10 the 7.4 vol% nano-GDC pre-

infiltration powder had such a large signal that small impurity oxide phases were not 

detectable, but large impurity oxide phases were still not observed.   
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Figure 7.7:  XRD Scans for 7.4 vol% Pre-Infiltrated La0.6Sr0.4CoxFe1-xO3-δ (0≤x≤1) Produced using Citric 

Acid. ▼=Gd0.1Ce0.9O1.95 (JCPDS 01-075-0161)  [118]. 

 

7.4 Summary 

In summary, this chapter was intended to evaluate the impact desiccation and pre-

infiltration have on infiltrated nano-particle size and NMCC performance when using 

MIEC compositions other than LSCF.  For all tested CAD La0.6Sr0.4CoxFe1-xO3 (0≤x≤1) 

compositions both nano-particle size and RP values were shown to be reduced using 

CaCl2-desiccation or 7.4 vol% nano-GDC pre-infiltration.  The nano-particle size 

reduction was observed to be the reason for increased performance with all material 

compositions, just as was seen in Chapters 4-6.  Desiccation reduced infiltrated nano-
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particle size from 55-50 nm (LSF to LSC) to 45-39 nm (LSF to LSC), while pre-

infiltration reduced nano-particle size to 30-24 nm (LSF to LSC).  Clearly, pre-infiltration 

reduced infiltrated nano-particle size for all material compositions to a greater extent than 

desiccation.  Material composition phase purity was not impacted by either desiccation or 

pre-infiltration, at least at a fabrication temperature of 700°C. 

Chapters 4-7 have examined both the desiccation and pre-infiltration techniques 

and investigated their effects on infiltrated cathode nano-particle size and performance.  

Based on the results observed, a preliminary recommendation for the desiccation 

technique would be given as the best technique to use for commercial SOFC production.  

This recommendation is based on: 1) desiccation having a substantially lower 

degradation rate at 540°C for both CAD and TXD LSCF cells compared to pre-infiltrated 

CAD and TXD LSCF cells, 2) desiccation lowering the operating temperature by 75°C 

(from 650°C to 575°C) compared to the standard technique, and 3) the manufacturing 

costs for desiccation are low since CaCl2 is inexpensive and desiccation has a low cost 

capital expenditure.  The main downside of using this technique is an increased 

manufacturing time due to the desiccation process.  However, the desiccation 

manufacturing time could possibly be expedited through the use of alternative desiccants 

possessing faster desiccation kinetics.    
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CHAPTER 8: Determination of Infiltrated Mixed 
Ionic and Electronic Conducting Nano-Particle 
Oxygen Surface Exchange Material Properties 
through Finite Element Modeling of 3D 
Reconstructed Microstructures 

8.1 Introduction 

Section 2.8 highlighted that a lack of knowledge regarding the intrinsic oxygen 

surface exchange resistance, Rs, of infiltrate MIEC materials was one of the greatest 

obstacles limiting the development and improvement of low temperature NMCCs and 

SOFCs.  Past literature studies have measured thin film Rs values for LSF [52, 54], LSCF 

[51, 54], LSFC [54, 95], LSC [54, 97], SSC [54, 98], and BSCF [49, 50] compositions.  

However, no infiltrate Rs values have ever been measured.  Further, as stated in Section 

1.3, literature studies have shown that large MIEC Rs discrepancies exist between current 

literature reports of these compositions [10].  Infiltrate Rs measurements are needed 

because the different stress and surface states of infiltrated MIEC particles could lead to 

Rs values significantly different than those obtain from thin or bulk films.  Further, these 

Rs values would allow the SOFC community to determine the optimal MIEC infiltrate 

compositions and correctly model and optimize NMCC performance. Therefore, the 

objective of the work in this chapter was to: 1) determine Rs values for different 

infiltrated MIEC materials using FIB-SEM FEM 3D reconstructions, and 2) evaluate the 

Rs/IC ratios under which the SR limit and SIMPLE models break down.  Both these 

objectives were achieved through the use of finite element modeling. 
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8.2 Experimental Methods  

8.2.1 Cathode-Electrolyte-Cathode-Symmetric Cell Production 

Cathode-supporting symmetrical cells were prepared in the same manner as 

Section 7.2. 

8.2.2 Electrochemical Impedance Spectroscopy Measurements 

EIS characterization was performed in the same manner as Section 4.2. 

8.2.3 Nano-Micro-Composite Cathode Finite Element Modeling of 3D 
Reconstructions  

As discussed in Section 3.3.3, a set of 2D serial sections were obtained to create a 

3D reconstruction using a computer program called MIMICS (Materialise Inc, Leuven 

Belgium).  This 3D reconstruction was then volume meshed using a second computer 

program called 3-Matic (Materialise Inc, Leuven Belgium), and finally a FEM computer 

program called COMSOL (COMSOL Inc, Palo Alto California) was used for 

performance calculations. Section 3.3 outlines the multiple steps involved in: 1) creating 

the FIB-SEM 3D reconstruction, 2) creating the 3D microstructure volume mesh, and 3) 

modeling the 3D volume mesh in COMSOL.  A step-by-step guide on this procedure is 

provided in Appendix 2. 

Here, the volume mesh of both the cathode and electrolyte was created with a 

large enough number of tetrahedrons (calculation boxes used in FEM) to provide an 

accurate determination of the performance.  The volume mesh size used in the 

performance calculations was slightly over 1 million tetrahedrons (using the dimensions 

provided in Figure 3.11).  Performance calculations using a volume mesh size of over 5 

million tetrahedrons also conducted using the 3D reconstruction shown in Figure 3.11) 
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yielded performance values that were only different by ~4%, indicating the adequacy of 

the FEM mesh size.  Next, electrochemical potential lines were generated from the 

volume mesh using COMSOL.  As discussed in Section 3.3.6 and Appendix 2, the 

potential lines were calculated by applying a scaled Rs value, and a 1V potential to the 

entire cathode surface mesh, and a 0V potential to the bottom of the electrolyte 

microstructure.  Cathode RP calculations were then conducted using the calculated 

electrochemical potential lines to mathematically determine the current crossing the 

bottom of the electrolyte and the use of Equation 16.  RP values from 3D reconstructions 

of both 4.1 μm thick and 8 μm were compared and RP predictions from both 

reconstructions were very close to each other indicating that edge effects had no 

significant contribution to the final results.  Finally, RP values were calculated using 

COMSOL for temperatures between 600°C-700°C. These RP values were then compared 

against experimentally determined NMCC EIS RP values from: 1) Chapter 4 for LSCF, 2) 

Chapter 7 for LSF, LSFC, and LSC, and 3) Nicholas et al. [5] for SSC.  To calculate Rs, 

the FEM inputted Rs values were adjusted until the FEM determined and experimentally 

determined RP values agreed. 

 

8.3 Results 

8.3.1 A Comparison of Finite Element Modeling Mixed Ionic Electronic 
Conducting Materials Intrinsic Oxygen Surface Exchange Material Properties 

Figure 8.1 [51, 54, 95-102] shows the reported literature Rs, kchem, and ko values 

from Section 2.7.3 overlaid with Rs values determined from FEM calculations of FIB-

SEM 3D reconstructed microstructures.  In Figure 8.1, the activation energies of 

infiltrated CAD LSF (1.01 eV), CAD LSFC (1.18 eV), CAD LSCF (1.04 eV), CAD LSC 
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(1.08 eV) and CAD SSC (1.38 eV) are lower than or equal to the reported literature data.  

In contrast, however, the 600-700°C magnitude of these FEM calculated values agree 

surprisingly well with the literature values (i.e. within 1 order of magnitude).  

Figure 8.2 shows all the FEM-determined Rs, kchem and ko values for LSF, LSFC, 

LSCF, LSC and SSC on a single plot.  The Rs values for the different cathode MIEC 

materials consistently stay within 2 orders of magnitude of each other, but the kchem and k0 

values have a much larger variation.  This larger variation in kchem and ko is caused from a 

difference in the Co and γ values shown in Figure 2.12.   

From a purely Rs perspective, the best infiltrated MIEC material to use between 

600-700°C is SSC because it has the lowest Figure 8.2 Rs value of any MIEC 

composition and also has kchem and ko values that are nearly 2 orders of magnitude higher 

than the other MIEC compositions.  These high-temperature results are not surprising 

since they match closely with what Baumann et al. [54] has shown in literature for thin 

film MIEC materials.  However when these results are projected to lower operating 

temperatures, then LSF becomes a better MIEC material choice since it has the lowest 

activation energy, and thus (by extension) would have the lowest Rs value.  This is 

surprising since Baumann et al. [54] shows thin film LSF to have much higher activation 

energy (1.8 eV) compared to SSC (1.3 eV) over the 600-700°C temperature range.  This 

disagreement clearly shows that the properties of MIEC infiltrate can be different than 

MIEC thin films, and justifies the need for FIB-SEM FEM calculations such as those 

presented here. 
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Figure 8.1:  Rs, kchem and ko values Reported in Literature and Calculated using FIB-SEM FEM 3D 

Reconstructions for the Cathode MIEC Materials LSF, LSFC, LSCF, LSC and SSC.  Open symbols are 

for data from literature studies and closed symbols are for calculated values from FIB-SEM FEM 3D 

reconstructions [51], [54], [85-92]. 

 

 



158 

 

 

Figure 8.2: Rs, kchem and ko Values Calculated using the FIB-SEM FEM 3D Reconstruction for Cathode 

MIEC Materials LSF, LSFC, LSCF, LSC and SSC.  The legend in the top-right corner of each subfigure 

shows the MIEC material for each symbol. 

Despite the importance of a low Rs value, determination of the optimal MIEC 

composition for infiltration should also account for the ability to reduce the size of 

infiltrate particles made of that composition.  In light of this, LSCF (Rct is 5.06 at 600°C, 

2.53 at 650°C, and 1.52 at 700°C) and LSC (Rct is 5.46 at 600°C, 2.29 at 650°C, and 1.29 

at 700°C) are probably the best MIEC compositions to use at the moment because unlike 

SSC and LSF both these compositions exhibit large nano-particle size reductions using 

both desiccation and pre-infiltration shown in Chapters 5-7.  Of course, a low MIEC Rs 

value alone is not enough to guarantee a low MIEC infiltrate cathode RP.  The cathode 

microstructure also has an effect. 

8.3.2 Identifying the Materials Property Combinations Causing the Surface 

Resistance Limit and the Simple Infiltration Microstructure Polarization Loss 

Estimation Model to Breakdown 

 Throughout this thesis three NMCC RP prediction models have been used: 1) the 

FIB-SEM FEM, 2) SR Model, and 3) the SIMPLE Model.  As mentioned, in Section 

2.5.1 and 8.2.4 the FIB-SEM FEM and SIMPLE model calculations take into account the 

scaled Rs values, scaffold bulk IC and ohmic scaffold effects.  The SR model only takes 

into account the scaled Rs values.  The FIB-SEM FEM calculations also are different 
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from the SIMPLE model in that they use a real scaffold microstructure, while the 

SIMPLE model uses an idealized scaffold microstructure.  These differences between the 

three models could lead to vastly different RP values depending on the ratio of the 

Equation 1 surface scaled Rs value (Rct) to the low scaffold IC (σ) since a low Rct/σ value 

would produce a high electrochemical potential gradient in the IC scaffold that would 

raise the impact of the IC scaffold geometry.  Therefore, the objective of this section was 

to determine the full range of the Rct/σ values that could accurately be modeled by the SR 

model and the SIMPLE model. 

 Figure 8.3 shows comparisons between the three models, where the calculated RP 

value is plotted against the scaled Rs to scaffold IC ratio.  The first thing to note is that at 

high ratio values (where the scaled Rs dominates over the scaffold IC) the three models 

have very similar RP values.  

In contrast, large differences between the three models start to occur when the 

scaled oxygen surface exchange resistance is only 100 times larger than the scaffold IC.  

At this point the scaffold IC and microstructure both start to become a significant 

component in the RP calculations.  Since the SR model does not account for performance 

losses in the IC scaffold it continues to predict RP values using the same activation energy 

at low and high ratio values.  This results in the SR model predicting RP values that are 

completely incorrect (i.e. significantly from the FIB-SEM FEM values) at low Rct/σ 

values.  In contrast to the SR model, the SIMPLE model increases its activation energy at 

ratio values lower than 100 because it does account for IC scaffold contributions.  

Unfortunately, the SIMPLE model RP calculations are still significantly different than the 

actual (i.e. FIB-SEM FEM values) at these low Rct/σ values.  In this regime, the FIB-
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SEM FEM calculated RP values are higher than the SIMPLE model RP values possibly 

due to increased tortuosity in the real cathode microstructure (something the SIMPLE 

model assumes is minimal). 

For comparison experimentally measured LSCF-GDC RP and Rct/σ values from 

600-700°C and are also shown on Figure 8.3.  It is important to note that these 

experimental values are at or slightly above the 100 ratio mark, and this explains why all 

3 models do a reasonably good job describing their performance (SIMPLE model studies 

in the literature [5, 7, 61] have been able to accurately predict LSCF-GDC NMCC 

performance to within 33%).  However, if improvements are made in lowering the Rs 

value of future MIEC materials, then RP values should be predicted using FIB-SEM FEM 

3D reconstructions instead of the SR and SIMPLE models. 

 

Figure 8.3: Calculated RP Values from the FIB-SEM FEM 3D Microstructure, SIMPLE Model and 

Surface Resistance Model Determined for Different Rct / Scaffold GDC Conductivity Ratio Values.   = 

FIB-SEM FEM RP values,  = SIMPLE  model RP values,  = SR RP values,  = FIB-SEM FEM 

determined RP value at 600°C,  = FIB-SEM FEM determined RP value at 650°C and  FIB-SEM FEM 

determined RP value at 700°C. 
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8.4 Summary 

For the first time NMCC Rs values were determined for various MIEC infiltrate 

compositions using FIB-SEM FEM 3D reconstructions.  The calculated 600-700°C Rs 

magnitudes were consistent with past literature studies, but had lower or identical 

activation energies, suggesting that Rs value discrepancies between infiltrated Rs values 

and literature values may exist at lower temperatures.  SIMPLE model and SR limit 

calculations were compared to the 3D reconstruction values to show the MIEC/IC 

scaffold ratios required for these models to accurately measure RP.  Knowing accurate Rs 

values for NMCCs will be useful for future NMCC microstructure optimization studies 

[31] aimed at improving SOFC performance.  
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CHAPTER 9: Dissertation Conclusions 

In summary, two new methods to systematically control infiltrate MIEC nano-

particle size, and one new method to accurately determine infiltrated MIEC Rs values 

were developed in this thesis, and the following are conclusions that from this thesis were 

demonstrated.  As shown in Chapters 4-7, precursor solution desiccation and ceria pre-

infiltration were shown to reduced infiltrated La0.6Sr0.4FexCo1-xO3-δ MIEC nano-particle 

size when precursor solution additives such as Triton X-100 and Citric Acid were present 

(these methods were not effective in reducing the size of La0.6Sr0.4FexCo1-xO3-δ MIEC 

when solution additives were not present).  Both desiccation and ceria pre-infiltration 

lowered the TXD LSCF average nano-particle sizes from 48 to 22 nm.  In contrast, 

desiccation lowered the CAD LSCF average nano-particle size from 50 to 41 nm, while 

ceria pre-infiltration lowered the CAD LSCF average nano-particle size from 50 to 25 

nm.  Across the entire LSF-LSC solid solution, pre-infiltration was shown to be more 

effective than desiccation at reducing the initial cathode polarization resistance.  These 

nano-particle size reductions allowed the cathode operating temperature (the temperature 

at which the cathode reached a target RP value of 0.1 Ωcm
2
) to be reduced, with the 

largest operating temperature reduction of ~650°C to ~545°C occurring with pre-

infiltrated TXD LSCF.  Figure 9.1 shows that the infiltrated cathodes produced in this 

thesis were some of the best ever produced [1, 3-5, 27, 28, 71, 76, 77, 157-160].  
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Figure 9.1: Infiltrated Cell Comparison from Different Infiltration Groups. 

LSCF=La0.6Sr0.4Co0.8Fe0.2O3-δ, LSC=La0.6Sr0.4CoO3-δ, GDC=Gd0.1Ce0.9O1.95, SSC=Sm0.5Sr0.5CoO3-δ,  

SDC= Sm0.2Ce0.8O1.9, LSGM=(La,Sr)(Ga,Mg)O3, YSB= Y0.25Bi0.75O1.5, LSM=La0.6Sr0.4MnO3-δ, 

LSF=La0.6Sr0.4FeO3-δ, YSZ=(Y2O3)0.08(ZrO2)0.92, GBCO =GdBaCo2O5+δ, LSFC=La0.6Sr0.4Co0.2Fe0.8O3-δ, 

LNO= La2NiO4.  Pre-infiltrated TXD LSCF, =Pre-infiltrated CAD LSC,  [5],  [27],  [71],  [76], 

.[3],  [1],  [28],  [157],  [158],  [77],  [159],  [4],   [160]. 

 

  

In addition to superior initial performance, the desired TXD and CAD LSCF cathodes 

produced here were also to have favorable 100-500 hr 540°C degradation rates of 1.7% 

/khr and 3.3% /kr, respectively, in comparison to the 9.8% /khr 100-500 hr 540°C 

degradation rates observed for PND LSCF-GDC cells.  (Pre-infiltrated TXD and CAD 



164 

 

cells were found to have 100-500 hr 540°C degradation rates of 6.3% /khr and 12.0 % 

/khr, respectively).  In addition, nano-particle size was found to remain constant over 500 

hrs at 540°C for all tested cathodes, indicating that nano-structured electrodes can survive 

intermediate SOFC operating temperatures.  Even though pre-infiltrated cells exhibited 

superior initial performance and took less time to manufacture (6 hours instead of 7 

days), desiccated cells are recommended for use in commercial SOFCs because of their 

superior long-term stability (assuming that faster-acting desiccants can be found and that 

additional tests performance under bias yield similar results to those open-circuit 

measurements performed here). 

As shown in Chapter 8, infiltrated MIEC Rs measurements for phase pure (i.e. CAD) 

LSF, LSFC, LSCF, LSC, and SSC were also determined for the first time.  These FEM 

determined Rs values were found to have activation energies equal to or less than reported 

bulk and thin film Rs values between 600-700°C. This suggests that the low temperature 

performance of MIEC nano-particles may be considerably better than the same material 

in bulk or thin film form.  From a purely Rs perspective, SSC was shown to be the best-

performing MIEC infiltrate at SOFC operating temperatures of 600-700°C while LSF 

was shown to be the best MIEC infiltrate choice at lower operating temperatures.  

However, when both Rs and an ability to control the infiltrate particle size were 

considered, LSC and LSCF were shown to be the best NMCC infiltrate choice.  
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Appendix 1:  Simple Infiltrated Microstructure Polarization Loss 
Estimation (SIMPLE) Model Derivation 
 

 The following derivation is for the SIMPLE model outlined in Section 2.5.2.  This 

derivation was put together by Dr. Jason D. Nicholas and has been available for 

electronic download from https://www.egr.msu.edu/nicholasgroup/simple.php since 

October of 2012. 

 

Motivation 

As discussed in Nicholas, J. D., L. Wang, et al. (2012). "Use of the Simple 

Infiltrated Microstructure Polarization Loss Estimation (SIMPLE) Model to Describe the 

Performance of Nano-Composite Solid Oxide Fuel Cell Cathodes." Phys. Chem. Chem 

Phys., the main usefulness of the SIMPLE model is that it provides a quick means of 

determining the lowest possible RP for Mixed Ionic Electronic Conductor (MIEC)-Ionic 

Conductor (IC) composite cathodes when: 1) bulk oxygen transport only happens through 

the ionic conducting scaffold, and 2) oxygen ion incorporation only occurs at the MIEC 

particles. These requirements are commonly met for nano-composite cathodes (NCCs) 

made via the infiltration of a range of MIEC materials (LSCF, SSC, other MIEC cobaltite 

oxygen surface exchange catalysts, etc.) into a range of ionic conducting scaffolds (ceria, 

zirconia, lanthanum strontium gallium manganite, etc.). The SIMPLE model can also be 

used as a SOFC NCC’s design tool. 

  

https://www.egr.msu.edu/nicholasgroup/simple.php
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SIMPLE Model Derivation 

The SIMPLE model describes the performance of SOFC NCC’s made of MIEC nano-

composite particles atop an ionic-conductor scaffold. It is based to a large degree on the 

Tanner Fung Virkar (TFV) model which describes the performance of SOFC cathodes 

made of electronic conductors atop an ionic conductor scaffold. Therefore, much of the 

derivation below is an expansion and extension of that found in Tanner, C. W., K.-Z. 

Fung, et al. (1997). "The effect of porous composite electrode structure on solid oxide 

fuel cell performance." J. Electrochem. Soc. 144(1): 21-30. 

 

Modeled Geometry 

 Like the TFV model, the SIMPLE model assumes that the ionic conducting 

scaffold geometry can be represented as a series of columns 

 

 
Figure A1.1: An Idealized Representation of a Symmetric SOFC Cathode Cell. 

(Not Drawn to Scale). Image courtesy of Lin Wang. 

 

 Assuming a columnar cathode microstructure enables an analytical solution for 

NCC polarization resistance, i.e. the SIMPLE model, to be obtained 

 Note that for the idealized geometry in Figure A1.1 

𝑝 = 1 −
𝑤

𝑟
 

where 𝑝 is the volume fraction of pores in the cathode, 𝑤 is one-half the total 

scaffold column thickness, and 𝑟 is the repeat unit thickness 
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 As discussed in Nicholas, J. D., L. Wang, et al. (2012). "Use of the Simple 

Infiltrated Microstructure Polarization Loss Estimation (SIMPLE) Model to 

Describe the Performance of Nano-Composite Solid Oxide Fuel Cell Cathodes." 

Phys. Chem. Chem Phys., the major source of NCC electrical losses is the 

difficulty of incorporating oxygen into the MIEC, and electrical losses associated 

with the difficulty of transporting oxygen through the bulk of the ionic conducting 

scaffold are comparatively small. (This can be observed by comparing the results 

of the SIMPLE model, which accounts for surface resistance and bulk transport 

losses, and a Surface Resistance (SR) Model, which only accounts for surface 

resistance). Because of this, the microstructural details of the scaffolds don’t 

matter that much. The close agreement between the measured and SIMPLE model 

predicted polarization resistances also speak to this fact. 

Model Assumptions: Discussed further in Nicholas, J. D., L. Wang, et al. (2012). " Use of 

the Simple Infiltrated Microstructure Polarization Loss Estimation (SIMPLE) Model to 

Describe the Performance of Nano-Composite Solid Oxide Fuel Cell Cathodes." Phys. 

Chem. Chem Phys. 

1. The IC scaffold geometry can be idealized as a series of high aspect-ratio IC 

columns. Poorly-necked real-world scaffold particles will invalidate this 

assumption. However, the close agreement between SIMPLE model predictions 

and real-world measurements of NCC’s made of well-necked scaffold particles, 

suggests this is a reasonable assumption, especially for NCC’s where surface 

exchange resistances dominate the overall polarization resistance, and the 

microstructural details of the IC scaffold are relatively unimportant. 
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Corollaries 

a. The equipotential lines within the IC scaffold are horizontal. Finite 

element modeling results on IC columns in Tanner, C. W., K.-Z. Fung, et 

al. (1997). "The effect of porous composite electrode structure on solid 

oxide fuel cell performance." J. Electrochem. Soc. 144(1): 21-30 showed 

that for large aspect ratio columns such as those in an approximated real-

world cathode structure (a 250 nm thick column, 20 microns high), the 

equipotential lines are horizontal through the majority of the column. 

2. The only significant resistances are MIEC oxygen surface exchange resistance 

and IC scaffold bulk oxygen transport.  

Corollaries 

a. Bulk oxygen transport only happens through the ionic conducting scaffold 

(a good assumption since the bulk oxygen conductivities of ionic 

conductors are many orders larger than that of MIEC materials) and 

oxygen ion incorporation only occurs at the MIEC particles (a good 

assumption since MIEC’s typically have oxygen surface exchange 

resistances much lower than IC’s).   

b. Losses associated with electron transport through the MIEC can be 

ignored. Another way to say this is that the electronic conductivity of the 

infiltrated MIEC is high enough, and the MIEC infiltrate is interconnected 

enough, that electronic transport losses can be ignored. Analysis on the 

performance of real cathodes indicated that this is the case for heavily 

infiltrated cathodes tested near open circuit. 
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i. This causes the potential on the surface of the MIEC, 𝜙𝑜, to be the 

same on all MIECs surfaces throughout the cathode. 

c. Losses associated with oxygen transport through the MIEC can be 

ignored. Another way to state this assumption is to say that the MIEC 

nanoparticles are below their characteristic thickness. This is a good 

assumption since the characteristic thickness values for most MIEC 

materials are at least several microns from 400-700C, and the infiltrate 

particle thickness is typically below 25 nm. 

d. Losses associated with gas-phase diffusion can be ignored. Concentration 

polarization resulting from poor gas-phase diffusion is not expected to 

contribute to the near open circuit potential RP predicted by the SIMPLE 

model since under these conditions the oxygen fluxes are small and the 

NCC pores are large. 

e. Losses associated with the IC-MIEC interface can be ignored. In the few 

cases where they have been measured, MIEC-ionic conductor interfacial 

resistances have been anywhere from 10-100 times less than the ionic 

surface exchange resistance at sub-700
o
C temperatures.  

3. The resistance caused by the movement of charged species is independent of 

driving force. Another way of saying this is that it is the electrochemical potential, 

𝜂, which drives charged species, and since 𝜂 = 𝜇 + 𝑧𝐹𝜙, where 𝜇 is the chemical 

potential, zF is the charge on the charged species,  and 𝜙 is the electrical 

potential, a polarization resistance calculated by assuming an electrical driving 
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force (as occurs in a symmetric cell impedance test) will be the same as that 

results from a concentration gradient (as occurs in a working fuel cell). 

4. Oxygen transport through the IC scaffold behaves ohmically. This is another way 

of saying that the ionic conductor behaves as a dilute, ideal solution which has a 

constant composition and structure throughout. 

This proof starts the relationship between the total current, i, and the current density, j. 

𝑖𝑖 = 𝑧𝑖𝐹⏟
𝑞𝑖

𝐽𝑖 

 

 

 

 

 

 

 

 

 

 

𝑖𝑖 = 𝑧𝑖𝐹𝑀𝑖𝑐𝑖∇𝜂𝑖 
 

 

 

𝑖𝑖 =
𝜎𝑖
𝑧𝑖𝐹

∇𝜂𝑖 

 

 

 

 

 

𝑖𝑖 =
𝜎𝑖
𝑧𝑖𝐹

∇𝜇 + 𝜎𝑖∇𝜙 

 

 

 

 

 

 

 

 

 

𝑖𝑖 is the current density of species i 

𝑧𝑖 is the Kroger-Vink oxidation state of species i 

F is Faraday’s constant, 95485 C/mol 

𝐽𝑖 is the atomic flux of species i 

𝑞𝑖 is the charge carried by species i 

 

Applying the Nernst-Planck Equation in the absence of 

convection, 

𝐽𝑖 = 𝑀𝑖𝑐𝑖∇𝜂𝑖 
where 𝑀𝑖 is the mobility of species i, 𝑐𝑖 is the 

concentration of species i, and ∇𝜂𝑖 is the gradient of the 

electro-chemical potential of species i 

 

Applying the definition of electrical conductivity, 

𝜎𝑖 = (𝑧𝑖𝐹)
2𝑀𝑖𝑐𝑖 

 

 

Applying the definition of the electrochemical 

potential,  

𝜂 = 𝜇 + 𝑧𝐹𝜙 

where 𝜇 is the chemical potential, zF is the charge on 

the charged species, and 𝜙 is the electrical potential. 

 

For ideal materials, 

𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛𝑋𝑖 

Where 𝑋𝑖 is the mole fraction of species i. Since 

𝑐𝑖 = 𝑋𝑖 𝜌𝑚⁄  by definition where 𝜌𝑚 is the molar 

density, 

𝜇𝑖 = 𝜇𝑖
0 + 𝑅𝑇𝑙𝑛(𝑐𝑖𝜌𝑚) 

Since 𝑙𝑛(𝑎𝑏) = 𝑙𝑛(𝑎) + 𝑙𝑛 (𝑏) 
𝜇𝑖 = 𝜇𝑖

0 + 𝑅𝑇𝑙𝑛(𝑐𝑖) + 𝑅𝑇𝑙𝑛(𝜌𝑚) 
Taking the gradient of all terms 

∇𝜇𝑖 = ∇𝜇𝑖
0 + 𝑅𝑇∇𝑙𝑛(𝑐𝑖) + 𝑅𝑇∇𝑙𝑛(𝜌𝑚) 

Since 𝜇𝑖
0 is the reference chemical potential, ∇𝜇𝑖

0 = 0 
Figure A1.2:  Oxygen Transport Proof.  Shows IC Scaffold Behaves Ohmically.  
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For materials of 

constant composition 

and structure that 

behave ideally, the 

Nernst-Planck 

equation says that  

𝑖𝑖 = 𝜎𝑖∇𝜙  

This is a form of 

Ohm’s law. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and 

∇𝜇𝑖 = 𝑅𝑇∇𝑙𝑛(𝑐𝑖) + 𝑅𝑇∇𝑙𝑛(𝜌𝑚) 

Applying the rule 
𝑑𝑙𝑛𝑦

𝑑𝑥
=
1

𝑦

𝑑𝑦

𝑑𝑥
 

∇𝜇𝑖 = 𝑅𝑇
∇c𝑖
c𝑖
+ 𝑅𝑇

∇𝜌𝑚
𝜌𝑚

 

Assuming that the composition of the IC is constant, 

∇c𝑖 = 0. This is a good assumption for most IC’s at 

intermediate temperatures because they are heavily 

doped materials where the oxygen vacancy 

concentration is extrinsically controlled. 

Also assuming that the structure of the IC is constant so 

that the molar density is constant through the ionic 

conductor, ∇𝜌𝑚 = 0, and 

∇𝜇𝑖 = 0 
Plugging this in, 

 

 

 

 

 

 

 

Proof that this is a form of Ohm’s Law 

𝑖𝑖 = 𝜎𝑖∇𝜙 
 

 

 

𝑖 = 𝜎∇𝜙 
 

 

𝐴𝑖 = 𝐴𝜎∇𝜙 
 

 

 

𝐼 = 𝐴𝜎∇𝜙 
 

 

 

 

𝐼 =
𝐴

𝜌
∇𝜙 

 

 

 

 

 

If species i is the dominant charge 

carrying species we can drop the 

subscripts 

 

Multiplying both sides by the 

cross-sectional area, A 

 

The current, 𝐼, is related to the 

current density via  

𝐼 = 𝐴𝑖𝑖 
 

The conductivity is defined as 

𝜎 =
1

𝜌
 

where 𝜌 is the resistivity 

 

 

The 1D gradient is 

∇𝜙 =
𝜙1 − 𝜙2

𝑙
 

where l is the path length 

Figure A1.2 (cont’d) 
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𝐼 =
𝐴

𝑙𝜌
𝜙1 − 𝜙2 

 

 

𝐼 =
𝐴

𝑙𝜌
𝑉 

 

 

 

 

 

𝐼 =
1

𝑅
𝑉 

 

𝑉 = 𝐼𝑅  

This is the forms 

of Ohm’s Law 

we know and 

love. 

 

 

 

The voltage is defined as 

𝑉 = 𝜙1 − 𝜙2 
 

The resistance of a dense block of 

material is defined as  

𝑅 =
𝜌 ∗ 𝑙

𝐴
 

where R is the resistance 

 

 

Rearranging 

 

 

5. Oxygen transport across the MIEC surface behaves ohmically. This is a good 

assumption because the more-complicated Butler-Volmer Equation predicts 

ohmic behavior at low overpotentials. Because of this assumption, the SIMPLE 

model can only be used to predict open-circuit NCC polarization resistances. 

  

Figure A1.2 (cont’d) 
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Figure A1.1 shows the modeled 

repeat unit. The resistance 

across the repeat unit, 𝑅𝑅𝑈, is 

given as: 

𝑅𝑅𝑈 = 𝑅𝐶𝐴 +
1

2
𝑅𝐸𝐿 

where 𝑅𝐶𝐴 is the resistance of 

the cathode and 𝑅𝐸𝐿 is the 

resistance of the electrolyte 

 

𝐴𝑅𝑅𝑈 = 𝐴𝑅𝐶𝐴 +
1

2
𝐴𝑅𝐸𝐿 

 

 

𝐴𝑅𝑅𝑈 = 𝑅𝑃 +
1

2
𝐴𝑅𝐸𝐿 

 

𝑅𝑃 = 𝐴𝑅𝑅𝑈 −
1

2
𝐴𝑅𝐸𝐿 

 

 

 

𝑅𝑃 = 𝑟𝛿𝑅𝑅𝑈 −
1

2
𝑟𝑡𝑅𝐸𝐿 

 

 

 

 

 

 

 

 

 

 

 

 

𝑅𝑃 = 𝑟𝛿𝑅𝑅𝑈 −
𝑑

2𝜎
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Multiplying everything by the geometric cathode area, 

A, to turn these resistances into Area Specific 

Resistances  

 

Defining the cathode polarization resistance, 𝑅𝑃, as the 

area specific resistance of the cathode 

 

 

Rearranging the expression 

 

Assuming a rectangular geometric cathode area such 

that 𝐴 = 𝑟𝛿 and the columns shown in Figure 1 extend 

into and out of the page by a distance 𝛿, so that Figure 

1 shows a portion of the cathode in the r direction. 

 

 

Since the electrolyte is dense block of material, the 

definition of resistance can be applied 

𝑅𝐸𝐿 =
𝜌𝐸𝐿 ∗ 𝑙

𝐴
 

where 𝜌𝐸𝐿 is the electrolyte resistivity, l is the path 

length, and A is the cross-sectional area. 

Since, 𝜌 = 1 𝜎⁄ , and as shown in Figure 1, for the 

electrolyte, 𝑙 = 𝑑 and 𝐴 = 𝑟𝛿, this equation becomes: 

𝑅𝐸𝐿 =
𝑑

𝜎𝑟𝛿
 

where 𝜎 is the oxygen ion conductivity of the electrolyte 

Plugging this in, 

 

 

 

 

Solving for RRU 

As stated in in 

assumptions 3 and 4, the 

SIMPLE model assumes 

that current flow across 

 

 

 

Applying the definition 
Figure A1.3: Electrode Polarization Resistance Proof. Depicts the General Equation. 
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the repeat unit 𝑅𝑅𝑈 

behaves ohmically so 

𝑅𝑅𝑈 =
𝑉𝑅𝑈
𝐼𝑅𝑈

 

 

 

 

𝑅𝑅𝑈 =
𝑉𝑅𝑈
𝑟𝛿𝑖𝑅𝑈

 

 

 

 

𝑅𝑅𝑈 =
𝜙0 − 𝜙|𝑦=0

𝑟𝛿𝑖𝑅𝑈
 

 

 

 

 

 

 

𝑅𝑅𝑈 =
𝜙0

𝑟𝛿𝑖𝑅𝑈
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

of  current density and 

A=rt, 

𝑖𝑅𝑈 =
𝐼𝑅𝑈
𝑟𝛿

 

 

 

The voltage across the 

repeat unit given as 

𝑉𝑅𝑈 = 𝜙
0 − 𝜙|𝑦=0 

 

 

If we have a symmetrical 

cathode setup, such as 

that depicted in Figure 1, 

and we apply 𝜙𝑜 to one 

cathode and −𝜙𝑜 to the 

other, because of 

symmetry, 𝜙|𝑦=0=0 

 

 

The local current density 

at one spot along the 

bottom of the repeat unit 

in Figure 1 (where the 

origin is in the lower left 

corner of the repeat unit 

and the y direction is up 

the page),  obey’s Ohm’s 

Law according to 

assumption 3 

𝑖 = 𝜎∇𝜙 
Since there is only a 

gradient in the y 

direction this reduces to: 

𝑖 = 𝜎
𝑑𝜙(𝑥, 𝑦)

𝑑𝑦
 

Since, the total current 

density coming out of 

the bottom of the repeat 

unit, which is equal to 

𝑖𝑅𝑈, is given as 

𝑖𝑅𝑈

=
1

𝑟
∫ 𝑖
𝑟

0

(𝑥. 𝑦)|
𝑦=0

𝑑𝑥 

Plugging  in  

Figure A1.3 (cont’d) 
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𝑅𝑃 =
𝑟𝜙0

∫ 𝜎
𝑑𝜙(𝑥, 𝑦)
𝑑𝑦

𝑟

0
|
𝑦=0

𝑑𝑥

−
𝑑

2𝜎
 

 

Equation A1.1: 

𝑅𝑃 =
𝜙0

𝜎
𝑟 ∫

𝑑𝜙(𝑥, 𝑦)
𝑑𝑦

𝑟

0
|
𝑦=0

𝑑𝑥

−
𝑑

2𝜎
 

 

 

 

 

 

 

 
𝑅𝑅𝑈

=
𝜙0

𝛿∫ 𝜎
𝑑𝜙(𝑥, 𝑦)
𝑑𝑦

𝑟

0
|
𝑦=0

𝑑𝑥
 

Plugging in this 

expression for 𝑅𝑅𝑈  

𝑖 = 𝜎
𝑑𝜙(𝑥, 𝑦)

𝑑𝑦
 

Turns this into 
𝑖𝑅𝑈

=
1

𝑟
∫ 𝜎

𝑑𝜙(𝑥, 𝑦)

𝑑𝑦

𝑟

0

|
𝑦=0

𝑑𝑥 

Plugging this in 

 

 

 

Rearranging 

 

This expression shows that the polarization resistance 

can be determined as long as the potential distribution 

at the center of the electrolyte is known.  

 

The equation is independent of geometry of the 

cathode. 

 Because of that, it can be used as the basis 

for Finite Element Modeling studies on 

crazily complicated cathode geometries 

aimed at calculating the polarization 

resistance of those cathodes.  

 It can also be solved analytically for 

idealized geometries. 

 

Regardless of the cathode geometry, the potential 

distribution within the cathode is solved at steady state 

by finding solutions to Laplace’s Equation. 

Within any material, 

∇𝑖 = −
𝜕𝜌

𝜕𝑡
 

Where 𝑖 is the current 

density, 𝜌 is the charge 

density, and t is time 

 

 

∇𝑖 = 0 
 

 

 

 

 

This is a form of the 

charge conservation 

equation 

 

 

 

At steady state, 
𝜕𝜌

𝜕𝑡
= 0 

 

Since the electrolyte is 

assumed to be ohmic, 

Figure A1.3 (cont’d) 
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∇(𝜎∇𝜙) = 0 
 

 

 

 

 

 

 

 

𝜎∇(∇𝜙) = 0 
 

Equation A1.2: 

∇2𝜙 = 0  

This is Laplace’s 

Equation. 

𝑖 = 𝜎∇𝜙 
 

Since the structure and 

composition of the 

electrolyte are assumed 

to be constant as per 

assumption 3, from the 

definition of 

conductivity, 

𝜎𝑖 = (𝑧𝑖𝐹)
2𝑀𝑖𝑐𝑖 

𝜎 is position independent 

  

 

  

Figure A1.3 (cont’d) 
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Figure A1.4: Repeat Unit with Numbered Interfaces Across with Current Flows. Due to symmetry, no 

current flows across the unlabeled leftmost and rightmost interfaces. 

 

 By assuming the columnar geometry to the right we can use the 

boundary conditions below to solve for, first, the potential 

distribution within the scaffold, and second, for the polarization 

resistance, 𝑅𝑝. 

 

1
st
 Boundary Condition: At steady state, the current within a 

volume element of scaffold must sum to zero. (this is the same 

condition which gave rise to Laplace’s Equation) 

1. This can be applied locally to any volume of material 

within the scaffold, or 

2. This can be applied across the entire repeat unit scaffold 

so that the current across the top 3 facets must equal that 

across the bottom (i.e 4
th

) facet 

𝐼1 + 𝐼2 + 𝐼3 = 𝐼4 
 

2
nd

 Boundary Condition: The current across the surface of Facet 

1 is equal to that immediately inside the scaffold 

𝐼1 = 𝐼|𝑦=(ℎ+𝑑
2
)
 

 

 

 

 

 

 

 

 

 

 

Figure A1.5: Solving for Laplace’s Equation.  Idealized Geometry Boundary Conditions are used. 
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From assumption 4, we assume ohmic 

surface reactions so, 

𝐼1 =
𝑉1
𝑅1

 

 

 

 

𝐼1 =
−(𝜙 (ℎ +

𝑑
2)−𝜙

𝑜
)

𝑅1
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The voltage across the surface is the 

potential difference on the surface, 𝜙𝑜, 

minus that on the other side of the surface, 

i.e. just inside the scaffold. Put 

mathematically, 

𝑉1 = 𝜙
𝑜 − 𝜙(ℎ + 𝑑/2) 

 

 

What is 𝑅1, the resistance across the surface 

Facet 1? Well if we were talking about the 

resistance of a bulk material we would turn 

to the definition of resistance, 

𝑅 =
𝜌𝑙

𝐴
 

But what would the path length, 𝑙, be across 

a surface? What would be the resistivity 

across a surface? Since we don’t know 

either of these terms we multiply both sides 

by A, and refer the grouped terms as the 

area specific resistance (ASR), denoted 𝑅𝑠 
𝑅𝑆 = 𝐴𝑅 = 𝜌𝑙 

Because we can’t separate out 𝜌 𝑎𝑛𝑑 𝑙 for a 

surface, we measure area specific 

resistances of surfaces. 

 

Based on the 

definition of ASR, 

𝑅1 =
𝑅𝑆
𝐴1

 

where 𝑅𝑠 is the 

area specific 

surface resistance 

of the scaffold 

surface. 

 

 

 

𝑅1 =
𝑅𝑆
𝑤𝛿

 

 

 

 

 

 

 

 

 

 

 

 

 

From Figure A1.2, 

the cross-sectional 

area of Facet 1 is 

given by 𝐴1 = 𝑤𝛿.  

 

 

From the Figure 

A1.1 model 

geometry 

𝑝 = 1 −
𝑤

𝑟
 

where 𝑝 is volume 

Figure A1.6:  Determining 𝑰𝟏.  Determined for Figure A1.4. 
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𝐼1 =
−𝑟(1− 𝑝)𝛿

𝑅𝑆
(𝜙(ℎ+

𝑑

2
)−𝜙𝑜) 

 

 

 

 

 

 

 

 

 

𝑅1 =
𝑅𝑆

𝑟(1 − 𝑝)𝛿
 

Plugging in this 

expression for 𝑅1, 

fraction of pores in 

the cathode, 𝑤 is 

one-half the total 

scaffold column 

thickness, and 𝑟 is 

the repeat unit 

thickness. 

Rearranging this,  

𝑤 = 𝑟(1 − 𝑝) 
 

 

 

  

Figure A1.6 (cont’d) 
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Unlike the case for 𝐼1 and 𝐼3, the 

potential along the left side of Facet 2 

(i.e. inside the scaffold) changes along 

the facet. Therefore we must divide the 

cathode up into infinitesimally small 

pieces Δ𝑦 thick, analyze the currents in 

each of those pieces, and sum the 

effects together to get the entire current 

across Facet 2. 

𝐼2 = ∫ 𝐼𝑐

ℎ+𝑑/2

𝑑/2

 

 

 

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐼2 = 𝛿∫
𝜙0 − 𝜙(𝑦)

𝑅𝑆
𝑑𝑦

ℎ+𝑑/2

𝑑/2

 

 

𝐼2 cannot be evaluated until the 

potential distribution within the 

scaffold, 𝜙(𝑦) is determined. We will 

have to come back to 𝐼2 later. 
  

A small section of the scaffold column: 

 
 

Since we are assume 

ohmic surface 

reactions, 

𝐼𝐶 =
𝑉𝑐
𝑅𝐶

 

 

 

𝐼𝐶 =
𝜙0 −𝜙(𝑦)

𝑅𝐶
 

 

 

 

 

 

 

 

 

 

 

 

𝐼𝐶 =
𝜙0 −𝜙(𝑦)

𝑅𝑆
𝛿𝑑𝑦 

 

 

 

 

 

Assuming horizontal 

potential lines, 

𝑉𝑐 = 𝜙
0 − 𝜙(𝑦) 

 

 

From the definition 

of ASR, 

𝑅𝐶 =
𝑅𝑠
𝐴𝐶

 

where 𝑅𝑠 is the area 

specific surface 

resistance of the 

scaffold surface. 

𝐴𝐶 = 𝛿d𝑦 
 

𝑅𝐶 =
𝑅𝑠
𝛿𝑑𝑦

 

 

 

 

 

 
Figure A1.7: Determining 𝑰𝟐. Determined for Figure A1.4. 
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Just as with Facet 1, from assumption 4, 

we assume ohmic surface reactions so, 

𝐼3 =
𝑉3
𝑅3

 

 

 

 

 

𝐼3 =
−(𝜙 (

𝑑
2)−𝜙

𝑜
)

𝑅3
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐼3 =
−𝑟𝑝𝛿

𝑅𝑆
(𝜙(

𝑑

2
)−𝜙𝑜) 

 

 

 

The voltage across the surface is the 

potential difference on the surface, 𝜙𝑜, 

minus that on the other side of the surface, 

i.e. just inside the scaffold. Put 

mathematically, 

𝑉3 = 𝜙
𝑜 − 𝜙(𝑑/2) 

 

 

 

 

Based on the 

definition of ASR, 

𝑅3 =
𝑅𝑆
𝐴3

 

 

 

 

𝑅3 =
𝑅𝑆

(𝑟 − 𝑤)𝛿
 

 

 

 

 

 

 

 

𝑅3 =
𝑅𝑆
𝑟𝑝𝛿

 

Plugging in this 

expression for 𝑅3, 

 

 

 

From Figure A1.2, 

the cross-sectional 

area of Facet 1 is 

given by 𝐴3 = (𝑟 −
𝑤)𝛿  
 

 

From the Figure 

A1.1 model 

geometry 

𝑝 = 1 −
𝑤

𝑟
 

 Multiplying both 

sides by r.  

𝑟𝑝 = 𝑟 − 𝑤 
 

 

 

  
Figure A1.8: Determining 𝑰𝟑. Determined for Figure A1.4. 
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Note that this is not a surface. This facet is 

located in the middle of the electrolyte. 

From the definition of current density, 

𝐼4 = 𝐴𝑖4 
 

 

𝐼4 = 𝑟𝛿𝑖4 
 

 

𝐼4 = 𝑟𝛿𝜎∇𝜙4 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐼4 = 𝑟𝛿𝜎
𝜙 (
𝑑
2) − 𝜙(0)

𝑑/2
 

 

 

𝐼4 =
2𝑟𝛿𝜎

𝑑
𝜙 (
𝑑

2
) 

 

 

 

 

From Figure A1.2, the cross-sectional area 

of Facet 4 is given by 𝐴3 = 𝑟𝛿. 

 

Since the scaffold behaves ohmically, 

𝑖 = 𝜎∇𝜙 
 

Because of the assumption of horizontal 

potential lines, from 𝑦 = −
𝑑

2
𝑡𝑜

𝑑

2
 the 

electrolyte looks like a dense block of 

material with a constant gradient in 

potential across it. Therefore ∇𝜙 evaluated 

at facet 4 is the same as ∇𝜙 evaluated 

between 𝑦 = 0 and  𝑦 =
𝑑

2
 

∇𝜙4 =
𝜙 (
𝑑
2) − 𝜙(0)

𝑑/2
 

Tanner, C. W., K.-Z. Fung, et al. (1997). 

"The effect of porous composite electrode 

structure on solid oxide fuel cell 

performance." J. Electrochem. Soc. 144(1): 

21-30 do finite difference modeling to 

show that the assumption of constant 

potential gradient in the electrolyte is a 

good one when h<<d, as is the case for the 

symmetic, electrolyte-supported used to 

validate the SIMPLE model. 

 

 

 

Because of the symmetry in a symmetric 

cell, 

𝜙(0) = 0 
 

 

  
Figure A1.9: Determining 𝑰𝟒. Determined for Figure A1.4. 
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Since we must have charge 

conservation within an infinitesimally 

small section of the cathode shown to 

the right,  

 
𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 = 0 

 

Before we can make use of this relation 

we need to solve for 𝐼𝐴, 𝐼𝐵, 𝑎𝑛𝑑 𝐼𝐶 

 

Solving for 𝐼𝐴 

Since we are in an ohmically behaving 

scaffold, 

𝐼𝐴 =
𝑉𝐴
𝑅𝐴

 

 

𝐼𝐴 =
𝜙 (𝑦 +

Δ𝑦
2
) − 𝜙(𝑦)

𝑅𝐴
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐼𝐴 = 𝜎𝛿𝑟(1 − 𝑝)
𝜙(𝑦 +

Δ𝑦
2 ) − 𝜙(𝑦)

Δ𝑦
2

 

 

 

 

 

 

 

 

𝐼𝐴 = 𝜎𝛿𝑟(1 − 𝑝)
𝑑𝜙

𝑑𝑦
|
𝑦+

Δ𝑦

2

 

 
 

 

 

 

 

𝑉𝐴 = 𝜙 (𝑦 +
Δ𝑦

2
) − 𝜙(𝑦) 

 

 

 

Since this is a 

dense block of 

material with a 

single charge 

carrier, 

𝑅𝐴 =
𝜌𝑙𝐴
𝐴𝐴

 

 

 

𝑅𝐴 =
Δ𝑦

2𝜎𝑤𝛿
 

 

 

𝑅𝐴 =
Δ𝑦

2𝜎𝛿𝑟(1 − 𝑝)
 

Plugging this in 

 

 

 

 

 

 

𝑙𝐴, the path length= 
Δ𝑦

2
 

𝐴𝐴 = 𝑤𝛿 

𝜌 = 1/𝜎 
 

From the Figure A1.1 

model geometry 

𝑤 = 𝑟(1 − 𝑝) 
 

 

 

 

Applying the definition of derivative, 

𝑓′(𝑥) = 𝑙𝑖𝑚⏟
ℎ→0

𝑓(𝑥 + ℎ) − 𝑓(𝑥)

ℎ
 

and noting that in the equation to the left, 

ℎ =
Δ𝑦

2
 

and noting that this is being evaluate at the position 

of Facet A, 𝑦 +
Δ𝑦

2
 

 

Table A1.8 (cont’d) 

Figure A1.10: Applying the 1
st
 Boundary Condition Locally. Applied to Figure A1.4. 
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Solving for 𝐼𝐵 

Similar to the derivation of 𝐼𝐴 

Since we are in an ohmically behaving 

scaffold, 

𝐼𝐵 =
𝑉𝐵
𝑅𝐵

 

 

 

𝐼𝐵 =
𝜙 (𝑦 −

Δ𝑦
2 )−𝜙(𝑦)

𝑅𝐵
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝐼𝐵 = −𝜎𝛿𝑟(1 − 𝑝)
𝜙 (𝑦 −

Δ𝑦
2 )−𝜙(𝑦)

(−
Δ𝑦
2 )

 

 

 

 

 

 

 

 

 

𝐼𝐵 = −𝜎𝛿𝑟(1 − 𝑝)
𝑑𝜙

𝑑𝑦
|
𝑦−
Δ𝑦
2

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑉𝐴 = 𝜙 (𝑦 −
Δ𝑦

2
) − 𝜙(𝑦) 

 

 

 

Since this is a 

dense block of 

material with a 

single charge 

carrier, 

𝑅𝐵 =
𝜌𝑙𝐵
𝐴𝐵

 

 

 

𝑅𝐵 =
Δ𝑦

2𝜎𝑤𝑡
 

 

 

𝑅𝐵 =
Δ𝑦

2𝜎𝑡𝑟(1 − 𝑝)
 

 

 

 

 

 

 

𝑙𝐵, the path length= 
Δ𝑦

2
 

𝐴𝐵 = 𝑤𝑡 
𝜌 = 1/𝜎 

 

From the Figure A1.1 

model geometry 

𝑤 = 𝑟(1 − 𝑝) 
 

 

 

 

 

Applying the definition of derivative, 

𝑓′(𝑥) = 𝑙𝑖𝑚⏟
ℎ→0

𝑓(𝑥 + ℎ) − 𝑓(𝑥)

ℎ
 

and noting that in the equation to the left, 

ℎ = −
Δ𝑦

2
 

and noting that this is being evaluate at the position 

of Facet A, 𝑦 −
Δ𝑦

2
 

 

 

 

 

 

 

 

 

 

 

Figure A1.10 (cont’d) 
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Solving for 𝐼𝐶 

Since we assume ohmic surface reactions 

𝐼𝐶 =
𝑉𝐶
𝑅𝐶

 

 

 

 

𝐼𝐶 =
𝜙0 −𝜙(𝑦)

𝑅𝐶
 

 

 

 

 

 

𝐼𝐶 =
𝜙0 −𝜙(𝑦)

𝑅𝑠
𝐴𝐶 

 

 

𝐼𝐶 =
𝛿Δ𝑦

𝑅𝑠
(𝜙0 −𝜙(𝑦)) 

 

 

Applying the 1
st
 Boundary Condition 

locally, 
𝐼𝐴 + 𝐼𝐵 + 𝐼𝐶 = 0 

 

 

 

 

 

 

 

 

𝜎𝛿𝑟(1 − 𝑝)(
𝑑𝜙

𝑑𝑦
|
𝑦+
Δ𝑦
2

−
𝑑𝜙

𝑑𝑦
|
𝑦−
Δ𝑦
2

)

+
𝑡Δ𝑦

𝑅𝑠
(𝜙0 − 𝜙(𝑦)) = 0 

 

 

𝜎𝑟𝑅𝑠(1 − 𝑝)

(
𝑑𝜙
𝑑𝑦
|
𝑦+
Δ𝑦
2

−
𝑑𝜙
𝑑𝑦
|
𝑦−
Δ𝑦
2

)

Δ𝑦

+ (𝜙0 − 𝜙(𝑦)) = 0 

 

 

 

 

 

Assuming horizontal potential lines, 

𝑉𝑐 = 𝜙
0 − 𝜙(𝑦) 

 

 

 

From the definition of ASR, 

𝑅𝐶 =
𝑅𝑠
𝐴𝐶

 

where 𝑅𝑠 is the area specific surface resistance 

of the scaffold surface. 

 

 

𝐴𝐶 = 𝛿Δ𝑦 
 

 

 

 

 

 

 

Plugging in our expressions for 𝐼𝐴, 𝐼𝐵, 𝑎𝑛𝑑 𝐼𝐶 

𝐼𝐴 = 𝜎𝛿𝑟(1 − 𝑝)
𝑑𝜙

𝑑𝑦
|
𝑦+
Δ𝑦
2

 

𝐼𝐵 = −𝜎𝛿𝑟(1 − 𝑝)
𝑑𝜙

𝑑𝑦
|
𝑦−
Δ𝑦
2

 

𝐼𝐶 =
𝛿Δ𝑦

𝑅𝑠
(𝜙0 −𝜙(𝑦)) 

 

 

 

 

Dividing all terms by 
𝛿Δ𝑦

𝑅𝑠
,  

 

 

 

 

 

By definition, 

Figure A1.10 (cont’d) 
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𝜎𝑟𝑅𝑠(1 − 𝑝)
𝑑2𝜙

𝑑𝑦2
−𝜙(𝑦) + 𝜙0 = 0 

 

This is a 2
nd

 order P.D.E which has a 

solution 

Equation 3 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝(

𝑑
2
− 𝑦

𝛼
)

+ 𝐶2𝑒𝑥𝑝(
𝑦 −

𝑑
2

𝛼
) 

where 𝛼 = √𝜎𝑟𝑅𝑠(1 − 𝑝) 
 

All that now prevents us from knowing 

the potential distribution everywhere is 

a knowledge of the coefficients 𝐶1 and  

𝐶2.  

𝑑2𝜙

𝑑𝑦2
=

(

 
 

𝑑𝜙
𝑑𝑦
|
𝑦+
Δ𝑦
2

−
𝑑𝜙
𝑑𝑦
|
𝑦−
Δ𝑦
2

Δ𝑦

)

 
 

 

 

 

 

 

The fact that this is indeed a solution can be 

checked by plugging it into the preceding equation 

 

 

 

 

 

 

 

 

 

 

 

  

Figure A1.10 (cont’d) 
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According to the 2
nd

 Boundary Condition, the 

current across the surface of Facet 1 must equal 

that immediately inside the scaffold 

𝐼1 = 𝐼𝐴|𝑦=(ℎ+𝑑
2
)
 

 

 

 

 

 

 
−𝑟(1 − 𝑝)𝛿

𝑅𝑆
(𝜙 (ℎ +

𝑑

2
) − 𝜙𝑜)

= 𝜎𝛿𝑟(1 − 𝑝)
𝑑𝜙

𝑑𝑦
|
ℎ+
𝑑
2

 

 

 

 

−1

𝑅𝑆
(𝜙(ℎ+

𝑑

2
)−𝜙𝑜) = 𝜎

𝑑𝜙

𝑑𝑦
|
ℎ+
𝑑
2

 

 

 

 

 

 

 

 

 
𝐶1

𝑅𝑆
𝑒𝑥𝑝 (

−ℎ

𝛼
) +

𝐶2

𝑅𝑆
𝑒𝑥𝑝 (

ℎ

𝛼
)

=
𝜎𝐶1
𝛼
𝑒𝑥𝑝 (

−ℎ

𝛼
) −
𝜎𝐶2
𝛼
𝑒𝑥𝑝 (

ℎ

𝛼
) 

 

 

𝐶1𝑒𝑥𝑝 (
−ℎ

𝛼
) [
1

𝑅𝑆
−
𝜎
𝛼
] = −𝐶2𝑒𝑥𝑝 (

ℎ

𝛼
) [
1

𝑅𝑆
+
𝜎
𝛼
] 

 

 

𝐶2 = 𝐶1𝑒𝑥𝑝 (
−2ℎ

𝛼
)

[−
1
𝑅𝑆
+
𝜎
𝛼
]

[
1
𝑅𝑆
+
𝜎
𝛼
]

 

 

 

𝐶2 = 𝐶1𝑒𝑥𝑝 (
−2ℎ

𝛼
)

[
−𝛼 +𝑅𝑆𝜎
𝛼𝑅𝑆

]

[
𝛼 +𝑅𝑆𝜎
𝛼𝑅𝑆

]

 

 

 

 

 

 

From our work above, 

𝐼1 =
−𝑟(1− 𝑝)𝛿

𝑅𝑆
(𝜙(ℎ+

𝑑

2
)−𝜙𝑜) 

 

𝐼𝐴|𝑦=(ℎ+𝑑
2
)
= 𝜎𝛿𝑟(1 − 𝑝)

𝑑𝜙

𝑑𝑦
|
ℎ+
𝑑
2

 

 

 

 

Cancelling like terms 

 

 

 

From Equation 3, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝 (

𝑑
2
− 𝑦

𝛼
)

+ 𝐶2𝑒𝑥𝑝 (
𝑦 −

𝑑
2

𝛼
) 

𝑑𝜙

𝑑𝑦
|
ℎ+
𝑑
2

= −
𝐶1

𝛼
𝑒𝑥𝑝 (

−ℎ

𝛼
) +

𝐶2

𝛼
𝑒𝑥𝑝 (

ℎ

𝛼
) 

𝜙 (ℎ +
𝑑

2
)=𝜙0 + 𝐶1𝑒𝑥𝑝 (

−ℎ

𝛼
) + 𝐶2𝑒𝑥𝑝 (

ℎ

𝛼
) 

 

 

 

Grouping the 𝑒𝑥𝑝 (
ℎ

𝛼
) and 𝑒𝑥𝑝 (

−ℎ

𝛼
) 

terms 

 

 

Rearranging and making use of the 

rule Exp(a)/Exp(b)=Exp(a-b) 

 

 

 

Combing the fractions 

 

 

 

 

Simplifying 

Table A1.9 (cont’d) 

Figure A1.11: Applying the 2
nd

 Boundary Condition to Solve for 𝑪𝟐. Applied to Figure A1.4. 
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𝐶2 = 𝐶1𝑒𝑥𝑝 (
−2ℎ

𝛼
) [
𝑅𝑆𝜎−𝛼

𝑅𝑆𝜎+𝛼
] 

 

 

𝐶2 = 𝐶1𝛽𝑒𝑥𝑝 (
−2ℎ

𝛼
) 

 

 Plugging this into Equation 3, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝(

𝑑
2
− 𝑦

𝛼
) + 𝐶2𝑒𝑥𝑝(

𝑦 −
𝑑
2

𝛼
) 

 

We get Equation 4, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝(

𝑑
2
− 𝑦

𝛼
)

+ 𝐶1𝛽𝑒𝑥𝑝(
𝑦 − 2ℎ −

𝑑
2

𝛼
) 

 

 

 

Defining 𝛽 = [
𝑅𝑆𝜎−𝛼

𝑅𝑆𝜎+𝛼
] 

 

  

Figure A1.11 (cont’d) 
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Before we can apply the steady-state charge 

conservation boundary condition, 

 

𝐼1 + 𝐼2 + 𝐼3 = 𝐼4 
 

We need to simplify each of these terms by 

making use of Equation 4. 

 

 

Simplifying 𝐼1 

𝐼1 =
−𝑟(1 − 𝑝)𝛿

𝑅𝑆
(𝜙(ℎ +

𝑑

2
)−𝜙𝑜) 

 

 

𝐼1 =
−𝑟(1 − 𝑝)𝛿𝐶1

𝑅𝑆
(𝑒𝑥𝑝 (

−ℎ

𝛼
) + 𝛽𝑒𝑥𝑝 (

−ℎ

𝛼
)) 

 

 

 

Simplifying 𝐼2 

𝐼2 = 𝛿∫
𝜙0 − 𝜙(𝑦)

𝑅𝑆
𝑑𝑦

ℎ+𝑑/2

𝑑/2

 

 

 

 

𝐼2 = −
𝐶1𝛿

𝑅𝑆
∫ 𝑒𝑥𝑝(

𝑑

2
− 𝑦

𝛼
)

ℎ+𝑑/2

𝑑/2

+ 𝛽𝑒𝑥𝑝(
𝑦 − 2ℎ −

𝑑

2

𝛼
)𝑑𝑦 

 

 

𝐼2 = −

𝐶1 exp (
−2ℎ
𝛼
)(−1 + 𝑒𝑥𝑝 (

ℎ
𝛼
))𝛿𝛼 (𝑒𝑥𝑝 (

ℎ
𝛼
) + 𝛽)

𝑅𝑆
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Equation 4, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝 (

𝑑
2
− 𝑦

𝛼
)

+ 𝐶1𝛽𝑒𝑥𝑝 (
𝑦 − 2ℎ −

𝑑
2

𝛼
) 

 

 

 

 

 

 

 

Equation 4, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝 (

𝑑
2
− 𝑦

𝛼
)

+ 𝐶1𝛽𝑒𝑥𝑝 (
𝑦 − 2ℎ −

𝑑
2

𝛼
) 

 

 

 

 

 

 

 

Evaluating this integral in Mathematica  

 

 

 

Distributing the – sign into the (−1 +

𝑒𝑥𝑝 (
ℎ

𝛼
)), breaking the 𝑒𝑥𝑝 (

−2ℎ

𝛼
) into 

Table A1.10 (cont’d) 

Table A1.12: Applying the 1
st
 Boundary Condition across the Entire Cathode to Solve for 𝑪𝟏. Applied to 

Figure A1.4. 
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𝐼2 =
𝛼𝐶1𝛿

𝑅𝑆
(𝑒𝑥𝑝 (

ℎ

𝛼
) − 1) (1 + 𝛽𝑒𝑥𝑝 (

−ℎ

𝛼
)) 

Simplifying 𝐼3 

𝐼3 =
−𝑟𝑝𝛿

𝑅𝑆
(𝜙(

𝑑

2
)−𝜙𝑜) 

 

 

 

𝐼3 =
−𝑟𝑝𝛿𝐶1
𝑅𝑆

(1 + 𝛽𝑒𝑥𝑝 (
−2ℎ

𝛼
)) 

 

 

 

 

Simplifying 𝐼4 

𝐼4 =
2𝑟𝛿𝜎

𝑑
𝜙 (
𝑑

2
) 

 

 

 

𝐼4 =
2𝑟𝛿𝜎

𝑑
(𝜙0 + 𝐶1 + 𝐶1𝛽𝑒𝑥𝑝 (

−2ℎ

𝛼
)) 

 

two 𝑒𝑥𝑝 (
−ℎ

𝛼
) terms and multiplying 

each of these  by one of the parentheses 

 

 

 

 

 

Equation 4, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝 (

𝑑
2
− 𝑦

𝛼
)

+ 𝐶1𝛽𝑒𝑥𝑝 (
𝑦 − 2ℎ −

𝑑
2

𝛼
) 

 

 

 

 

 

 

 

Equation 4, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝 (

𝑑
2
− 𝑦

𝛼
)

+ 𝐶1𝛽𝑒𝑥𝑝 (
𝑦 − 2ℎ −

𝑑
2

𝛼
) 

 

 

 

Substituting the terms in purple into  

 

𝐼1 + 𝐼2 + 𝐼3 − 𝐼4 = 0 

And solving for 𝐶1 in Mathematica, 
𝐶1

=
−2
𝜎𝑟
𝑑
𝜙0

(1 − 𝑝)(1 + 𝛽)
𝑅𝑆

𝑒𝑥𝑝 (
−ℎ
𝛼
) +

𝛼
𝑅𝑆
(1 − 𝑒𝑥𝑝 (

−ℎ
𝛼
))(1 + 𝛽𝑒𝑥𝑝 (

−ℎ
𝛼
)) + (

𝑝𝑟
𝑅𝑆
+ 2

𝜎𝑟
𝑑
)(1 + 𝛽𝑒𝑥𝑝 (

−2ℎ
𝛼
))

 

 

 

 

  

Figure A1.12 (cont’d) 
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Equation 1 says, 

𝑅𝑃 =
𝜙0

𝜎
𝑟 ∫

𝑑𝜙(𝑥, 𝑦)
𝑑𝑦

𝑟

0
|
𝑦=0

𝑑𝑥

−
𝑑

2𝜎
 

 

𝑅𝑃 =
𝜙0

𝜎
𝑑𝜙(𝑦)
𝑑𝑦

|
𝑦=0

−
𝑑

2𝜎
 

 

 

 

 

 

 

 

 

 

 

 

 

Since the potential lines are assumed to 

be flat, 

 

 

By plugging the expression for 𝐶1 above 

into Equation 4, 

𝜙(𝑦) = 𝜙0 + 𝐶1𝑒𝑥𝑝 (

𝑑
2
− 𝑦

𝛼
)

+ 𝐶1𝛽𝑒𝑥𝑝 (
𝑦 − 2ℎ −

𝑑
2

𝛼
) 

the potential throughout the entire cathode 

will be known. Taking the derivative of that 

analytical expression with respect to y and 

then substituting in for y=0 (in Mathematica) 
𝑑𝜙(𝑦)

𝑑𝑦
|
𝑦=0

can be determined. 

Equation 5, the TFV Equation: 

𝑅𝑃 =
𝑟𝑅𝑆

(
1 + 𝛽

1 + 𝛽𝑒𝑥𝑝 (
−2ℎ
𝛼
)
) (1 − 𝑝)𝑟𝑒𝑥𝑝 (

−ℎ
𝛼
) + (

1 + 𝛽𝑒𝑥𝑝 (
−ℎ
𝛼
)

1 + 𝛽𝑒𝑥𝑝 (
−2ℎ
𝛼
)
)𝛼(1 − 𝑒𝑥𝑝 (

−ℎ
𝛼
)) + 𝑟𝑝

 

where 

𝛼 = √𝜎𝑟𝑅𝑠(1− 𝑝) 𝑎𝑛𝑑 𝛽 = [
𝑅𝑆𝜎− 𝛼

𝑅𝑆𝜎+ 𝛼
] 

 

 

 

 

  

Figure A1.13: Solving for the Cathode Polarization Resistance.  This is the SIMPLE model expression 

shown in Chapter 2. 
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In this formulation 𝑅𝑆 is the effective 

resistance on the cathode surface. To a first 

order approximation, one can think of oxygen 

incorporation occurring on the surface of the 

MIEC nano-particles as occurring in parallel 

with oxygen incorporation occurring on the 

bare, exposed surface of the IC scaffold 

 
1

(
𝑅𝑠
𝐴𝑠𝑐
)
=

1

(
𝑅𝑆,𝑀𝐼𝐸𝐶
𝐴𝑀𝐼𝐸𝐶

)
+

1

(
𝑅𝑆,𝐼𝐶
𝐴𝐼𝐶

)
 

where 𝑅𝑆,𝑀𝐼𝐸𝐶 is the intrinsic area specific 

surface resistance of the MIEC infiltrate phase, 

𝑅𝑆,𝐼𝐶 is the intrinsic area specific surface 

resistance of the MIEC infiltrate phase, 𝐴𝑠𝑐 is 

the surface area of the scaffold before 

infiltration, 𝐴𝑀𝐼𝐸𝐶  is the exposed surface area 

of the MIEC infiltrate phase, and 𝐴𝐼𝐶 is the 

exposed surface area of the IC scaffold after 

infiltration 

 
𝐴𝑠𝑐
𝑅𝑠
=
𝐴𝑀𝐼𝐸𝐶
𝑅𝑆,𝑀𝐼𝐸𝐶

+
𝐴𝐼𝐶
𝑅𝑆,𝐼𝐶

 

 

 
𝐴𝑠𝑐
𝑅𝑠
=
𝐴𝑀𝐼𝐸𝐶
𝑅𝑆,𝑀𝐼𝐸𝐶

+
𝐴𝑠𝑐 − 𝐴𝑀𝐼𝐸𝐶

𝑅𝑆,𝐼𝐶
 

 

 

 

 
𝐴𝑠𝑐
𝑅𝑠
=
𝐴𝑀𝐼𝐸𝐶
𝑅𝑆,𝑀𝐼𝐸𝐶

 

 

 

𝑅𝑠 =
𝐴𝑠𝑐𝑅𝑆,𝑀𝐼𝐸𝐶
𝐴𝑀𝐼𝐸𝐶

 

 

 

 

 

 

 

 

 

 

The area specific resistances have been 

divided by their corresponding areas so 

the formula for resistors in parallel 

could be applied 

 

 

 

 

 

 

 

 

 

Reducing the complex fraction 

 

 

 

𝐴𝐼𝐶 = 𝐴𝑠𝑐 − 𝐴𝑀𝐼𝐸𝐶 
 

 

 

In a typical MIEC infiltration, 𝐴𝑀𝐼𝐸𝐶is 

at most 2-3 times that of 𝐴𝑠𝑐. However, 

because of assumption 2, 𝑅𝑆,𝐼𝐶 ≫
𝑅𝑆,𝑀𝐼𝐸𝐶. This causes the second term to 

drop out 

 

 

Rearranging for the effective resistance 

on the scaffold surface 

 

 

Plugging this into Equation 5 
 

 

 

 

 

 
Figure A1.14: Altering the TFV Equation. Describes the Performance of Nano-Composite Equations. 
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Yields Equation 6, the SIMPLE Model Equation 

 

𝑅𝑃 =
𝒓(
𝑨𝒔𝒄𝑹𝑺,𝑴𝑰𝑬𝑪
𝑨𝑴𝑰𝑬𝑪

)

(
𝟏 + 𝜷

𝟏 + 𝜷𝒆𝒙𝒑 (
−𝟐𝒉
𝜶
)
) (𝟏 − 𝒑)𝒓𝒆𝒙𝒑 (

−𝒉
𝜶
) + (

𝟏 + 𝜷𝒆𝒙𝒑 (
−𝒉
𝜶
)

𝟏 + 𝜷𝒆𝒙𝒑 (
−𝟐𝒉
𝜶
)
)𝜶(𝟏 − 𝒆𝒙𝒑 (

−𝒉
𝜶
)) + 𝒓𝒑

 

 

where 

𝜶 = √𝝈𝒓𝑹𝒔(𝟏− 𝒑) 𝒂𝒏𝒅 𝜷 = [
𝑹𝑺𝝈 − 𝜶

𝑹𝑺𝝈+ 𝜶
] 

 

  

Figure A1.14 (cont’d) 
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Appendix 2:  Focused Ion Beam – Scanning Electron Microscopy (FIB-
SEM) 3D Reconstruction and Modeling Instructions 

3-Matic Volume Mesh Creation 

 

Figure A2.1 shows a group of 2D FIB-SEM serial section images used to 

construct a 3D microstructure.  These images were taken using the SEM backscatter 

detector, described in Section 3.3.3, and over 200 images were collected using the FIB-

SEM.  These serial sections were then combined using a 3D reconstruction program 

named MIMICS (discussed in Section 3.3.4) to generate a 3D reconstruction of the 

cathode and electrolyte microstructures, shown in Figure 3.11.  The 3D microstructures 

created in MIMICS contained only a surface mesh (a mesh is a set of triangle or 

tetrahedral elements), but a volume mesh was necessary to perform FEM performance 

calculations to simulate the cathode volume microstructure. 

 

 

Figure A2.1: Representative 2D FIB-SEM Serial Section Stacked Images used for 3D Reconstruction. 

These images will be used in the MIMICS computer program to create a 3D reconstruction. 
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 The first task before creating the volume mesh was to merge the electrolyte and 

cathode 3D microstructures together.  This was accomplished by first importing the 

cathode 3D microstructure into a second 3D reconstruction program named 3-Matic. 

Figure A2.2 shows the imported cathode microstructure from MIMICS imported 

inside 3-Matic.  After the cathode microstructure had been imported, then the electrolyte 

microstructure was imported into the 3-Matic program while the cathode 3D 

microstructure was on the screen.   

 

 

 

Figure A2.2:  3-Matic Imported 3D Microstructure.  This 3D microstructure was imported from the 

MIMICS computer program. 
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 To import the electrolyte, while the cathode is on the screen, first left-click on 

“File”, “Import Part”, then select the electrolyte file name.  Next, the two parts (cathode 

and electrolyte) will need to be merged together.  This was done by first aligning the two 

parts, because initially they will be overlapped on top of each other after the electrolyte 

was imported.  To align the parts, first left-click on the “Align” option in the top-left of 

the screen (shown in Figure A2.2), then select the “Interactive Translate” button right 

below “Align”.  While left-clicking on the electrolyte microstructure also hold the “Left-

Control” key and drag the electrolyte so that it aligns with the bottom of the cathode 

microstructure. 

 Figure A2.3 shows the aligned cathode and electrolyte microstructures.  After 

both parts have been aligned they need to be merged.  Figure A2.3 also shows in the top-

left corner there was an area named “Work Area” where the file names of both the 

cathode and electrolyte microstructures (both files are called “Green1” for this thesis) are 

listed.  Hold “Control” and left-click on both file names, then right-click and select 

“Merge”.  This creates a single, merged microstructure between the cathode and 

electrolyte.  The merged microstructure then needs to have its surface mesh turned into a 

volume mesh for use with the COMSOL program. 
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Figure A2.3:  3-Matic Cathode and Electrolyte Merged Microstructures.  The cathode and electrolyte 

microstructures were both created, before being merged, in the MIMICS computer program. 

 

The process of obtaining a working volume mesh involves multiple steps.  First, 

the 3D reconstruction from MIMICS is a surface mesh and when exported into 3-matic, 

needs to have the triangles on the surface “cleaned”.  The surface mesh will typically 

have meshing errors such as: 1) intersecting triangles, 2) inverted normals, 3) noisy 

shells, 4) planer holes, 5) overlapping triangles and 6) bad edges.  The 3-Matic program 

allows the user to fix these errors prior to volume meshing the sample.  If these errors are 

not resolved then 3-Matic will be unable to create a volume mesh.  The volume mesh size 

and number of tetrahedrons that are generated can all be influenced during the volume 

meshing process.  The same concerns apply with the tetrahedral number as with the 

number of triangles mentioned above, so a compromise needs to be found.  Due to the 
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sample size, this thesis used over 1 million tetrahedrons, and was found to be acceptable 

as the final RP value did not change when the same sample was analyzed using over 5 

million tetrahedrons. 

COMSOL 3D Volume Mesh Performance Calculations 

 

After the volume mesh was created, it needed to be imported into an FEM 

program.  As mentioned in Section 3.3.5 the FEM program used in this thesis was 

COMSOL.  To import the 3D cathode microstructure volume mesh the following steps 

were taken.  First, a new file was created with a 3D spatial dimension. Next, the “Electric 

Current (ec)” physics model was selected for COMSOL to use for calculations.  The 

electric current model was used because electrochemical potential lines were calculated 

by COMSOL, which the electric current model is designed for.  Finally, the “Stationary” 

study type was selected and “Finish” checked.  A stationary study was used because the 

calculated electrochemical potential lines were assumed to be determined at steady-state, 

and were not changing with respect to time. 

Figure A2.4 shows the standard instruction screen for COMSOL.  To import the 

volume mesh, first right-click on the “Mesh” option on the left menu and select “Import”, 

then load the volume mesh file exported from 3-Matic.  Communicating the correct unit 

scale for COMSOL to use was also very important, and should be completed before any 

other actions are taken.  To change the unit scale, first left-click on “Geometry” in the left 

menu and set the “Length Unit” to “um” in the drop-down box.  Keep the “Angular Unit” 

as “Degrees” and select the “Scale values when changing units” check-box.  If these 

options were not selected then the calculated RP value could be larger or smaller than 

what it realistically should be. 
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Figure A2.4:  COMSOL Volume Mesh Import Screen.  This is the primary screen used in the COMSOL 

computer program to perform calculations on imported microstructures. 

 

After importing the volume mesh, the material properties of the cathode and 

electrolyte microstructures needed to be defined and assigned to the volume mesh.  There 

were two material properties which were used in COMSOL for this thesis, which were: 

1) the GDC IC in the electrolyte and cathode scaffold and 2) the infiltrated MIEC 

material Rs value for the surface layer of the cathode scaffold microstructure.  The 

following procedure was used to assign these material properties. 

Figure A2.5 shows the imported volume mesh created in 3-Matic.  First, right-

click on “Materials” in the left menu, and create a new material named “GDC”.  Select all 

the domains (the entire volume mesh) and assign an electrical conductivity and relative 

permittivity value to the entire volume mesh.  Sections of the microstructure shown in 
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blue were selected.  Next the infiltrated NMCC Rs value was assigned to the surface of 

the cathode microstructure. 

 

Figure A2.5:  GDC Conductivity Assigned to Cathode and Electrolyte Microstructure Volume Mesh.  

Selected areas to be assigned GDC conductivity values are blue. 

 

 Figure A2.6 shows the volume mesh with the GDC conductivity from Figure 

A2.5 but with an Rs surface impedance layer applied to the entire surface of the cathode 

microstructure.  This surface impedance layer was applied to all surfaces of the cathode 

microstructure (such as the viewable surface and interior pore surfaces).  The surface 

impedance layer was applied by right-clicking on “Electric Current (ec)” on the left menu 

and selecting “Distributed Impedance”.  All domains were selected as was done in Figure 

A2.5, and electrolyte material domains were manually removed (volume and surface 

mesh) until only the cathode surface mesh remained on all five sides of the cathode.  

Finally, the “Surface Impedance” from the “Layer Specification” dropdown box was 
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selected, and surface resistance and capacitance values were inputted for the infiltrated 

MIEC material. 

 This surface impedance layer was assumed to be an interconnected layer of 

infiltrated MIEC nano-particles that had minimal electronic conductivity losses, and the 

only source of resistance was the oxygen surface exchange resistance (named surface 

resistance).  The surface resistance value was a scaled Rs value, shown in Equation 1 that 

took into account the infiltrated nano-particle size.  In real life applying a potential to the 

edges of the microstructure is unnecessary because the edges of the microstructure would 

be connected to other GDC in the next repeating unit and would not have infiltrate.  

However, if the reconstruction is large enough these incorrect edge polarizations will not 

affect the final result.  A 3D reconstruction which was 8 um thick (instead of 4.1 um) was 

constructed which predicted an RP value very close to the values reported for this 

microstructure, which indicates that these edge effects have minimal contribution to the 

final result. 
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Figure A2.6: Scaled Rs Surface Impedance Assigned to the Cathode Surface Layer Mesh. Selected areas 

to be assigned Rs surface impedance values are blue. 

 

Once the GDC conductivity and Rs values were assigned to the 3D 

microstructure, then electrochemical potential values were assigned so COMSOL was 

able to determine an electrochemical potential gradient through the entire electrolyte and 

cathode microstructure.  First, a 1V potential was applied to the cathode surface mesh in 

exactly the same location as the surface resistance.  This 1V potential was applied to the 

surface resistance in Figure A2.6 in the reference potential (Vref) box.  Next, a 0V 

reference potential was applied to the bottom surface of the electrolyte surface mesh.  

The magnitude of the 1V applied potential was shown to not influence RP predictions in 

preliminary calculations. 
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Figure A2.7 shows the 3D microstructure with a 0V potential applied to the 

bottom surface of the electrolyte.  The 0V electric potential is applied by right-clicking 

on “Electric Currents (ec)” on the left menu and selecting “Electric Potential”. Manually 

select the bottom surface mesh of the electrolyte in the same way as mentioned 

previously and input a 0V reference potential, (Vo). 

 

 

Figure A2.7:  0V Reference Potential Applied to the Electrolyte Surface Layer Mesh.  Selected area to be 

assigned 0V value is blue. 

Applying a 1V potential difference was a mathematical approach to simulate an 

oxygen partial pressure gradient in the SOFC.  This is commonly done in the SOFC 

modeling community [33]  Since the COMSOL program does account for oxygen partial 

pressure differences (which normally would be the driving force for oxygen vacancy 

transport) an electrochemical difference is applied as the driving force.  The 
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electrochemical potential gradient lines can now be calculated.  Right-click on “Study” in 

the left menu, and select “Compute” to run the calculation. 

Figure A2.8 shows the 3D reconstruction volume mesh with calculated 

electrochemical potential line gradients through the cathode and electrolyte material.  The 

electrochemical potential starts at the highest value on the cathode side, and gradually 

becomes lower towards the electrolyte which correlates with the potential gradient 

specified.  The electrochemical potential can be shown for the surface mesh, but also 

 

Figure A2.8: FIB-SEM 3D Reconstruction Electrochemical Potential Gradient.  Electrochemical 

Potential Gradient was determined using the COMSOL computer program. 

 

for the entire volume mesh using a multislice plot. 

 Figure A2.9 shows the same electrochemical potential distribution in Figure A2.8 

but using a multislice plot instead, which depicts the electrochemical potential through 

the volume of the microstructure at different x, y, and z coordinate positions.  The 
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electrochemical potential lines appear to: 1) uniformly decrease in magnitude from the 

cathode to electrolyte through the entire volume, and 2) the surface has greater 

electrochemical potential values then the center of the microstructure. 

 

Figure A2.9:  FIB-SEM 3D Reconstruction Electrochemical Potential Gradient Multislice Plot.  The 

multislice electrochemical potential gradient plot was determined using the COMSOL computer program. 

 

The first step to calculate an RP value is to integrate the current density across the surface 

with a 0V potential applied to it.  An integration area near the 0V potential (at the bottom 

of the electrolyte) needs to be created using a “Cutplane”. 

 Figure A2.10 shows a “Cutplane” created near the bottom of the electrolyte 

material.  This can be achieved by first left-clicking on “Results” on the left menu, right-
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click on “Data Sets” and selecting “Cutplanes”.  Set the “Dataset” to whatever solution 

you used to calculate the potential lines (solution1 used in this thesis), select the “Plane” 

that is perpendicular to the oxygen vacancy transport in your microstructure (in this thesis 

the vacancy flow is in the x-direction), and set the coordinate value for your plane.  Next, 

right-click on “Derived Solutions” on the left menu and select “Integration”, then 

“Surface Integration”.  Set the “Data Set” as your cutplane and change the “Expression” 

to current density flux in the direction your vacancies are traveling (again it’s in the x-

direction for this thesis).  Right-click “Surface Integration” on the left menu and select 

“Evaluate” to produce an integrated current value across the bottom surface of the 

electrolyte.  The integrated current can then be used in Equation A1 to produce an RP 

value. 

 

𝑅𝑃 = (
𝑉

𝐼
∗ 𝐴) − (

𝑑

2∗𝜎𝐼𝐶
)                                                         [A1] 

 

V  is the applied voltage on the cathode surface mesh (V), I is the integrated current (A), 

A is the area of integration for the integrated current (m
2
), d is the electrolyte thickness 

(m), and σIC is the IC scaffold conductivity (S/m).  A derivation for Equation A1 was 

provided in Section 3.3.2.  The integrated area, A, also needs to be calculated, so the 

calculated RP is correct for the microstructure geometry that was used. 



208 

 

 

Figure A2.10:  Cutplane used to Integrate Current Density Across Electrolyte Surface Mesh.  The 

cutplane was applied to the 3D reconstruction using the COMSOL computer program. 

 

To calculate the integration area the actual dimensions of the microstructure can be 

measured from COMSOL.  Right-click on “Geometry” in the left menu and select 

“Measurements”. 

 Figure A2.11 shows the geometry measurements screen.  First select the 

“Finalized Geometry” in the “Type of Geometry” drop-down box.  Next, select “Edge” in 

the “Geometric Entity Level” drop-down box and “Manual” in the “Selection” drop-

down box.  Select the entire edge that you wish to measure, and add those sections with 

the plus button underneath the manual selection.  The length will be updated and 

displayed underneath “Measurements”.  The blue line is just an example of two sides that 

were selected for this demonstration. 
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Figure A2.11:  COMSOL Integration Area Calculation.  The blue lines indicate the selected area to be 

measured.  Additional lines can be selected to determine other microstructure lengths. 
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