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Abstract 

Oxygen Transport Kinetics of Surface Modified Mixed Conductor (La0.60Sr0.40)0.95Co0.20Fe0.80O3-x 

as Solid Oxide Fuel Cell Cathode 

Manuel Serrano Laguna 

The oxygen transport kinetics of the electrodes of Solid Oxide Fuel Cells (SOFC) are critical 

properties to achieve higher efficiencies in the cell. (La0.60Sr0.40)0.95Co0.20Fe0.80O3-x (LSCF) is a mixed 

ion-electron conductor material that is expected to be optimized and utilized as the cathode of 

the SOFC’s. The reason for LSCF to be considered as the next cathode material for SOFC is due to 

its high ionic and electronic conductivities, and high oxygen transport kinetics. Additionally, to 

the excellent properties that this material offers, it has been seen that the kinetic properties of 

the material can be further optimized by adding a metal oxide coating on top of the LSCF surface. 

In this research study, baseline LSCF pellets were fabricated using commercial powders, and their 

conductance was measured using the Electrical Conductivity Relaxation (ECR) technique. The 

surface exchange coefficient (k) and bulk diffusion coefficient (D) were determined by fitting the 

normalized conductance data into Fick’s second law. To further enhance the oxygen transport 

kinetics of the LSCF, surface modification was added on top of the baseline LSCF pellets using two 

methods: Atomic Layer Deposition (ALD) and ink coating. The materials that were used as surface 

modifiers were: CoOx, a mixture consisting CoOx and Pt, MnOx, and Pr2Ox. The oxygen transport 

kinetics of the surface-modified pellets were determined using the same method that was used 

for the baseline LSCF pellets. A comparison between the baseline and the surface-modified LSCF 

was presented along with the experimental errors. It was observed that surface modifiers can 

either enhance or reduce the oxygen transport kinetics of the perovskite oxide, depending on 

the type of coating that is added. All the coatings that were used in this project are metal oxides 

that have high electrical conductivity and ionic conductivity to transport the oxygen ions. Among 

the used coatings, the most remarkable one was CoOx that showed an enhancement of the 

surface exchange of LSCF while producing a minimal reduction of the diffusion coefficient. The 

addition of Pt on top of CoOx coating showed a surface exchange enhancement while maintaining 

the same diffusion coefficient as the perovskite oxide. Lastly, MnOx and Pr2Ox showed a reduction 

in the surface exchange and diffusion coefficient of the LSCF due to their lower electrical 

conductivities. 
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Chapter 1: Introduction and Research Objectives  

1.1 Introduction to Electrical Conductivity Relaxation 

 The need for determining the kinetic properties of conductors is crucial for Solid Oxide 

Fuel Cells (SOFC) that employs various conductors 1, 2, 3, 4, 5. Several techniques have been 

utilized to determine kinetic properties on materials. Electrical Conductivity Relaxation (ECR) 6, 

Isotope Exchange (IE) and Impedance Spectroscopy (IS) are the most remarkable techniques to 

determine the kinetic properties of conductors 7, 8, 9. 

 This thesis focuses on the ECR technique. Such a technique requires a wired sample that 

is placed inside of a tube furnace where it will be subjected to a sudden change in oxygen 

partial pressure from a gas mixture of nitrogen and oxygen. In comparison with the methods 

mentioned above, the ECR is one of the most used methods to determine kinetics properties 

due to its simplicity and easier accessibility for researchers. Methods such as IE and IS require 

more complex equipment that is not only more expensive than the ECR’s equipment, it also 

requires a more complex operation 10. Therefore, the ECR approach is one of the methods that 

is most widely used by researchers to determine the kinetic properties of materials due to its 

simplicity and ease of use.  

 As mentioned before, one of the main applications for the materials characterized with 

ECR is the SOFC. These electrochemical devices were invented and developed about a century 

ago and had several applications 11. The main application for the SOFC is generating energy that 

can have commercial applications such as vehicles, houses, satellites 12. Additionally, SOFC are 

known as electrochemical devices due to the process they undergo. These devices convert 

chemical energy into electrical energy. SOFC are not the only fuel cells that can transform 

chemical energy into electrical energy. This thesis focuses on the SOFC, although there are 

more types of fuel cells that have energy conversion applications. Among the most remarkable 

fuel cells, there are Polymer Electrolyte Membrane Fuel Cell (PEMFC) 13, Direct Methanol Fuel 

Cells (DMFC) 14, Alkaline Fuel Cells (AFC) 15, Phosphoric Acid Fuel Cells (PAFC) 16, and Molten 

Carbonate Fuel Cells (MCFC) 17, 18. Those fuel cells utilize different fuels than SOFC and different 

electrolytes. However, SOFC is expected to be one of the most promising ones due to the high 
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electrical efficiencies and the low cost to operate the cell. Therefore, SOFC are expected to be 

one of the most efficient types of fuel cells. 

Over the next decade SOFC are expected to be optimized and begin commercialization. 

The SOFC market is expected to grow and develop until it exceeds US$1 billion by 2024 19. 

Currently, the main research focus for the SOFC is focused on the components of the cell 

(anode, cathode, and electrolyte). Different materials are being investigated to optimize and 

improve the performance of the cells. Also, there is an interest in driving down the 

manufacturing cost of the SOFC. Even though these cells are inexpensive when it comes to 

operating them, the manufacturing cost of the cells is high due to the materials used on it. 

Moreover, there is an interest in reducing the long-term degradation of the cells and improving 

the cell structure to make them more durable 20. These devices operate at high temperatures, 

and the materials that form the cell degrade over time. 

1.2 Principle of Electrical Conductivity Relaxation 

The Electrical Conductivity Relaxation is a method used to characterize the kinetic 

properties of Mixed Ionic and Electronic Conductors (MIEC). MIEC are materials that have a 

significant conduction ionically and electronically 21. The properties of interest measured on 

these materials are the surface exchange coefficient (K) and the bulk diffusion coefficient (D) 22. 

This method is characterized by a change in the gas pressure (O2) that produces a change in the 

O2 stoichiometry of the sample and consequently alters the resistance of the sample. Before 

producing a change in the pressure of the gas that constitute the atmosphere inside the 

furnace, the sample must have achieved a stabilization phase. During the stabilization the 

temperature must be constant, and the resistance/conductivity of the sample must be constant 

over time. Once stability has been achieved, the gas pressure is changed, and the resistance of 

the sample will change until reaching a new stabilization point. The step change in pressure can 

be produced by increasing the pressure or by decreasing it. When the pressure is increased, the 

process is known as oxidation. However, when it is reduced the process is known as oxygen 

reduction. Both processes will determine the kinetic properties of the MIEC sample. 
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Additionally, the sample response to the step change in pressure can be described by the 

following figure 23: 

On figure 1 it can be seen the ECR response from a LSCF sample to a step pressure 

change. When the %volume of O2 increases drastically, the resistance of the sample drops until 

it reaches the next stabilization point. On the other hand, the conductance of the sample 

increases since it is inversely proportional to the resistance. Once the step-change in pressure 

has been performed and the resistance of the sample has been measured, the data can be 

fitted to obtain the kinetic properties of the material. To characterize the properties properly, 

the key parameters mentioned above (surface exchange coefficient (k) and diffusion coefficient 

(D) are fit into Fick’s second law equation. Then, an assumption for the kinetic properties is 

used in the equation to begin the iterations. The iterations need to be calculated until there is 

no change in the values of the kinetic properties. 

1.3 Electrical Conductivity Relaxation in Mixed Ionic-Electronic Conductors  

 As it was mentioned before the materials that are characterized using the ECR 

technique are known as Mixed Ionic-Electron Conductors (MIEC).  Over the last 30 years 

attention have been brought to MIEC membranes due to the potential applications of these 

materials 24. MIEC membranes are known as dense ceramic membranes where oxygen ions 

Figure 1 ECR Response to O2 Step Pressure Change 
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diffuse through them. The diffusion process is performed thanks to the chemical potential 

gradient between the membranes.  During the diffusion process, the oxygen ions transfer from 

one side of the membrane to the other side through lattice vacancies and interstitials. Oxygen 

cannot be transported through the pores of the membrane as the MIEC membranes are dense 

25. MIEC operates at high temperatures in the range of 600-1000 °C, while high-pressure air is 

supplied to the membrane in one of the sides. 

 There are two main parts of interest in every MIEC membrane, the retention side and 

the permeation side. The retention side is the side that is fed with air during the diffusion 

process. At the retention side, the membrane will separate the oxygen ions from the air and 

incorporate them into the membrane through vacancies and interstitials. On the other hand, at 

the permeation side, the membrane will transfer the oxygen ions that were exchanged in the 

retention side. During the diffusion process, the oxygen permeates the MIEC membranes 

through three main steps: oxygen exchange at the gas-solid interface of the retention side, 

oxygen-electron through the bulk, and oxygen exchange at the gas-solid interface of 

permeation side 24. The reactions that are performed at the gas-solid interface are known as 

surface exchange reactions. The reaction that is performed through the bulk is known as 

diffusion reaction. 

 The surface exchange reactions can be addressed through the following equations if 

oxygen ions and electrons are assumed to be the charge carriers: 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑆𝑖𝑑𝑒:     𝑂2 + 4𝑒−  
 

→  2𝑂2− 

𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑖𝑜𝑛 𝑆𝑖𝑑𝑒:     2𝑂2−  
 

→ 𝑂2 + 4𝑒− 

 However, if the charger carriers are assumed to be holes and oxygen vacancies, the 

surface exchange reactions will be written using the Krӧger–Vink notations as shown in the 

following equation: 

𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑆𝑖𝑑𝑒:     𝑂2 + 2𝑉𝑜
′′  

 
→  2𝑂𝑜

𝑥 + 4ℎ′ 

𝑃𝑒𝑟𝑚𝑒𝑎𝑡𝑖𝑜𝑛 𝑆𝑖𝑑𝑒:     2𝑂𝑜
𝑥 + 4ℎ′  

 
→  𝑂2 + 2𝑉𝑜

′′ 
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 The Krӧger–Vink notations are used to describe electric charges and lattice positions in 

crystals. In the above equations, the notations shown in 𝑂𝑜
𝑥, 𝑉𝑜

′′, and ℎ′ represent the oxygen 

lattice site, oxygen vacancy, and the holes, respectively 24. The above equations represent a 

simplification of the whole diffusion process. The diffusion process contains more steps that 

can be shown using chemical reactions. However, there are general equations that help 

describe the process step by step, but these general equations could change depending on the 

material that is used. The following equations describe the oxygen permeation process step by 

step for a general MIEC membrane: 

𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛:     𝑂2(𝑔)  
 

→  𝑂2(𝑎𝑑) 

𝐶𝑜𝑚𝑏𝑖𝑛𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛:     𝑂2(𝑎𝑑) + 𝑒−  
 

→  𝑂2(𝑎𝑑)
−  

𝐶ℎ𝑎𝑛𝑔𝑖𝑛𝑔 𝑡ℎ𝑒 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑡𝑒:     𝑂2(𝑎𝑑)
−  

 
→  𝑂2(𝑎𝑑,𝑏𝑖)

−  

𝐶𝑜𝑚𝑏𝑖𝑛𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛:     𝑂2(𝑎𝑑,𝑏𝑖)
− +  𝑒−  

 
→  𝑂2(𝑎𝑑,𝑏𝑖)

2−  

𝐷𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛:     𝑂2(𝑎𝑑,𝑏𝑖)
−  

 
→  2𝑂(𝑎𝑑)

−  

𝐶𝑜𝑚𝑏𝑖𝑛𝑖𝑛𝑔 𝑤𝑖𝑡ℎ 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛:     𝑂(𝑎𝑑)
− +  𝑒−  

 
→  𝑂(𝑎𝑑)

2−  

𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑖𝑛𝑔 𝑖𝑛𝑡𝑜 𝑙𝑎𝑡𝑡𝑖𝑐𝑒:     𝑂(𝑎𝑑)
2− +  𝑉𝑜

′′  
 

→  𝑂𝑜
𝑥 

 The equations above describe how the O2 ions are separated from the air that is fed into 

the MIEC membrane, how they combine with electrons and gain and electrical charge, the 

change in adsorption state, the dissociation process and the incorporation of the O2 ion into the 

lattice. Even though these equations generally describe the diffusion process for MIEC 

membranes, it is not complete for the main application of these membranes. As it was 

mentioned above, the SOFC are devices that transform the chemical energy into electrical 

energy. In order to achieve the function properly, SOFC count with an electrolyte where the 

cathode (MIEC membrane) will transfer the O2 to. During the diffusion process through the 

MIEC cathode, the oxygen ions will move into the electrolyte and the electrolyte will transport 

such oxygen ions in bulk to its interface with the anode where the reaction will occur. The 

electrolyte can continuously produce electrical energy if it keeps receiving O2 from the cathode 
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and hydrogen (H) from the anode. The oxygen ions can take the vacancy path to transport from 

vacancy to vacancy in the sample, or the interstitial path to transport from interstitial to 

interstitial within the sample. However, most of the ABO3 perovskite oxides adopt the vacancy 

diffusion mechanism which is the method of interest in this paper since the research was 

performed using LSCF, a perovskite oxide. On the other hand, the interstitial diffusion 

mechanism is seen in K2NiF4 type oxides, or a mixed vacancy-interstitial diffusion mechanism 24. 

1.4 Solid Oxide Fuel Cell Application 

The need for energy has always been a worldwide challenge. Every person uses energy in 

the daily basis, which makes this need for energy even greater. There are many energy sources 

available, however, renewable sources are showing very promising research results. SOFC are 

devices that transform chemical energy into electrical energy. The cells can produce energy while 

generating no pollution. They only need to be loaded with a fuel such as hydrogen, biofuel or 

hydrocarbons. Additionally, SOFC can attain efficiencies of up to 60% 26. Fuels cells work by 

separating hydrogen atoms from their electrons, shown in the following figure 27:  

 

 

 

 

 

 

 

 

 

 
Figure 2 SOFC Schematic  
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The separation is completed by producing an oxygen reduction. This is done when 

hydrogen fuel comes inside the fuel cell through the anode. The hydrogen atoms are now 

carrying a positive electrical charge. On the other side, oxygen comes into the fuel cell through 

the cathode. The oxygen is mixed with hydrogen going through the electrolyte, along with 

electrons coming from the electrical circuit. Once oxygen and hydrogen are mixed inside the 

electrolyte, the chemical reaction between these two components is used to transform it into 

electrical energy. Consequently, energy is generated and will keep generating as long as the fuel 

cell is fed with hydrogen and oxygen. The fuel cell technology is still in the developing stages of 

research and development. Even though the illustration of a fuel cell is quite simple, shown in 

figure 2, the manufacturing of an efficient and inexpensive fuel cell remains a challenge. Many of 

the cells that are produced do not have a durable surface. Since the electrolyte is one of the most 

important parts of the cell since the electrochemical reactions happen there, it is important to 

make it durable. As the electrons flow through the electrolyte, it gets deteriorated and shortens 

the working lifetime of the fuel cell. Therefore, the main challenge is to find a material that can 

withstand for a long period of use, withstand intermediate temperatures, be inexpensive and 

have great electrical properties. 

Even though the electrolyte is quite important, and it is necessary to keep it functional, 

the anode and cathode will contribute to make the cell functional. The anode and cathode are 

not only functional parts that separate electrons from atoms, they also contribute as the main 

structural supports of the cell. Therefore, it is important that the anode and cathode are formed 

by a conductive material and contribute to the oxygen reduction and absorption.  

1.5 Cathode of Solid Oxide Fuel Cell 

 The cathode of a SOFC is a part of the cell that takes care of the oxygen dissociation and 

reduction processes. The cathode is directly linked to the electrolyte of the cell since it feeds 

oxygen to it and forms a part of the structure of the cell. As it was mentioned in the ECR 

materials section, the cathode is made of MIEC materials that are materials with a significant 

ionic and electric conductivity 28. It was also mentioned that the process for oxygen dissociation 

and reduction are very complex and count have many steps from beginning to end. Those steps 

were broken down in the previous section and this section will be structure of the materials use 
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for cathodes and how the SOFC cathodes can be improved. The complexity and quantity of 

steps during the diffusion processes performed by the cathode of the SOFC were stated in 

previous sections. The cathode produces voltage losses due to the complexity of this process. 

However, the main factor when determining the cause of the voltage losses is the 

microstructure and conditions of the testing material 29. 

 Most of the materials that are used in the ECR application belong to the family of MIEC. 

Among the MIEC materials that are analyzed the most common type of microstructure that is 

found is the perovskite. Such structure receives its name from the mineral CaTiO3
 30. This 

complex structure can order several lattice mismatches due to the A-O and B-O bond lengths. 

The following image shows a general computer modeled perovskite structure 29: 

 

Figure 3 Perovskite Cubic Structure 

 In figure 3 a general microstructure for perovskite compounds have been modeled. In 

the image the perovskite structure consists of a general formula ABO3 which includes an 

octahedron in the middle of the unit cell with formulation BO6 and eight A cations in every 

corner of the unit cell. Depending on the exact composition that the perovskite material will 

adopt, the material will have different properties. The B dopants will vary the electronic 

conductivity and catalytic properties of the material. On the other hand, the A dopants will 

modify the concentration of vacancies and alter both conductivities (ionic and electronic) 29. 
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Lanthanum Strontium Manganese (LSM) is one of the most used materials for SOFC cathodes. 

This is due to its high electronic conductivity at high temperatures. However, recent research 

studies have focused their attention in Lanthanum Strontium Cobalt Ferrite (LSCF). The main 

difference between LSM and LSCF is the ionic conductivity. The LSCF compound have higher 

ionic conductivity than LSM. Additionally, the oxygen reduction rate is higher in LSCF than it is 

in LSM. In this thesis the focus is given to LSCF and surface modified LSCF. The surface 

modification process can result in a conductivity enhancement and a notable improvement of 

the mechanical properties of LSCF. 

 LSCF is becoming more and more popular since many research studies are performed to 

optimize the material and make it suitable for intermediate temperatures SOFC. In the 

following recent study performed by Jiang 31, LSCF is characterized as an electrode for SOFC. 

The paper focuses on providing a comprehensive review of the material. The main points that 

were studied were the structure, defect chemistry, electrical and ionic conductivity. The 

material was characterized for every function that the cathode performs as part of a SOFC. 

Jiang concluded that LSCF is the most popular material for cathodes of SOFC’s. It is explained in 

the literature that LSCF has all the properties that the cathode needs to have a good 

performance of the cell. The main reason for the LSCF to become very popular among the 

MIEC’s that are used for SOFC is because the high electrical and ionic conductivities that it 

offers. Compared to other materials, LSCF offers high electronic and ionic conductivities at 

intermediate temperatures. Additionally, it allows to make modifications to its composition. 

The A and B sites offer many options when it comes to modifying the composition of LSCF. The 

composition modification allows to alter properties such as the conductivities of the material. 

Finally, LSCF offers a microstructure stability, high oxygen reduction and proven stability while 

working as a cathode of a SOFC. 

 As mentioned in the last paragraph, the composition modification can alter the 

electrochemical properties and microstructure of the LSCF material. However, there are more 

ways to alter the properties of this material and make it more suitable to work as a cathode. 

Jiang 31 mentions in the literature that the LSCF electrochemical properties and microstructure 

can be enhanced through several processes. Composition modification will make the LSCF gain 
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microstructure stability and must be optimized depending on the application. Surface 

modification, interface manipulation, reduce the activation energy, and inhibit surface 

segregation and chemical reactivity are the most used techniques to optimize an LSCF cathode 

for SOFC. In this thesis the focus is the surface modification techniques. Two surface 

modification techniques are proposed for MIEC that will be employed as cathodes of SOFC. The 

surface modification techniques that are proposed in this thesis paper are ink coated and 

atomic layer deposition coated. In the following sections the main differences between them 

will be explained and compared to determine which one will result in a better cathode 

enhancement. 

1.6 Polarization of Solid Oxide Fuel Cell 

 Modeling SOFC’s is a complex process that requires to take into consideration several 

aspects of the cell.  Due to the complexity of the SOFC systems the modeling of the cell 

considers mass, momentum, energy, and charge transfer along with the chemical and catalytic 

reactions that take place in the cell 29. It is important each aspect of the cell when modeling it, 

notwithstanding the focus of the modeling should be paid depending on the application of the 

cell. The application will determine which characteristic of the cell is the most important one, 

and a different approach or method must be used depending on it. On this section, polarization 

of SOFC is introduced and explained how it can affect the cell. The polarization would belong to 

the charge transfer aspect of the cell that is consider while modeling it. 

 The polarization term refers to the voltage loss or overpotential that is seen between 

the two electrodes of the SOFC. This voltage loss is a function of current density and can be 

broken down into three main polarization types: ohmic polarization, concentration polarization 

and activation polarization. Those are the three main types of polarization that are found in 

SOFC. The polarization will decrease the performance of the cell hence, accounting for the 

polarization is quite important when modeling a SOFC. The electrochemical model needs to 

characterize three main points of the SOFC. This type of modeling will account for the potential 

difference between electrodes, electrochemical reactions within the cell and charge transport 

32. In the following diagram it can be seen a general polarization curve for a SOFC: 
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Figure 4 SOFC Polarization Curve 29 

 In figure 4 a general polarization curve for SOFC is shown. It can also be seen the losses 

caused by the different types of polarization. The activation loss, ohmic loss and concentration 

loss are shown and occur depend on the current density of the cell. On the other hand, the 

Nernst potential is shown, which is the maximum potential difference that a cell can produce 

between the electrodes. Also, the two main energies of the cell are shown. The chemical 

energy is the energy that is required by the electrodes to feed the electrolyte with the needed 

gases. The electrical energy is the energy that the electrolyte produces after being fed by the 

electrodes. As it was mentioned previously on this section, there are three main types of 

polarization losses. The ohmic loss is caused due to electrical resistances that are seen among 

the cell elements . Even though all the components have electrical and ionic resistances, the 

ohmic polarization is greatly influenced by the ionic resistance that is seen in the electrolyte. 

However, the ionic resistance of the electrolyte is not the only resistance that will cause the cell 

to have ohmic polarization. The ionic and electrical resistances of the catalyst layer, electrode-

backing layer, and interface contact also increase the ohmic polarization within the cell. 
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 Although the resistances of the components of the cell cause drops in the performance 

of it, they are not the only reason that causes polarization. The activation polarization is based 

on the chemical reaction that is necessary to occur in the electrolyte to produce electrical 

energy. The reaction that occurs at the electrolyte spontaneously needs to overcome an 

activation barrier for the reactants to become the desired produces. The activation barrier that 

needs to be overcome is the impedance and for the cell to overcome the barrier there needs to 

be an increment of voltage within the cell. Therefore, the activation polarization is the extra 

voltage that the cell requires to overcome the barrier of the electrochemical reaction 33. 

 Finally, the last polarization loss that was mentioned was the concentration polarization. 

This last type of polarization is caused by the reactants that take place in the electrochemical 

reaction within the electrolyte. The reactants depend on the current density and will cause a 

voltage drop depending on the concentration the reactants have at the reaction site of the cell. 

The concentration polarization is caused by a lower concentration of the reactants which 

causes a voltage drop at the reaction site 33. This voltage drop is produced because a lower 

concentration of the reactant does not need as much voltage as higher concentrations do to 

perform the electrochemical reaction. 

1.7 Objectives of Thesis 

 Recent research studies are focusing on characterizing materials to improve the 

performance, structure, and durability of SOFC. Those studies try to find the most suitable 

materials for each part of the cell (cathode, anode, and electrolyte). The current SOFC require 

high operating temperatures (800 – 1000°C), and do not have a high long-term durability. The 

research studies focus on dropping the operating temperatures from high to intermediate 

operating temperatures (500 – 800 °C). Additionally, the focus of the research studies is seen in 

the materials of the cell. The materials can drop the operating temperatures of the cell and 

greatly improve the efficiency of the cell. Even though the efficiency and durability of the 

SOFC’s are quite important, they are not the only reasons to drive so much research attention 

to the cells. SOFC’s are devices that have a great commercial potential. Those devices are not 

only capable of converting chemical energy into electrical energy, but also the emissions that 

they release are much lower than previous power generation systems. The emissions of 
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nitrogen oxides are lower than 0.5 parts per million (PPM), which makes these cells very 

attractive for the power generation market 34. The fact that SOFC’s can produce energy without 

producing emissions could make them the next most popular power generation system. SOFC 

can serve for different applications as power generation solutions and reduce emissions 

globally.  

 The work covered in this thesis shows the characterization of the kinetic properties of 

LSCF baseline at different sintering temperatures.  This LSCF material was widely used as 

cathode of a SOFC. Therefore, the experimental parameters are set according to the SOFC 

operating parameters. After determining the kinetic properties of baseline LSCF, surface 

modification was applied to the LSCF baseline. Two types of surface modification techniques 

were used: Atomic Layer Deposition (ALD) and ink coating applied through screen printing. The 

two methods are compared in this thesis to determine which one provides the best surface 

modification to the LSCF baseline, and the highest improvement of the kinetic properties of the 

LSCF. The ALD method was performed using Cobalt Oxide (CoOx) and Platinum (Pt) coatings. On 

the other hand, the ink coatings that were screen printed were CoOx, Manganese Dioxide 

(MnOx) and Praseodymium III (Pr2Ox). The impact of different surface modification on the 

kinetic properties of LSCF cathode materials are systematically characterized.  
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Chapter 2: Experimental Methods  

2.1 LSCF Baseline Sample Preparation 

 The electrical conductivity relaxation method requires a sample to be placed in the tube, 

as it was mentioned in the previous chapter. The samples used need to follow a procedure 

before they can be measured and place in the tube furnace for the experiment. All the LSCF 

samples that were used in the experiments were prepared using a mix of commercial powder 

and binding material (PVB – Polyvinyl Butyral), Zhu reported in his literature the use of 

commercial powders 23. The commercial powder was LSCF, and it had the following formulation 

(La0.60Sr0.40)0.95Co0.20Fe0.80O3-x. Every batch that was prepared was mixed in a ratio where there 

are 5% PVB and 95% LSCF material. To mix the powders properly, they were manually ground 

to ensure that the mix was well blended. After grinding the powders, they were stirred using a 

Fisher Scientific Isotemp stirring hotplate, in contrast with the ball-milled employed by Zhu 23. 

In order to stir them, the powders were mixed with ethanol to achieve a uniform particle size. 

The hotplate was set at a fixed temperature of 80°C while the stirring device was spinning at 

120 rpm. The powder was stirred in the stirring hotplate for about an hour. Once the stirring 

was completed, the powders were manually ground again until the particle size was uniform for 

all the powder. 

 After the powder was well blended, the next step is to press it into a pellet. A one-inch 

diameter die was used to shape the pellets into a solid circle, in contrast with Zhu that pressed 

them in a rectangular shape 23. The die was cleaned using ethanol before using it to ensure that 

no contamination from other materials is mixed with the LSCF powder. Also, the die sides that 

were in contact with the powder were sprayed with graphite to ensure that the powder did not 

stick to the die. Once these two steps were completed, the powder was fit into the die and 

moved to a hydraulic press. The bench press that was used to press the samples was a carver 

bench model 4389. The samples were pressed at room temperature (25°C) for 10 minutes. The 

pressure exerted on the die was 0.4 GPa, in contrast with Zhu that pressed the powders at 100 

kPa 23. After the pressing is completed, the diameter, thickness, and weight of the sample were 

measured. The dimensions of the sample were taken to determine the density of the sample 

and the imperfections. 
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 Once the samples have been pressed, and the density has been examined, the next step 

is to perform a sintering process on the samples. The sintering process ensures that the 

samples become fully dense, and there are no cracks inside the pellet. Ensuring that the pellets 

are fully packed is very important for the ECR analysis since the oxygen ions need to be 

transported throughout the sample. If the pellets are not fully dense, the oxygen will go 

through the cracks of the sample during the experiment. This will cause the measured 

resistance from the sample is not correct because the oxygen will not be permeating through 

the sample. Therefore, it is critical to ensure that the pellets have a relative density of at least 

90%, Zhu’s reference density is 95% 23. The relative density was calculated by measuring the 

density of the sample and dividing it by the theoretical density of the sample material. The 

sintering process will cause the pellets to shrink due to the mass loss produced by the high 

temperatures inside the furnace. The process followed to sinter the LSCF pellets was: 

 

Figure 5 Sintering Process for LSCF 

The sintering atmosphere was oxygen and was kept at a constant flow rate of 150 ccm. 

The maximum temperature of the process was varied depending on the samples. Certain 
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samples were sintered at 1200°C, meanwhile, other certain samples were sintered at 1300°C. 

Zhu reported in his literature to sinter the samples at 1200°C for 10h with a sintering 

atmosphere of air 23. Samples were sintered at different temperatures to determine the effect 

of sintering temperature in the kinetic properties of the LSCF samples. During the sintering, the 

pellets are placed in a ceramic tray that is previously cleaned using ethanol to ensure no 

contamination. The tray with the pellets was placed in the middle of the furnace tube. Once the 

sintering process is completed, measurements of the new pellet dimensions were taken. The 

density was calculated again, and the relative density is calculated to make sure that the pellets 

are fully dense. When the density of the pellets has been checked to be satisfactory, the next 

step in the process is to cut the circular sample into two rectangles. 

The machine used for cutting the samples is a Techcut 4 Precision Low Seed Saw from 

Allied. The saw used a 6” wafering blade, diamond metal bond. The circular sintered samples 

were glued to a metal block in order to fix them and cut them precisely. The cutting process 

consisted of performing 3 parallel cuts on the samples and 2 cuts perpendicular to the first 3 

cuts. Every sample would produce 2 different rectangular sized samples that were measured 

individually. Once the cutting was performed, the samples were polished if there was any 

surface imperfection on them. However, if no polishing was needed, the next step was to wire 

the samples. Wiring the samples was essential for this experiment. During the electrical 

conductivity relaxation method, current was applied to the samples to obtain a voltage 

response from them. Therefore, wiring the samples was a process quite important to ensure a 

proper characterization of the samples. The samples were wired using 4 pieces of gold (Au) wire 

(0.1 mm), and conductor Au SC print. First, the 4 wires are wrapped around the sample as it can 

be seen in the following figure: 
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The 4 wires are placed parallel to each other and close to the sides of the sample. The 2 

furthest wires to the sides were the ones where the current is applied. The 2 wires that are in 

the middle were used to measure the voltage response from the sample. The reason why the 

wires are placed towards the sides of the samples was to maximize the sample surface between 

the voltage wires. The goal was to ensure that the voltage response that was obtained from the 

sample was covering as much sample as possible. Once the wires were firmly wrapped around 

the sample, the gold paste was applied on top of the wires. The conductor Au print ensured the 

contact between the wires and the sample and prevented the wires from falling off the sample 

during the experiment. 

2.2 LSCF Surface Modified Sample Preparation 

 The purpose of this thesis was to determine the impact of surface modification on the 

LSCF baseline samples. During the preparation for surface modified samples, two main 

processes were used to prepare them: layer coated, and ink coated samples. 

 The samples that were prepared using the layer coating method were prepared the 

exact same way that the LSCF baseline is. The samples were pressed, sintered, cut, wired, and 

then the layer coating was applied to them. The layers that were applied to every sample were 

different. Some samples had more layers applied than others. This helped determine the 

Figure 6 Computer Modeled LSCF Wired Sample 
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impact that the thickness of the layers had on the samples. The materials applied through layer 

coating were CoOx and Pt. Some samples had only CoOx applied to them, while others had a mix 

between CoOx and Pt. Mixing the coating allowed to determine whether a new coating on top 

of a previous coating has an impact on the performance of the sample. The coating was applied 

to the samples using the Atomic Layer Deposition (ALD) technique. 

 The samples that were prepared using the ink coating method were prepared in a 

different way that the LSCF baseline is. In this case, the samples were pressed and sintered. 

Once the sinter was performed on the samples, and the density had been checked, the coating 

was added. After adding the coating, the sample was sintered again to ensure proper contact 

between the coating and the sample. When the second sintering is completed, the samples are 

cut and wired the same way that the LSCF baseline is prepared. The materials used for the ink 

coating were CoOx, MnOx, and Pr2Ox. The ink coating materials were prepared previously by 

mixing them. Each material was mixed, then they were spun in a silicon bath for about 3 hours. 

The materials were calcined after being mixed. Calcining each material helped to remove 

substances that might be left after mixing. The calcination process used was the following: 



19 

 

Figure 7 Heat-treatment Process for Coated LSCF 

 When the calcination process was completed, each material was mixed with Terpineol. The 

Terpineol was acting as a solvent while the powders were acting as a solute. After mixing well 

the powders and the Terpineol, an ink-based coating was obtained. This coating was liquid and 

could be applied to any surface. The machine that was used to apply the coating to the samples 

was an screen-printer. This device would hold the sample tight through a vacuum, while a 

squeegee spread the coating on top of the surface of the sample. The process of spreading the 

coating on top of the surface of the sample was performed twice to ensure that both sides of 

the samples were well coated. 
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2.3 Measurement Procedure 

 Upon completion of the sample preparation process, the next step was to perform the 

Electrical Conductivity Relaxation method on the wired samples. However, it is crucial to make 

one more check of the surface of the samples before experimenting with them in the ECR set 

up. As it was mentioned before, the surface of the samples needs to remain smooth and 

uncontaminated. Especially the surface that is between the wires that read the voltage, since it 

will directly affect the measurement. The device that was used to check on the surface of the 

sample was an AxioCam Allied light microscope. The samples were placed under the 

microscope and checked that there were no cracks on top of the surface. When the check was 

completed, then ECR was performed on the sample. 

 The ECR setup requires different devices to experiment properly. These devices were 

connected to make a circuit. A simplified version of the setup is shown in the following image: 

 

Figure 8 Experimental Setup of Electrical Conductivity Relaxation 

 The sample was placed in the tube furnace in the first place. The tube furnace counted 

with a sample holder that was wired. The sample was placed on top of the sample holder. The 

wires from the sample were connected to one end of the wires from the sample holder. The 

wires were connected carefully to ensure proper contact between the Au sample wires and the 
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Ag sample holder wires. The wires from the sample holder needed to be connected in a way 

that the current was applied to the sample in the following way: 

 

Figure 9 Computer Modeled LSCF Current and Voltage Connections 

 The other end of the wires from the sample holder was connected to the multimeter. Once the 

sample was secured on top of the sample holder, the sample holder was placed inside the tube 

furnace and locked using wrenches. The sample holder was bolted to the tube furnace to 

ensure no gas leaking. 

 When the sample holder had been locked, the gas cylinders were opened along with the 

mass flow controllers. Opening the gas cylinders at the beginning of the experiment ensured 

that the gas mixture would reach the same temperature as the sample. After opening the 

cylinders, the tube furnace was turned on in order to reach the desired temperature. The tube 

furnace was programmed to reach and stabilize at 2 temperatures for every measurement. The 

temperatures that were selected during the experiments were 650, 700, 750, or 800 °C. Those 

temperatures were selected based on the operating temperature of the SOFC’s.  

 The tube furnace took around 1 hour for every experiment to reach the programmed 

temperature. Once this temperature was reached, data began to be collected. During the data 

collection process, the sample needed to reach different stabilization points. The first 

stabilization point was reached after reaching the programmed temperature with the furnace. 

When the temperature was reached, the sample needed to reach a resistance stabilization. The 

resistance of the sample varies depending on the temperature that the sample is found to be. 
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Therefore, until the resistance of the sample was not stabilized, the change of O2 pressure 

could not be applied to the system. On the other hand, when the resistance of the sample 

reached the stabilization point, and it was not varying over time, the O2 pressure was increased 

from 2% to 20%. 

 During the pressure increment process, the sample resistance dropped until it reached a 

new stabilization point for the new O2 pressure. After reaching the second stabilization point, 

the experiment was completed. However, as it was mentioned before, every experiment was 

performed for two temperatures. Consequently, the valve was switched again, and the 

programmed temperature was raised. The process was repeated until the second stabilization 

point was reached for the second temperature. After completing the experiment for both 

temperatures, the next step was to analyze the data and determine the kinetic properties. 

2.4 Analysis Procedure  

 The data collection process was performed using a computer that received the signal 

from the digital multimeter and converted all the data into an excel file. The software that was 

used in the computer was LabView. This software had a customized program for the ECR 

experiment. As mentioned before, the software and the multimeter were connected. Therefore 

the multimeter was controlled from the computer. The program was set to make the 

multimeter apply a 0.1A current into the sample. Then the software would read the voltage 

signal that was sent from the multimeter to the computer and convert it into an excel file. 

 Upon completion of the experiment, the software delivered an excel file that contained 

the current and voltage readings, and the time that those readings were recorded. The excel 

file was used to determine the normalized conductance distribution. The normalized 

conductance distribution determined how long it would take for the sample to reach the 

stabilization phase, and to determine the kinetic properties of the sample 35. The normalized 

conductance of the sample can be found through the following formula: 

𝜎𝑛 =
𝜎 − 𝜎𝑜

𝜎𝑠 − 𝜎𝑜
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 The previous equation shows how the normalized conductance is calculated. The 

conductance measured by the multimeter is σ, the conductance achieved at the stabilization 

phase is σs, and the initial conductance is σo. 

 Once the normalized conductance was calculated for every measurement recorded 

during the experiment, the next step was to fit the normalized conductance into a solution of 

Fick’s second law. The second law of Fick defines the rate of diffusion over a unit area. The 

equation that was used for this experiment was the following: 
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 The previous equation shows the relationship between Fick’s second law and the 

normalized conductance. The ratio between half thickness to the characteristic length is shown 

as Lα, Lβ, and Lγ for every dimension of the sample. The diffusion coefficient is shown as Dchem. 

The time is shown as t. The dimensions of the sample are x, y, and z for every dimension. 

Finally, αn, βm, and γi are eigenvalues 23. 

 The characteristic length of the sample is defined by the following equation: 

𝐿𝑐 =
𝐷𝑐ℎ𝑒𝑚

𝑘𝑐ℎ𝑒𝑚
 

 The characteristic length is fit to the half-thickness of each dimension of the sample to 

calculate the ratio between them. The ratio between these two parameters that were seen in 

Fick’s second law is calculated by the following equation: 

𝐿𝛼 =
𝑥 ∗ 𝑘𝑐ℎ𝑒𝑚

𝐷𝑐ℎ𝑒𝑚
;     𝐿𝛽 =

𝑦 ∗ 𝑘𝑐ℎ𝑒𝑚

𝐷𝑐ℎ𝑒𝑚
;     𝐿𝛾 =

𝑧 ∗ 𝑘𝑐ℎ𝑒𝑚

𝐷𝑐ℎ𝑒𝑚
 

 The eigenvalues shown in Fick’s second law solution are calculated through the 

following equation for every dimension of the sample: 

𝛼𝑛 ∗ tan(𝛼𝑛) = 𝐿𝛼;     𝛽𝑛 ∗ tan(𝛽𝑛) = 𝐿𝛽;     𝛾𝑛 ∗ tan(𝛾𝑛) = 𝐿𝛾 
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 The last equation shows the relationship between the eigenvalues and the ratio 

between the half-thickness and characteristic length of the sample for every dimension of the 

sample. The eigenvalues must be positive and non-zero roots. After conducting the experiment 

and calculating the normalized conductance of the sample, the following would be to calculate 

the kinetics parameters using the equations shown above. However, performing these 

calculations without computer software would be quite complex and would lead to errors. In 

order to avoid any mathematical errors while calculating the kinetic parameters, the 

conductance data was fitted and processed by a MATLAB program. The MATLAB program that 

was used required the normalized conductance and half the thickness of the dimensions of the 

sample to be input. 

2.5 Microstructure Characterization using Scanning Electron Microscopy 

 The Scanning Electron Microscopy (SEM) was used to characterize the surface 

microstructure of the LSCF samples. The characterization with the SEM was only performed on 

samples that have previously been measured using the ECR. The samples that were 

characterized using the SEM have broken apart into a small piece that was glued with Silver 

(Ag) on holders. The holders were placed inside the SEM machine and characterized using the 

electron beam at 10 kV. The images that were taken correspond to the plan view of each 

sample. The samples that were characterized by SEM consist of baseline and coated LSCF. The 

following images were taken for the following samples: 

- Baseline LSCF sintered at 1200 and 1300 °C: 

 

 

 



25 

Figures 10 and 11 show the plan view SEM images for baseline LSCF with a sintering 

temperature of 1300 and 1200 °C on the left and right, respectively. It is observed that lower 

sintering temperatures have a reduced grain size in comparison to larger sintering 

temperatures. Therefore, the average grain size of lower sintering temperature samples is 

reduced compared to the one from higher sintering temperature samples. In Asadis’ et al study, 

it was found that a reduced average grain size in a MIEC would increase the oxygen permeation 

flux through the sample 36. Therefore, it will be expected to see large oxygen transport kinetics 

in lower sintering temperature samples. However, it is also seen that the grain boundary area 

of higher sintering temperature samples is reduced in comparison to the grain boundary area of 

lower sintering temperature samples. Additionally, the study of Zeng’s et al of the effects of 

sintering temperature on the performance of LSCF showed that the smaller the grain boundary 

area is in the perovskite oxide, the larger the electrical conductivity of the MIEC will be 37. 

Higher electrical conductivity will result in a higher oxygen transport kinetics since the higher 

electrical conductivity will enhance the absorption of the oxygen molecules onto the surface of 

the MIEC. 

To determine which sample offers higher oxygen transport kinetics, it will be necessary 

to perform ECR in both samples with different sintering temperatures. The reason for this is 

because the LSCF sample with higher sintering temperature has a reduced grain boundary area, 

which offers a larger electrical conductivity. On the other hand, the higher sintering 

Figure 11 SEM LSCF Baseline (Sint = 1200 °C) Figure 10 SEM LSCF Baseline (Sint = 1300 °C) 
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temperature sample has a larger average grain size, which results in a lower oxygen permeation 

flux through the sample. 

2.6 Error Analysis 

 The error bars were calculated for each measurement to determine the range of the 

measurements. The actual meaning of the bars is the range of the surface exchange and 

diffusion coefficient values at each temperature. Therefore, for each temperature the error bar 

was calculated including every measurement that was performed for such composition at such 

temperature.  The error bars are the standard deviation of all the measurements at such 

temperature. The error bars were calculated using the following equation: 

𝐸𝑟𝑟𝑜𝑟 𝑏𝑎𝑟 =  ±√
∑(𝑥 − x̄)

2

𝑛
 

 The error bar equation calculates the standard deviation of each measurement with 

respect to an average. In the equation: 

 x is the average 

 x̄ is the value of each measurement 

 n is the number of samples 
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Chapter 3: Baseline LSCF  

3.1 Crystal structure and physical properties of LSCF 

As mentioned above, the LSCF electrical properties and composition are a great fit for 

the cathode of SOFC’s. The LSCF compound has been reported to have a rhombohedral 

perovskite structure 38. As mentioned previously, fuel cells work by transforming chemical 

energy into electrical energy. This process is done by producing an electrochemical reaction 

that takes place in the electrolyte. The reactants of the electrochemical reaction are the oxygen 

atoms and hydrogen atoms that are fed into the electrolyte through the cathode and anode, 

respectively. To produce the oxygen dissociation at the cathode it is necessary that the material 

counts with a high electrical and ionic conductivity. Therefore, the perfect material to use as a 

cathode in the cell would be a mixed ion-electron conducting material such as LSCF. The reason 

for using a mixed ion-electron conducting material is because of the increased rate that the 

oxygen will be reduced. This will make the cell have increased active areas and more oxygen 

transported into the electrolyte 39. The following figure shows a computer-modeled LSCF unit 

cell:  

 

Figure 12 Computer Modeled LSCF Cubic Structure40 

The figure above shows a model for an 80-atom unit cell. The composition is seen as 1 : 

1 for La : Sr and 3 : 1 Fe : Co with a minimum distance between oxygen vacancies of 9.46 Å. 
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LSCF (La0.60Sr0.40)0.95Co0.20Fe0.80O3-x is one of the most frequently used materials for cathodes 

due to its electronic structure. The addition of the Co3+ increases the oxygen vacancy formation 

energy, which results in a lower amount of oxygen vacancies. Minimizing the amount of oxygen 

vacancies is crucial because it will strengthen the material and make it more durable. 

Additionally, it will help improve the electronic conductivity, which will directly enhance the 

performance of the cathode in the SOFC. 

3.2 Kinetic Properties of Uncoated Baseline LSCF 

 The first step within this research project was to characterize the kinetic properties of 

baseline LSCF properly. The kinetic properties of baseline LSCF will serve as a reference 

throughout this project. In this thesis, the kinetic properties of the coated samples were 

compared to the baseline ones. To ensure proper characterization of the baseline LSCF, the 

next needed to be met. The samples needed to be reproducible from one to another, meaning 

that the results will not vary sample after sample, hence the first objective was to dominate the 

manufacturing and experimental procedure of the samples. The samples for baseline LSCF were 

manufactured and analyzed, as it was explained in the previous chapter. However, for the 

baseline LSCF, two sets of samples were manufactured with the difference between them in 

the sintering temperature. One set of samples was sintered in an oxygen atmosphere at 1200 

°C meanwhile the other one was sintered in an oxygen atmosphere at 1300 °C. As mentioned in 

the previous chapter, only the samples with a relative density of 90% or higher were analyzed. 

Nevertheless, there were samples with a relative density that was higher than 90% that were 

not analyzed. The reason for this is that some samples have cracks that would create 

uncertainty while analyzing the diffusion process data and consequently would produce errors 

after the data analysis. Additionally, some of the samples had a large fitting error after 

processing the data through MATLAB. Therefore, they were discarded since those results were 

not reliable. Finally, some samples had connection problems during the measurement, and the 

data was excessively noisy. 

 After the manufacturing of the LSCF was completed, the analysis would proceed with 

the ECR experimental method, as explained in chapter 2. Several LSCF baseline pellets with 

different sintering temperatures were tested through the ECR method: 
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Table 1 Baseline LSCF Samples (Sintering = 1200 °C) 

 

Table 2 Baseline LSCF Samples (Sintering = 1300 °C) 

 

 The previous tables show the list of samples that were tested for baseline LSCF with 

sintering temperatures of 1200 °C and 1300 °C. The tables show the temperatures that the 

samples were tested for as well as the kinetic properties that were obtained at each given 

temperature for each sample. 

 Even though several samples were tested for baseline LSCF, only the highest results 

were taken from each sintering temperature because it means that such kinetic property is 

achievable for LSCF. The surface exchange coefficients obtained from baseline LSCF were 

plotted in a ln(k) vs 1000/T graph as follows: 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

21 800 1073.15 0.93 1.52E-03 1.46E-06 -6.49 -13.44

53.1 800 1073.15 0.93 7.25E-04 7.86E-06 -7.23 -11.75

650 923.15 1.08 1.79E-04 1.84E-06 -8.63 -13.21

700 973.15 1.03 2.42E-04 3.41E-06 -8.33 -12.59

650 923.15 1.08 6.48E-04 2.27E-06 -7.34 -12.99

700 973.15 1.03 7.50E-04 4.03E-06 -7.19 -12.42

59.1 650 923.15 1.08 3.24E-04 2.09E-06 -8.04 -13.08

650 923.15 1.08 3.26E-04 1.44E-06 -8.03 -13.45

700 973.15 1.03 6.55E-04 2.34E-06 -7.33 -12.96

750 1023.15 0.98 1.21E-03 2.04E-06 -6.72 -13.10

800 1073.15 0.93 4.94E-04 3.30E-06 -7.61 -12.62

60.2 800 1073.15 0.93 4.28E-04 3.21E-06 -7.76 -12.65

83.2 750 1023.15 0.98 1.73E-03 1.50E-05 -6.36 -11.11

Baseline LSCF (sintering = 1200 C)

53.2

57.2

59.2

60.1

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

31 800 1073.15 0.93 6.85E-04 8.32E-06 -7.29 -11.70

67.1 700 973.15 1.03 4.90E-04 4.26E-06 -7.62 -12.37

73.2 800 1073.15 0.93 8.15E-04 8.66E-06 -7.11 -11.66

750 1023.15 0.98 1.40E-03 1.27E-05 -6.57 -11.27

800 1073.15 0.93 1.39E-03 1.98E-05 -6.58 -10.83

Baseline LSCF (sintering = 1300 C)

81.2
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Figure 13 Surface Exchange vs Temperature - Baseline LSCF 

 In the previous figure, the ln(k) vs 1000/T graph was plotted for baseline LSCF sintered 

at 1200 °C and 1300 °C. The surface exchange rate for LSCF increases as the temperature 

increases and decreases as the temperature reduces. Meaning that the surface exchange is 

inversely proportional to the conductance of the sample that increases as the temperature 

reduces. Furthermore, the surface exchange of baseline sintered at a temperature of 1200 °C is 

higher than the surface exchange of baseline sintered at a temperature of 1300 °C. To conclude 

why the surface exchange increases with reduced sintering temperature, it is necessary to recall 

from chapter one how the surface exchange process works. Surface exchange reaction 

processes function thanks to the vacancies that are found within the LSCF sample. Hence, the 

difference in surface exchange can be attributed to the fact that the samples with lower 

sintering temperatures are less compact and have a larger grain size than the samples with 

higher sintering temperatures. In the following images, a comparison between two baseline 

LSCF samples with different sintering temperature is shown: 
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 The figure on the left shows an LSCF sample that was sintered at 1200 °C that has a 

smaller grain size than the figure on the right that shows an LSCF sample with a sintering 

temperature of 1300 °C. 

 The natural log surface exchange values plotted for the surface exchange vs 

temperature graph for baseline LSCF are shown in the following table for each temperature: 

Table 3 Surface Exchange Values - Baseline LSCF 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -7.34 -7.19 -6.36 -6.49 

Baseline 1300 0.00 -7.62 -6.57 -6.58 

 

Table 4 Surface Exchange % Increase/Decrease - Baseline LSCF 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 - -5.91% -3.30% -1.41% 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the baselines is shown. It can be observed that the baseline with a sintering 

temperature of 1300 °C has a significant reduction in the surface exchange with respect to the 

Figure 11 SEM LSCF Baseline (Sint = 1200 °C) Figure 10 SEM LSCF Baseline (Sint = 1300 °C) 
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surface exchange of baseline with a sintering temperature of 1200 °C. The reduction in surface 

exchange is more pronounced for lower temperatures where there is about a 6% difference. 

However, for higher temperatures, the values become more similar, and the reduction seen is 

about 1.5% for the temperature of 800 °C. 

 The surface exchange characterization was compared to the one reported by Zhu and 

others in Zhu’s literature 23. In the following figure, our surface exchange characterization was 

graphed with the surface exchange characterization done by Zhu for LSCF baseline samples: 

 

Figure 14 Surface Exchange Comparison with Literature - Baseline LSCF 

 

 It can be seen in the previous graph that Zhu reported the highest surface exchange 

coefficient. It can be attributed to the difference in sample preparation between his literature 

and this research project 23. 
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 Moreover, the characterization of the bulk diffusion coefficient was also performed for 

baseline LSCF. The samples analyzed in this case are the same samples that were shown at the 

beginning of this section since the electrical conductivity relaxation method allows us to 

determine both oxygen transport kinetic properties simultaneously. The bulk diffusion 

coefficients obtained for baseline LSCF were plotted in a ln(D) vs 1000/T graph as follows: 

 

Figure 15 Bulk Diffusion Coefficient vs Temperature - Baseline LSCF 

 In the previous figure, the ln(D) vs 1000/T was plotted for baseline LSCF with sintering 

temperature of 1200 °C and 1300 °C. As it is expected, the diffusion coefficient follows the 

same trend as the surface exchange. The diffusion coefficient increases with increasing 

temperature and decreases as the temperature decreases. It can also be observed from the 

graph that the diffusion coefficient for baseline LSCF is not affected by the sintering 

temperature. The diffusion coefficient of both baselines is close to each other and cross each 

other at a temperature 700 °C. Baseline LSCF with sintering temperature of 1200 °C shows an 

increasing diffusion coefficient concerning an increasing temperature except for temperature 

800 °C that shows a smaller value. The value seen for that temperature on LSCF with sintering 
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temperature of 1200 °C could potentially be wrong since it breaks the trend that the diffusion 

coefficient follows to temperature. 

 The reason that the diffusion coefficients of both baselines have a similar value is that 

the bulk is the same for every sample. Every sample has roughly about the same surface as the 

manufacturing process is the same for each sample independently of the coating and sintering. 

Therefore, the surface that is measured for each sample is about the same surface area, and 

the diffusion coefficient depends on the area of the bulk, hence the diffusion coefficient is not 

affected by the sintering temperature of the samples. However, it will be affected depending 

on the number of vacancies that are found in each sample because that number will determine 

how many oxygen ions the LSCF samples can incorporate into their stoichiometry. Also, the 

distance between such vacancies is a limiting factor on the speed that the ions are exchanged. 

Having vacancies close to each other will require less force from the electrons to move the 

oxygen ions from one vacancy to another, meaning that they will be moved faster, and 

consequently, the surface exchange and diffusion coefficient will increase. 

 In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for baseline LSCF with sintering temperature of 1200 and 1300 °C: 

Table 5 Bulk Diffusion Coefficient Values - Baseline LSCF 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -12.99 -12.42 -11.11 -11.75 

Baseline 1300 0.00 -12.37 -11.27 -10.83 

 

Table 6 Bulk Diffusion Coefficient % Increase/Decrease - Baseline LSCF 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 - 0.45% -1.49% 7.86% 
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 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the baselines is shown. As it was mentioned before, the difference in diffusion 

coefficient between the baselines is not pronounced except for a temperature of 800 °C. For 

temperatures of 700 and 750 °C there is about a 1.5% difference between the baselines, 

meanwhile for temperature 800 °C there is almost an 8% difference. However, the results seen 

for temperature 800 °C on the baseline with sintering 1200 °C do not follow the trend that the 

rest of the results follow, and the difference calculated at that temperature is not accurate. 

 The bulk diffusion coefficient characterization was also compared to the one reported 

by Zhu and others in Zhu’s literature 23. In the following figure, our bulk diffusion coefficient 

characterization was graphed with the bulk diffusion coefficient characterization done by Zhu 

for LSCF baseline samples: 

 

Figure 16 Bulk Diffusion Comparison with Literature - Baseline LSCF 
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 It is seen in the previous graph that our bulk diffusion characterization reported the 

highest values, and it can also be attributed to the difference in sample preparation between 

Zhu’s report and this report 23. 

3.3 Summary of Baseline LSCF Results 

 The characterization of baseline LSCF was performed through the electrical conductivity 

relaxation technique, which allowed to determine both kinetic properties simultaneously. The 

oxygen transport kinetic properties that were determine were the surface exchange coefficient 

and the bulk diffusion coefficient. The kinetic properties exhibit an increased value with respect 

to increasing temperature and reduced with respect to a reducing temperature. Furthermore, 

the effects of sintering on the kinetic properties of baseline LSCF were analyzed. Higher 

sintering temperatures will have a larger grain size, which will lead to a smaller number of 

vacancies in the sample, consequently resulting in a smaller surface exchange coefficient of the 

baseline LSCF. On the other hand, the diffusion coefficient was observed not to be affected by 

the sintering temperature of baseline LSCF.   
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Chapter 4: ALD Coated LSCF 

4.1 Conductivity and catalytic properties of CoOx 

 The coatings that were chosen for this project are metal oxides with high electrical 

conductivity and ionic conductivity for oxygen. CoOx in an inorganic compound that has a wide 

variety of uses. It has been reported that nanoparticles of CoOx are used in a variety of fields 

where the main ones are electronics and ceramics 41. Inside the ceramic application, it can be 

used in many ways; for example, as a catalyst or as an active electrode material. Among the 

various materials for infiltration, the CoOx was considered to be a promising catalyst for ORR 42. 

However, the effect of CoOx infiltration on the SOFC performance is reported to be 

controversial 43, 44. While the CoOx has been reported to enhance the performance of LSM/YSZ 

cathodes 45, there are also evidence showing the addition of CoOx had a negligible effect on 

both the V-I curve and the impedance spectrum. For the thin film La0.6Sr0.4CoO3-δ, performance 

degradation was even observed upon coating Co3O4 by atomic layer deposition (ALD) 46, 47, 48, 49, 

50, 51, 52, 53, 54 In addition to those controversial reports, it is believed that the activity of Co3O4 

nanoparticles are subjected to fast coarsening at elevated temperatures, thus diminishing the 

activity quickly. To suppress the coarsening, the infiltration composite consisting of CeO2 and 

SrCrO3 were developed to prevent the Co3O4 
55.  

For this work CoOx will be characterized as a catalyst of LSCF to increase the surface 

exchange coefficient and bulk diffusion of the perovskite oxide. In this project, CoOx 

nanoparticles will be used for the CoOx-ALD coating. The nanoparticles of the catalyst are 

applied to the surface of the perovskite oxide to increase the absorption rate of oxygen ions 

and incorporation of the ions to the MIEC membrane. The structure that the CoOx nanoparticles 

are reported to have is a spinel structure 41. On the other hand, the CoOx ink that will be 

reported in chapter 5 is reported to have a periclase structure 56. The difference in using CoOx-

ALD and CoOx-ink coatings is obviously found on the structure of the material, as explained 

above. However, another remarkable difference between the two coatings is the layer 

thickness that is on top of the LSCF after applying the catalyst coating. The ALD coating has a 

layer thickness of 4-12 nm meanwhile, the ink coating is about 150 μm. The difference in the 



38 

thickness is quite noticeable, and it could affect the incorporation of the oxygen ions into the 

MIEC membrane. 

 The thickness of the layer could affect the O2 ions incorporation to the perovskite oxide 

membrane. The electrical conductivity of Co is reported to be 1.7x107 S/m 57. The main 

property that will determine whether the coating will produce an enhancement on the oxygen 

transport properties of the LSCF is the electrical conductivity of the catalyst.  

4.2  Conductivity and catalytic properties of Pt 

 Amongst the various electrocatalysts, precious metal Pt remains to be one of the most 

efficient oxygen reduction catalysts employed for various fuel cells operated at different 

temperatures, while the high cost of Pt prevents its large-scale applications. In recent years, 

chemical vapor based Atomic Layer Deposition (ALD) 58, 59, 60 is demonstrated to be able to 

create a conformal and uniform surface coating layer with thickness down to the atomic scale. 

Such an approach could lead to the minimum loading of catalyst into the cathode of as-

fabricated cells to further improve the SOFC performance 61. For the ALD coated samples, Pt 

was chosen to be added on top of the CoOx coating to form a composite coating. Pt was chosen 

due to its high electrical conductivity that is reported to be 9.4x106 S/m 62. The electrical 

conductivity of Pt is lower than Co and will overall reduce the electrical conductivity of the 

composite coating. The reduction in electrical conductivity of the composite coating may result 

in a decrease in the absorption rate of oxygen ions since the ions are separated from the air 

thanks to the electron flow through the material. 

 Platinum is mainly used in industry nowadays, but it has a wide variety of uses, which 

include jewelry, electronics, investment, and catalyst for car engines and ceramics 63. The 

ceramic catalyst application is what will be characterized in this research project. Like all the 

coatings that are covered in this project, the main goal is to serve as a catalyst that can increase 

the chemical reactions that occur in a SOFC. 

 Since the early 19th century, platinum has been reported widely as a catalyst material 64. 

As it was mentioned above, the main catalyst application that it has is cars, which enhances the 

rate at which the car engine completes the combustion process. Even though platinum mainly 
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serves as a catalyst for the combustion process of car engines, it can also serve as a catalyst in 

the petroleum industry and hydrogenation of vegetable oils 64. Since Pt serves as a catalyst for 

many different areas, it could serve as a catalyst for fuel cells to increase the oxygen reduction 

rate. 

4.3 Effect of ALD CoOx Coating on the Kinetic Properties of LSCF 

The next step within this research project was to apply a coating to the LSCF baseline 

samples. On chapter 4, the results for the Atomic Layer Deposition (ALD) coating will be 

presented and compared to the LSCF Baseline results. In this section, the baselines samples had 

a thin layer of CoOx added on top of their surface. The thickness of the layer that was added on 

top of the LSCF samples ranged depending on the number of cycles that the ALD machine was 

used for. The range of cycles for the CoOx ALD coated samples is 60 to 120 cycles in increments 

of 30 cycles. Such a number of cycles delivered a thin layer of CoOx with a thickness between 4-

12 nm. The coating was added to baseline LSCF samples that were sintered in an oxygen 

atmosphere at 1200 and 1300 °C. 

The list of samples that were analyzed using a CoOx-ALD coating and the above-

mentioned sintering temperatures is as follows: 

Table 7 CoOx-ALD Coated LSCF Samples (Sint = 1200 °C) 

 

Table 8 CoOx-ALD Coated LSCF Samples (Sint = 1300 °C) 

 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

54.1 (60 cycles CoO) 700 973.15 1.03 4.18E-03 4.00E-06 -5.48 -12.43

54.2 (90 cycles CoO) 650 923.15 1.08 2.22E-04 9.87E-07 -8.41 -13.83

650 923.15 1.08 1.32E-03 2.12E-06 -6.63 -13.07

700 973.15 1.03 3.96E-04 4.17E-06 -7.83 -12.39

84.1 (60 cycles CoO) 700 973.15 1.03 1.08E-03 6.56E-06 -6.83 -11.93

650 923.15 1.08 2.13E-03 4.66E-06 -6.15 -12.28

700 973.15 1.03 1.91E-03 7.94E-06 -6.26 -11.74

750 1023.15 0.98 2.02E-03 1.23E-05 -6.20 -11.31

55.1 (120 cycles CoO)

85.1 (90 cycles CoO + 30 

cycles CoO)

CoO-ALD Coated LSCF (sintering = 1200 C)

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

650 923.15 1.08 4.86E-04 1.23E-06 -7.63 -13.61

700 973.15 1.03 4.88E-04 2.20E-06 -7.63 -13.03

750 1023.15 0.98 6.64E-04 6.01E-06 -7.32 -12.02

800 1073.15 0.93 5.40E-04 4.97E-06 -7.52 -12.21

650 923.15 1.08 4.78E-04 8.08E-07 -7.65 -14.03

700 973.15 1.03 3.87E-04 2.69E-06 -7.86 -12.83

74.1 (60 cycles CoO)

74.2 (90 cycles CoO)

CoO-ALD Coated LSCF (sintering = 1300 C)

75.1 (90 cycles CoO + 30 

cycles CoO)
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 The previous tables show the list of samples that were tested with a CoOx-ALD coating 

on their surface and sintering temperatures of 1200 °C and 1300 °C. The sample name shows 

the number of CoOx cycles that were added to the baseline LSCF samples. Additionally, the 

tables show the temperatures that the samples were tested for as well as the kinetic properties 

that were obtained for each sample at each given temperature. The surface exchange 

coefficients obtained from the CoOx-ALD coated samples were plotted in a ln(k) vs 1000/T 

graph along the LSCF baseline with the same sintering temperature as follows: 

 

Figure 17 Surface Exchange vs Temperature – CoOx-ALD (Sint = 1200 °C) 

 In the previous figure, the ln(k) vs 1000/T graph was plotted for CoOx-ALD coated, and 

baseline LSCF sintered at 1200 °C. The surface exchange rate for LSCF increases as the 

temperature increases and decreases as the temperature reduces, as it was seen in the 

previous chapter. On the other hand, the surface exchange rate for CoOx-ALD coated samples 

does not follow the same trend as the LSCF baseline due to the uncertainty of the 

measurements obtained at 800 °C. However, the CoOx-ALD coated samples have a higher 

surface exchange than the LSCF baseline samples sintered at 1200 °C. Hence, the CoOx-ALD 
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coating enhances the surface exchange of LSCF, allowing it to transport oxygen ions through the 

surface faster than the baseline LSCF itself. 

 The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for CoOx-ALD coated and baseline LSCF with sintering temperature of 1200 

°C are shown in the following table for each temperature: 

 

Table 9 Surface Exchange Values – CoOx-ALD (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -7.34 -7.19 -6.36 -6.49 

CoOx (ALD) 1200 -6.15 -5.48 -6.20 0.00 

 

Table 10 Surface Exchange % Increase/Decrease – CoOx-ALD (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (ALD) 1200 16.23% 23.88% 2.46% - 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the CoOx-ALD coated and baseline samples with a sintering temperature of 1200 °C is 

shown. It can be observed that the CoOx-ALD samples have a much higher surface exchange 

than the baseline for low temperatures. The CoOx coating enhances the surface exchange of the 

baseline LSCF, however, for higher temperatures such as 750 and 800 °C there is not an 

improvement. As mentioned above, the measurements for the samples with CoOx-ALD at 800 

°C are not reliable; therefore, they were not taken into consideration. Also, the measurement 

at 750 °C is not completely reliable because it does not follow the trend of increasing as the 

temperature increases. Therefore there is not much improvement with respect to the baseline 

LSCF. 
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 Furthermore, the CoOx-ALD samples were also prepared, measured, and analyzed with a 

sintering temperature of 1300 °C. The natural log of the surface exchange versus the inverse of 

the temperature was plotted in the following graph and compared to baseline LSCF for samples 

with sintering temperature of 1300 °C: 

 

Figure 18 Surface Exchange vs Temperature – CoOx-ALD (Sint = 1300 °C) 

 The graph above shows the surface exchange of the CoOx-ALD coated samples 

compared to the LSCF baseline samples with a sintering temperature of 1300 °C. In contrast to 

the samples with a sintering temperature of 1200 °C, the CoOx-ALD does not enhance the 

surface exchange of baseline LSCF for sintering temperatures of 1300 °C. As seen in chapter 3, 

the sintering temperature of 1300 °C has a larger grain size, meaning that the number of 

vacancies is reduced in the sample, and consequently, the surface exchange is also reduced. 

Even though the addition of CoOx enhances the surface kinetics of the LSCF for sintering 

temperatures of 1200 °C, it does not enhance it for sintering temperatures of 1300 °C because 

of the reduced number of vacancies is limiting the rate that the LSCF can transport the oxygen 

ions. Therefore, the oxygen ions will not be able to move to the vacancies because the 

vacancies found in LSCF are already filled by oxygen ions. 
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The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for CoOx-ALD coated and baseline LSCF with sintering temperature of 1300 

°C are shown in the following table for each temperature: 

Table 11 Surface Exchange Values – CoOx-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -7.62 -6.57 -6.58 

CoOx (ALD) 1300 -7.63 -7.63 -7.32 -7.52 

 

Table 12 Surface Exchange % Increase/Decrease – CoOx-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (ALD) 1300 - -0.08% -11.38% -14.36% 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the CoOx-ALD coated and baseline samples with a sintering temperature of 1300 °C is 

shown. It can be observed that the surface exchange coefficient of the CoOx-ALD samples is 

reduced compared to the LSCF baseline at high temperatures. Meanwhile, at low temperatures, 

the surface exchange coefficient between the CoOx-ALD and the baseline samples is about the 

same magnitude due to an uncertain result obtained for LSCF baseline at 800 °C. 

 Moreover, the characterization of the bulk diffusion coefficient was also performed for 

CoOx-ALD coated samples and compared to baseline LSCF. The samples analyzed in this case are 

the same samples that were shown at the beginning of this section since the electrical 

conductivity relaxation method allows us to determine both oxygen transport kinetic properties 

simultaneously. The bulk diffusion coefficients obtained for CoOx-ALD coated samples and 

baseline LSCF with sintering temperature of 1200 °C were plotted in a ln(D) vs 1000/T graph as 

follows: 
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Figure 19 Bulk Diffusion Coefficient vs Temperature – CoOx-ALD (Sint = 1200 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for CoOx-ALD samples and 

baseline LSCF with sintering temperature of 1200 °C. As it was shown in the previous chapter, 

the diffusion coefficient follows the same trend that the surface exchange does. The diffusion 

coefficient increases with increasing temperature and decreases as the temperature decreases. 

It can also be observed from the graph that the diffusion coefficient for CoOx-ALD samples and 

LSCF baseline is about the same magnitude. There are not high variations between them since 

some LSCF baseline measurements are higher than the CoOx-ALD samples ones and vice versa. 

Therefore, it can be concluded that the addition of CoOx-ALD to LSCF does not make a large 

enhancement in the diffusion coefficient, but it has a larger enhancement in the surface 

exchange of LSCF as it was shown in the previous graphs.  

 As it was explained in the previous chapter, the bulk is the same for every sample due to 

the manufacturing process. The only factor that will alter the diffusion coefficient is the number 

of vacancies that are found in each sample. Also, the distance between the vacancies will alter 

the diffusion coefficient and surface exchange. Every sample has roughly about the same 

surface as the manufacturing process is the same for each sample independently of the coating 
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and sintering. Therefore, the surface that is measured for each sample is about the same 

surface area, and the diffusion coefficient depends on the area of the bulk, hence the diffusion 

coefficient is not affected by the sintering temperature of the samples. 

 In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for CoOx-ALD and baseline LSCF with sintering temperature of 1200 °C: 

Table 13 Bulk Diffusion Coefficient Values – CoOx-ALD (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -12.99 -12.42 -11.11 -11.75 

CoOx (ALD) 1200 -12.28 -11.74 -11.31 0.00 

 

Table 14 Bulk Diffusion Coefficient % Increase/Decrease - CoOx-ALD (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (ALD) 1200 5.51% 5.46% -1.84% - 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the CoOx-ALD and baseline LSCF samples with a sintering temperature of 1200 °C is 

shown. The addition of CoOx-ALD to the surface of the LSCF with a sintering temperature of 

1200 °C slightly increases the diffusion coefficient of the LSCF about 5% for low temperatures. 

However, for higher temperatures, there is a reduction at 750 °C, and no value was found for 

CoOx-ALD coting at 800 °C. However, if CoOx-ALD follows the trend, there should be a higher 

diffusion coefficient at 800 °C for CoOx-ALD compared to baseline LSCF. Even though an 

enhancement in the diffusion coefficient could happen for CoOx-ALD coated LSCF, the 

improvement should not be greater than the 5% seen at low temperatures for samples with a 

sintering temperature of 1200 °C. 

Furthermore, the CoOx-ALD samples were also prepared, measured, and analyzed with a 

sintering temperature of 1300 °C. The natural log of the diffusion coefficient versus the inverse 
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of the temperature was plotted in the following graph and compared to baseline LSCF for 

samples with sintering temperature of 1300 °C: 

 

Figure 20 Bulk Diffusion Coefficient vs Temperature – CoOx-ALD (Sint = 1300 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for CoOx-ALD and baseline LSCF 

with sintering temperature of 1300 °C. In contrast with the results seen before, the addition of 

CoOx-ALD coating to LSCF with a sintering temperature of 1300 °C slightly reduces the diffusion 

coefficient of LSCF. This is due to the smaller number of vacancies found in samples with higher 

sintering temperatures. A higher sintering temperature will make the samples to be more 

compacted and consequently have fewer defects in their structure. Therefore, the 

enhancement of the addition of CoOx-ALD is limited to the number of vacancies and will 

decrease if the number of defects in the material is reduced. 

In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for CoOx-ALD and baseline LSCF with sintering temperature of 1300 °C: 
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Table 15 Bulk Diffusion Coefficient Values – CoOx-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -12.37 -11.27 -10.83 

CoOx (ALD) 1300 -13.61 -12.83 -12.02 -12.02 

 

Table 16 Bulk Diffusion Coefficient % Increase/Decrease – CoOx-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (ALD) 1300 - -3.72% -6.66% -11.00% 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the CoOx-ALD and baseline LSCF samples with a sintering temperature of 1300 °C is 

shown. The addition of CoOx-ALD to the surface of the LSCF with sintering temperature of 1300 

°C, slightly decreases the diffusion coefficient of the LSCF. The reduction of the diffusion 

coefficient is more pronounced at high temperatures where the diffusion coefficient is reduced 

by 11% at 800 °C. It is observed that the reduction of the diffusion coefficient between the 

CoOx-ALD and baseline LSCF is decreased as the temperature drops. 

4.4 Effect of ALD CoOx + Pt Coating on the Kinetic Properties of LSCF 

In contrast with the last section, where the baselines samples had a thin layer of CoOx 

added on top of their surface, on this section, the samples also had a layer of Pt added through 

ALD. As mentioned before, the thickness of the layer that was added on top of the LSCF 

samples ranged depending on the number of cycles that the ALD machine was used for. The 

range of cycles for the CoOx+Pt-ALD coated samples is 60 to 150 cycles in increments of 30 

cycles. Such number of cycles delivered a thin layer of CoOx with a thickness between 4-15 nm. 

The coating was added to baseline LSCF samples that were sintered in an oxygen atmosphere at 

1200 and 1300 °C. 

The list of samples that were analyzed using a CoOx+Pt-ALD coating and the above-

mentioned sintering temperatures is as follows: 



48 

Table 17 CoOx+Pt-ALD Coated LSCF Samples (Sint = 1200 °C) 

 

Table 18 CoOx+Pt-ALD Coated LSCF Samples (Sint = 1300 °C) 

 

 The previous tables show the list of samples that were tested with a CoOx+Pt-ALD 

coating on their surface and sintering temperatures of 1200 °C and 1300 °C. The sample name 

shows the number of CoOx and Pt cycles that were added to the baseline LSCF samples. 

Additionally, the tables show the temperatures that the samples were tested for as well as the 

kinetic properties that were obtained for each sample at each given temperature. 

 The surface exchange coefficients obtained from the CoOx+Pt-ALD coated samples were 

plotted in a ln(k) vs 1000/T graph along the LSCF baseline with the same sintering temperature 

as follows: 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

650 923.15 1.08 2.16E-03 2.44E-06 -6.14 -12.92

700 973.15 1.03 2.84E-03 3.37E-06 -5.86 -12.60

650 923.15 1.08 1.21E-03 2.36E-06 -6.72 -12.96

700 973.15 1.03 1.31E-03 4.37E-06 -6.64 -12.34

57.1 (120 cycles 

CoO+Pt)
700 973.15 1.03 1.06E-03 1.03E-05 -6.85 -11.49

85.2 (60 cycles CoO + 30 

cycles Pt)
750 1023.15 0.98 3.20E-03 5.81E-06 -5.74 -12.06

86.1 (30 cycles Pt + 90 

cycles CoO)
650 923.15 1.08 2.60E-03 3.12E-06 -5.95 -12.68

750 1023.15 0.98 1.46E-03 2.46E-06 -6.53 -12.92

800 1073.15 0.93 1.52E-03 3.37E-06 -6.49 -12.60

56.2 (90 cycles CoO+Pt)

CoO + Pt-ALD Coated LSCF (sintering = 1200 C)

55.2 (60 cycles CoO+Pt)

86.2 (30 cycles Pt + 90 

cycles CoO + 30 cycles 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

67.2 (30 cycles Pt + 30 

cycles CoO + 30 cycles 

Pt)

750 1023.15 0.98 1.07E-03 5.88E-06 -6.84 -12.04

750 1023.15 0.98 1.55E-03 3.27E-06 -6.47 -12.63

800 1073.15 0.93 8.62E-04 5.06E-06 -7.06 -12.19

76.1 (30 cycles Pt + 90 

cycles CoO)
700 973.15 1.03 8.05E-04 4.19E-06 -7.12 -12.38

700 973.15 1.03 1.90E-03 6.70E-06 -6.27 -11.91

750 1023.15 0.98 1.73E-03 1.05E-05 -6.36 -11.46

800 1073.15 0.93 1.55E-03 1.66E-05 -6.47 -11.00

76.2 ( 30 cycles Pt + 90 

cycles CoO + 30 cycles 

CoO)

CoO + Pt-ALD Coated LSCF (sintering = 1300 C)

75.2 (60 cycles CoO + 30 

cycles Pt)
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Figure 21 Surface Exchange vs Temperature – CoOx+Pt-ALD (Sint = 1200 °C) 

 In the previous figure, the ln(k) vs 1000/T graph was plotted for CoOx+Pt-ALD coated, 

and baseline LSCF sintered at 1200 °C. The surface exchange rate for LSCF increases as the 

temperature increases and reduces with as the temperature reduces as it was seen in the 

previous chapter. On the other hand, the surface exchange rate for CoOx+Pt-ALD coated 

samples does not follow the same trend as the LSCF baseline due to the uncertainty of the 

measurements obtained at 800 °C. The enhancement of this coating on the LSCF surface 

exchange is more pronounced at lower temperatures than it is at higher temperatures. 

However, the CoOx+Pt-ALD coated samples have a higher surface exchange for the LSCF 

baseline samples in general. Therefore, the CoOx+Pt-ALD has an enhancement in the surface 

exchange of the LSCF. 

 The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for CoOx+Pt-ALD coated and baseline LSCF with sintering temperature of 

1200 °C are shown in the following table for each temperature: 
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Table 19 Surface Exchange Values – CoOx+Pt-ALD (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -7.34 -7.19 -6.36 -6.49 

CoOx + Pt (ALD) 1200 -5.95 -5.86 -5.74 -6.49 

 

Table 20 Surface Exchange % Increase/Decrease – CoOx+Pt-ALD (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx + Pt (ALD) 1200 18.93% 18.52% 9.70% -0.04% 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the CoOx+Pt-ALD coated and baseline samples with a sintering temperature of 1200 °C 

is shown. It can be observed that the CoOx+Pt-ALD samples have a much higher surface 

exchange than the baseline for 650 and 700 °C temperatures with an enhancement of about 

18%. The surface exchange of the CoOx+Pt-ALD samples is also pronounced for temperature 

750 °C with an enhancement of almost 10% when comparing it to the baseline samples. On the 

other hand, the surface exchange obtained at 800 °C for CoOx+Pt-ALD samples is not enhanced 

when compared to the baseline samples due to an uncertain measurement at that 

temperature. It is seen in the graph above that the surface exchange measured at 800 °C for 

CoOx+Pt-ALD samples does not follow the same trend that all the surface exchange 

measurements follow. Therefore, the measurement at 800 °C should be repeated for CoOx+Pt-

ALD samples. 

 Furthermore, the CoOx+Pt-ALD samples were also prepared, measured, and analyzed 

with a sintering temperature of 1300 °C. The natural log of the surface exchange versus the 

inverse of the temperature was plotted in the following graph and compared to baseline LSCF 

for samples with a sintering temperature of 1300 °C: 
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Figure 22 Surface Exchange vs Temperature – CoOx+Pt-ALD (Sint = 1300 °C) 

 The graph above shows the surface exchange of the CoOx+Pt-ALD coated samples 

compared to the LSCF baseline samples with a sintering temperature of 1300 °C. The CoOx+Pt-

ALD coating with a sintering temperature of 1300 °C follows the same trend than the one with 

sintering temperature at 1200 °C. The enhancement is pronounced at lower temperatures, but 

the measurement at 800 °C is uncertain, and there is no enhancement at that temperature. In 

general, the CoOx+Pt-ALD coating increases the surface exchange of LSCF. However, the 

enhancement is smaller than the one seen for the samples with a sintering temperature of 

1200 °C. 

The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for CoOx+Pt-ALD coated and baseline LSCF with sintering temperature of 

1300 °C are shown in the following table for each temperature: 

Table 21 Surface Exchange Values – CoOx+Pt-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -7.62 -6.57 -6.58 
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CoOx + Pt (ALD) 1300 0.00 -6.27 -6.36 -6.47 

 

Table 22 Surface Exchange % Increase/Decrease – CoOx+Pt-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx + Pt (ALD) 1300 - 17.75% 3.19% 1.67% 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the CoOx+Pt-ALD coated and baseline samples with a sintering temperature of 1300 °C 

is shown. It can be observed that the surface exchange coefficient of the CoOx+Pt-ALD samples 

is reduced compared to the LSCF baseline at high temperatures. The difference between the 

CoOx+Pt-ALD and the baseline samples at 750 and 800 °C is not larger than 3%. However, for 

temperature of 700 °C the enhancement that the CoOx+Pt-ALD coating has on the LSCF is more 

pronounced and is increased by almost an 18%. 

 Moreover, the characterization of the bulk diffusion coefficient was also performed for 

CoOx+Pt-ALD coated samples and compared to baseline LSCF. The samples analyzed in this case 

are the same samples that were shown at the beginning of this section since the electrical 

conductivity relaxation method allows to determine both oxygen transport kinetic properties 

simultaneously. The bulk diffusion coefficients obtained for CoOx+Pt-ALD coated samples and 

baseline LSCF with sintering temperature of 1200 °C were plotted in a ln(D) vs 1000/T graph as 

follows: 
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Figure 23 Bulk Diffusion Coefficient vs Temperature – CoOx+Pt-ALD (Sint = 1200 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for CoOx+Pt-ALD samples and 

baseline LSCF with sintering temperature of 1200 °C. The diffusion coefficient obtained for the 

CoOx+Pt-ALD samples is higher at low temperatures and lower at higher temperatures 

compared to the baseline LSCF. In contrast with the results seen for the surface exchange 

coefficients, the diffusion coefficient measurement seems to not be altered as much when 

compared to the baseline samples. Also, when comparing the diffusion coefficient values seen 

for CoOx+Pt-ALD samples with the values seen for CoOx-ALD samples in section 4.3, it is 

observed that the addition on Pt on top of the CoOx reduces the diffusion coefficient of LSCF 

 In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for CoOx+Pt-ALD and baseline LSCF with sintering temperature of 1200 °C: 

Table 23 Bulk Diffusion Coefficient Values – CoOx+Pt (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -12.99 -12.42 -11.11 -11.75 

CoOx + Pt (ALD) 1200 -12.68 -11.49 -12.06 -12.60 

-15.0

-14.0

-13.0

-12.0

-11.0

-10.0

-9.0

-8.0

0.90 0.92 0.94 0.96 0.98 1.00 1.02 1.04 1.06 1.08 1.10

Ln
(D

) 
(c

m
2 /

s)

1000/T (1/K)

Baseline (sint = 1200 C)
CoOx+Pt-ALD (sint = 1200 C)



54 

 

Table 24 Bulk Diffusion Coefficient % Increase/Decrease – CoOx+Pt (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx + Pt (ALD) 1200 2.44% 7.53% -8.55% -7.21% 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the CoOx+Pt-ALD and baseline LSCF samples with sintering temperature of 1200 °C is 

shown. As mentioned above, the diffusion coefficient for CoOx+Pt-ALD coated samples is 

reduced for 750 and 800 °C and is increased for 650 and 700 °C temperatures. However, the 

difference between the values when compared to the baseline LSCF is not larger than 10% 

meaning that the diffusion coefficients are about the same magnitude in comparison. 

Furthermore, the CoOx+Pt-ALD samples were also prepared, measured and analyzed 

with a sintering temperature of 1300 °C. The natural log of the diffusion coefficient versus the 

inverse of the temperature was plotted in the following graph and compared to baseline LSCF 

for samples with sintering temperature of 1300 °C: 
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Figure 24 Bulk Diffusion Coefficient vs Temperature – CoOx+Pt-ALD (Sint = 1300 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for CoOx+Pt-ALD and baseline 

LSCF with sintering temperature of 1300 °C. Similarly, to the results seen for the samples with 

sintering temperature of 1200 °C, the diffusion coefficient of the CoOx+Pt-ALD is higher at some 

temperatures and lower at other temperatures. There is no enhancement of the diffusion 

coefficient of LSCF given by the CoOx+Pt-ALD coating. In comparison with the CoOx-ALD coating 

with sintering temperature of 1300 °C from section 4.3, the addition of Pt enhances the 

diffusion coefficient. 

In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for CoOx+Pt-ALD and baseline LSCF with sintering temperature of 1300 °C: 

Table 25 Bulk Diffusion Coefficient Values – CoOx+Pt (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -12.37 -11.27 -10.83 

CoOx + Pt (ALD) 1300 0.00 -11.91 -11.46 -11.00 
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Table 26 Bulk Diffusion Coefficient % Increase/Decrease – CoOx+Pt-ALD (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx + Pt (ALD) 1300 - 3.67% -1.70% -1.60% 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the CoOx+Pt-ALD and baseline LSCF samples with sintering temperature of 1300 °C is 

shown. As mentioned before the addition of CoOx+Pt-ALD coating to LSCF does not alter the 

diffusion coefficient. The difference between one another is not larger than 4%. 

4.5 Summary of CoOx-ALD and CoOx+Pt-ALD Coated LSCF Results 

 The characterization of CoOx-ALD and CoOx+Pt-ALD coated LSCF was performed for 

pellets with sintering temperatures of 1200 and 1300 °C. It was observed that the addition of 

CoOx-ALD coating on top of the LSCF surface enhances the surface exchange of the perovskite 

oxide. The diffusion coefficient of the perovskite oxide was increased for sintering temperature 

1200 °C and decreased for sintering temperature of 1300 °C. On the other hand, the addition of 

Pt-ALD on top of the CoOx-ALD coating, maintains the enhancement of the surface exchange 

that is seen for the CoOx-ALD coating alone. However, the addition of Pt-ALD on top of the 

CoOx-ALD does not alter the diffusion coefficient of LSCF. 

  



57 

Chapter 5: Characterization of Ink Coated LSCF 

5.1 Conductivity and catalytic properties of MnOx 

 For the ink coated samples, MnO2 was one of the three metal oxides that were used in 

this project as a catalyst to enhance the oxygen transport kinetics of LSCF. MnOx is an inorganic 

compound that is used as a colorant for diverse items, and as a catalyst for batteries 65. 

Therefore, it could potentially serve as a catalyst for the cathode of a SOFC due to the electrical 

conductivity of the manganese. The electrical conductivity of manganese has been reported to 

be 6.2x105 S/m 66. Manganese has lower electrical conductivity than the ones seen in chapter 3 

for platinum and cobalt. Therefore, it could be expected that the enhancement of the 

absorption rate of ions from this compound is reduced when compared to the other coating 

compounds. 

 Furthermore, MnOx has also been reported to be a polymorphous material that can 

adopt different crystal structures. However, this coating compound crystallizes in the rutile 

crystal structure with a tetragonal structure 67. 

5.2 Conductivity and catalytic properties of Pr2Ox 

 Pr2Ox was the last coating in this project. This coating also goes by the name of 

Praseodymium (III) oxide. It was also chosen by its electrical conductivity and ionic conductivity 

for oxygen ions. The electrical conductivity of this compound has been reported to be 1.4x106 

S/m 68. The electrical conductivity of this material is lower than the ones seen for Co and Pt, 

however, it is higher than the electrical conductivity of manganese and could be expected to 

deliver a better performance than MnOx coating. 

 Praseodymium oxide is a compound that is transparent and is used for several 

applications. This compound is widely used in optics due to the transparency of the material. 

Also, it is a hard and insoluble material that fits perfectly for optical coating 69. However, there 

are other applications for this material, such as dielectric material combined with silicon and to 

block infrared radiation 70. This material has been reported to have a hexagonal crystal 

structure. 
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5.3 Effect of Ink CoOx Coating on the Kinetic Properties of LSCF 

On chapter 5, several coatings were applied on top of the LSCF samples by using an ink-

based coating. Such coatings were added on top of the surface of the LSCF using a screen 

printer to add a uniform layer on top of the surface. CoOx was the first ink coating that was 

used on the LSCF. On section 5.3, the results seen for the CoOx-ink coated samples will be 

shown and discussed. The results seen for the CoOx-ink coating will also be compared to the 

ones seen on section 4.3 for the CoOx-ALD coating. This comparison between the ink-based and 

the ALD coatings will determine which one provides a better enhancement for the oxygen 

transport kinetics of LSCF. The CoOx-ink coating samples were fabricated with sintering 

temperatures of 1200 and 1300 °C. 

The list of samples that were analyzed using a CoOx-ink coating and the above-

mentioned sintering temperatures is as follows: 

Table 27 CoOx-Ink Coated LSCF Samples (Sint = 1200 °C) 

 

Table 28 CoOx-Ink Coated LSCF Samples (Sint = 1300 °C) 

 

 The previous tables show the list of samples that were tested with a CoOx-ink coating on 

their surface and sintering temperatures of 1200 °C and 1300 °C. The tables show the 

temperatures that the samples were tested for as well as the kinetic properties that were 

obtained for each sample at each given temperature. 

 To keep the same trend as the LSCF baseline, only the highest results were taken from 

each sintering temperature because it means that such kinetic parameter is achievable. The 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

56.1 (CoO Ink) 650 923.15 1.08 1.30E-03 1.25E-05 -6.64 -11.29

58.1 (CoO Ink) 750 1023.15 0.98 2.04E-03 6.71E-06 -6.20 -11.91

750 1023.15 0.98 2.98E-03 9.48E-06 -5.82 -11.57

800 1073.15 0.93 5.04E-03 1.33E-05 -5.29 -11.23

62.2 (CoO Ink) 750 1023.15 0.98 1.52E-03 3.03E-06 -6.49 -12.71

58.2 (CoO Ink)

CoO Ink-Coated LSCF (sintering = 1200 C)

Sample Temp. (°C) Temp. (K) 1/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

750 1023.15 0.98 1.12E-03 2.57E-06 -6.79 -12.87

800 1073.15 0.93 1.12E-03 3.21E-06 -6.79 -12.65

100.1 (CoO Ink) 700 973.15 1.03 6.08E-04 8.26E-07 -7.40 -14.01

750 1023.15 0.98 3.08E-04 3.72E-06 -8.08 -12.50

800 1073.15 0.93 4.58E-04 4.80E-06 -7.69 -12.25

CoO Ink-Coated LSCF (sintering = 1300 C)

99.2 (CoO Ink)

101.1 (CoO Ink)
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surface exchange coefficients obtained from the CoOx-ink coated samples were plotted in a 

ln(k) vs 1000/T graph along the LSCF baseline with the same sintering temperature as follows: 

 

Figure 25 Surface Exchange vs Temperature – CoOx-Ink (Sint = 1200 °C) 

 In the previous figure, the ln(k) vs 1000/T graph was plotted for CoOx-ink coated, and 

baseline LSCF sintered at 1200 °C. The surface exchange rate for LSCF and the CoOx-ink coated 

samples increases as the temperature increases and reduced with as the temperature reduces, 

following the trend seen in previous chapters. The surface exchange of the CoOx-ink coated 

samples were determined for temperatures 650, 750, and 800 °C, but for temperature 700 °C it 

was not possible to determine it due to uncertainty. However, the three measurements are 

enough to determine that the CoOx-ink coating enhances the surface exchange of LSCF with a 

sintering temperature of 1200 °C. The difference between the surface exchange of LSCF and the 

CoOx-ink samples is about a whole order of magnitude. 

 The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for CoOx-ink coated and baseline LSCF with sintering temperature of 1200 

°C are shown in the following table for each temperature: 
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Table 29 Surface Exchange Values – CoOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -7.34 -7.19 -6.36 -6.49 

CoOx (Ink) 1200 -6.64 0.00 -5.82 -5.29 

 

Table 30 Surface Exchange % Increase/Decrease – CoOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (Ink) 1200 9.50% - 8.56% 18.44% 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the CoOx-ink coated and baseline samples with a sintering temperature of 1200 °C is 

shown. It can be observed that the enhancement that the CoOx ink has on the surface exchange 

of LSCF is significant, with a percentage increase of about 10%. As it was seen in section 4.3, the 

CoOx coating enhances the surface exchange of LSCF about a whole order of magnitude. The 

CoOx-ALD coated samples seen in section 4.3 have a higher percentage increase at lower 

temperatures. Meanwhile the percentage increase in such samples is not as noticeable for 

higher temperatures. The characterization of the CoOx-ink coated samples confirms that the 

CoOx coating enhances the surface exchange coefficient of LSCF. The enhancement produced 

by CoOx can be attributed to the faster transportation of oxygen ions thanks to the electrical 

conductivity of CoOx. 

 Furthermore, the CoOx-ink samples were also prepared, measured, and analyzed with a 

sintering temperature of 1300 °C. The natural log of the surface exchange versus the inverse of 

the temperature was plotted in the following graph and compared to baseline LSCF for samples 

with a sintering temperature of 1300 °C: 
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Figure 26 Surface Exchange vs Temperature – CoOx-Ink (Sint = 1300 °C) 

 The graph above shows the surface exchange of the CoOx-ink coated samples compared 

to the LSCF baseline samples with a sintering temperature of 1300 °C. The surface exchange of 

the CoOx-ink and the baseline LSCF samples is roughly the same for all the temperatures. In 

contrast with the CoOx-ink samples with a sintering temperature of 1200 °C, the ones with a 

sintering temperature of 1300 °C do not enhance the surface exchange of LSCF. This can be 

attributed to the fewer number of vacancies presented in samples with higher sintering 

temperatures. Since there are fewer vacancies, the CoOx will not be able to enhance the surface 

exchange because the LSCF will not be able to incorporate more ions into its structure. These 

results agree with the results seen for CoOx-ALD coated samples with a sintering temperature 

of 1300 °C in section 4.3. 

The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for CoOx-ink coated and baseline LSCF with sintering temperature of 1300 

°C are shown in the following table for each temperature: 
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Table 31 Surface Exchange Values – CoOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -7.62 -6.57 -6.58 

CoOx (Ink) 1300 0.00 -7.40 -6.79 -6.79 

 

Table 32 Surface Exchange % Increase/Decrease – CoOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (Ink) 1300 - 2.83% -3.35% -3.29% 

 

 In the previous table, there is percentage change of the surface exchange between the 

CoOx-ink coated and baseline samples with a sintering temperature of 1300 °C. As mentioned 

above, there is not much improvement seen in the surface exchange of LSCF. The CoOx-ink 

coated samples have higher surface exchange than LSCF for 700 °C and lower surface exchange 

for temperatures 750 and 800 °C. However, the difference between the surface exchanges does 

not exceed 4%. Therefore, the reduced number of vacancies seen in samples with a sintering 

temperature of 1300 °C is limiting the enhancement from the CoOx coating. 

 Moreover, the characterization of the bulk diffusion coefficient was also performed for 

CoOx-ink coated samples and compared to baseline LSCF. The samples analyzed in this case are 

the same samples that were shown at the beginning of this section since the electrical 

conductivity relaxation method allows us to determine both oxygen transport kinetic properties 

simultaneously. The bulk diffusion coefficients obtained for CoOx-ink coated samples and 

baseline LSCF with sintering temperature of 1200 °C were plotted in a ln(D) vs 1000/T graph as 

follows: 



63 

 

Figure 27 Bulk Diffusion Coefficient vs Temperature – CoOx-Ink (Sint = 1200 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for CoOx-ink samples and baseline 

LSCF with sintering temperature of 1200 °C. It can be observed that the diffusion coefficient 

values seen for CoOx-ink do not follow the same trend that the baseline LSCF values do. This can 

be attributed to the uncertainty seen in the measurements for CoOx-ink coated samples at high 

temperatures. However, the diffusion coefficient of the CoOx-ink samples seen for temperature 

650 °C is enhanced compared to the baseline one. 

 In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for CoOx-ink and baseline LSCF with sintering temperature of 1200 °C: 

Table 33 Bulk Diffusion Coefficient Values – CoOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -12.99 -12.42 -11.11 -11.75 

CoOx (Ink) 1200 -11.29 0.00 -11.57 -11.23 
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Table 34 Bulk Diffusion Coefficient % Increase/Decrease – CoOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (Ink) 1200 13.14% - -4.14% 4.47% 

 

 The diffusion coefficient of the CoOx-ink samples is enhanced when compared to the 

baseline LSCF samples. The enhancement is not large as it was seen in section 4.3 for CoOx-ALD 

coated samples with a sintering temperature of 1200 °C. Furthermore, the CoOx-ink samples 

were also prepared, measured, and analyzed with a sintering temperature of 1300 °C. The 

natural log of the diffusion coefficient versus the inverse of the temperature was plotted in the 

following graph and compared to baseline LSCF for samples with a sintering temperature of 

1300 °C: 

 

Figure 28 Bulk Diffusion Coefficient vs Temperature – CoOx-Ink (Sint = 1300 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for CoOx-ink and baseline LSCF 

with sintering temperature of 1300 °C. The CoOx-ink and baseline LSCF samples follow the same 

trend where the diffusion coefficient increases as the temperature increases. However, the 
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diffusion coefficient of the CoOx-ink coated samples is reduced compared to the baseline LSCF. 

This agrees with the diffusion coefficient results seen for CoOx-ALD coated samples with a 

sintering temperature of 1300 °C in section 4.3.  

In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for CoOx-ink and baseline LSCF with sintering temperature of 1300 °C: 

Table 35 Bulk Diffusion Coefficient Values – CoOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -12.37 -11.27 -10.83 

CoOx (Ink) 1300 0.00 -14.01 -12.50 -12.25 

 

Table 36 Bulk Diffusion Coefficient % Increase/Decrease – CoOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

CoOx (Ink) 1300 - -13.27% -10.91% -13.08% 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the CoOx-ink and baseline LSCF samples with a sintering temperature of 1300 °C is 

shown. The reduction seen for the CoOx-ink coated samples compared to the baseline LSCF is 

significant; having a difference of 10% and higher. The reduction seen for the CoOx-ALD coated 

samples with the same sintering temperature in section 4.3 is not as large; the difference there 

only reaches 10% at one temperature. Therefore, the ALD coating will not reduce the diffusion 

coefficient of LSCF as much as the ink coating. 

5.4 Effect of Ink MnOx Coating on the Kinetic Properties of LSCF 

In section 5.4, the results obtained for the MnOx-ink coated samples will be shown and 

discussed. The MnOx-ink coating was added using the screen-printing machine as it was done 

before with the CoOx-ink samples in order to ensure a uniform layer throughout the whole LSCF 

sample. The MnOx-ink coating samples were fabricated with sintering temperatures of 1200 

and 1300 °C. 
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The list of samples that were analyzed using a MnOx-ink coating and the above-

mentioned sintering temperatures is as follows: 

Table 37 MnOx-Ink Coated LSCF Samples (Sint = 1200 °C) 

 

Table 38 MnOx-Ink Coated LSCF Samples (Sint = 1300 °C) 

 

 The previous tables show the list of samples that were tested with a MnOx-ink coating 

on their surface and sintering temperatures of 1200 °C and 1300 °C. The tables show the 

temperatures that the samples were tested for as well as the kinetic properties that were 

obtained for each sample at each given temperature. The surface exchange coefficients 

obtained from the MnOx-ink coated samples were plotted in a ln(k) vs 1000/T graph along the 

LSCF baseline with the same sintering temperature as follows: 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

750 1023.15 0.98 9.11E-04 6.73E-06 -7.00 -11.91

800 1073.15 0.93 1.13E-03 7.94E-06 -6.78 -11.74

650 923.15 1.08 1.69E-04 1.16E-06 -8.68 -13.66

700 973.15 1.03 1.00E-03 1.75E-06 -6.90 -13.26

96.2 (MnO2 Ink) 800 1073.15 0.93 3.88E-04 2.59E-06 -7.85 -12.87

650 923.15 1.08 1.33E-04 8.66E-07 -8.93 -13.96

700 973.15 1.03 4.06E-04 8.21E-07 -7.81 -14.01

MnO2 Ink-Coated LSCF (sintering = 1200 C)

107.1 (MnO2 Ink)

95.2 (MnO2 Ink)

96.1 (MnO2 Ink)

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

77.1 (MnO2 Ink) 650 923.15 1.08 8.23E-04 1.83E-06 -7.10 -13.21

750 1023.15 0.98 6.84E-04 3.02E-06 -7.29 -12.71

800 1073.15 0.93 5.51E-04 5.77E-06 -7.50 -12.06

102.1 (MnO2 Ink) 800 1073.15 0.93 5.04E-04 4.48E-06 -7.59 -12.32

650 923.15 1.08 1.71E-04 4.31E-07 -8.68 -14.66

700 973.15 1.03 8.46E-05 8.54E-07 -9.38 -13.97

750 1023.15 0.98 1.93E-04 1.86E-06 -8.55 -13.20

800 1073.15 0.93 1.02E-04 2.34E-06 -9.19 -12.96

650 923.15 1.08 1.71E-04 4.31E-07 -8.68 -14.66

700 973.15 1.03 8.46E-05 8.54E-07 -9.38 -13.97

750 1023.15 0.98 1.93E-04 1.86E-06 -8.55 -13.20

800 1073.15 0.93 1.02E-04 2.34E-06 -9.19 -12.96

650 923.15 1.08 1.69E-04 2.49E-07 -8.69 -15.20

700 973.15 1.03 1.24E-04 6.05E-07 -9.00 -14.32

650 923.15 1.08 3.48E-04 1.33E-06 -7.96 -13.53

750 1023.15 0.98 3.91E-04 2.52E-06 -7.85 -12.89

800 1073.15 0.93 4.15E-04 4.53E-06 -7.79 -12.31

MnO2 Ink-Coated LSCF (sintering = 1300 C)

78.2 (MnO2 Ink)

102.2 (MnO2 Ink)

103.1 (MnO2 Ink)

103.2 (MnO2 Ink)

104.1 (MnO2 Ink)
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Figure 29 Surface Exchange vs Temperature – MnOx-Ink (Sint = 1200 °C) 

 In the previous figure, the ln(k) vs 1000/T graph was plotted for MnOx-ink coated, and 

baseline LSCF sintered at 1200 °C. It is observed that the MnOx-ink coated and baseline LSCF 

follow the same trend, the surface exchange increases as the temperature increases. However, 

the surface exchange seen for MnOx-ink coated samples is reduced compared to the baseline. 

The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for MnOx-ink coated and baseline LSCF with sintering temperature of 1200 

°C are shown in the following table for each temperature: 

 

Table 39 Surface Exchange Values – MnOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -7.34 -7.19 -6.36 -6.49 

MnOx (Ink) 1200 -8.68 -6.90 -7.00 -6.78 
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Table 40 Surface Exchange % Increase/Decrease – MnOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

MnOx (Ink) 1200 -18.29% 4.04% -10.08% -4.54% 

 

 In the previous table, the percentage increase/decrease of the surface exchange 

between the MnOx-ink coated and baseline samples with a sintering temperature of 1200 °C is 

shown. The percentage decreased in surface exchange caused by this coating is significant 

compared to the baseline LSCF. The surface exchange is reduced greatly at low temperatures. 

However, the surface exchange difference between the coated and non-coated LSCF is less 

pronounced as the temperature increases. For temperature 700 °C, the surface exchange 

measured for MnOx-ink coated samples is significantly higher compared to the rest of the 

values seen for the coated samples. The reduction seen in the surface exchange of MnOx-ink 

coated samples can be attributed to a lower electrical conductivity of the Mn (6.2*106 S/m) in 

comparison to the electrical conductivity that is seen in Co (1.7*107 S/m). 

 Furthermore, the MnOx-ink samples were also prepared, measured, and analyzed with a 

sintering temperature of 1300 °C. The natural log of the surface exchange versus the inverse of 

the temperature was plotted in the following graph and compared to baseline LSCF for samples 

with a sintering temperature of 1300 °C: 
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Figure 30 Surface Exchange vs Temperature - MnOx-Ink (Sint = 1300 °C) 

 The graph above shows the surface exchange of the MnOx-ink coated samples 

compared to the LSCF baseline samples with a sintering temperature of 1300 °C. As well as the 

samples with the sintering temperature of 1200 °C this coating does not enhance the surface 

exchange of LSCF with sintering temperature of 1300 °C. However, the reduction seen in the 

surface exchange caused by the MnOx-ink coating with a sintering temperature of 1300 °C is not 

as pronounced as the one seen previously in this chapter. 

The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for MnOx-ink coated and baseline LSCF with sintering temperature of 1300 

°C are shown in the following table for each temperature: 

Table 41 Surface Exchange Values - MnOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -7.62 -6.57 -6.58 

MnOx (Ink) 1300 -7.10 -9.00 -7.29 -7.50 
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Table 42 Surface Exchange % Increase/Decrease - MnOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

MnOx (Ink) 1300 - -18.05% -10.92% -14.06% 

 

As mentioned before, the surface exchange of MnOx-ink samples is reduced compared to 

baseline LSCF. The reduction seen in the MnOx-ink coated samples with sintering temperature 

of 1300 °C is above 10% for all the temperatures. This is attributed to the smaller number of 

vacancies that are seen in higher sintering temperature samples. Moreover, the 

characterization of the bulk diffusion coefficient was also performed for MnOx-ink coated 

samples and compared to baseline LSCF. The samples analyzed in this case are the same 

samples that were shown at the beginning of this section since the electrical conductivity 

relaxation method allows us to determine both oxygen transport kinetic properties 

simultaneously. The bulk diffusion coefficients obtained for MnOx-ink coated samples and 

baseline LSCF with sintering temperature of 1200 °C were plotted in a ln(D) vs 1000/T graph as 

follows: 
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Figure 31 Bulk Diffusion Coefficient vs Temperature - MnOx-Ink (Sint = 1200 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for MnOx-ink samples and 

baseline LSCF with sintering temperature of 1200 °C. The MnOx-ink coated, and baseline LSCF 

samples follow the same trend, where the diffusion coefficient increases as the temperature 

increases. There is a reduction in the diffusion coefficient of LSCF when it is coated with MnOx-

ink. In the following table, the natural log of the diffusion coefficient values that were 

plotted are shown for MnOx-ink and baseline LSCF with sintering temperature of 1200 °C: 

Table 43 Bulk Diffusion Coefficient Values - MnOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -12.99 -12.42 -11.11 -11.75 

MnOx (Ink) 1200 -13.66 -13.26 -11.91 -11.74 

 

Table 44 Bulk Diffusion Coefficient % Increase/Decrease - MnOx-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 
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MnOx (Ink) 1200 -5.16% -6.71% -7.23% 0.08% 

 

 There is a reduction of about 6% in the diffusion coefficient of the MnOx-ink coated 

samples when compared to the baseline. Furthermore, the MnOx-ink samples were also 

prepared, measured, and analyzed with a sintering temperature of 1300 °C. The natural log of 

the diffusion coefficient versus the inverse of the temperature was plotted in the following 

graph and compared to baseline LSCF for samples with a sintering temperature of 1300 °C: 

 

Figure 32 Bulk Diffusion Coefficient vs Temperature – MnOx-Ink (Sint = 1300 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for MnOx-ink and baseline LSCF 

with sintering temperature of 1300 °C. As it was seen above with the lower sintering 

temperature samples, the diffusion coefficient is reduced for the MnOx-ink coated samples 

when compared to the baseline. It can be observed in this graph that the reduction of the 

diffusion coefficient of the higher sintering temperature samples with the MnOx-ink coating is 

more pronounced as it is expected for higher sintering temperature samples. In the following 

table, the natural log of the diffusion coefficient values that were plotted are shown for MnOx-

ink and baseline LSCF with sintering temperature of 1300 °C: 
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Table 45 Bulk Diffusion Coefficient Values - MnOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -12.37 -11.27 -10.83 

MnOx (Ink) 1300 -13.21 -13.97 -12.71 -12.06 

 

Table 46 Bulk Diffusion Coefficient % Increase/Decrease - MnOx-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

MnOx (Ink) 1300 - -13.00% -12.76% -11.38% 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the MnOx-ink and baseline LSCF samples with a sintering temperature of 1300 °C is 

shown. The reduction seen for MnOx-ink coated samples with sintering temperature of 1300 °C 

is above 10% for all the temperatures, meanwhile for the samples with sintering temperature 

of 1200 °C is not larger than 7%. Therefore, as it is expected for higher sintering temperature 

samples, the reduction produced on their diffusion coefficient value is larger due to the fewer 

number of vacancies found in them. 

5.5 Effect of Ink Pr2Ox Coating on the Kinetic Properties of LSCF 

The Pr2Ox-ink coating was added using the screen-printing machine that was used for 

the two previous coatings to ensure a uniform layer throughout the whole LSCF sample. The 

Pr2Ox-ink coating samples were fabricated with sintering temperatures of 1200 and 1300 °C. 

The list of samples that were analyzed using a Pr2Ox-ink coating and the above-mentioned 

sintering temperatures is as follows: 

Table 47 Pr2Ox-Ink Coated LSCF Samples (Sint = 1200 °C) 

 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

650 923.15 1.08 2.10E-04 2.39E-06 -8.47 -12.94

700 973.15 1.03 8.77E-04 2.40E-06 -7.04 -12.94

97.2 (Pr2O3 Ink) 750 1023.15 0.98 4.37E-04 9.27E-06 -7.74 -11.59

98.1 (Pr2O3 Ink) 650 923.15 1.08 2.80E-04 2.29E-06 -8.18 -12.99

750 1023.15 0.98 7.01E-04 3.85E-06 -7.26 -12.47

800 1073.15 0.93 5.80E-04 7.24E-06 -7.45 -11.84

97.1 (Pr2O3 Ink)

98.2 (Pr2O3 Ink)

Pr2O3 Ink-Coated LSCF (sintering = 1200 C)



74 

Table 48 Pr2Ox-Ink Coated LSCF Samples (Sint = 1300 °C) 

 

 The previous tables show the list of samples that were tested with a Pr2Ox-ink coating 

on their surface and sintering temperatures of 1200 °C and 1300 °C. The tables show the 

temperatures that the samples were tested for as well as the kinetic properties that were 

obtained for each sample at each given temperature. The surface exchange coefficients 

obtained from the Pr2Ox-ink coated samples were plotted in a ln(k) vs 1000/T graph along the 

LSCF baseline with the same sintering temperature as follows: 

 

Figure 33 Surface Exchange vs Temperature – Pr2Ox-Ink (Sint = 1200 °C) 

 In the previous figure, the ln(k) vs 1000/T graph was plotted for Pr2Ox-ink coated and 

baseline LSCF sintered at 1200 °C. The Pr2Ox-ink coating reduces the surface exchange of LSCF 

Sample Temp. (°C) Temp. (K) 1000/T (1/K) Surface Exchange (k) (cm/s)Diffusion coefficient (D) (cm2/s) ln(k) ln(D)

79.1 (Pr2O3 Ink) 700 973.15 1.03 6.18E-04 2.42E-06 -7.39 -12.93

750 1023.15 0.98 6.00E-04 5.14E-06 -7.42 -12.18

800 1073.15 0.93 1.08E-03 5.30E-06 -6.83 -12.15

650 923.15 1.08 4.78E-04 2.17E-06 -7.65 -13.04

700 973.15 1.03 8.73E-04 2.79E-06 -7.04 -12.79

750 1023.15 0.98 1.14E-03 4.23E-06 -6.78 -12.37

800 1073.15 0.93 2.38E-03 5.61E-06 -6.04 -12.09
80.2 (Pr2O3 Ink)

79.2 (Pr2O3 Ink)

Pr2O3 Ink-Coated LSCF (sintering = 1300 C)

80.1 (Pr2O3 Ink)
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by almost an order of magnitude. The natural log surface exchange values that were graphed 

for the surface exchange vs temperature graph for Pr2Ox-ink coated and baseline LSCF with 

sintering temperature of 1200 °C are shown in the following table for each temperature: 

Table 49 Surface Exchange Values - Pr2Ox-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -7.34 -7.19 -6.36 -6.49 

Pr2Ox (Ink) 1200 -8.18 -7.04 -7.26 -7.45 

 

Table 50 Surface Exchange % Increase/Decrease - Pr2Ox-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Pr2Ox (Ink) 1200 -11.42% 2.16% -14.19% -14.88% 

 

 The percentage decrease in surface exchange of the Pr2Ox-ink coated samples is above 

10% for all the temperatures except for 700 °C. On temperature 700 °C the surface exchange 

seen for Pr2Ox-ink coating is larger when compared to the rest of measurements. This can be 

attributed to a larger number of vacancies found in that sample. Furthermore, the Pr2Ox-ink 

samples were also prepared, measured and analyzed with a sintering temperature of 1300 °C. 

The natural log of the surface exchange versus the inverse of the temperature was plotted in 

the following graph and compared to baseline LSCF for samples with sintering temperature of 

1300 °C: 
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Figure 34 Surface Exchange vs Temperature - Pr2Ox-Ink (Sint = 1300 °C) 

 The graph above shows the surface exchange of the Pr2Ox-ink coated samples compared 

to the LSCF baseline samples with a sintering temperature of 1300 °C. In contrast with all the 

results seen before, the Pr2Ox-ink coated samples with a sintering temperature of 1300 °C have 

a higher surface exchange rate than the baseline ones with the same sintering temperature. 

The natural log surface exchange values that were graphed for the surface exchange vs 

temperature graph for Pr2Ox-ink coated and baseline LSCF with sintering temperature of 1300 

°C are shown in the following table for each temperature: 

Table 51 Surface Exchange Values - Pr2Ox-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (k) (cm/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -7.62 -6.57 -6.58 

Pr2Ox (Ink) 1300 -7.65 -7.04 -6.78 -6.04 

 

Table 52 Surface Exchange % Increase/Decrease - Pr2Ox-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Surface Exchange 
Compared to Baseline 
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650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Pr2Ox (Ink) 1300 - 7.56% -3.14% 8.17% 

 

 The Pr2Ox-ink coated samples exhibit a higher surface exchange compared to the 

baseline. The difference between the surface exchange values is above 7% except for the 

results seen at 750 °C where the result seen for Pr2Ox-ink sample does not follow the trend the 

other results follow. Moreover, the characterization of the bulk diffusion coefficient was also 

performed for Pr2Ox-ink coated samples and compared to baseline LSCF. The samples analyzed 

in this case are the same samples that were shown at the beginning of this section, since the 

electrical conductivity relaxation method allows to determine both oxygen transport kinetic 

properties simultaneously. The bulk diffusion coefficients obtained for Pr2Ox-ink coated samples 

and baseline LSCF with sintering temperature of 1200 °C were plotted in a ln(D) vs 1000/T 

graph as follows: 

 

Figure 35 Bulk Diffusion Coefficient vs Temperature - Pr2Ox-Ink (Sint = 1200 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for Pr2Ox-ink samples and 

baseline LSCF with sintering temperature of 1200 °C. The coated and non-coated samples 
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follow the same trend. However, the diffusion coefficient of the coated samples is reduced 

when compared to the baseline one. In the following table, the natural log of the diffusion 

coefficient values that were plotted are shown for Pr2Ox-ink and baseline LSCF with sintering 

temperature of 1200 °C: 

Table 53 Bulk Diffusion Coefficient Values - Pr2Ox-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1200 -12.99 -12.42 -11.11 -11.75 

Pr2Ox (Ink) 1200 -12.94 -12.94 -11.59 -11.84 

 

Table 54 Bulk Diffusion Coefficient % Increase/Decrease - Pr2Ox-Ink (Sint = 1200 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Pr2Ox (Ink) 1200 0.38% -4.18% -4.35% -0.70% 

 

 In the previous table, the percentage increase/decrease of the diffusion coefficient 

between the Pr2Ox-ink and baseline LSCF samples with a sintering temperature of 1200 °C is 

shown. The reduction seen for the Pr2Ox-ink coated samples when compared to the baseline 

with a sintering temperature of 1200 °C is not larger than 4%. The reduction can be attributed 

to the electrical conductivity of Pr (1.4*106 S/m). Furthermore, the Pr2Ox-ink samples were also 

prepared, measured, and analyzed with a sintering temperature of 1300 °C. The natural log of 

the diffusion coefficient versus the inverse of the temperature was plotted in the following 

graph and compared to baseline LSCF for samples with a sintering temperature of 1300 °C: 
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Figure 36 Bulk Diffusion Coefficient vs Temperature - Pr2Ox-Ink (Sint = 1300 °C) 

 In the previous figure, the ln(D) vs 1000/T was plotted for Pr2Ox-ink and baseline LSCF 

with sintering temperature of 1300 °C. The coated and non-coated samples follow the same 

trend where the diffusion coefficient increases as the temperature increases. There is a 

reduction in the diffusion coefficient of the Pr2Ox-ink coated samples in comparison to the 

baseline samples. In the following table, the natural log of the diffusion coefficient values that 

were plotted are shown for Pr2Ox-ink and baseline LSCF with sintering temperature of 1300 °C: 

Table 55 Bulk Diffusion Coefficient Values - Pr2Ox-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

Ln (D) (cm2/s) 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 

Baseline 1300 0.00 -12.37 -11.27 -10.83 

Pr2Ox (Ink) 1300 -13.04 -12.79 -12.18 -12.09 

 

Table 56 Bulk Diffusion Coefficient % Increase/Decrease - Pr2Ox-Ink (Sint = 1300 °C) 

Composition of 
LSCF 

Sintering Temp. 
(°C) 

% Increase/Decrease in Diffusion Coefficient 
Compared to Baseline 

650 (°C) 700 (°C) 750 (°C) 800 (°C) 
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Pr2Ox (Ink) 1300 - -3.43% -8.05% -11.65% 

 

 As seen before for the lower sintering temperature samples, there is a reduction in the 

diffusion coefficient of the Pr2Ox-ink samples when compared to the baseline samples. The 

reduction, in this case, is larger, and reaching 11% for a temperature of 800 °C. This reduction is 

due to the fewer number of vacancies seen in higher sintering temperature samples. 

5.6 Summary of Ink Coated LSCF Results 

 The characterization of CoOx-ink, MnOx-ink, and Pr2Ox-ink coated LSCF was performed 

for pellets with sintering temperatures of 1200 and 1300 °C. It was observed that the addition 

of CoOx-ink coating enhances the surface exchange and diffusion coefficient of LSCF for samples 

with a sintering temperature of 1200 °C. This agrees with the CoOx-ALD coated samples that 

were characterized in chapter 4. Samples with higher sintering temperature and a CoOx-ink 

coating were observed to reduce the surface exchange and the diffusion coefficient of LSCF as it 

was seen before with the ALD coated samples. For the samples coated with MnOx-ink, it was 

observed that the surface exchange and diffusion coefficient were reduced for samples with a 

sintering temperature of 1200 and 1300 °C. However, for the higher sintering temperatures, 

the reduction was more pronounced. Lastly, the Pr2Ox-ink coated samples were observed to 

have a reduction in the surface exchange and diffusion coefficient for samples sintered at 1200 

°C. Unexpectedly, the samples with a sintering temperature of 1300 °C had a slightly enhanced 

surface exchange rate, but the diffusion coefficient was reduced as it was seen in all the 

previous coated samples with higher sintering temperature. 
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Chapter 6: Sources of Error, Conclusion and Future Work 

6.1 Sources of Errors for ECR 

 The ECR is an experiment that measures the conductance of MIEC materials after 

performing a step pressure change in the oxygen that is flowing around the sample. That 

conductance is then normalized and fit into a solution of Fick’s second law, which allows 

determining the surface exchange coefficient and bulk diffusion coefficient of the MIEC 

simultaneously. The sources of error in this experiment encompass the sample fabrication 

process, and the experimental procedure using the ECR 71. The sample fabrication process is the 

most complex part since it takes many steps and can easily lead to uncertainty. During the 

pressing process, the sample needs to be pressed axially; otherwise, the surface will not be 

smooth as it is assumed during the analysis. The sintering can potentially lead to contamination 

in the sample by adding a second phase material into the sample. The cutting can add cracks to 

the sample and, worse, the surface conditions that need to be smooth. The wiring is probably 

the biggest source of error during the fabrication process because the wires are assumed to be 

parallel to each other and fixed to the surface. However, when the wires are added to such a 

small sample is most likely that they will not be completely parallel. Additionally, the gold paste 

that was used to ensure the wires are well attached to the sample can contaminate the sample 

if the process is not done cautiously. Lastly, the vacancies found in each sample differ from one 

another. Since the vacancies are the transport mechanism in LSCF, having a different number of 

vacancies from sample to sample will create uncertainty. 

 The ECR experimental process can lead to errors due to the wiring. The wiring is the 

most important part because it is what is used to measure the values that will later be used to 

determine the kinetic properties of the sample. Improper wiring of the sample and attachment 

of the sample wires to the ECR wires can lead to noisy data that will lead to uncertainty. Also, it 

is important to ensure that the ECR circuit is well closed, and there are no gas leaks. Gas leaks 

will reduce the amount of gas that will circulate throughout the circuit, and the gas pressures 

will not comply with the desired pressures. After the experimental procedure is completed, the 

analysis can lead to errors due to the determination of both parameters K and D simultaneously 

72. Even though it is not completely reliable to determine both kinetic parameters 
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simultaneously, it is possible to obtain a data trend from samples that are consistently 

fabricated using the same fabrication method. 

6.2 Conclusion 

 This research project covered the oxygen transport kinetic properties characterization of 

baseline and surface modified LSCF. The Electrical Conductivity Relaxation method was used to 

determine both kinetic properties, surface exchange, and diffusion coefficient. Once the kinetic 

properties were characterized for baseline and surface modified LSCF, they were compared to 

each other to determine if the coating that was added would enhance any of the kinetic 

properties of the perovskite oxide. 

 The baseline characterization results showed that higher sintering temperatures will 

lead to the lower surface exchange rate for LSCF since the surface of higher sintering 

temperatures will have larger grain sizes. Since the grain size is larger for higher sintering 

temperature samples, the number of vacancies found in them will be reduced, and the oxygen 

ions will not be able to transport as fast across the surface of the perovskite oxide. However, 

the diffusion coefficient is not affected since both samples were pressed equally, and the bulk 

in them is similar. Therefore, the diffusion coefficient of baseline LSCF was not affected by the 

sintering temperature. 

 The atomic layer deposition characterization results showed that CoOx would enhance 

the surface exchange of LSCF and slightly enhance the diffusion coefficient for lower sintering 

temperatures. For higher sintering temperatures, the CoOx-ALD coating will not enhance the 

surface exchange rate of LSCF and will worsen the diffusion coefficient of the perovskite oxide. 

However, the addition of Pt to the CoOx coating will maintain the surface exchange coefficient 

of LSCF or improve it in the case of higher temperature samples compared to the CoOx coating 

alone. On the other hand, the diffusion coefficient will be reduced for lower temperature 

samples and will be enhanced for higher temperature samples due to the lower electrical 

conductivity of Pt. 

 The ink coating characterization results showed that CoOx ink coating would agree with 

the results seen for CoOx-ALD coating. The surface exchange will be enhanced for lower 
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sintering temperature samples and will be unaffected for higher sintering temperatures. The 

diffusion coefficient will be slightly improved for lower sintering temperature samples and 

worsen for higher sintering temperature samples. The results seen for MnOx-ink coating 

showed no enhancement neither for the surface exchange rate nor for the diffusion coefficient 

of the perovskite oxide. Lastly, the results seen for Pr2Ox showed no improvement in the kinetic 

properties of lower temperature samples. However, for higher sintering temperature samples, 

there was an enhancement in the surface exchange due to lower electrical conductivity of Pr 

and a lower number of vacancies. 

6.3 Future Work 

 This project encompassed the characterization of baseline LSCF and surface modified 

LSCF. The surface modifiers used were metal oxides with high electrical conductivity and ionic 

conductivity for oxygen. Such coated materials enhanced the absorption rate of oxygen ions 

from the air to the LSCF sample. However, the possible incorporation of ions from the coating 

layer into the LSCF impacts the ionic conductivity of both the coating layer and the the 

perovskite oxide matrix. The appropriate incorporation of those ions from the coating layer into 

the MIEC matrix is the most critical part because if the absorption rate of ions is enhanced, the 

number of vacancies will be alterted accordingly. Therefore, the surface modification and the 

resultant absorption rate and the transport mechanism of the MIEC need proper optimization 

to produce the highest enhancement possible in the oxygen transport kinetics of the LSCF. 
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