
University of Calgary

PRISM Repository https://prism.ucalgary.ca

The Vault Open Theses and Dissertations

2017

Structural and Electrochemical Stability

of Ni-Infiltrated Anodes for SOFC Applications

Keyvanfar, Parastoo

Keyvanfar, P. (2017). Structural and Electrochemical Stability of Ni-Infiltrated Anodes for SOFC

Applications (Doctoral thesis, University of Calgary, Calgary, Canada). Retrieved from

https://prism.ucalgary.ca. doi:10.11575/PRISM/27899

http://hdl.handle.net/11023/3747

Downloaded from PRISM Repository, University of Calgary



UNIVERSITY OF CALGARY 

 

 

Structural and Electrochemical Stability of Ni-Infiltrated Anodes for SOFC Applications 

 

by 

 

Parastoo Keyvanfar 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES 

IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE 

DEGREE OF DOCTOR OF PHILOSOPHY 

 

GRADUATE PROGRAM IN CHEMISTRY 

 

CALGARY, ALBERTA 

 

April, 2017 

 

 

© Parastoo Keyvanfar, 2017 





ii 

Abstract 

The long-term durability of solid oxide fuel cells (SOFCs) is a key challenge that continues 

to limit the commercial implementation of these devices. Ni/yttria stabilized zirconia (YSZ) 

composites are the most commonly used SOFC anode materials, exhibiting very good chemical 

stability and electrocatalytic activity for fuel oxidation. However, these anodes suffer from 

several challenges, including problematic volume changes when Ni is inadvertently exposed to 

air at high temperatures, causing Ni to form NiO, which is then reduced back to Ni when the fuel 

flow is resumed (‘redox cycling’).  However, the Ni phase then has an altered morphology that 

can generate internal stresses and cause cells to crack.  

In order to overcome the redox cycling problem, the use of infiltration techniques is being 

investigated, where Ni solutions are dispersed into a pre-sintered YSZ scaffolds, followed by 

reduction to form well-dispersed Ni nanoparticles. By using this technique, lower Ni contents are 

sufficient to reach the electrical percolation limit (leaving more room for Ni particles to change 

shape), due to the higher active surfaces area of these infiltrated Ni particles as compared to 

those produced by conventional techniques. Moreover, the use of infiltration techniques 

facilitates the addition of sulphur and coke resistant materials, along with Ni, to enhance the 

carbon and sulphur tolerance of Ni/YSZ anodes. However, a key problem is that the nano-sized 

catalytic particles tend to sinter and agglomerate at SOFC operating temperatures, resulting in 

another source of performance degradation.  

In this thesis work, various approaches were investigated in order to improve the long-term 

stability of infiltrated Ni/YSZ anodes in both tubular and planar cell configurations, all at SOFC 

operating temperatures.  In one direction, a combination of wetting and non-wetting infiltration 

solutions were used, resulting in a very good distribution of Ni nanoparticles in the YSZ scaffold 
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and giving a stable performance over 7 days of testing at 800 °C in H2/3%H2O. Another novel 

approach, in which NiO was dissolved into the YSZ solid-state and then ex-soluted as Ni 

nanoparticles to help nucleate the deposition of the infiltrated Ni phase was also found to be 

effective in enhancing anode stability.  Furthermore, the co-infiltration of a second phase (either 

YSZ or gadolinia doped ceria (GDC)) along with Ni was also examined in this work. It was 

found that infiltration of the YSZ scaffold with Ni + GDC precursor solutions (with a Ni:GDC 

weight ratio of 8) improved the anode activity by ~ 60%, while no degradation was observed for 

anodes infiltrated with Ni + YSZ precursor solutions (Ni:YSZ weight ratio of 15). 

Additionally, the porous YSZ scaffold microstructure was also found to influence the long-

term stability of infiltrated Ni/YSZ anodes. It was shown that a YSZ microstructure with smaller 

pores (100-300 nm) and good pore interconnectivity is more suitable for Ni infiltration, as the 

infiltrated Ni particles do not sinter as much as those deposited in porous YSZ scaffolds 

containing larger pores (4-5 µm).   
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Chapter One: Introduction  

1.1 Project background 

The need for more energy across the globe has resulted in the rapid growth in the use of 

fossil fuels. With increasing concerns related to energy security and the risk of climate change 

due to uncontrolled CO2 emissions, alternative source of energies have attracted ever more 

attention1, 2. Renewable energy, including wind, solar, geothermal, biomass and hydro, are 

excellent choices for the replacement of fossil fuel combustion, primarily as they are cleaner and 

do not produce pollutants. However, there are some challenges regarding renewable energies, 

such as natural variability or location dependency, ecological concerns, and in some cases, long 

distances between production plants and consumption centers (e.g., wind farms)3, 4.  

Fuel cells are energy conversion devices that electrochemically convert the chemical energy 

of fuels to electrical energy and are known for their high efficiency and clean output. They are 

also known for their modularity (from mW to MW), their fuel flexibility, and the fact that they 

are quiet. Leading fuel cell technologies include solid oxide fuel cells (SOFCs), molten 

carbonate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs), proton exchange membrane 

fuel cells (PEMFCs) and alkaline fuel cells (AFCs)5. 

SOFCs operate at high temperatures (650-900 °C) and exhibit electrical conversion 

efficiencies of 45-65 % (for stand-alone applications), and have the advantage of multi-fuel 

tolerance as compared to low temperature fuel cells. The main application of SOFCs is in 

cogeneration/trigeneration (or combined heat and power/combined heating, cooling and power)6. 

Because of their high operating temperatures, they are not suitable for portable and transportation 

applications, although recent efforts have been made to lower SOFC operating temperatures to 

expand their implementation . In cogeneration or combined heat and power (CHP) applications, 

the high temperature exhaust gases from the SOFC can be utilized for heating purposes, such as 
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in preheaters and reformers, increasing the system efficiency to ca. 90%6. In trigeneration or 

combined cooling heating/power (CCHP) system, a combined heat and power system (for 

instance a SOFC-gas turbine combination), produces cooling at the same time from absorption or 

desiccant cooling and therefore the consumption of electricity in a conventional air conditioning 

unit is lowered.  

For all applications, long term durability of SOFCs is a key requirement, in addition to 

lowering the cost compared to conventional stationary power generation systems7, 8. The high 

operating temperature of SOFCs, while useful in terms of heat generation, is also a challenge that 

has limited the development and application of these devices, as it results in higher system and 

material costs, performance degradation, and slow start-up and shutdown cycles.  The chemical 

and mechanical stability of the SOFC components is another issue that is limiting device 

lifetime7, 8. 

 Ni/yttria stabilized zirconia (YSZ) composites are the most commonly used SOFC anode 

materials, and yet they suffer from poor sulphur tolerance, susceptibility to coking (in the 

presence of hydrocarbon fuels), and morphology/volume changes during inadvertent reduction-

oxidation (redox) cycling9. In order to minimize the latter problem, the infiltration of the catalyst 

(Ni) into a pre-sintered YSZ scaffold is an area of development10, 11. As infiltrated Ni 

nanoparticles have a higher surface area than the Ni particles produced by conventional 

processing techniques, Ni-infiltrated anodes can function with lower Ni contents, thus leaving 

more empty pore space to allow for expansion/contraction during air (Ni oxidation) and fuel 

(NiO reduction) exposure 12, 13. Therefore, Ni-infiltrated anodes are considered to be a possible 

means of enhancing the redox stability of the anode. Moreover, employing infiltration techniques 

allows the introduction of other materials along with Ni to enhance the carbon and sulphur 
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tolerance of Ni/YSZ anodes. However, despite the benefits of infiltrated Ni/YSZ anodes, 

infiltrated Ni nanoparticles tend to sinter and agglomerate at SOFC operating temperatures, 

resulting in anode performance degradation 14.  

The research focus of this thesis was initially related to efforts to improve the performance, 

durability and lifetime of tubular SOFCs, produced by a team at the University of Alberta using 

the slip-casting technique, all part of one of the key directions of the SOFC Canada NSERC 

Research Network (2008-2013).  Thus, the early work in this thesis involved studies of the slip-

cast tubes, while later work involved the use of YSZ discs in order to simplify the 

electrochemical evaluation and imaging studies. The main objectives of this thesis were therefore 

to: 

-  Improve the distribution of the infiltrated Ni phase in pre-sintered YSZ porous scaffolds 

using various Ni nitrate infiltration solutions. 

- Enhance the long-term stability of infiltrated Ni/YSZ anodes by optimizing the Ni loading 

and through the generation of very small Ni nanoparticles (by ex-solution of Ni from the YSZ 

structure) during the infiltration process. 

-  Understand the effect of the porous YSZ scaffold microstructure on the sintering of 

infiltrated Ni nanoparticles at SOFC operating temperatures. 

-  Optimize the amount and identity of second phases that can be co-infiltrated with Ni to 

improve both the activity and long-term stability of infiltrated Ni/YSZ anodes.  

 

1.2 Thesis organization 

This thesis consists of eight chapters. An introduction to energy sources and energy 

conversion systems, including SOFCs, is provided in Chapter 1, along with an explanation of the 

origin of this project within the Solid Oxide Fuel Cells Canada NSERC Research Network. 
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Chapter 2 gives an overview of SOFC principles and components along with relevant 

background related to the infiltration technique employed to fabricate SOFC anode and cathode 

materials, while the experimental methods used in this work are explained in Chapter 3.  

In Chapter 4, the distribution of infiltrated Ni particles within relatively thick pre-sintered 

YSZ scaffold  in a five-layered tubular symmetrical cell was optimized, using various Ni nitrate 

infiltration solutions (this chapter has been published: P Keyvanfar and V. Birss, “Optimization 

of Infiltration Techniques Used to Construct Ni/YSZ Anodes”, Journal of The Electrochemical 

Society, 161 (5) F660-F667 (2014)).  

Studies related to improving the long-term stability of infiltrated Ni/YSZ anodes are 

described in Chapters 5, 6 and 7, using primarily electrochemical impedance spectroscopy (EIS) 

and SEM methods. In Chapter 5, the effect of increasing the Ni content, Ni ex-solution, and the 

infiltration of ceria before or after Ni on the stability of these anodes was investigated, using slip-

cast three-layered tubular YSZ samples (this chapter is published: P. Keyvanfar, A. Hanifi, P. 

Sarkar, T. H. Etsell and V. Birss, “Enhancing the Stability of Infiltrated Ni/YSZ Anodes”, ECS 

Trans. 2015 volume 68, issue 1, 1255-1263). The slip-cast YSZ tubular samples used in Chapters 

4 and 5 were supplied by the University of Alberta as part of a collaboration within the NSERC 

Solid Oxide Fuel Cells Canada (SOFCC) Strategic Research Network. 

Chapter 6 is focussed on determing the effect of the YSZ scaffold microstructure on the 

stability of infiltrated Ni/YSZ anodes, involving YSZ scaffolds containing pores with different 

shapes, sizes and interconnectivity. In Chapter 7, the effect of co-infiltration of a second phase, 

i.e., mixtures of Ni + YSZ and Ni + gadolinia doped ceria (GDC) precursors dissolved in 

ethylene glycol, on the stability of infiltrated Ni/YSZ anodes was examined. 
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Finally, Chapter 8 provides the overall conclusions of this thesis and gives several possible 

suggestions for future work. 
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Chapter Two: Relevant Background 

 

2.1 Solid oxide fuel cell (SOFC) basics 

As the ever-increasing demand for energy is one of the world’s major concerns, efforts are 

underway to replace fossil fuels with a range of cleaner sources of energy. Fuel cell technology, 

including solid oxide fuel cells (SOFCs), molten carbonate fuel cells (MCFCs), phosphoric acid 

fuel cells (PAFCs), proton exchange membrane fuel cells (PEMFCs) and alkaline fuel cells 

(AFCs), is a safe, highly efficient, and green energy source that can be a good replacement for 

combustion-based energy.  

SOFCs are known as one of the most efficient types of fuel cells with a theoretical electrical 

energy conversion efficiency of as high as 85%, recently reaching a practical efficiency close to 

60%.15  SOFCs can be manufactured in a variety of sizes and therefore can cover energy needs 

from kilowatts, suitable for individual residential applications, to megawatts, which can provide 

the energy needed for a small town.  Fuel flexibility is another advantage of SOFCs, as they can 

reform hydrocarbon fuels internally, thus decreasing operation costs by removing expensive fuel 

processing systems. Furthermore, SOFCs are quiet and can thus be placed near urban areas. 

 Despite these many advantages, there are still several challenges regarding SOFCs that limit 

their use and further development, including high material costs (electrodes, electrolyte), 

complex cell and stack fabrication techniques, high operating temperatures, issues of safety, and 

concerns regarding the handling of gases. Lowering the operating temperature of SOFCs would 

help to overcome material stability problems, including material sintering, interfacial diffusion 

between the electrolyte and electrodes, and mechanical (or thermal) stresses due to different 

coefficients of thermal expansion (CTE) of the cell components.7, 16 
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The characteristic components of SOFCs include two porous solid electrodes separated by a 

dense, oxygen-ion conducting electrolyte (Figure 2.1). The oxidant (typically oxygen) is pumped 

into the cathode where the O2 reduction reaction (ORR) takes place: 

                                 (2.1) 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic diagram of an SOFC. 
 

The dense electrolyte serves as a barrier to prevent gas leakage, but oxygen anions can pass 

through it and reach the anode, at which the hydrogen oxidation reaction (HOR) occurs (reaction 

2.2). 

                            (2.2)               

The electrons produced at the anode are transferred to the cathode through the external 

circuit. As fuel and oxygen are the reactants and electrons and water are the products, a porous 

structure, containing both an ionic conductor and electronic conductor, is needed for the 

electrodes. 
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The performance of all fuel cells can be described by a plot of cell voltage (V) vs. cell 

current (I), as shown in Figure 2.2.  The cell voltage under equilibrium (no current flowing) is 

called the open circuit voltage (OCV) and is obtained using the Nernst equation for the full fuel 

cell reaction.  Once current begins to flow, various processes cause a loss of voltage below that 

of the OCV (Figure 2.2).  

  

 

 

 

 

 

 

Figure 2.2- Fuel Cell performance plot, showing the three sources of losses. 
 

All electrodes suffer from ‘activation’ losses, related to the kinetics of the fuel oxidation and 

oxygen reduction reactions, defined by the activation energy barrier and the reaction 

mechanisms. A lower activation loss will be obtained from more catalytically active electrodes 

with higher real surface areas.  At low currents, activation losses will dominate the fuel cell 

power output.  Another source of loss is due to the resistance of the electrolyte (separator), 

related to its intrinsic ionic conductivity and thickness, as well as from the resistance of electrode 

contacts and interfaces within the cell.  Finally, at high current densities, all fuel cells suffer from 

transport losses, termed ‘concentration overpotentials’ or ‘concentration losses’. This is due to 

the limitations in the mass transport of oxygen or fuel to the active sites, or products away from 

the electrodes, or ion transport within the electrode structure. 
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2.2 SOFC Cell Designs 

Because of the high temperature of operation of SOFCs (> 600 °C), all of the cell 

components must be chemically, morphologically, and dimensionally stable under these 

challenging conditions. A single cell within an SOFC can have various designs in terms of cell 

dimensions, as well as which layer serves as the mechanical support. The two most common 

SOFC cell designs are planar and tubular (Figure 2.3). In the planar design, all of the cell 

components are thin and have a rectangular shape, often 10 x 10 cm2 up to 25 x 25 cm2.17, 18 

Planar cells generally exhibit fewer ohmic and concentration losses as they are compact, 

although they show higher thermal gradients compared to tubular cells (Figure 2.3).  

The tubular cell configuration was originally developed by Westinghouse Corporation and 

presented as a shock resistant and easy to seal SOFC design. Michaela and Kendall 19, in the 

early 1990s, reported the first work on micro-tubular SOFCs (diameters ranging from a few 

millimeters to the sub-millimeter scale). They used a thin-walled extruded YSZ tube as the 

electrolyte (1-5 mm dia) and the anode (inner layer) and the cathode layers (outer layer) were 

then added to the electrolyte support. Due to the very good shock tolerance of microtubular cells, 

a shorter start-up and shut-down time could be obtained. These tubular cells can be shaped by 

conventional ceramic forming methods, such as slip casting 20 and extrusion.21  One of the 

benefits of the slip-casting technique of micro-tubular cell construction is that all of the cell 

components (anode, electrolyte and cathode) can be fabricated at the same time, as each layer 

can be cast sequentially.20 
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Figure 2.3 Various SOFC cell designs including (a) planar anode-supported, (b) planar 
electrolyte-supported, (c) planar cathode-supported cells, and (d) a tubular cell.  

 

SOFC single cells can also be categorized in terms of which layer of the cell provides the 

mechanical support, including self-supported and externally-supported cells. Self-supported cells 

can also be classified into three main categories, i.e., electrolyte-supported, anode-supported and 

cathode-supported, where the supported component is typically the thickest layer (Figure 2.3). 

Electrode-supported cells have the advantage of having thinner electrolytes, lowering the 

electrical losses in the electrolyte layer.  

In externally supported cells, all of the cell components are deposited as thin layers on an 

additional porous support layer, such as a porous metal layer or a porous ceramic support. While 

metal-supported cells have received attention recently due to their low cost and shock-resistant 

characteristics, the metal support cannot tolerate very high temperatures compared to the ceramic 

cell components, thus limiting the selection of the other cell component materials.22  For this 

reason, the maximum operating temperature for metal-supported cells is ca. 600 oC, as higher 

operating temperatures can severely limit their lifetime.23, 24  

In addition to difficulties in co-manufacturing of the metal support and the other ceramic cell 

components, Cr poisoning of the cathode is another challenge associated with this type of SOFC 
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24. Recently, Ceres Power has developed a 1 kW metal supported stack, based on a gadolinia 

doped ceria Ce0.9Gd0.1O1.95 (CGO10) electrolyte, displaying a degradation rate of 0.43 %/kh.25 

The methods used to produce each SOFC cell depend on the materials used in each 

component, as well as which component is selected as the cell support. Tape casting and screen 

printing are the most commonly used manufacturing techniques for planar cell construction, due 

to their simplicity, cost-effectiveness, and their amenability to mass production. For electrolyte-

supported cells, the electrolyte can be pressed or tape-casted first and then the electrodes are 

deposited, typically using screen printing or tape-casting techniques,26, 27 or using tape 

calendaring and wet spraying.28  

For electrode-supported cells, the electrolyte is normally deposited using sputtering,29 

physical vapor deposition (PVD),30 pulsed laser deposition (PLD) 31, 32, chemical vapor 

deposition (CVD)33, slurry coating 34, 35 or using sol-gel methods 36.  Plasma spraying has also 

been used to deposit each SOFC layer, especially when the SOFC components cannot be co-

sintered together because of their different melting points.37   

As mentioned before, for tubular cells, the most common manufacturing technique are 

extrusion,38, 39 slip casting 20, 40 and dip-coating.41. Slip casting is a conventional and relatively 

simple method of making ceramic bodies. This process involves using a “slurry”, which is a 

suspension of ceramic powder in a liquid, such as water or alcohol, and small amounts of 

additives that serve as a binder and dispersant. The slurry is usually poured into a porous mold, 

typically made from plaster (Figure 2.4). The slurry is absorbed by the mold to form a compact 

casted layer on the mold surface and, after a certain length of time (depending on the 

permeability of the mold and the casted body thickness), the slurry is poured out of the mold. 

The casted layer can be removed from the mold after drying, which is one of the most important 
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steps in this process, due to a significant volume change of the casted body after drying.42 Tom 

Etsell, et all (University of Alberta) has been one of the pioneers of slip-casting as a method of 

tubular SOFC cell fabrication (as part of the NSERC Solid Oxide Fuel Cells Canada (SOFCC) 

Strategic Research Network) and is the method used for fabrication of the tubular cells (YSZ 

scaffolds) in this thesis work (Hanifi).  

 

2.3 Typical SOFC cell materials 

2.3.1 SOFC electrolytes 

Chemical stability in both reducing and oxidizing atmospheres (and at high temperatures) 

and high ionic conductivity to allow oxygen ions (produced at the cathode) to pass through and 

reach the anode are the key requirements of SOFC electrolytes, with yttria stabilized zirconia 

(YSZ) being the most commonly used material. The ionic conductivity of YSZ, when containing 

8 mol % yttria (Y2O3), is about 0.01 S.cm−1 at 800 oC.43  By doping with yttria, the cubic 

structure of zirconia can be stabilized at high temperatures and the ionic conductivity of zirconia 

is increased by the formation of additional oxygen anion vacancies. Further, YSZ can serve as a 

structural component in SOFCs, as it has very good mechanical strength. Scandia (Sc2O3) is 

another alternative dopant in zirconia, producing scandia stabilized zirconia (SSZ), which has a 

slightly higher ionic conductivity than YSZ.44 This higher conductivity of SSZ is related to the 

smaller mismatch between the sizes of Zr+4 and Sc+3 compared to Zr4+ and Y+3, resulting in 

better mobility of the O2- ions in SSZ compared to YSZ.44 
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Figure 2.4 Slip casting process steps: a) pouring the slurry into a porous mold, b) 
absorption of the slurry by the mold and formation of a compact casted layer, c) pouring 
the slurry out of the mold, and d) removing the casted layer after drying.42 

 

A decrease in ionic conductivity of zirconia-based electrolytes at lower temperatures is 

another limitation that makes the application of these electrolytes at lower temperatures 

challenging. In addition, zirconia-based electrolyte can react with several anode and cathode 

materials, forming resistive interfaces, especially during cell preparation.45 As alternatives to 

zirconia-based electrolytes, other materials, such as doped-ceria and La1-xSrxGayMg1-yO3 

(LSGM), have been introduced and developed. 44 

Ceria and doped-ceria are the most commonly used electrolytes for intermediate temperature 

SOFCs (550-650 oC) mostly due to their higher O2- conductivity than YSZ (0.1 S.cm-1 at 800 oC) 

and also their compatibility with a number of perovskite-based anode and cathode materials, 

such as La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM) 46. In order to increase the conductivity of ceria, it can 

be doped with the oxides, such as gadolinia and samaria (producing GDC and SDC, 

respectively).47, 48 One problem regarding ceria-based electrolytes is the reduction of Ce4+ to Ce3+ 
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at high temperatures (> 500 oC) in reducing atmospheres, causing n-type electronic conductivity 

to develop in the electrolyte and therefore allowing some electronic leakage through the ceria 

and a loss in overall SOFC efficiency.49, 50 Despite this problem, GDC is an excellent electrolyte, 

even at low temperatures (< 500 oC). 

LSGM has a conductivity similar to GDC (0.1 S.cm-1 at 800 oC), although, unlike ceria, 

LSGM does not contain a reducible metal ion in reducing atmospheres and at high temperatures 

and therefore is more stable to reducing atmospheres. However, LSGM can react with several 

SOFC electrode materials through the inter-diffusion of elements. Other materials that have been 

investigated as possible SOFC electrolyte include Ba0.5Sr0.5Ce0.6Zr0.2Gd0.1Y0.1O3−δ (BSCZGY) 

and BaZr0.1Ce0.7Y0.2O3−δ (BZCY).51 

 

2.3.2 SOFC anode materials 

In general, anode materials should meet the basic requirements of high catalytic activity for 

the oxidation of fuel gases and good ionic and electronic conductivity. As well, they require a 

porous structure to permit rapid transport of gaseous fuels and products, low cost along with ease 

of fabrication, chemical and dimensional (thermal expansion coefficient) compatibility with 

other cell components, fuel flexibility, and resistance to carburization and sulphidation. 

Ni/YSZ cermets (mixtures of ceramic and metal) are the most common anode 

electrocatalysts used in SOFCs because of their low cost, chemical stability at high temperatures 

and in reducing atmospheres, and very good activity for the HOR.52 53  The melting point of pure 

Ni is about 1455 oC, with a thermal expansion coefficient of 13.3 x 10-6 cm.cm-1K-1 and an 

electronic conductivity of 138 x 104 S.cm-1 and 2 x 104 S.cm-1 at 25 oC and 1000 oC, 

respectively.54 In order to add ionic conductivity to Ni as a catalyst for the anode and to also 

enhance the structural strength of this metal at SOFC operating temperatures, YSZ is added as a 
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second component, roughly in a 1 (YSZ):1 (Ni) volume ratio. Additionally, as the thermal 

expansion coefficient of Ni is much higher than YSZ (10.5×10−6 cm·cm−1K−1), the addition of 

YSZ makes the thermal expansion coefficient of the cermet more compatible with YSZ 

electrolytes.  

Despite these advantages, Ni/YSZ anodes suffer from redox instability, which is the chemo-

mechanical instability of Ni/ceramic-based anodes as a result of an oxygen partial pressure 

variation of more than 20 orders of magnitude during oxidation-reduction cycles at elevated 

temperatures (600-1000 °C).55-59 Under oxidizing conditions, the Ni phase of the Ni/YSZ cermet 

is oxidized to form NiO, which is accompanied by an expansion of ~ 70% in solid volume. 

Under subsequent reducing atmospheres, NiO is rereduced to Ni with a shirinkage of ~40 

vol%.55-59 These volume changes during redox cycling cause mechanical stress, especially at the 

anode/electrolyte interface, consequently resulting in damage and cell degradation.55  

It has been reported that oxidation of Ni can be caused by various operational reasons 60. 

These include a local increase in the oxygen partial pressure up to the critical value under high 

load or high fuel utilization conditions. 61 Also, air leakage to the anode can occure due to 

imperfect sealing of the anode and cathode, or due to accidental fuel supply interruption.62 

The developed redox stress in the anode microstructure may vary due to several  

manufacturing and microstructural factors, such as the anode Ni content, the ratio of NiO to YSZ  

and their particle sizes, the porosity of the anode, sintering temperature, oxidation temperature, 

and oxidation environment. In terms of the cell configuration, redox cycle stresses are more 

severe for anode-supported SOFCs as compared to electrolyte-supported cells, mostly due to the 

larger dimensions of the anode and thinner electrolyte layer in the anode-supported design. 
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It has been reported that an increase in the oxidation temperature results in an increase in the 

oxidation rate, leading to severe mechanical failure 60, 63, 64. However, the reported re-oxidationn 

expansion varies in relation to the tested anode microstructure differences. The oxidation rate 

also strongly depends on the water vapour pressure of the input gas, as was seen at 850 °C, 

where oxidation expansion increases with an increase in water pressure (from 0.68% in dry H2 to 

0.96% in H2/6% H2O). 60 

Redox cycling leads to the formation of a sponge like NiO structure containing closed pores. 

Re-oxidation of this structure thus occupies a larger volume than in the original oxidized state, 

causing microcracks to form in the YSZ structure. It was also shown that re-reduction of this 

NiO/YSZ anode leads to the formation of coarser Ni particles.60 Another factor influencing the 

anode expansion during redox cycling is the particle size ratio between NiO and YSZ. Fouquet et 

al. showed a lower expansion at 950 °C after 4 redox cycles of a NiO/YSZ anode with a particle 

size ratio of 0.5 mm:0.2 mm compared to a particle size ratio of  1.4 mm:0.2 mm (both initially 

sintered at 1300 °C). 65  

Porosity also influences the expansion of the Ni/YSZ anode during redox cycling. An 

increase in porosity was reported to be useful for enhancing the redox stability of a Ni/YSZ 

anode,66 while it was also demonstrated that a porosity > 45% in the as-sintered anode gives a 

redox-stable support layer (with an expansion lower than 0.2%).67 A decrease in the NiO content 

can also increase the redox stability of a Ni/YSZ anode. However, in order to decrease the NiO 

content, the NiO particle size should be decreased (to change the electronic percoalation 

thereshold of this phase to the smaller values of < 30 vol% Ni). For this purpose, different NiO 

and YSZ powders with smaller particle size or formed by different anode fabrication techniques, 

such as wet impregnation should be employed. 60 
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Another problem can arise in the presence of sulphur (H2S) and/or hydrocarbon-containing 

fuels, in which undesired reactions occur, causing a loss in cell performance.  It is known that up 

to one monolayer of adsorbed sulfur forms on Ni with < 100 ppm H2S exposure at temperatures 

above ca. 650 °C 68, thus blocking the triple phase boundary (TPB) sites for H2 oxidation.  

However, the sulphur tolerance of Ni under normal operating conditions can be improved with 

the addition of ceria (> 750 oC).69 Furthermore, it has been reported that ppm levels of H2S can 

activate the H2 oxidation reaction at lower temperatures (500-600 °C), thought to reflect the 

formation of small amounts of Ni sulphide at the Ni/YSZ TPB.70 The use of hydrocarbons as the 

fuel can be another problem because of the tendency of Ni to form coke, causing mechanical 

stresses that eventually lead to cell failure.71  Coke formation at Ni-based anodes can be 

prevented by controlling the steam to carbon fuel ratio at ca 1.5, although, in practice, this ratio 

should be larger.72 

One of the important factors related to Ni/YSZ cermet anodes is the overall electrical 

conductivity of the anode, as YSZ is electronically insulating (σe ~ 6 × 10-3 S cm–1 at 25 °C) and 

interrupts the continuity of the Ni phase. The conductivity of a composite, in which the 

insulating particles are randomly replaced by conducting particles, can be explained by 

percolation theory, which predicts a threshold level at which the composite goes from very low 

to a very high conductivity.73, 74 The conductivity of Ni/YSZ cermets shows an S-shape behavior, 

as predicted by percolation theory, with a percolation threshold of 30 vol% of Ni at which the 

conductivity jumps from 0.1 to 103 S cm–1, as shown by Dees et al.75 

When employing conventional two phase anode materials (such as Ni/YSZ), the 

catalytically active area is limited to the TPB area.  This is fully a function of the morphology of 

the anode, which is known to change with time in the case of Ni/YSZ anodes. To overcome these 
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limitations in terms of changing and limited TPB length, mixed ionic and electronic conductors 

(MIECs), possessing both ionic and electronic conductivity, have been developed.  For these 

materials, their entire surface area is active for fuel oxidation, thus lowering the anode 

polarization resistance.76  

As one example, ceria-based oxides have been investigated, especially as sulphur and coke 

tolerant anodes, also related to their high H2 oxidation activity and their relatively low cost.77-79 

Ceria-based materials show mixed ionic and electronic conductivity in reducing atmospheres due 

to the presence of mixed Ce valances (Ce+3 and Ce+4), although doping with members of the 

lanthanide family can significantly increase their ionic conductivity.78. As stated above, ceria can 

serve as a sulfur adsorbing material and consequently enhances the sulphur tolerance of Ni.69, 80, 

81 However, GDC can react with the YSZ electrolyte during cell preparation at temperatures of 

ca. 1200 oC, forming interlayers with much lower conductivity than YSZ.  In order to suppress 

the formation of this resistive layer, short time sintering of YSZ and GDC has been suggested.82 

The most common family of mixed conducting anodes are the perovskite oxides, having the 

general chemical formula of ABO3. The properties of perovskites can be modified by doping 

with various aliovalent metals in both the A (e.g., La, Sr, Ca and Pb, etc.) and B (e.g., Ti, Cr, Ni, 

Fe, Co and Zr, etc.) sites.  In recent years, several very promising perovskite materials have been 

developed for use as SOFC anodes. These include SrTiO3-based materials, such as 

La1−xSrxTiO3+δ
83, 84 and La0.7Sr0.3Cr0.8Ti0.2O3.85  Many other materials have been examined, 

including La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM),86 (La1−xSrx)0.9Cr0.5Mn0.5O3−δ,87 Ba(Zr0.1Ce0.7Y0.2)O3-

δ (BZCY),88 and BaZr0.1Ce0.7Y0.1M0.1O3−δ (M = Fe, Ni, Co, and Yb), the latter showing some 

sulfur tolerance and stability in CO2-containing environments.89 La0.3M0.7Fe0.7Cr0.3O3-δ (M= Sr, 

Ca) is a newly reported, very active, sulphur tolerant anode. 90, 91, also being active as a cathode. 
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Other promising anode materials include Sr2Mg1-xMnxMoO6-δ
92 and La1Mn0.5Cr0.5O3±δ (LMC), 

the latter having superior stability, electronic conductivity, and catalytic activity, 93 and multi-

element-doped ceria, such as Ce0.87Y0.1Mn0.01M0.02O2-δ (M = Ca, Mg), with a specific 

polarization resistance (ASR) in the range of 0-2-0.3 Ω.cm2 .94 

Recently, an interesting method has been developed to increase the catalytic activity of 

perovskites, where the active catalytic metal is first doped into the B-site of the perovskite 

material (e.g., La0.52Sr0.28Ni0.06Ti0.94O3) and then is partially ex-solved out of the lattice at lower 

temperatures in reducing atmospheres.95 In this way, a more active catalyst (transition or 

precious metal nanoparticles) is stabilized on the surface of the less active perovskite material. 96. 

However, some of the challenges regarding MIECs include their relatively low catalytic activity, 

low chemical stability, and a significantly higher electronic conductivity than ionic conductivity.   

 

2.3.3 SOFC cathode materials 

Stability at high temperatures (> 500 oC) in oxidizing atmospheres (pO2 > 0.2) is the key 

required characteristics of the materials used as SOFC cathodes, with La0.7Sr0.3MnO3-x (LSM) 

perovskites being among the earliest SOFC cathodes. Similar to Ni/YSZ anodes, LSM is 

primarily an electronic conductor and thus it is typically mixed with YSZ to add ionic 

conductivity in order to extend its TPB length.97 Furthermore, LSM has good catalytic activity 

for the oxygen reduction reaction (ORR) and is also chemically compatible with YSZ.  However, 

at lower SOFC operating temperatures, the electrocatalytic activity of this material decreases, 

primarily due to its low oxygen ion conductivity (∼10−7 S cm−1 at 900 °C).98     

MIEC cathode materials, such as La1-xSrxCo1-yFeyO3-δ (LSCF), having a higher ionic 

conductivity than LSM, have been introduced to overcome the limitations of LSM/YSZ. LSCF 

also has a lower thermal expansion coefficient (13.8 x 10-6 K-1), better compatibility with ceria-
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based electrolytes, and also considerably better ORR kinetics than does LSM.99, 100 However, this 

material can react with the YSZ electrolyte and form undesirable (resistive) interfaces101. To 

solve this problem,  a buffer layer, typically a ceria based material (GDC), may be placed at the 

LSCF/YSZ interface.102 A few other MIECs cathodes, such as Ba0.5Sr0.5Co0.8Fe0.2O3-δ,103 Pr1-

xSrxCo0.8Fe0.2O3-δ (PSCF),104 and La0.3M0.7Fe0.7Cr0.3O3-δ (M = Sr, Ca), the latter having the ability 

to be employed as both the fuel and air electrode in SOFCs, have recently been developed as 

highly active cathode materials.90, 105-107   

 

2.3.4 Interconnects  

In order to produce higher power, single cells are connected in series with each other to 

construct SOFC stacks. The current collection from each cell is achieved by using ceramic or 

metallic current collectors (interconnects) at both sides of the cell (Figure 2.5). 

 

Anode
Electrolyte
Cathode

Interconnect

 
Figure 2.5 SOFC stack with two cells. 

 

The interconnects play a key role in SOFC stack systems, as they electronically connect the 

anode of one single cell to the cathode of the next cell and also provide a physical barrier to gas 

crossover.  Doped lanthanum chromite perovskites were the original interconnects used in 

SOFCs, running at up to 1000 oC, as they are relatively stable in both reducing and oxidizing 

atmospheres and have good electronic conductivity, although this is poorer in reducing 
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conditions.108 Therefore, metallic interconnects are now more common, including Cr, Fe, and Ni-

based alloys. In general, metallic interconnects have the advantages of a higher electronic 

conductivity (which is not oxygen partial pressure dependent), lower cost, and a less complex 

fabrication technique over ceramic interconnects. However, the thickening of a layer of Cr2O3 on 

the cathode side and Cr poisoning of cathodes is the main disadvantage of stainless steel 

interconnects.109  

In terms of new  candidate interconnect materials, Crofer 22 APU (a low Si ferritic stainless 

steel with 20–24% Cr and additions of Mn and Ti and La) and Avesta 353 MA (austenitic Fe –Cr 

– Ni alloy, with 35 % Ni and addition of Mn and Si) are two of the most promising.110, 111 Crofer 

22 APU is a high temperature stainless steel that can form an electrically conducting layer of Cr-

Mn oxide on its surface at SOFC operating temperatures, although during long-term exposure in 

the SOFC environment, Cr2O3 can again form, dropping the electrical conductivity of the alloy 

and lowering cell performance.111, 112 

As one solution, a protective layer can be applied on the surface of metallic interconnects.113-

116 The coating must have good electronic conductivity, a matching thermal expansion 

coefficient (TEC) with adjacent components, chemical stability in oxidizing and reducing 

atmospheres, and more importantly, it should minimize Cr vaporization and prevent the 

formation of Cr2O3 on the cathode side. Various coating materials have been developed, 

including conductive perovskites, such as (La,Sr)CrO3, (La,Sr)CoO3 and (La,Sr)MnO3, as 

perovskites generally have a high electronic conductivity and also a matching TEC with the 

interconnect alloy materials and SOFC electrodes.113, 114 However, the use of perovskite coatings 

is limited, primarily as a result of diffusion of Cr through the coating layer and also difficulties 

with densification of the coatings.  In addition to perovskites, protective spinel coatings, such as 
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Mn1.5Co1.5O4 are also good candidates, as they can be a more effective barrier against Cr 

migration from the alloy toward the cathode.115, 116  

 

2.4 SOFC material synthesis methods 

The development of new materials and synthesis methods is crucial in order to lower the 

SOFC working temperature (to minimize material degradation), to lower cost, and also to 

increase performance and lifetime. Solid state synthesis methods are the most frequently used 

techniques for SOFC material fabrication, as they involve inexpensive precursors and can easily 

be scaled up for mass production.117, 118 This involves mixing together of ceramic precursor 

powders, such as metal oxides, carbonates, and/or sulfides in the stoichiometric ratio of the 

desired catalysts, followed by calcination of the mixture at particular temperatures to form the 

desired phases. Despite the simplicity and cost effectiveness of this approach, there are a number 

of disadvantages, such as poor compositional homogeneity, uncontrolled particle size, low 

surface area, and poor sinterability.119  

In order to optimize the properties of the materials used in SOFC components, especially in 

terms of purity and particle size distribution, other chemical synthesis techniques have been 

introduced. These include solution combustion synthesis,120 co-precipitation,121 the use of the 

sol–gel method,122 polymeric complexing123, and hydrothermal methods, 124 all of which are 

generally more complex than solid state synthesis and rely on more costly precursors, as they 

require a higher purity level.  

Recently, nanostructured SOFC electrocatalysts have been also investigated as highly active 

electrode materials. The nanoparticles are typically formed by precipitation and decomposition 

of one or a mixture of metal salts (such as metal nitrates) inside a porous pre-sintered scaffold 

(e.g., of YSZ), using a technique termed infiltration.125-128 The infiltration medium has included 
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nitrate salt solutions,129, 130 colloidal nanoparticles solutions,11 114 molten salts, e.g., nitrates, at 

100–500 ◦C,125, 131 114 and sols containing nitrate-based salts and glycine or ethylene glycol.13 As 

the produced nanoparticles have a higher active surface area than those produced by 

conventional methods, the cell performance is normally significantly better (Figure 2.6).  

 

 

 

 

Figure 2.6 Schematic of a second phase (e.g., Ni) infiltrated into a structure (e.g., YSZ) with 
a porous backbone. 

 

The porous infiltration scaffolds are typically formed by tape casting of planar, button 

cells,132, 133 and extrusion and slip casting of tubular cells.21, 40 The scaffolds typically have up to 

a ~60% porosity, 114 formed using pore formers, such as graphite, polymethylmethacrylate 

(PMMA), or mixtures of both.40 Vacuum-infiltration has also been used for the fabrication of 

ceramics and metals SOFC applications.134 Vacuum-assisted infiltration has a number of 

advantages, as it makes the infiltration solution to penetrate into the porous scaffold more rapidly 

and also improves the homogeneity of the final microstructure.134-136 

In order to form the desired phase, SOFC electrocatalysts introduced by infiltration can be 

fired at much lower temperatures compared to those prepared by conventional fabrication 

techniques, such as mixed powder synthesis. This lower firing temperature is very beneficial in 

allowing the use of a variety of catalyst materials that cannot be fired at high temperatures due to 

their low melting points (mostly for metallic catalysts) or their lack of chemical compatibility 

with other SOFC components.  

Ni

Infiltration of 
the catalyst 

material
Porous YSZ backbone
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Many anode and cathode catalysts have been fabricated using the infiltration technique. For 

anodes, metal-based catalysts, such as Ni, Co and Cu, have been infiltrated into a pre-sintered 

scaffold (such as YSZ).12-14, 69, 137 Infiltration of oxides, such as ceria-based materials138 and also 

perovskites, such as La0.8Sr0.2Cr0.5Mn0.5O3 (LSCM)139 and La0.3Sr0.7TiO3 (LST),140, have also 

been studied. At the cathode, many catalyst layers have been synthesized using infiltration 

techniques, including La0.65Sr0.30MnO3 (LSM),130 La0.6Sr0.4Co0.2Fe0.8O3–δ (LSCF),141 and 

Sm0.5Sr0.5CoO3−x (SSC),142  as well as various noble metals.143 

However, despite the advantages of infiltration techniques in terms of increasing the 

flexibility in material choice and in the formation of higher surface area nanoparticles, the 

nanoparticles are often unstable at SOFC working temperatures, tending to grow in size (sinter) 

with time, resulting in a gradually deteriorating performance.14 In addition to the growth of the 

infiltrated particles at higher temperatures, the nanoparticles tend to dewet on the scaffold 

surface and consequently disconnect from each other (especially in infiltrated Ni/YSZ anodes), 

resulting in the loss in the electronic conductivity of the anode. There are two purposed 

mechanisms for the  growth of nanoparticles: Ostwald ripening (OR) and particle migration and 

coalescence (PMC). Ripening involves interparticle transport of mobile species through the 

substrate such that the larger particles grow at the expense of the smaller particles, mostly due to 

the differences in their surface energy. Particle migration involves the Brownian motion of 

nanoparticles leading to coalescence when particles come in close proximity to each other.144 

However, it is reported that the most probable mechanism is Ostwald ripening, as particle 

migration and coalescence generally occurs at higher temperatures (> 750 °C).144 

For these reasons, in spite of the very promising initial performance (polarisation resistance) 

of infiltrated Ni/YSZ anodes, their activity decreases with time to a value lower than for Ni/YSZ 
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anodes fabricated by conventional techniques. For instance, Klemenso et al. showed a 

polarisationn resistance of 0.4 Ω.cm2 for a symmetrical Ni/small amount of infiltrated GDC/YSZ 

cell (10 vol% Ni) at 650 °C in H2/3%H2O compared to 2.5 Ω.cm2 for a conventional Ni/YSZ 

(without any GDC added) anode at the same temperature.56 Buyukaksoy et al. also showed an 

initial polarisation resistance of 0.2 Ω.cm2 for a symmetrical Ni infiltrated/YSZ cell (with 10 µm 

and 170 µm thickness of the porous electrodes and electrolyte, respectively) containing ~ 20 

vol% Ni and tested at 800 °C in H2/3%H2O.145 

Efforts are underway to stabilize the infiltrated catalysts by employing a range of techniques, 

including the use of polymer-based vs. aqueous-based infiltration solutions,13, 146 ex-solving of 

the infiltrated material from the substrate,14 and the use of additional ceramic phases to inhibit 

the growth of infiltrated particles.147   

 

2.5 Electrochemical evaluation 

2.5.1 Electrochemical impedance spectroscopy (EIS) 

In order to improve and optimize the performance of SOFCs, it is important to understand the 

nature of the losses and the degradation mechanisms. It is also important to understand the 

physical origin and contribution of each individual polarization process that controls the cell 

performance. Electrochemical impedance spectroscopy (EIS) has proven to be a powerful 

technique to study complex electrochemical systems, such as SOFCs and also provide vital 

understanding about which component/process preliminary contribute to cell degradation during 

operation.148 

The most common approach to measure the impedance response of a SOFC cell is to apply a 

sinusoidal voltage ( ) across an electrochemical cell and measure 
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the resulting current ( ) flowing through the cell, with a value determined by the 

mechanisms of the reactions taking place at each electrode. The relationship between the current 

and the applied voltage (impedance) is: 

             Eq. 4 

where,  is the angular frequency and  is the frequency-dependent phase shift 

between the voltage and current. 148 

To analyze the impedance response, the best method is to fit the data to an electrical circuit, 

including resistors, capacitances and inductances, connected to each other in series or in parallel. 

One of the most important elements used in SOFC equivalent circuits is the constant phase 

element (CPE). Because of the porous structure of the electrodes and their complex 

microstructure, the electrochemical processes that occur at these electrodes do not give perfect 

capacitive behavior, but are characterized by a distribution of relaxation times around a 

maximum, as shown in Eq. 5. 

                 with               Eq. 5 

where YQ is the CPE admittance ( ) and Q0 is frequency independent.148 

For n = 1 and 0, the CPE describes an ideal capacitance and pure resistor, respectively. When 

a resistor and CPE are in parallel to each other (RQ element), a depressed semi-circle in the EIS 

spectra (Nyquist plot) is obtained. Figure 2.7 shows an example of a Nyquist plot for an anode-

supported SOFC single cell, tested at 800 °C in 3% H2O/H2 atmosphere. The real axis high 

frequency intercept ( ) represents the purely ohmic resistance of the cell (Rs), while the 
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low frequency intercept ( ) corresponds to the total resistance of the cell (Rt). The 

difference between the high and low frequency intercepts represents the polarisation resistances 

(Rp), resulting from the losses in the electrodes. The Rp value in SOFCs is generally inversely 

proportional to the reaction rate. 148 

 

 

 

 

 

 

 

 

Figure 2.7- Nyquist plot for a SOFC consisting of a cathode (La0.3Ca0.7Fe0.7Cr0.3O3-δ), 
electrolyte (YSZ), and an anode (La0.3Ca0.7Fe0.7Cr0.3O3-δ), tested at 800 °C in a 3% H2O/H2 
atmosphere.149 

 

For Ni/YSZ anodes, up to four semi circles have been obtained in the literature, with some 

differences in their interpretations for each arc,150 although most studies agree on the presence of 

up to three arcs in the Ni/YSZ EIS spectra at high (500 Hz- 20 kHz), intermediate (200 Hz- 400 

Hz) and low (1 Hz- 100 Hz) frequencies 150-152. The low frequency arc (or gas conversion, 

introduced by Bessler and Mogenssen) is due to a diffusive process along the gas channel length 

and depends mostly on the H2O concentration of the fuel gas and the gas flow rate 152, 153. This 

arc is not seen when the reference electrode is placed in the same gas as the working electrode153. 

« 
Rs Rp 

20 kHz 0.1 Hz 
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The intermediate arc is proposed to be due to gas diffusion in the current collector, or a 

stagnant gas layer outside the porous anode structure and also inside the porous electrode 152, 154. 

This arc changes with fuel composition, the electrode thickness, as well as the current collector 

mesh thickness 155. The high frequency arc is generally believed to be due to the charge transfer 

reactions taking place at the anode. This arc is strongly affected by temperature and depends on 

the TPBL, the conductivity of the anode cermet, and the anode layer thickness 151.   

 

2.5.2 Cell testing configurations 

For the electrochemical testing of a single SOFC cell, there are two cell configurations that 

can be used, full cell and half-cell. In the full cell test configuration, fuel (H2 or hydrocarbons) is 

pumped into the anode and air (or oxygen) is brought into the cathode.  This means that each 

electrode must be stable in these gaseous environments and thus are normally composed of 

different materials.  Either two- or three-electrode configurations can be used in full cell studies. 

In the latter case, the reference electrode can be placed on either side of the cell, as long as it is 

stable in that particular gaseous environment.   

In comparison, half-cell testing involves the exposure of both electrodes (and the reference 

electrode in 3-electrode work) to the same gaseous environment.  In this thesis work, 

symmetrical half-cell testing was done, in which the same material (Ni/YSZ-based anode 

catalysts) was exposed to H2/steam gas. This cell configuration is more appropriate for 

electrolyte-supported cells, where the two electrodes can be made to be very similar, contrary to 

the case when one of the two electrodes is the support material, and thus all of the work done 

here involved YSZ electrolytes as the support layer.  

One benefit of using symmetrical half-cells is that there is no need to seal the cell, as both 

electrodes are experiencing the same atmosphere. Furthermore, the interpretation of the 
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electrochemistry is also simplified as both electrodes respond in the same way to electrochemical 

perturbations. All of the electrochemical evaluations performed in this thesis were done using 

symmetrical cell configuration, with two identical Ni/YSZ electrodes. 
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Chapter Three: Experimental methods 

 

3.1 Porous YSZ scaffold fabrication 

3.1.1 Porous YSZ tube fabrication 

3.1.1.1 Five-layered YSZ porous tube (used in Chapter 4) 

The five-layered yttria stabilized zirconia (YSZ) porous tubes used in this study were 

produced using multiple fabrication steps, such as slip-casting, spray coating and dip coating. 

First, a thick YSZ porous layer (400-500 µm) was slip-cast using calcined YSZ powder (Tosoh, 

TZ-8Y, 8 mol% Y2O3 calcined at 1500 °C), mixed with 20 vol% of a graphite pore former (< 

325 mesh, Sigma Aldrich) and water (University of Alberta). 40 Before adding the graphite, the 

calcined YSZ powder was mixed with water in a ratio of 52:48 wt% and ball-milled for 72 h. 

Then the graphite powder was added to the slurry, which was mixed again before slip casting. 

These YSZ tubes, closed on one end, have a 4–6 mm inner diameter, a 0.4–0.5 mm wall 

thickness, are 23–30 mm in length (Figure 3.1a), and have a ca. 45% porosity (after removal of 

the pore former and sintering at 1300 °C).  

In order to make the symmetrical YSZ cells, multiple layers were deposited on the porous 

YSZ tube (Layer 1, Fig. 3.1b), one at a time. The first step involved the spray-deposition of a 

thin electrochemically active Ni-YSZ anode functional layer (AFL, Layer 2, Figure. 3.1b) on the 

outer surface of the porous YSZ tube. To form the AFL, NiO:YSZ (50:50 wt%) powder was 

synthesized by the nitrate combustion method. In this approach, aqueous solutions of Ni nitrate, 

Zr nitrate and Y nitrate were mixed together in the desired ratio (to form a NiO-YSZ powder 

with a 50 wt% NiO content). Glycine, which acts as a fuel, was then added to the mixture of 

nitrates, which were then heated to 100 °C in order to remove water, forming a viscous state. 

After cooling, a gel was obtained and the combustion process was then carried out at 400 °C in 
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air. After calcination of the powder at 1000 °C for 2 h, the desired NiO-YSZ powder was 

formed. After mixing the NiO:YSZ (50:50 wt%) powder and ethanol with ethyl cellulose and 

polyvinyl butyral (PVB), which served as a binder and dispersant, respectively, a 5 μm thick 

AFL (Layer 2, Figure 3.1b) was then spray-coated on the outer surface of the YSZ tube. After 

drying at 150 °C, a 15–20 μm YSZ dense electrolyte layer (Layer 3, Figure 3.1b) was deposited 

on the AFL by dip-coating a slurry containing YSZ powder (8YSZ from Tosoh), ethanol, and 

ethyl cellulose and PVB as the binder and dispersant, respectively. The tubular samples were 

then sintered at 1350 °C for 4 h in air. 

 

 

 

 

 

 

 

 
Figure 3.1 (a) Slip-cast porous YSZ tubular support used for making the five-layered 
tubular cells, (b) SEM cross-sectional image of symmetrical tube, before Ni infiltration,  
and (c) Method of construction of Ni-infiltrated tubular half-cells (CC = current collectors). 

 

A second sprayed AFL (5 μm, Layer 4, Figure 3.1b) was then coated on the outer surface of 

the tube using the same method as for Layer 2. After drying the spray-coated AFL, a thick (100–

150 μm) porous YSZ layer (Layer 5, Figure 3.1b) was slurry-coated on the outer AFL layer to 

form the second electrode, using a slurry containing ethanol, butanone, triethanolamine (TEA), 

polyethylene glycol (PEG), PVB, YSZ, and graphite as the pore former. The outer AFL and 

a c 

b 
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porous electrode layer (layers 4 and 5, respectively, in Figure 3.1b) were then sintered at 1350 °C 

for 2 h. Ni current collectors (Layers 6 and 7, Figure 3.1b) were then painted on the outer and 

inner surfaces, respectively, of the tube, using a NiO/terpinol paste (NiO from Advanced 

Materials) and firing at 1250 °C for 2 h. 

 

3.1.1.2 Three-layered slip-cast YSZ porous tube (used in Chapter 5) 

These type of symmetrical tubular cells (5-6 mm diameter and 0.5-1 cm length, University 

of Alberta) were comprised of two ca. 150-200 µm thick, porous yttria stabilized zirconia (YSZ) 

layers, separated by a ca. 50 µm dense YSZ electrolyte layer (Figure 3.2). The preparation of 

these tubular symmetrical YSZ scaffolds has been described in detail elsewhere (14, 18). This 

involved slip casting of as received YSZ powder (8 mol% Y2O3, Tosoh TZ–8Y, Tosoh, Tokyo, 

Japan), mixed with water in a 52:48 wt% ratio, in a plaster mold using polymethylmethacrylate 

(PMMA, 5 µm diameter, Spheromers, CA 20, Micro-beads, Skedsmokorset, Norway) as the 

pore-former.  

 

 

 

 

 

 

Figure 3.2- (a) Tubular YSZ scaffold schematic, and (b) SEM cross-sectional image of 
symmetrical YSZ porous tube, sintered at 1350 °C for 3 h prior to Ni nitrate solution 
infiltration, at 500x magnification. 
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In order to construct the two outer porous layers, the slip (containing YSZ powder, water 

and PMMA) was first cast into the tubular plaster mold and after 60 s, the remaining slip was 

poured out.20, 40 The YSZ electrolyte layer was then immediately slip-casted inside the tubular 

porous YSZ outer support layer by using a slip containing only YSZ powder and water, with a 

solid loading of 42 wt%. After about 15 s, the electrolyte slip was removed and the second YSZ 

porous layer (porous inner layer) was cast (using the same slip as for the outer layer) on the 

surface of the electrolyte layer inside the tubular structure. This resulted in a tubular YSZ 

scaffolding, 4-6 mm in dia and 10 cm long, which was then dried at 100 °C, heat treated at 250 

°C for 1 h to burn out the PMMA, and then sintered at 1350 °C for 3 h in air 40.  

 

3.1.2. YSZ porous symmetrical disk fabrication (used in Chapters 6 and 7) 

To form this type of YSZ porous scaffold, identical porous YSZ layers were sprayed onto 

both surfaces of a ~300 mm thick YSZ disc (NexTech Materials; Columbus, OH) using various 

slurries, with their compositions shown in Table 3.1. Two types of yttria stabilized zirconia 

(YSZ) powder (Tosoh TZ–8Y, with an average particle size of ~300 nm, and TZ-8YS, with an 

average size of ~550 nm, Tosoh, Tokyo, Japan) were used. Three types of pore-formers, carbon 

black (0.05-0.2 µm, CABOT, XC 72R, slurry #1), polymethylmethacrylate (PMMA, 5 µm, 

Spheromers, CA 20, Micro-beads, Skedsmokorset, Norway, slurry #2), and filter paper (1-10 

µm,Whatman 42, ashles, slurry #3) were used for making the slurries, as indicated in Table 1. 

Ethyl cellulose and poly-vinyl-butyral were used as the binder and stabilizer, respectively. 

For slurry #4, in which no pore-former was used, the YSZ powder (TZ-8Y) was first 

calcined at 1450 °C for 4 h and then ball-milled (high energy ball mill, Pulverisette 5, Fritsch, 

Germany) for 2 h. To make the paper fibers used in slurry #3, the filter paper was first soaked in 

deionized water for 24 h and then stirred for 24 h. After drying in air, the paper fibers were ball 
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milled in ethanol (15 mL) for 2 h and then the other components of the slurry were added, as 

shown in Table 3.1 (slurry #3). The slurries were then sprayed, layer by layer (the thickness of 

each layer was 2-3 µm), on each side of dense YSZ disks so that, after sintering, the thickness of 

the porous layers was 30-40 µm. The porous YSZ layers (using slurries #1, 2 and 3, Table 3.1) 

were sintered at 1200 °C and slurry #4 (Table 3.1) was sintered at 1350 °C for 2 h. 

 

Table 3.1- Designated names of the samples with their slurry composition and 
characteristics 

Cell name Pore-former 
used (size) 

Slurry 
composition¥ 

Ni  
(± 1 wt%) 

CB-22 carbon-black  
(0.05-0.2 µm) 

(#1)  
 Carbon-black: (0.1 g) 
 YSZ*: (2.03) 

22  

PM-22 PMMA  
(5 µm) 

(#2)  
 PMMA (0.25 g) 
 YSZ** (1.85) 

22  

PF-22 
paper fiber  
(1-10 µm) 

 

(#3)  
 paper fiber (0.18 g) 
 YSZ** (1.92 g) 

22  

NP-22 without pore-
former  

(#4) 
 YSZ*** (2.1 g) 22  

CB-29 carbon-black 
(0.05-0.2 µm)  

(#1)  
 Carbon-black: (0.1 g) 
  YSZ*: (2.03) 

29  

PM-29 PMMA 
(5 µm)  

(#2) 
 PMMA (0.25 g) 
 YSZ** (1.85) 

29  

¥ All of the slurries contain 15 ml of ethanol, 0.021 g of ethyl cellulose and 0.06 g of polyvinyl 
butyral 
¥ ¥ All of the YSZ porous layers had 45-55% porosity before infiltration 
* Tosoh TZ-8YS 
**Tosoh TZ-8Y 
*** Calcined Tosoh TZ-8Y 

 
In order to determine the porosity of each sample, four porous YSZ samples were sprayed 

on a Mylar sheet (thickness of 250 µm) using slurries #1-4. The porosity of the samples was then 

measured using the Archimedes method, giving ~ 45-55% porosity for all four samples.156 
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3.2 Infiltration methods 

3.2.1 Infiltration solution preparation 

Various Ni nitrate containing infiltration solutions were prepared using the components 

shown in Table 3.2. In all four solutions, first, 23 g of Ni nitrate, dissolved in 20 ml of solvant 

(water or ethanol) and then a surfactant (Triton-X-100, NexTech) or complexing agent (urea, 

NexTech), was added to the solution, mixing for 2 h with a magnet stirrer. 

 

Table 3.2- Infiltration solution components 

Solution Water (ml) Ethanol (ml) Triton-X-100 (g) Urea (g) Ni nitrate (g) 

1 20 - - - 23 

2 - 20 - 7 23 

3 20 - 1.8 - 23 

4 20 - - 7 23 

 

Polymeric-based Ni nitrate solutions (ethylene glycol-based Ni nitrate solution) were 

prepared using an aqueous solution of Ni nitrate mixed with ethylene glycol (molar ratio of 

Ni:ethylene glycol:0.4) 157. After mixing, the solution was stirred at 80 °C until the water had 

evaporated and then 2-butoxyethanol was added to promote wetting (1:1 weight ratio of 

polymeric precursor and 2-butoxyethanol) 157. Similarly, aqueous solutions of YSZ (yttria 

stabilized zirconia) and gadolinia doped ceria (GDC) precursors were prepared using ZrCl2O + 

Y(NO3)3.6H2O (weight ratio of 4.4 - Sigma-Aldrich) and Ce(NO3)3.6H2O + Gd(NO3)3.6H2O 

(weight ratio of 3.9 - Sigma-Aldrich), respectively. The aqueous solutions were then mixed first 

with ethylene glycol and then with 2-butoxyethanol. 
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3.2.2 Infiltration of five-layered YSZ porous tube 

Infiltration of the Ni nitrate solutions into the inner (Layer 1, Figure 3.1) and outer YSZ 

(Layer 5, Figure 3.1) scaffolding of the five-layered YSZ tub was carried out using a range of 

solutions (Table 3.2). All infiltrations were carried out under vacuum in a Buchner flask (25 mL) 

using a vacuum pressure of 10–20 mbar. The cells were first placed in the flask and then the 

vacuum was turned on. After about 20 secs, the solution was slowly introduced into the vessel. 

The tubular cells were suspended in the nitrate solution for 20 s and then dried at 100 °C for 15 

min, followed by firing at 310 °C, in air, for 20 min. This process was repeated 12 times in order 

to achieve the optimum Ni loading. After each infiltration, the samples were weighed using a 4-

digit balance (Mettler Toledo-AG204). For infiltration using solutions containing Triton-X (X-

100-NexTech), the solutions and samples were kept at 90 °C during the infiltration process. A 2-

step infiltration was carried out using aqueous Ni nitrate containing Triton-X (Solution 3, Table 

3.2) for the first 10 infiltrations and then aqueous Ni nitrate containing urea (Solution 4, Table 

3.2) for the last 2 infiltrations. 

 

3.2.3 Infiltration of three-layered slip-cast YSZ porous tube 

To infiltrate this type of YSZ scaffold, two aqueous-based Ni nitrate solutions, one 

containing 23 g Ni nitrate and 1.8 g Triton-X in 20 ml of distilled water (solution #3, Table 3.2) 

and the other one containing 23 g Ni nitrate and 7 g urea in 20 ml of distilled water (solution #4, 

Table 3.2), were prepared. A two-step infiltration method was used, in which the porous YSZ 

tube was first infiltrated with the solution containing Triton-X (solution #3) and then with the 

solution containing urea (solution #4 for the last three infiltrations).126 This was done in order to 

ensure that the distribution of the Ni particles through the porous electrodes was optimised and 
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that no Ni film build-up occurred in the near-surface or outer-surface regions of the tubular cells, 

as explained in ref. 110.  

The porous tubular YSZ cells were infiltrated by immersing the tubes in the Ni nitrate 

solution under vacuum (using a Buchner flask with a vacuum pressure of 10-20 mbar) for 1 min. 

During the infiltration of the samples with nitrate solution containing Triton-X (solution #3), the 

solution and the sample were kept at 90 °C. After each infiltration step, the tubular cells were 

dried at 100 °C for 15 min and then fired at 310 °C in air for 20 min. Cells A, C, D and E 

contained 18 ± 1 wt% Ni (Table 3.3), while Cell B contained 24 ± 1 wt% Ni in their respective 

electrodes after reduction in H2 (Table 3.3). 

 

Table 3.3 Catalyst-infiltrated Ni/YSZ anodes, using three-layered porous YSZ scaffold 

Cell name Anode infiltration medium Catalyst loadings (± 1) 
in wt% 

Cell A (benchmark) Ni infiltrationǂ 
Aqueous-based solution 18 Ni  

Cell B Ni infiltrationǂ 

Aqueous-based solution 24 Ni  

Cell C Ex-soluted Niǂ 
Aqueous-based solution 18 Ni  

Cell D Ceria, then Niǂ infiltration 
Aqueous-based solution 7 CeO2 then 18 Ni  

Cell E Niǂ, then ceria infiltration 
Aqueous-based solution 18 Ni then 7 CeO2  

ǂ two-step infiltration was used. 
 

 

For Cell C (ex-soluted Ni, Table 3.3), the first three infiltrations were carried out using a 

Triton-X-containing solution (solution #3) and then the cell was heat treated at 1350 °C for 3 h. 

After heat treatment, the remaining infiltrations (two-step infiltration, similar to Cell A) were 

carried out until an 18 ± 1 wt% Ni weight gain was obtained. Cell D was prepared using an 
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aqueous-based Ce nitrate solution containing Triton-X (first two infiltrations, 7 ± 1 wt% CeO2), 

followed by infiltration of aqueous-based Ni nitrate solutions (two-step infiltration) until an 18 ± 

1 wt% Ni weight gain was obtained (using the two- step infiltration method, Table 1). Cell E was 

prepared similarly to Cell D, but first with Ni nitrate infiltrations (two-step infiltration, 18 ± 1 

wt% Ni), followed by Ce nitrate infiltrations (last 4 infiltrations, 7 ± 1 wt% CeO2, Table 3.3).  

 
3.2.4 Infiltration of porous YSZ symmetrical disks 

3.2.4.1 Samples infiltrated with aqueous-based Ni nitrate solution  

Infiltration into the YSZ porous layers on both sides of the YSZ disks was achieved by using 

the two-step infiltration method, in which the sample was first infiltrated with the Ni nitrate 

solution containing Triton-X (solution #3) and then with the solution containing urea (last two 

infiltrations). The samples were named as shown in Table 3.1, as CB-22 (formed with carbon-

black pore-former and using slurry #1, 22 ± 1 wt% Ni), PM-22 (formed with PMMA pore-

former and using slurry #2, 22 ± 1 wt% Ni), PF-22 (formed with paper fiber pore-former and 

using slurry #3, 22 ± 1 wt% Ni) and NP-22 (without any pore-former and using slurry #4, 22 ± 1 

wt% Ni), CB-29 (formed with carbon-black pore-former, using slurry#1, 29 ± 1 wt% Ni), and 

PM-29 (formed with PMMA pore-former, using slurry#2, 29 ± 1 wt% Ni). The number of 

infiltrations was based on the Ni oxide weight gain, ensuring that the samples contained 22 ± 1 

wt% Ni (in Cells CB-22, PM-22, PF-22 and NP-22, Table 3.1) and 29 ± 1 wt% Ni (in Cells CB-

29 and PM-29, Table 3.1) after infiltration followed by reduction. After each infiltration, the 

samples were first dried at 100 °C and then heat treated at 320 °C in air in order to decompose 

the nitrate solution. 
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3.2.4.2 Samples infiltrated with ethylene glycol-based solution 

For the YSZ + Ni infiltrated samples, the infiltration solutions were prepared by mixing of 

Ni nitrate and YSZ precursor solutions in three different weight ratios (Ni:YSZ) of 75, 30 and 18 

(Cells NY-75, NY-30 and NY-18, respectively, Table 3.4). Similarly, for the GDC + Ni 

infiltrated cells, the infiltration solutions were prepared by mixing Ni nitrate and GDC precursor 

solutions in four weight ratios (Ni:GDC) of 50, 22, 13 and 8 (Cells NG-50, NG-22, NG-13 and 

NG-8 respectively, Table 3.4). The number of infiltrations was based on the Ni weight gain, 

ensuring that all of the samples contained 20 ± 1 wt% Ni (Table 3.4). In order to compare the 

mixed nitrates infiltrated samples, a reference sample was also prepared using only the Ni nitrate 

solution (sample N, Table 3.4), without any other component added (20 ± 1 wt% Ni). After each 

infiltration, the samples were first dried at 100 °C and then heat-treated at 500 °C to decompose 

the nitrate solutions.  

 

Table 3.4 Designated name of symmetrical disk cells and their infiltration solution 
composition  

 N NY-75 NY-30 NY-18 NG-50 NG-22 NG-13 NG-8 
Ni wt% 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 

YSZ wt% 
(Ni:YSZ)* 0 

0.27 ± 
0.05 
(75) 

0.63 ± 
0.01 
(30) 

1.1 ± 
0.1 
(18) 

0 0 0 0 

GDC wt% 
(Ni:GDC)* 0 0 0 0 

0.40 ± 
0.05 
(50) 

0.91 ± 
0.05 
(22) 

1.54 ± 
0.1 
(13) 

2.60 ± 
0.5 
(8) 

* weight ratio 

 

3.3 Electrochemical evaluation 

For the five-layered tubular cells, electrical contact to the inner Ni-YSZ electrode (the inner 

surface of the tube) was made with a Ni wire wound tightly around a small diameter alumina 

tube, which was press-fitted into the tube (WE or RE1, Figure 3.3a). On the outer Ni-YSZ 
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electrode contact was made by winding a Ni wire around the tube (CE or RE2) with additional 

NiO paste applied as the final contact material on both the outer and inner surfaces (Layers 6 and 

7, Figure. 3.1). In order to omit the ohmic part of the cell resistance (contribution of the wires), 

the electrochemical tests were performed in a 2-electrode 4-probe configuration. The samples 

were then heated to 800 °C in air in an electrical tube furnace (LINDBERG/BLUE M) and then 

humidified H2 (3% H2O/H2) was introduced, as shown in Figure 3.3b.  All of the cells were made 

in duplicate in order to ensure reproducibility. 

 

 

 

 

 

 

 

 

 
 

 
Figure 3.3 (a) Five-layered tubular cell configuration used for electrochemical evaluation 
and (b) schematic of the cell holder used for 2-electrode 4-probe electrochemical 
evaluation. 

 

For the three-layered symmetrical tube cells, a Ni wire wrapped tightly around a press-fitted 

alumina tube insert served as the electrical contact to the inner (working) electrode (WE or RE1), 

as shown in Figure 3.4. This alumina tube was then press-fitted into the Ni-infiltrated YSZ tube. 

A Ni wire, wound around the outer surface of the tubular cell, was used as the outer (counter) 

b 

a 
 RE1  

 RE2  
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electrode contact (CE or RE2). NiO paste was then applied on top of the Ni wires as the final 

contact material on both the outer and inner surfaces of the tubular cell. The cells were then 

heated to 800 °C in air in an electrical furnace and then humidified H2 (3% H2-H2O) was 

introduced when the temperature reached ca. 700 °C. For the symmetrical disk cells, each 

electrode was coated with Au paste as a current collector and a Au mesh connected to Au wires 

was then placed (pressed contact) on each electrode, as shown in Figure 3.5. 

 

 

 

 

 

Figure 3.4 Three-layered symmetrical tubular cell configuration used for electrochemical 
evaluation. 

 

 

 

 

 

 

Figure 3.5 Planar symmetrical cell configuration used for electrochemical evaluation. 
 

All of the electrochemical tests were carried out using a half-cell configuration at 800 °C in 

a humidified H2 (3% H2O) atmosphere. A Solartron 1287/1255 potentiostat/ 

galvanostat/impedance analyzer (1-105 Hz, 10 mV rms) was used to perform the electrochemical 

impedance spectroscopy (EIS) experiments. In order to confirm the EIS data reproducibility, the 

Au 
meshes 
and 

Au paste 
Infiltrated 
Ni/YSZ 
electrodes 

Dense YSZ 
electrolyte 
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data were collected by initially scanning from high to low and then low to high frequencies, 

checking for good data overlap. For the majority of the EIS spertra shown in this thesis, the 

fitting line is shown as well as the raw Nyquist data. 

 

3.4 Imaging and related techniques 

3.4.1 Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) 

In order to examine the microstructure, chemical composition, and distribution of the 

elements, scanning electron microscopy was employed. Two instruments, a Philips FEI XL-30 

scanning electron microscope at an accelerating voltage of 20 kV and a 10 mm working distance 

(Microscopy and Imaging Facility, Health Sciences, University of Calgary) and a field emission 

SEM, FESEM-Zeiss Sigma series, with an accelerating voltage of 2-30 kV and a working 

distance of 2-8 mm (Nanoscience program, University of Calgary) were used to examine the 

anode microstructures.  

The SEM samples were prepared by fracturing the tested cells and then mounting them in 

epoxy, followed by polishing with wet emery paper and then with 0.1 μm alumina powder. Other 

SEM samples were also prepared in order to better determine the shape and size of the Ni 

particles located on the YSZ backbone. For this purpose, YSZ disks (18 mm dia, 0.5 mm thick) 

were pressed and sintered at 1400 °C for 4 h and then one drop of the infiltration solution 

(containing Triton-X) was deposited on the surface of the disk. The disk samples were dried at 

100 °C followed by firing at 300 °C and then reducing at 800 °C for varying lengths of time.  

After the sample preparation step, samples were coated with a very thin layer of Au (10- 12 

nm) using a Baltec SCD500 sputter-coater to provide conductivity to the surface of the samples 

and to avoid the charge build-up during SEM operation. Elemental composition and the 
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distribution of the elements in the samples were determined by energy dispersive X-ray 

spectroscopy, using an INCA-XL machine (Nanoscience program, University of Calgary). 

3.4.2 Electron microprobe analysis 

A JEOL JXA-8200 electron microprobe (Department of Geosciences, University of 

Calgary) with five wavelength dispersive spectrometry (WDS) channels (to track up to five 

elements simultaneously) was employed for elemental mapping. Similar to SEM sample 

preparation, the broken pieces of the tested cells were first mounted in epoxy, then polished with 

emery paper and alumina powder (0.1 µm), and then carbon-coated.  

 

3.5 Particle size analysis 

An Analysette 22 MicroTec XT laser particle size analyzer was used to measure the YSZ 

powder particles size. As received YSZ  powder (Tosoh, TZ-8Y, 8 mol% Y2O3) was calcined at 

various temperatures (1200-1500 °C) and then ball-milled for 1-5 h. The ball-milled powders (~ 

0.5 g of each sample) were then dispersed in 20 mL of ethanol and sonicated for 10 min.  

 

3.6 Wettability testing 

In order to study the surface wettability of the YSZ substrates by the Ni nitrate solutions 

(containing various additives), dense YSZ disks were pressed and sintered at 1400 °C for 4 h. 

The surface of the disks was polished using alumina powder (0.1 μm). The contact angle of one 

droplet of each solution (Table 3.2) on the polished YSZ disks was determined by tracking the 

wetting behavior of the droplet using a high speed camera (DRS Technologies) as a function of 

time. 
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3.7 Error Analysis 

3.7.1 Instrumental error 

In order to control the temperature in the furnace chamber, thermocouples Type R and B 

with a standard error of ± 1.5 °C or ± 0.25% were used. For electrochemical evaluation, vertical 

and horizontal tube furnaces, with K-type thermocouples with a standard error of ± 2.2 °C or ± 

0.75%, were used.  

Mass flow controllers (MFCs) were used for the electrochemical experiments with ± 1% 

error on the set point temperature. The MFCs were also calibrated using soap bubble movement 

in a specially designed 10 ml graduated pipette. The displacement time of the soap bubble over a 

specific volume was measured with a stopwatch with the total flow measured in mL/min.  

A dummy cell with a resistance of 1.9-9.3 Ω and a frequency range of 1-10 kHz was 

employed to calibrate the Solartron 1287/1255 potentiostat. The error between the measured and 

the actual resistances was typically found to be ~ 0.1%. 
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Chapter Four: Development of infiltration techniques for the construction of Ni/YSZ anodes 
in tubular SOFCs1 

 

4.1 Introduction 

Porous Ni/yttria stabilized zirconia (YSZ) materials meet the majority of the requirements of 

solid oxide fuel cell (SOFC) anodes, arising from the excellent electrocatalytic activity of the Ni 

phase, good ionic conductivity of the electrolyte (yttria stabilize zirconia, YSZ), high electronic 

conductivity of Ni (~ 2 x 10 4 S.cm-1 at 1000 °C), and good chemical stability in reducing 

atmospheres. However, there are still many challenges that must be overcome, such as redox 

instability (dimensional change during oxidation/reduction), coking, and sulphur poisoning.  

To avoid the redox instability problem, a number of new concepts have been examined in 

the literature, including the fabrication of a pre-sintered, porous, electrolyte matrix, followed by 

the infiltration of ca. 10-20 vol % of active material into this scaffolding. This is normally 

followed by drying and heat-treatment at temperatures of 300-500 °C, selected based on the 

decomposition temperature of the infiltrates.13, 158 In the resulting infiltrated Ni/YSZ anodes, a 

lower Ni content appears to be sufficient in order to reach the electronic percolation limit (ca. 10 

vol% or 16 wt%), compared to anodes made by conventional powder-based methods, which 

require about 30 vol% (~ 50 wt%) Ni.135   

One problem associated with the infiltration approach is the instability of the infiltrated 

nanoparticles (especially metals) at SOFC operating temperatures, as these nanoparticles tend to 

grow and agglomerate. Another problem is related to the distribution of the infiltrated particles, 

                                                

 

1- This Chapter has been published: P Keyvanfar and V. Birss, “Optimization of Infiltration Techniques Used 
to Construct Ni/YSZ Anodes”, Journal of The Electrochemical Society, 161 (5) F660-F667 (2014) 
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especially when a thick porous scaffold is used. After a few infiltrations, a relatively dense film 

of the infiltrate forms on the outer surface of the porous matrix, thus clogging the pores and 

inhibiting further solution infiltration into the depth of the substrate.  

In this Chapter, for the first time the effect of infiltration solution on the distribution of 

infiltrated Ni particles into a thick porous YSZ scaffold was studied. This study is beneficial, 

especially for the anode supported cells fabricated by infiltration technique, as the infiltrated Ni 

particles must be homogeneously distributed throughout a thick anode support layer. The 

primary focus of this work was on the optimization of the distribution of the infiltrated Ni 

particles in a symmetrical SOFC with a thick porous YSZ anode support, using various Ni nitrate 

infiltration solutions containing additives, such as urea (used as a complexing agent) and Triton-

X (a surfactant). The infiltrated symmetrical cells were then evaluated using electrochemical 

impedance spectroscopy (EIS) and scanning electron microscopy (SEM) in order to investigate 

the effect of the Ni distribution on the performance and long-term stability of this type of anode. 

The results show that the best Ni distribution (in the porous YSZ layers) is achieved by the use of 

a two-step infiltration process, first using an aqueous Triton X-100-containing solution and then 

an aqueous solution containing urea. The cell infiltrated using the two-step infiltration also gave 

the best and the most stable performance over 7 days of testing at 800 °C.  

 

4.2 Results and Discussion 

4.2.1 Effect of vacuum-infiltration of Ni phase  

In this Chapter, five-layered tubular cells were used, with the layers fabricated by using 

multiple steps, including slip-casting, spray coating and dip coating, as shown in Figure 4.1. The 

as-formed YSZ tubes were closed on one end, having a 4–6 mm inner diameter, 0.4–0.5 mm wall 
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thickness, 23–30 mm length (Figure 3.1a), and ca. 45% porosity in each of the porous layers 

(Figure 4.1). 

 

 

 

 

 

 

 

Figure 4.1 Construction of tubular symmetrical cells 
 

The porous YSZ layers (both the thinner anode functional layer, AFL, and the thick outer 

support layer, ASL), deposited on either side of the dense YSZ tubular electrolyte) were then 

infiltrated using Ni nitrate solutions with the compositions shown in Table 4.1, with more details 

related to solution preparation given in Chapter 3. 

 

Table 4.1 Infiltration solutions used in this chapter   

Solution£ Water (ml) Ethanol 
(ml) 

Triton-X-
100 (g) 

Urea (g) 

1 20 - - - 

2 - 20 - 7 

3 20 - 1.8 - 

4 20 - - 7 

£ All solutions contained 23 g of Ni nitrate  

 

Slurry-coated porous 
YSZ (ASL, 100 µm) 

Slip-casted porous YSZ 
(ASL, 500 µm) 
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One of the variables examined in terms of optimization of the infiltration method and 

solutions (Table 4.1) was the use of low-level vacuum during exposure of the porous tubes to the 

infiltration solutions.135, 136  It has been shown by others136 that there are distinct benefits to the 

vacuum-infiltration approach, although this has not been examined previously for the slip-cast 

YSZ tubes under study here.   

Figure 4.2 shows the beneficial effect of vacuum-infiltration of a porous open-ended (both 

ends open) YSZ tube (for this study, no other layers were attached to the YSZ tubes), in this case 

using an aqueous Ni nitrate, urea-containing solution (Solution 4, Table 4.1). From the observed 

weight gain as a function of the number of infiltrations, it is clear that the application of a 

vacuum can facilitate the impregnation process by decreasing the infiltration time, thus 

decreasing the number of infiltration steps needed to achieve the desired Ni loading.  The fact 

that the plots are both non-linear in Figure. 4.2 indicates that there is a limit to how much Ni can 

be loaded into the porous YSZ structures, as expected. 

 

 

 

 

 

 

 
Figure 4.2- Effect of the application of vacuum during the infiltration of porous YSZ 
tubular samples, using Solution 4 (Table 4.1), on the amount of Ni infiltrated into the 
porous structure. 
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In order to determine how well the Ni infiltrate has been distributed within the porous YSZ 

structure and whether the use of vacuum-infiltration results in any other benefits, Figure 4.3 

compares the optical images of the cross-sections of non-vacuum-infiltrated and vacuum 

infiltrated tubular YSZ samples. It is clear that vacuum infiltration improves the depth of 

penetration of the Ni nitrate solution into the porous YSZ structure, leading to the formation of 

better distributed Ni particles. Consistent with this, the Ni-rich film, formed in the surface region 

of the sample (Figure 4.3a), is much thinner when a vacuum is applied, as shown in Figure 4.3b. 

 

 

 

 

 

 

 

 
Figure 4.3 Optical images showing the effect of vacuum-infiltration of porous YSZ tubular 
samples with an aqueous Ni nitrate solution containing urea (Solution 4, Table 4.1), (a) No 
vacuum, and (b) with vacuum (bright spots = Ni, grey spots = YSZ, and black spots = 
pores)  

 

4.2.2 Effect of solution additives on Ni infiltration 

Figure 4.4 shows the effect of using the various Ni infiltration solutions listed in Table 4.1 

on the mass gain of porous YSZ tubes (~ 45 % initial porosity).  These samples were porous and 

open-ended (both ends open) YSZ tubes without any other layers attached, were each vacuum-

infiltrated and dried at 300 °C 12 times, and then weighed between each infiltration step, as 

usual. Figure 4.3 shows that the mass gain for these three solutions was essentially the same.  
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Figure 4.4 Effect of the infiltration solution and the numbers of steps on the mass gain of 
porous YSZ tubes (both ends open, no other layers attached) using the vacuum infiltration 
method. 

 

The distribution of the infiltrated Ni, after reduction, in the porous YSZ backbone is shown 

in the cross-sectional optical microscope images of the porous open-ended YSZ tubes in Figure 

4.5. The cells infiltrated with Solution 4 (aqueous urea, Figure 4.5A) and Solution 2 (ethanolic 

solution containing urea, Figure 4.5B) show a Ni-rich region just beneath and on the outer 

surface of the tubes (the bright regions). The deposition of Ni on the outer surface of the tubular 

samples, shown in Figures 4.5A and B, increases the error in the calculation of the exact amount 

of infiltrated Ni present inside the porous YSZ backbone. This is because the calculation is based 

on the NiO weight gain, obtained by weighing the samples after each infiltration step. In 

comparison, the sample infiltrated with aqueous Ni nitrate containing Triton-X 100 (Solution 3, 

Table 4.1, Figure 4.5C) shows a better distribution of the Ni particles inside the YSZ pores, with 

little evidence for an enriched Ni layer near the outer surface.  

Triton-X (C14H22O(C2H4O)n) is a non-ionic surfactant that has a hydrophilic polyethylene 

oxide chain and an aromatic hydrocarbon hydrophobic group. Surfactants generally have the 

unique ability to self-organize at interfaces or in solution, modifying interfacial properties and 

enhancing the compatibility of materials with very different properties. During the infiltration 
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process, the use of a surfactant or wetting agent is essential, as it can promote spreading of the 

infiltration solution on the scaffold surface, resulting in a homogeneous coating. Triton-X was 

used in this study as the surfactant mostly because of its low cost, commercial availability, and 

lower toxicity.159 

Urea was also added to some of the infiltration solutions (Solutions 2 and 4) for two main 

purposes, first to act as a fuel and liberate the heat homogeneously throughout the solution as it is 

oxidied by nitrates and secondly, to form a complex with the metal ion (Ni in this study). This 

should result in the homogeneous mixing of the cations and prevention of precipitation of the 

metals after drying. Furthermore, as the distance between the metal ions in the solution increases 

as a result of the larger size of the fuel molecule, the interaction of the hydrolysed metal ions will 

decrease, resulting in the formation of powders with smaller particle sizes, higher specific 

surface areas, and a lower degree of agglomeration. Larger sized fuels generally separate the 

metal ions at a greater distance in the solution.160  

In combustion synthesis, it has been also reported that the powder morphology, particle size, 

and surface area are directly related to the amount of gas that escapes during combustion..160, 161 

The amount of gas that escapes during combustion depends mainly on the type and quantity of 

fuel used (i.e., the higher the molecular size and weight of the fuel, the more gas is generated).160  

To examine the samples shown in Figure 4.5 more closely, the Ni distribution was 

determined using WDX element mapping. Figure 4.6 clearly shows a difference in the Ni 

distribution of the symmetrical cells, infiltrated with aqueous Ni nitrate solutions containing urea 

(Solution 4, Table 4.1, Figure 4.6A), aqueous Triton (Solution 3, Figure 4.6C), and the ethanolic 

solution containing urea (Solution 2, Figure 4.6B). Figures 4.6A and B show a thick Ni-rich 
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region just beneath the outer surface and also on the outer surface, similar to what is seen in 

Figure 4.5.  

 

 

 

 

 

 

 

 

 
 

Figure 4.5 Optical cross-sectional images of porous YSZ tubes (40 % initial porosity) 
infiltrated with (A) aqueous Ni nitrate containing urea (Solution 4, Table 4.1), (B) ethanolic 
Ni nitrate containing urea (Solution 2, Table 4.1), and (C) aqueous Ni nitrate containing 
Triton-X 100 (Solution 3, Table 4.1). All of the samples contained 16-18 wt% Ni and were 
reduced at 800⁰ C in H2/3% H2O.   

 

In contrast, the cell infiltrated with the aqueous Triton solution (Solution 3, Table 4.1) does 

not exhibit a Ni-rich region on the outer surface of the infiltrated layers (Figure 4.6C), indicating 

that the infiltration solution has fully penetrated the porous YSZ substrate. The thinner, outer Ni-

YSZ layer (on the right side of Figures 4.6A, B and C, layer 5 in Figure 3.1) is more porous than 

the slip-casted YSZ electrode layer (layer 1, Figure 3.1) and does not show any difference in the 

Ni distribution when using different infiltration solutions. The outer YSZ layer contains a larger 

number of larger pores (Figure 3.1) and is also ca. 4 times thinner than the slip-casted ASL itself 
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(on the left in Figure 4.6) and thus the infiltration solution appears to have penetrated very well 

into this region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 WDX Ni element map of symmetrical cells, infiltrated with (A) aqueous Ni 
nitrate containing urea (solution 4, Table 4.1), (B) ethanolic Ni nitrate containing urea 
(solution 2, Table 4.1), and (C) aqueous Ni nitrate containing Triton-X-100 (solution 3, 
Table 4.1) solutions, all tested electrochemically at 800 °C in H2/3% H2O. The cross-
sectional image in (A) is labeled, for clarification, using the code shown in Figure 3.1. 

 

In order to better understand the results in Figures 4.5 and 4.6, the wetting angles of the 

infiltration solutions (Table 4.1) on a dense, polished YSZ disk surface were obtained, as shown 

in Figure 4.7. Zirconia itself is described in the literature as being hydrophobic and having a very 

low surface concentration of OH groups.162 It can be seen that the aqueous solutions, with and 
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without urea, have the highest surface tension (the droplet does not wet the YSZ surface very 

well), although it seems that urea may slightly improve the wettability of YSZ. Due to the poor 

wetting properties of the aqueous-based Ni nitrate solution (without any other additives, Solution 

1, Table 4.1 and Figure 4.7) on YSZ, this solution was not used  further for the infiltration of the 

Ni/YSZ symmetrical cells. The ethanolic solution containing urea (Solution 2, Table 4.1) and the 

aqueous solution containing Triton (Solution 3, Table 4.1) have the smallest contact angles at 

room temperature, although, based on the SEM and optical images (Figures 4.5 and 4.6), the 

porous YSZ sample infiltrated with the aqueous Ni nitrate solution containing Triton shows full 

solution penetration.  

Time 
(s) 

Solution 1 
Aqueous 
Ni(NO3)2 

Solution 4 
Aqueous 

Ni(NO3)2 + 
Urea 

Solution 2 
Ethanolic 

Ni(NO3)2 + Urea 

Solution 3  
25 ⁰C Aqueous 

Ni(NO3)2 + 
TritonX 

Solution 3  
90 ⁰C Aqueous 

Ni(NO3)2 + 
TritonX 

2 

     

15 

     
 

Figure 4.7 Wettability of dense YSZ disks by Ni nitrate infiltration solutions. All 
infiltration experiments were carried out at room temperature, except for Solution 3, which 
was also tested at 90 °C. The sequence of entries in the table is given in order of increasing 
surface wettability. 

 

As mentioned in the literature, the temperature of the infiltration solution and/or the 

substrate can significantly alter the interfacial tension .163 Thus, this may also be a factor, as 

shown in Figure 4.7, where the 90 °C Triton-containing solution (Solution 3) wets the surface 

Ni nitrate 
solution 

YSZ disc 
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better than the room temperature equivalent. Figure 4.6 also shows that the wetting 

characteristics of the solutions on the dense YSZ disk do not change significantly with time, 

except for Solution 3, containing Triton, where the substrate was kept at 90 °C during the 

wettability testing.    

Overall, these results confirm that, although all of the YSZ layers examined in Figures 4.5 

and 4.6 have been infiltrated with the same amount of Ni (based on their weight gain after 

infiltration), the amount of Ni inside the porous YSZ structure vs. at the outer surface is 

different. For this reason, predictions could not be made in terms of their relative electrochemical 

performance under SOFC conditions. As Solution 1 in Figure 4.6 had the highest surface tension, 

it was not used for the EIS studies described below. 

 

4.2.3 EIS study of infiltrated Ni anodes   

Figure 4.8 shows the open-circuit EIS results of three of the symmetrically infiltrated tubular 

cells (Solutions 4, 2 and 3, respectively) in humidified H2 at 800 °C, with Table 4.2 giving the 

values of the elements of the best fit equivalent circuit, shown in Figure 4.8. These cells were 

each examined over several days, primarily to track the performance stability. It can be seen 

from Figure 4.8 and Table 4.2 that three arcs are seen in all cases, roughly with the same summit 

frequencies for each cell, i.e., 200-600 Hz, 8-60 Hz and 0.3-0.6 Hz for the high, intermediate, 

and low frequency (HF, IF, LF, respectively) arcs. 

This is consistent with the majority of the literature for Ni-YSZ electrodes, with the IF and 

LF arcs normally ascribed to mass transport in the pores of the anode and the current collector 

(‘chemical conversion’), respectively.153, 154 The HF arc has typically been interpreted as 

reflecting the electrochemical reaction (R1 being the inverse of the rate of the reaction and CPE1 

the interfacial capacitance at the electrochemically active Ni-YSZ interface).164, 165  



56 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.8 Area-corrected EIS results obtained for symmetrical tubular cells, vacuum-
infiltrated (12 infiltrations) with (a) aqueous-based Ni nitrate solutions containing urea 
(Solution 4, Table 4.1), (b) ethanolic Ni nitrate solutions containing urea (Solution 2, Table 
4.1), and (c) aqueous Ni nitrate containing Triton-X (Solution 3, Table 4.1), with the best fit 
equivalent circuit shown in the inset of (a). The electrochemical tests were done in 2-
electrode 4-probe mode at 800 °C in H2/3% H2O. Rs is the series resistance (Ω.cm2), while 
Rp is the polarization resistance (Ω.cm2). 

 

 

Solution 4 (Aqueous Ni(NO3)2 + Urea) 

a 

Solution 2 (Ethanolic Ni(NO3)2 + Urea) 

b 

Solution 3 (Aqueous Ni(NO3)2 + Triton) 
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It can clearly be seen from Tables 4.2 that the IF and LF circuit element values (RIF and 

CPEIF, RLF and CPELF) are quite similar for all three cells. Furthermore, the LF and IF elements 

are quite stable with time of cell testing.  This is consistent with the fact that these are mass 

transport elements, which are unlikely to change much from cell to cell, or with time, as these are 

expected to be controlled by the porous structure of the YSZ matrix (Layers 1 and 5, Figure 3.1), 

the AFLs (Layers 2 and 4, Figure 3.1), and the Ni current collectors (Layers 6 and 7, Figure 3.1).  

 
Table 4.2 Values of the elements of the best fit equivalent circuit for cells infiltrated 

obtained from Figure 4.7  

Ni nitrate 
solutions 
used for 

infiltration 
of the 
cells 

Aqueous 
Ni(NO3)2 

+ Urea 
(Table 

4.1) 

Day Rs RHF nHF CPEHF fHF RIF nIF CPEIF fIF RLF nLF CPELF fLF 

1  1.25 0.48 0.8 0.007 200 0.24 0.7 0.13 20 0.26 0.9 2.59 0.3 

3  1.58 0.44 0.84 0.004 300 0.16 0.67 0.29 16 0.34 0.9 1.21 0.4 
7  1.50 0.45 0.82 0.004 400 0.16 0.67 0.27 16 0.37 0.88 1.17 0.4 

Ethanolic 
Ni(NO3)2 

+ Urea 
(Table 

4.1) 

1 1.08 1.2 0.77 0.002 429 0.39 0.86 0.04 20 0.46 0.88 0.63 0.6 

3 1.50 2.00 0.75 0.001 440 0.50 0.82 0.02 40 0.39 0.95 0.77 0.6 

7 1.60 1.91 0.78 0.001 480 0.42 0.77 0.03 45 0.37 0.98 0.7 0.6 

Aqueous 
Ni(NO3)2 
+ Triton 
(Table 

4.1) 

1 0.83 7.31 0.83 0.0003 300 0.6 0.79 0.04 17 0.33 0.91 1.70 0.3 

3 1.00 8.61 0.82 0.0002 370 0.48 0.80 0.08 10 0.51 0.93 1.20 0.3 

7 1.02 9.3 0.82 0.0002 420 0.35 0.82 0.15 8 0.4 0.96 1.50 0.3 

Rs = series resistance (Ω.cm2), RHF, RIF and RLF = high, intermediate and low frequency resistances, respectively 
(Ω.cm2), CPE = constant phase element (sn.Ω-1.cm-2), n = CPE exponent, and f = summit frequency of arc (Hz).  

 

The biggest difference between the EIS results for these three cells is seen in the magnitude 

of the HF charge transfer arc, with RHF being the smallest (ca. 0.45 Ω cm2) in Figure 4.8a (Table 
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4.2) in the case when Solution 4 (aqueous urea, which was poorly wetting (Figure 4.7)) was used 

for Ni infiltration, and the highest (ca. 8 Ω cm2) in Figure 4.8c (Table 4.2) when Solution 3 

(aqueous Triton, which was highly wetting (Figure 4.7)) was used.  When Solution 2 was used 

(Figure 4.8b, Table 4.2), RHF has a value intermediate between Solutions 3 and 4, with Solution 2 

also exhibiting intermediate wetting properties.  Therefore, an approximate inverse relationship 

exists between the wetting characteristics of the Ni-containing infiltration solution with YSZ and 

the magnitude of the charge transfer kinetics parameter (RHF).   

It is conceivable that, when the infiltrate wets the porous YSZ matrix well (e.g., Solution 3), 

Ni will be deposited deeply into these structures, including into pores that may not ultimately be 

electrochemically active, thus giving a high RHF value (Figure 4.8c and Table 4.2).  More 

importantly, the cross-sectional images in Figures. 4.5a and 4.6a of cells infiltrated with Solution 

3 show the absence of an enriched Ni layer at the infiltration-side of the anodes. It is thus 

possible that this has led to poor contact between the infiltrated Ni in the porous YSZ matrix and 

the outer current collector, resulting in a higher RHF value. Indeed, the series resistance (Rs, 

Table 4.2), related to a combination of the electrolyte resistance, the current collector, and the 

electrochemically inactive outer regions of the two ASLs, is the highest for the cell that was 

infiltrated with Solution 4 (Figure 4.8a, Table 4.2), consistent with this argument.  Notably, Rs is 

quite low for cells containing anodes infiltrated with Solutions 2 and 3 (Figures 4.8b and c, Table 

4.2, respectively). 

In order to test these hypothesis, a new cell was first infiltrated with the highly wetting 

Solution 3 (aqueous Triton) 10 times in succession, with the goal being to deposit Ni deeply into 

the ASLs to make good contact with the AFLs, and then with Solution 4 (aqueous urea), which 

was poorly wetting.  The concept was to build up a layer rich in Ni near the current collector, 
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while also contacting the Ni deposited deeper in the anode by using Solution 3. Figure 4.9 shows 

the WDX Ni element map of this cell, showing that the distribution of Ni in the porous YSZ 

electrodes is much better than seen when the one-step infiltration method was used (Figure 4.6). 

It seems that Solution 3 (Table 4.1, containing Triton-X) has fully penetrated the porous YSZ 

substrate, while Solution 4 (Table 4.1, containing urea) enhances the connectivity between the 

current collector layers (Layers 6 and 7 in Figure 3.1) and the infiltrated Ni particles in the 

adjacent YSZ pores. 

 

 

 

 

 

 

 

Figure 4.9 WDX Ni element map (bright spots = Ni and black spots = YSZ) of symmetrical 
cells, infiltrated with the 2-step infiltration, 10 infiltrations first with aqueous Ni nitrate 
containing Triton (Solution 3, Table 3.2) and then 2 infiltrations with aqueous Ni nitrate 
containing urea (Solution 4, Table 4.1).   

 

Figure 4.10 demonstrates the very good performance obtained in this case, showing a 

significantly more stable and better performance for this cell.  The resistances associated with the 

IF and LF arcs (Table 4.3) are seen to be very similar to what was observed for the cells 

infiltrated with only a single solution (Figure 4.8), but with RHF and Rs both now lower than what 

was obtained for any other cell. Importantly, Figure 4.10 also shows the best stability of any of 

the cells tested. The lower Rs in this case could arise from the better connectivity between the Ni 
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particles located in the region near the outer surface and also between the Ni in this region and 

the Ni in the current collector layer on the outer surface of the tube. 

Attempts were also made to infiltrate the Triton-X surfactant and the complexing agent, 

urea, in various ratios, into the porous YSZ layers in a single solution. However, it was found 

that the higher temperatures (90–100 °C) required to generate the best wetting characteristics 

(lowest contact angle) produced the most viscous solutions when urea was also present, making 

it difficult for the solution to penetrate the porous YSZ layers well. Subsequent EIS studies 

showed relatively low cell activities, consistent with the poor distribution of the Ni component 

into the depth of the YSZ layers. 

 

 

 

 

 

 

Figure 4.10 Area-corrected EIS results obtained for symmetrical vacuum-infiltrated (12 
infiltrations) tubular cells, with 10 infiltrations first with aqueous Ni nitrate containing 
Triton (Solution 3, Table 1) and then 2 infiltrations with aqueous Ni nitrate containing urea 
(Solution 4, Table 1).  The electrochemical tests were done in the 2-electrode 4-probe mode 
at 800 ⁰C in H2/3% H2O. Rs is the series resistance (Ω.cm2), while Rp is the polarization 
resistance (Ω.cm2). 

 

 

 

 

 

Combined Solutions (Solution 3 and then Solution 4) 
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Table 4.3 Values of the elements of the best fit equivalent circuit (Figure 4.8) for cells 
infiltrated with aqueous Ni nitrate solutions containing first Triton-X and then urea 

Ni nitrate 
solutions 
used for 

infiltration 
of the cell 

Combined 
Solutions 
(Solution 3 
and then 
Solution 4, 
Table 4.2) 

Day Rs RHF nHF CPEHF fHF RIF nIF CPEIF fIF RLF nLF CPELF fLF 

1  0.80 0.30 0.66 0.025 280 0.24 0.70 0.17 15 0.22 0.91 2.19 0.3 

3  0.96 0.26 0.71 0.015 450 0.30 0.67 0.16 15 0.21 0.92 2.23 0.3 
7  0.23 0.23 0.74 0.012 600 0.33 0.65 0.15 15 0.16 0.95 2.9 0.3 

Rs = series resistance (Ω.cm2), RHF, RIF and RLF = high, intermediate and low frequency resistances, respectively 
(Ω.cm2), CPE = constant phase element (sn.Ω-1.cm-2), n = CPE exponent, and f = summit frequency of arc (Hz).   

 

As can be seen in Figures 4.8 and 4.10, the distribution of Ni particles has a significant 

impact on the performance of the cell. This affects not only the series and polarisation 

resistances, but also the long-term stability of the anode.  This is supported by the fact that the 

cell infiltrated using the two step (two solution) process exhibits the best performance and also 

the best durability with time.  

 

4.3 Summary  

The overall goal of this Chapter has been to construct a high performance, redox cycling 

tolerant (relatively low Ni contents) tubular SOFC using Ni infiltration methods.  In this Chapter, 

a slip-casted porous YSZ tube (0.4-0.5 mm thick) was used as the anode support layer. Half-cells 

were constructed in a layer-by-layer fashion by the deposition first of a thin, Ni-YSZ anode 

functional layer (AFL) on the outer surface of the porous YSZ tubes, then a dense electrolyte, a 

second Ni-YSZ AFL, and then a porous, outer YSZ support layer, using a mixture of spray- and 

dip-coating methods. This was followed by vacuum-infiltration of a range of Ni nitrate solutions 
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into both the inner porous slip-casted YSZ tube and the outer porous YSZ layer to produce a 

high-performance cell with a uniform microstructure.  

It is shown by a combination of surface wettability studies, optical and SEM cross-sectional 

analyses, and electrochemical impedance spectroscopy (EIS) in humidified H2 environments at 

800 °C, that the nature of the infiltration solution is critical to achieving a good distribution of 

the Ni particles and a low polarization resistance. While aqueous solutions containing Triton-X-

100 surfactant wet (penetrate) the YSZ matrix very well, the Rp values are quite high, likely due 

to insufficient Ni near the current collector. In contrast, aqueous urea-containing solutions do not 

penetrate the porous YSZ structure well, but their performance is better, ascribed to the build-up 

of a Ni-rich layer near the outer anode surface. A two-step infiltration process was thus 

developed, starting with ca. 10 infiltrations with Ni nitrate solutions containing Triton-X-100, 

followed by two infiltrations with urea-containing solutions. This has led to very good cell 

performance and stability, due largely to a decrease in both the series resistance and the charge 

transfer resistance, combined with a uniform Ni distribution throughout the porous YSZ layers. 
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Chapter Five: Enhancing the stability of infiltrated Ni nanoparticles in porous YSZ 
scaffolds2 

5.1 Introduction 

Infiltration is a technique used in solid oxide fuel cell (SOFC) fabrication to form nano-sized 

particles of a catalytic phase inside a pre-sintered porous electrolyte or electrode scaffold, as was 

demonstrated in Chapter 4. However, the infiltrated particles, especially metals, are not very 

stable at typical SOFC working temperatures, resulting in a gradual loss of electrochemically 

active triple phase boundary length (TPBL). Therefore, many studies have focussed on 

understanding and overcoming the instability of infiltrated metal-based anodes at high 

temperatures. 49, 134 

Ceria and ceria-based precursors have been the most successfully co-infiltrated materials 

(along with Ni salts), lowering the rate of Ni sintering and also improving the performance of 

infiltrated Ni/yttria-stabilized zirconia (Ni/YSZ) anodes. 28, 49, 125, 134  This is primarily due to the 

high catalytic activity and the mixed ionic and electronic conducting properties of these materials 

(12). For example, Jiang et al showed a significant performance improvement using porous Ni 

anodes on a YSZ electrolyte when gadolinia doped ceria (GDC) was infiltrated, giving an 8.6 

times smaller polarisation resistance (Rp) and a 1.6 times smaller series resistance (Rs) at 900 

°C.166 

In Chapter 4, the distribution of Ni particles, infiltrated into thick, porous tubular YSZ 

scaffolds (400 µm anode support layer (ASL) thickness containing 5-6 µm dia spherical pores, 

formed using polymethylmethacrylate (PMMA) as the pore-former), as well as thinner anode 

                                                

 

2 This chapter is largely published: P. Keyvanfar, A. Hanifi, P. Sarkar, T. H. Etsell and V. Birss, “Enhancing 
the Stability of Infiltrated Ni/YSZ Anodes”, ECS Trans. 2015 Volume 68, Issue 1, 1255-1263 
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functional layers (AFL)), was optimized using a two-step aqueous-based infiltration technique. 

In this Chapter, a porous YSZ scaffold was also infiltrated using the two step infiltration method 

(two infiltrations with a Ni nitrate/Triton-X containing solution and one with Ni nitrate/urea 

containing solution), but using a three-layered tubular sample, consisting of two porous YSZ 

layers (each ca. 150 µm in thickness) separated by a thin (50 µm) dense YSZ electrolyte layer, 

with the full structure again fabricated by slip-casting at the University of Alberta. No AFL 

layers were attached to the dense YSZ tubes in the present work, as the intention was to study the 

long-term stability of only the infiltrated Ni/YSZ anode without any contribution of the pre-

sintered AFL layers. 

The main focus of this work has thus been on comparing the long-term stability of these Ni-

infiltrated anodes, all formed using the same three-layered YSZ scaffold. In the first approach, 

the effect of Ni loading on the stability was studied. In a second novel direction, a high 

temperature heat treatment (1350 °C) of the tubular samples was carried out between infiltration 

steps in order to dissolve some NiO into the YSZ scaffold phase. NiO could then ex-solute in the 

form of Ni nanoparticles in reducing atmospheres, expected to potentially stabilize the 

subsequently infiltrated Ni. Co-infiltration of ceria (before or after Ni infiltration) was also 

investigated and compared to the other Ni-infiltrated electrodes examined in this study and in the 

literature. The latter approach is also discussed in more detail in Chapter 7.  

In this chapter, it is confirmed that the amount of infiltrated Ni and the co-infiltration of 

ceria both have a substantial impact on anode stability, likely improving the electrical 

connectivity between Ni nanoparticles. It is also shown that the presence of exsoluted Ni 

nanoparticles, generated during the infiltration process, significantly enhances the anode 

performance and stability. 
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5.2 Results and Discussion 

5.2.1 General characteristics of benchmark Ni-infiltrated/YSZ anodes 

Table 5.1 shows the designated cell labels along with their Ni loading and the infiltration 

medium used in each cell preparation step. The two-step infiltration method, developed in 

Chapter 4, was employed for all of the cell infiltration work, using aqueous-based Ni nitrate 

solutions (nitrate solution containing Triton-X for the initial infiltrations and Ni nitrate solution 

containing urea in the three last infiltrations).  

 

Table 5.1 Infiltrated Ni/YSZ cells tested in this Chapter 

Cell name 
(infiltration medium) 

Catalyst loadings (± 1) 
in wt% 

Cell A (benchmark) 
(Ni infiltration - aqueous-based solution) 18 Ni 

Cell B 
(Ni infiltration - aqueous-based solution) 24 Ni 

Cell C 
(Ex-soluted Ni - aqueous-based solution) 18 Ni 

Cell D 
Ceria, then Ni infiltration - aqueous-based solution 7 CeO2 then 18 Ni 

Cell E 
(Ni, thenceria infiltration - aqueous-based solution) 18 Ni then 7 CeO2 

  

Figure 5.1 shows the typical microstructure of a benchmark 3-layer slip-casted tubular YSZ 

sample, with the two YSZ porous layers (each having a thickness of ca. 150 µm) separated by a 

50 µm dense YSZ electrolyte layer. There are two types of pores seen in the outer layers, large 

spherical pores with a diameter of 4-6 µm (consistent with the dimensions of the 

polymethylmethacrylate (PMMA)  pore-former) and also very small pores in the range of 50-100 

nm, formed during slip casting and sintering of the tubular YSZ scaffold, giving a ca. 50% 

porosity overall.40 The smaller pores, produced by the YSZ powder itself as it partially sintered, 
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are essential, as they serve to connect the large spherical pores to each other. This porous YSZ 

scaffold had more uniform pore sizes and shapes compared to the porous YSZ anodes support 

layers used in Chapter 4 (which exhibited irregular pore shapes and 1-20 µm pore sizes, with 

pores formed by a graphite pore-former, Figure 3.1). 

Figure 5.2 shows a set of open circuit impedance spectroscopy (EIS) results obtained from 

one of these Ni-infiltrated symmetrical cells (Cell A, the benchmark cell, containing 18 ± 1 wt% 

Ni, Table 3.3), tested in humidified H2 at 800 oC. This cell, with its porous YSZ structures on 

either side of the dense YSZ electrolyte (Figure 5.1), was first infiltrated with an aqueous-based 

Ni nitrate solution containing Triton-X surfactant (about 12 infiltrations), followed by infiltration 

with an aqueous-based Ni nitrate solution containing urea (last 3 infiltrations).126, 167  

 

 
 
 
 
 
 
 
 
 
 
 

 

 
 

Figure 5.1 (a) SEM cross-sectional image of symmetrical YSZ porous tube, sintered at 1350 
oC for 3 h prior to Ni nitrate solution infiltration, at 500x magnification, and (b) image of 
porous outer YSZ layer at 10000x magnification.  

 
 

There are two arcs seen in the EIS spectra (Figure 2.5), with summit frequencies of 500 Hz 

and 0.3 Hz for the high and low frequency (HF and LF, respectively) arcs, consistent with the 
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majority of the literature for Ni-YSZ electrodes.150, 154, 165 The LF arc is normally ascribed to gas 

mass transport in the pores of the anode and/or in the current collector (‘chemical conversion’ 

impedance), while the HF arc has been proposed to reflect the H2 oxidation/steam reduction 

reaction.150, 154, 165 Notably, the intermediate frequency  arc, seen in Chapter 4 for the 5 layered 

tubular cells, is not seen in the EIS analysis of the 3 layered tubular cells studied in this chapter. 

This may be due to the longer length of the tubular cells used in Chapter 4 (~ 3 cm) compared to 

the shorter (0.5 cm) tubular cells used in this chapter, as the longer tubes may add another source 

of gas diffusion limitations to the EIS spectra.   

 

 

 

 

 

 

Figure 5.2 Area-corrected EIS results obtained for a vacuum-infiltrated (15 infiltrations) 
symmetrical tubular Ni/YSZ cell (Cell A, benchmark), with the first 12 infiltrations 
involving aqueous Ni nitrate containing Triton-X, infiltrated at 90 ⁰C, and the last 3 
infiltrations involving the use of aqueous Ni nitrate containing urea (total of 18 ± 1 wt% 
Ni).  Electrochemical evaluation was carried out in a 2-electrode 4-probe mode at 800 ⁰C in 
H2/3% H2O at the OCP, where Rs is the series resistance (Ω.cm2) and Rp is the polarization 
resistance (Ω.cm2).  

 

The results in Figure 5.2 show significant performance degradation of Cell A in the first 3 

days of testing, followed by less severe degradation at longer times, as shown more clearly in 

Figure 5.3. Degradation arises from both the polarisation resistance (Rp) and the series resistance 

(Rs), with the degradation of Rp resulting primarily from an increase in the resistance associated 

with the high frequency EIS arc. As the high frequency arc normally reflects the rate of the 

Cell A 
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electrochemical reaction, this performance loss likely arises from the sintering of the nano-sized 

Ni particles (Figure 5.4) and thus a loss of triple phase boundary length (TPBL).126 Furthermore, 

sintering of the nano-sized Ni particles would also lead to loss of particle interconnectivity with 

time at working temperatures. The degradation of Rs may also be due to disconnection of 

electrical conduction pathways through the anode because of Ni particle sintering, as the 

ionically conducting phase, YSZ, should remain fully stable during testing. Another reason for 

the increase in Rs with time may be the sintering of the current collector (Ni paste). Similar to the 

infiltrated Ni, Ni paste may dewet the YSZ scaffold surface at operating temperatures. 

       

 
 

 
 
 
 
 
 
 
 
 

 

Figure 5.3- Effect of time on Rp and Rs of symmetrical tubular Cell A (Figure 5.2), 
infiltrated with an aqueous-based Ni nitrate solution containing Triton-X (first 12 
infiltrations) and then an aqueous-based Ni nitrate solution containing urea (last 3 
infiltrations).  The cell was operated at 800 °C in H2/3% H2O at the OCP, using a 2-
electrode 4-probe test.   

 

As the size of the infiltrated Ni particles formed here is typically in the nanometer range (8, 

16), the determination of their exact size and shape while they are inside the porous YSZ 

scaffold structure is quite challenging. Furthermore, as the infiltrated Ni particles are the only 

phase that can be affected by the operating conditions used in this study, such as temperature and 

time (as the YSZ scaffold was pre-sintered), changes in the Ni morphology were tracked in a 
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more straightforward way using a YSZ disc substrate. In this approach, a droplet (~ 15 mg) of 

the infiltration solution (containing Triton-X) was deposited on a dense polished YSZ disk and 

then reduced or heat-treated under the same conditions as used for the actual cells and then 

examined by SEM imaging.  

Figure 5.4 shows the SEM image of one of these samples after drying and reduction for 2 h 

(Figure 5.4a) and then after 5 days (Figure 5.4b) at 800 °C. It can be seen that the Ni particle size 

has increased from 10-100 nm to 50-200 nm after only 5 days in H2 at 800 °C. This confirms that 

a loss in the TPBL is likely the main degradation mechanism, explaining the EIS results for Cell 

A (Figure 5.2). Similar results were published by Singh et al., who showed significant growth of 

infiltrated Ni particles in a Ni/YSZ anode after only 10 h of reduction at 800 °C.168 

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.4 Top view of SEM images of dense YSZ disc surface after deposition of one 
droplet of aqueous-based Ni nitrate solution containing Triton-X, drying at 100 oC and 
then at 310 oC in air, and reduction in H2/3% H2O at 800 oC for (a) 2 h and (b) 5 days.  
 

It has been reported by others that the Ni loading,125, 134 as well as the infiltration of a second 

ceramic phase,134, 147 can have a significant influence on the stability of infiltrated Ni/YSZ 

anodes. Here, the effect of these two approaches on the long-term stability of infiltrated Ni/YSZ 

anodes was examined, while using the same YSZ scaffold (with spherical pores with 5-6 µm dia, 

After reducing 
at 800 oC for 2 
h 

a 

After reducing 
at 800 oC for 5 
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using PMMA pore-former).  In addition to these approaches, a new direction involving the ex-

solution of Ni has also been investigated in this study, then determining which of these 

approaches is most effective in inhibiting structural and performance degradation (Figures 5.2 

and 5.4) using our two-step Ni infiltration method.  

Compared to the 5-layered tubular cells examined in Chapter 4 (infiltrated with aqueous Ni 

nitrate solutions, Figures 4.8 and 4.9), Cell A (Figure 5.2) shows a notably higher degradation 

rate. This is likely related to the presence of the pre-sintered AFL layers in the 5 layered tubes, 

the region in which the majority of the electrochemistry occurs, even though the AFL layers 

were quite thin (3-5 µm).  These AFL regions, formed using conventional methods and Ni 

particle sizes, are not expected to degrade very rapidly.  In contrast, in the case of the 3 layered 

cells, which do not have any AFLs, the electrochemistry occurs completely within the Ni-

infiltrated support layers. As these are known to degrade as a result of the growth and 

disconnection of the Ni nanoparticles from each other with time,  the overall anode degradation 

rate of the 3-layered cell (this chapter) is higher  than observed for the 5-layered cells (examined 

in Chapter 4). 

In comparison, Rs and Rp of Cell A increased by 3.3 and 12 times, respectively, in the same 

period of time. The reason for the significantly lower degradation rates of the cells tested in 

Chapter 4 (Figures 4.8 and 4.9) may be due to the fact that they also contained two pre-sintered, 

sprayed Ni/YSZ (50:50 wt%) anode functional layers (AFL, 5 µm thickness) beneath the thick 

(500 µm) YSZ-based support layer, while Cell A did not.  In fact, the infiltrated anode layers in 

the cells tested in Chapter 4 served as the support layer for the cell, likely serving mainly as 

current collecting layers. 
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5.2.2 Effect of amount of infiltrated Ni on the stability of Ni/YSZ anodes  

Figure 5.5a shows the EIS spectra obtained for the Ni-infiltrated symmetrical Cell B (Table 

3.3) containing 24 ± 1 wt% Ni (about 30 % more than used in Cell A, studied in Figure 5.2, 

which contained 18 ± 1 wt% Ni). While both Rs and the resistance associated with the high 

frequency arc are still seen to increase with time, the higher Ni loading in Cell B has lowered the 

degradation rate (by ca. 6 times) and has also improved the performance (ca. 50% smaller Rp 

than Cell A).  This is likely due to better inter-connectivity between the Ni particles at higher Ni 

loadings, as shown in the SEM images and Ni elemental maps of Cell B in Figure 5.6. Notably, 

the low frequency resistance does not change much with time.  This is presumed to indicate that 

the YSZ scaffold microstructure, which controls gas diffusion rates, remains unchanged with 

time at these cell operation temperatures.  

      

          
 
 

 
 
 
 
 

 

 
 

 
 

Figure 5.5 (a) Area-corrected EIS results obtained for a vacuum-infiltrated (total of 25 
infiltrations) symmetrical, tubular Ni/YSZ Cell B (Table 3.1), with the first 21 infiltrations 
done with aqueous Ni nitrate containing Triton-X and the last 4 infiltrations with aqueous 
Ni nitrate containing urea (total of 24 ± 1 wt% Ni), and (b) changes in the high and low 
frequency resistances after 1, 3 and 7 days for Cell B. The electrochemical tests were 
carried out in the 2-electrode 4-probe mode at 800 °C in H2/3% H2O at the OCP, where Rs 
is the series resistance (Ω.cm2) and Rp is the polarization resistance (Ω.cm2). 

Cell B 
a 

b 
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The series resistance (Rs) of Cell B (Rs ≈ 0.4 Ω.cm2 at 800 °C) was compared with some of 

the Rs values of infiltrated Ni/YSZ-based cells reported in the literature. Buyukaksoy et al 

showed a series resistance of  ~ 0.4 Ω.cm2 for an infiltrated Ni/YSZ symmetrical cell (disks) with 

a 170 µm electrolyte thichness and two 10 µm thick porous anode layers (tested at 800 °C).145 

Cell B had a thinner electrolyte layer (~ 50 µm thickness) than the cell tested by Buyukaksoy et 

al. However, Cell B was constructed from thicker porous electrode layers (400-500 µm 

thichness), possiblly explaining the very similar Rs values observed for both cells.   

 
   
 
   

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 5.6 Top view SEM images (a and b) and cross-sectional WDX Ni elemental (bright 
spots = Ni) maps (c and d) of tubular Cells A (a and c, 18 ± 1 wt% Ni) and B (b and d, 24 ± 
1 wt% Ni), infiltrated with aqueous Ni nitrate solutions (two step infiltration) and reduced 
at 800 °C for 5 days.   
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Table 5.2 shows a comparison between all of the infiltrated Ni/YSZ cells tested in this 

Chapter in terms of their Rs and Rp values (on day 1 and day 7) and their degradation rates in 7 

days of testing at 800 °C in H2/3%H2O at the OCP. Cell B, containing 24 ± 1 wt% Ni, showed a 

ca. 10 times more stable Rp than Cell A (containing 18 ± 1 wt% Ni) at 800 oC (Table 5.2), 

although Rs exhibits a similar degradation rate, even at high Ni loadings. The degradation of Rs 

may be due to the sintering of the Ni paste current collector with time, therefore causing a loss of 

contact to the electrodes. It can be seen in Table 5.2 that the series and polarization resistances of 

Cell B (Figure 5.5, Table 5.2) increase at a similar rate, whereas the polarisation resistance of 

Cell A (Figure 5.2) degraded at a higher rate than its series resistance. These results indicate that 

a higher Ni content likely helps to maintain the active TPBL of the Ni particles on the YSZ 

surface, the region where the electrochemical reaction takes place. 

It can also be seen in Figure 5.6a that, after 5 days in H2 at 800 °C, the Ni particles in Cell A 

(Table 5.2) are generally isolated from each other, while in Cell B (Figure 5.6b), the particles are 

still well-interconnected. Furthermore, Figure 5.6c (Cell A, Table 5.2) shows an uneven Ni 

distribution, especially in the regions close to the electrolyte, although in Figure 5.6d (Cell B), 

there is a noticeably better Ni distribution seen throughout the porous YSZ scaffold. 
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Table 5.2 Comparison of stability of Ni-infiltrated cellsǂ 

Cell nameǂǂ 

Catalyst 
loading in 

wt% (± 1 %) 
 

Rs1
* 

(Ωcm2) 
Rp1

** 
(Ωcm2) 

Rs7
* 

(Ωcm2) 
Rp7

** 
(Ωcm2) 

R7/R1
ǂǂ 

Rs7/Rs1 Rp7/Rp1 

Cell A 
(benchmark) 18 Ni 0.6 2.6 2 32 3.3 12 

Cell B 24 Ni 0.4 1.2 1.7 2.7 4.2 2.2 

Cell C 18 Ni (Ex-
soluted Ni) 1.9 0.2 3.9 0.6 2 3 

Cell D 7 CeO2 then 
18 Ni 0.5 1.2 0.9 1.2 2.2 1 

Cell E 18 Ni then 7 
CeO2 0.5 1 0.7 0.9 1.4 1 

ǂ Electrochemical evaluation was carried out in a 2-electrode 4-probe mode at 800 ⁰C in H2/3% H2O 
at the OCP.  
ǂǂ two-step infiltration was used 
*Rs1 and Rs7 are series resistances after day 1 and day 7, respectively. 
**Rp1 and Rp7 are polarization resistances after day 1 and day 7, respectively. 
ǂǂǂ The degradation rate was calculated from the ratio between R (Rs or Rp) after 1 day and R (Rs or 
Rp) after 7 days of electrochemical testing. 

 

It appears that, in order to fabricate a stable and well-distributed Ni-infiltrated anode, higher 

Ni loadings (up to 25 wt% Ni, which is still lower than conventional Ni/YSZ anodes containing 

50 wt% Ni) are needed. In anodes with lower Ni loadings, the Ni particles tend to rapidly sinter 

and become isolated from each other at SOFC working temperatures. One of the goals of using 

the infiltration technique to produce Ni/YSZ anodes is to improve their redox stability by 

lowering the Ni content and maintaining more empty pore space to allow for expansion during 

NiO formation.12 As the Ni loading has been shown here to influence cell stability, it is clear that 

the amount of infiltrated Ni will need optimization to ensure both good performance and long-

term stability.  In terms of the stability of infiltrated Ni/YSZ anodes, other factors, such as the 

nature of the porous YSZ scaffold microstructure and its thickness, as well as the wetting 

properties of the infiltration solution, likely also play a key role.   
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5.2.3 Effect of ex-soluted Ni on the stability of subsequently infiltrated Ni-YSZ anodes 

Recently, Neagu et al reported the in-situ growth of Ni nanoparticles from an initially A-

site-deficient La0.52Sr0.28Ni0.06Ti0.94O3 perovskite after reduction at 930 °C in 5% H2/Ar.95 It was 

also seen that coarsening or clustering of these ex-soluted nanoparticles at operating 

temperatures is less severe compared to wet impregnated nanoparticles, mostly because of the 

strong interaction between the nanoparticles and the perovskite surface.95, 96 These published 

results were the motivation behind the present work, involving the ex-solution of Ni 

nanoparticles from a YSZ scaffold, then determining their effect on the anode stability in the 

present work. YSZ has the ability to dissolve a certain amount of NiO in air (with a solubility 

limit of ca. 2 mol% at 1600 oC), while in reducing atmospheres, Ni has no measurable solubility 

in YSZ.169 Thus, the dissolved NiO is expected to ex-solute from the YSZ scaffold in the form of 

Ni nanoparticles, as can also be seen in the schematics shown in Figure 5.7. 

 

 

 

 

 

 

 

 

 

Figure 5.7 Schematic image of the formation of exsolved Ni particles on the surface of the 
YSZ scaffold in three steps: (a) infiltration of YSZ scaffold with Ni nitrate solution, (b) 
heat-treatment of the sample at high temperature to dissolve some of the infiltrated Ni 
phase into the YSZ scaffold, and (b) exsolution of Ni phase in the form of Ni nanoparticles 
on the surface of the YSZ scaffold under reducing atmospheres. 

b c 
a 
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For this purpose, the porous YSZ scaffold was first infiltrated (3 infiltrations, 9 ± 1 wt% Ni) 

using the same aqueous Ni nitrate solutions as used in the early infiltrations of Cells A and B (Ni 

nitrate solution containing Triton-X, Table 5.1) and was then heat treated at 1350 oC for 3 h in air 

in order to convert the Ni nitrate to NiO and also to dissolve some of the infiltrated NiO into 

YSZ at this temperature. After heat treatment, the remaining infiltrations were carried out using 

the same procedure as used for Cell A (two step infiltration, involving Triton-X in the early 

infiltrations and urea in the latter ones, Table 5.1) until an 18 ± 1 wt% Ni weight gain was 

obtained. Heat treatment at 1350 °C was not done after infiltration was complete, as this could 

have caused all of the infiltrated Ni nanoparticles to agglomerate and thus would have decreased 

the extent of particle inter-connectivity.  

Figure 5.8a shows the OCP EIS results for Cell C (Table 5.1) in humidified H2, first 

infiltrated with Ni nitrate solution containing Triton-X (3 infiltrations, 9 ± 1 wt% Ni), followed 

by heat treatment at 1350 oC, and then infiltrated again (12 infiltrations) with the Ni nitrate 

solutions (two step infiltration starting with 10 infiltrations with the Ni nitrate solution 

containing Triton-X and the last 2 infiltrations with the Ni nitrate solution containing urea). This 

anode (Cell C) showed a very low polarisation resistance in the first day of testing (Figure 5.8a), 

although the series resistance was still relatively high (Table 5.2). It can be seen from Figure 

5.8b that the high frequency resistance increases with time, while the low frequency resistance is 

relatively stable, similar to what was seen in Figure 5.5 for Cell B.  This degradation (Rs 

increased by 2 times and Rp increased by 3 times, Table 5.2) may have resulted from the 

sintering of the NiO nanoparticles at 1350 °C prior to reduction in H2, producing relatively large 

and isolated NiO particles (and forming Ni after reduction in H2).  
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Figure 5.8 (a) Area-corrected EIS results obtained for a vacuum-infiltrated symmetrical 
tubular Ni/YSZ cell (Cell C, Table 5.1). After the first 3 infiltrations, the cell was heat-
treated at 1350 oC for 3 h in air and then the remaining infiltrations (total of 18 ± 1 wt% 
Ni) were done using the same conditions as for the first three cells and (b) changes in the 
high and low frequency resistances after 1, 3 and 7 days for Cell C. The electrochemical 
tests were carried out in the 2-electrode 4-probe mode at 800 °C in H2/3% H2O at the OCP, 
where Rs is the series resistance (Ω.cm2) and Rp is the polarization resistance (Ω.cm2).   

 
In order to better understand the behavior of the ex-soluted Ni particles, SEM investigations 

were carried out. A droplet of the Ni nitrate solution was thus deposited on a dense YSZ disk to 

facilitate the imaging, heat treated at 1350 °C for 3 h (Figure 5.9a) and then reduced at 800 °C in 

H2, first for 2 h (Figure 5.9b) and then reduced further for 2 days (Figure 5.9c). In Figure 5.8a, 

large NiO particles (ca. 200-1000 nm in diameter) can be seen as a result of the high temperature 

heat treatment.  
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Figure 5.9 SEM images of dense YSZ disc surfaces after the deposition of one droplet of an 
aqueous Ni nitrate solution containing Triton-X, drying at 100 oC, and then heat-treatment 
at 300 oC, followed by (a) heat treatment at 1350 oC for 3 h in air, (b) heat treatment at 
1350 oC for 3 h in air and then reduction at 800 oC for 2 h, and (c) heat treatment at 1350 
oC for 3 h in air and then reduction in H2 at 800 oC for 2 days.  

  
Figure 5.9b shows an image of a dense YSZ disk after the deposition of a droplet of the Ni 

nitrate solution on the disk surface and reduction at 800 °C in H2 for 2 h. It can be seen that the 

large NiO particles have been converted to metallic Ni particles (confirmed by energy-dispersive 

X-ray spectroscopy (EDX)) ca. 200-1000 nm in diameter, leaving a depression beneath each 

particle due to the loss of volume when NiO was transformed to Ni. The depression may also 

have occurred during heat treatment at 1350 °C (before exposure to H2). As YSZ has a lower 

surface energy than NiO at high temperatures, to decrease the total surface energy of the system, 

YSZ may diffuse on to the NiO surface during the high temperature heat treatment.170, 171 The 

depression will then form after NiO is transformed to Ni.172 173 
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Figures 5.9b and 5.9c also show very small ex-soluted Ni particles around each larger Ni 

particle at the edges of the depression that is present beneath the Ni particles after 2 h and 48 h of 

reduction, respectively. The size of the ex-soluted Ni particles in Figure 5.9 is in the range of 5-

10 nm, similar to what was seen when Ni was ex-soluted from non-stoichiometric 

La0.52Sr0.28Ni0.06Ti0.94O3 after reduction at 930 °C 95 or from Ni-substituted LSCM-based 

compounds (La0.75Sr0.25Cr0.5Mn0.5 − xNixO3 – δ) after reduction at 800 °C for 12 h.174 The particle 

size is also comparable to the 25 nm Fe nanoparticles reported by Sun et al, ex-soluted from an 

A-site deficient chromite perovskite (La0.6Sr0.3Cr0.85Fe0.15O3-x) after reduction in 5% H2–N2 at 

800 °C for 4 h.96 

The presence of these nano-sized Ni particles (Figure 5.9c) may be one explanation for the 

very low polarisation resistance and also lower degradation rate of Cell C (Table 5.1), as this cell 

showed a ca. 4 times and ca. 2 times lower degradation rate of Rp and Rs, respectively (Rp7/Rp1 

and Rs1/Rs7) than Cell A (Table 5.1). In fact, Cell C showed a degradation rate similar to Cell B, 

although the Ni content of Cell C (18 ± 1 wt%) was much lower than Cell B (24 ± 1 wt%). More 

importantly, Cell C presented a ca. 6 times smaller Rp than Cell B (Table 5.2).  This is similar to 

what has been seen in parallel work in our group when Ni was ex-soluted from BZCY-Ni 

(BaZr0.1Ce0.7Y0.1Ni0.1O(3−δ)), giving much lower Rp values than before.89 However, as these small 

Ni particles seem to have nucleated only in some locations on the YSZ backbone (near the larger 

Ni particles), the interconnectivity between each nano-sized Ni particle is likely gradually lost 

(Figures. 5.9b and 5.9c show that they also grow in size with time), resulting in a lack of stability 

of this cell as well (Table 5.2).  
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5.2.4 Effect of pre - or post-infiltration of ceria precursor on stability of Ni-infiltrated anodes 

Ceria is a good electronic and ionic conductor (in H2) and also has good catalytic activity for 

the hydrogen oxidation/steam reduction reaction.49, 89 It was shown previously that adding ceria-

based phases into Ni/YSZ anodes improves their performance and stability.49, 175, 176 For instance, 

Qiao et al reported the performance of a series of impregnated CeO2-Ni/YSZ anodes, using a 

mixture of Ni and ceria nitrate solutions, where the weight ratio of CeO2:Ni varied between 0 

and 1. They showed that the best performance (the lowest Rp) was seen for cells with a CeO2:Ni 

weight ratio of 0.2-0.4.49 Almar et al also reported no degradation in the area specific resistance 

(ASR) for 200 h in humidified 5% H2 at 800 °C for Ni-GDC mesoporous composite anodes 

fabricated by replication of a mesoporous NiO structure (formed by using a hard silica template) 

and then infiltration of a GDC precursor into the NiO.175 

Figure 5.10a shows the EIS results from the CeO2/Ni/YSZ electrodes with the same three-

layered YSZ scaffold as in Cells A-C (Cell D, with Ce nitrate infiltration before Ni nitrate 

infiltration, Table 5.1) at 800 °C in H2/3% H2O at the OCP. Compared to Cell A (Ni infiltration 

only, Figure 5.2), Cell D shows better performance and also much better stability with time. This 

cell displayed almost no degradation of Rp (Rp7/Rp1 = 1, Table 5.1), although Rs increased at the 

same rate as for Cell B (Rs degradation ratio of 2.2, Table 5.2).  

In order to determine if the sequence of ceria infiltration (before or after Ni) had any 

influence on the performance of these anodes, Cell E (Table 5.1) was infiltrated with Ni nitrate 

first (18 ± 1 wt% Ni) and then with Ce nitrate (last 4 infiltrations, 7 ± 1 wt% CeO2). Figure 5.10c 

shows that the sequence of ceria and Ni infiltration has only a minor effect on the performance, 

with Cell E (Ce nitrate infiltration after Ni) giving slightly smaller Rp and Rs values (Table 5.1). 

In terms of the total degradation rate after 7 days, Cell E is also slightly more stable (Rs 

degradation ratio of 1.4 and Rp degradation ratio of 1, Table 5.2). Similar to Cells B and C 
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(Figures 5.5 and 5.7, Table 5.1), the high frequency resistance is the main contributor to cell 

degradation (Figures 5.10b and 5.10d). Of all of the cells investigated in this work, these two 

cells (Cells D and E) showed the most stable long-term performance (Table 5.2).  

 

          

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 5.10 Area-corrected EIS results obtained from a vacuum-infiltrated symmetrical 
tubular Ni/YSZ cell, (a) Cell D, with Ce nitrate infiltration (total of 7 ± 1 wt% CeO2) before 
Ni nitrate infiltration (total of 18 ± 1 wt% Ni), (b) changes in high and low frequency 
resistances after 1, 3 and 7 days for Cell D,  (c) Cell E, with Ni nitrate infiltration (total of 
18 ± 1 wt% Ni) before Ce nitrate infiltration (total of 7 ± 1 wt% CeO2) and (d) changes in 
high and low frequency resistances after 1, 3 and 7 days for Cell E. The electrochemical 
evaluation was carried out in a 2-electrode 4-probe mode at 800 ⁰C in H2/3% H2O at OCP, 
where Rs is the series resistance (Ω.cm2) and Rp is the polarization resistance (Ω.cm2).  

 

It is clear that the infiltration of Ce nitrate, before or after Ni nitrate infiltration, has 

significantly improved the long-term stability of the Ni/YSZ anode, while also exhibiting good 

activity. This is likely as ceria itself is a good catalyst for the hydrogen oxidation reaction and is 

also a good electronic and ionic conductor, thus helping to interconnect the Ni particles, as 

reported previously by others.49, 134 The degradation of Rs seen for Cells D and E (Figure 5.10a 
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and 5.10c) may then be due to changes in the Ni paste current collector, as the paste can sinter at 

high temperatures and negatively affect Rs. 

Figure 5.11 shows several SEM images of Cells D and E (CeO2/Ni/YSZ cells, Table 5.1) 

after 2 h (Figures 5.11a and 5.11c) and after 5 days (Figures 5.11b and 5.11d) at 800 °C in 

H2/3% H2O. It is clear that ceria is present in the form of very small particles in the range of 50-

100 nm in size, uniformly covering the YSZ scaffold surface (in Cell D, Fig. 5.11a) and the Ni 

particles (in Cell E, Figure 510c), similar to what has been reported previously.138, 166, 177 

 

 

  

        

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.11  SEM images of Cell D (a and b) with Ce nitrate infiltration (total of 7 ± 1 wt% 
CeO2) before Ni nitrate infiltration (total of 18 ± 1 wt% Ni) after (a) 2 h and (b) 5 days of 
reduction at 800 °C in H2/3% H2O and  Cell E (c and d) with Ni nitrate infiltration (total of 
18 ± 1 wt% Ni) before Ce nitrate infiltration (total of 7 ± 1 wt% CeO2) after (c) 2 h and (d) 
5 days reduction at 800 °C in H2/3% H2O.  

 
It seems that the ceria particles (Figure 5.11) do not agglomerate significantly, even after 5 

days at high temperatures, as reported elsewhere as well.175 Thus, the Ni particles remain 
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electrically connected to each other through the ceria phase beneath them, even after 5 days at 

high temperatures. The smaller Rp for Cell E (Ce nitrate infiltration after Ni, Table 5.2) is due to 

the smaller high frequency resistance of this cell compared to Cell D (ceria infiltration before Ni, 

Figures. 5.10b and 5.10d). This can be explained by the SEM images, as the ceria phase in Cell E 

(ceria infiltration after Ni, Figures 5.11c and 5.11d) is in the form of small particles on the Ni 

particle surfaces. This can extend the TPBL of Cell D slightly more than Cell E (ceria infiltration 

before Ni, Figures 5.11a and 5.11b), in which there is a continuous ceria phase beneath the Ni 

particles. Wavelength-dispersive X-ray spectroscopy (WDS) elemental maps of Cell E (Figures 

5.12a and 5.12b) also show that the ceria and Ni phases are distributed uniformly throughout the 

thickness of the anode.  

 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.12- Cross-sectional WDS elemental maps (black region = YSZ) for (a) Ce (bright 
spots) and (b) Ni (bright spots) in Cell E with Ni nitrate infiltration (total of 18 ± 1 wt% Ni) 
before Ce nitrate infiltration (total of 7 ± 1 wt% CeO2) and then after 5 days of testing at 
800 °C. 

 
5.2.5 Overall comparison between the cells tested in this Chapter 

Figure 5.13 shows the % increase of the high and low frequency resistances (RHF and RLF, 

respectively) for all of the cells tested over 7 days at 800 °C in H2/3%H2O at the OCP in this 

chapter. Cell C (ex-soluted Ni) shows the smallest RHF value (Figure 13a) on day 1 and Cell B 
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(higher Ni loading) shows the largest value. As explained before, the small RHF value of Cell C 

may be due to the extension of the TPBL of this cell as a result of the formation of many small 

ex-soluted Ni nanoparticles, although the ex-soluted nanoparticles also sinter with time at 

operating temperatures and cause the cell to degrade. Cells D and E (ceria co-infiltrated) show 

RHF values comparable to those for Cell C, even though they remain more stable after 7 days, 

explained previously to be due to the better interconnectivity of the Ni particles through the 

electronically conducting ceria phase. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 5.13 Comparison of the changes in (a) the high and (b) low frequency resistances 
(RHF and RLF, respectively) after 1, 3 and 7 days of testing at 800 °C in H2/3%H2O at the 
OCP for Cells B, C, D and E (Table 5.1).  

 

a 
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On the other hand, the RLF values of Cells B, D and E are quite similar (due to the similar 

and stable YSZ scaffold microstructures) and are also relatively stable, although Cells D and E 

exhibited slightly larger RLF values than Cell B (Figure 5.13b). This may be due to the fact that 

ceria infiltration in Cells D and E may block some of the very small pores in the YSZ scaffold 

(Figure 5.1b), thus making gas transport more difficult. Cell C showed the smallest RLF among 

the cells, possibly due to the presence of better electron conduction pathways throughout the 

anode, formed by the ex-soluted Ni nanoparticles. Overall, the infiltration of a second phase 

(such as GDC or YSZ) to the Ni-based solution appears to be the best way to improve infiltrated 

Ni/YSZ anode stability.  This approach does not require any high temperature heat-treatment 

steps.  Furthermore, lower Ni loadings can also then be used, thus improving anode redox 

stability at the same time.  

 

5.3  Summary  

The overall goal of this Chapter has been to investigate the long-term stability of several Ni-

infiltrated,  symmetrical, slip-casted,  3-layered, tubular YSZ-based cells. These cells all 

contained two porous infiltrated Ni/YSZ electrodes (150 µm thickness, 5-6 µm dia. spherical 

pores) separated by a dense YSZ electrolyte (50 µm thickness), studied at 800 °C and in a 

reducing atmosphere.   

It was shown by electrochemical impedance spectroscopy (EIS) that increasing the Ni 

loading from 18 wt% to 24 wt% (two step infiltration with aqueous Ni nitrate solutions) resulted 

in a ca. 10 times lower degradation of the polarization resistance (Rp) of the cell after 7 days at 

800 °C. This was suggested to arise from the improved connectivity between the larger number 

of Ni particles, thus maintaining the triple phase boundary length.  
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Other cells were infiltrated using a Ni nitrate solution containing Triton-X (3 infiltrations, 

giving ca. 9 wt% Ni) but were then heat treated at 1350 oC for 3 h (in air) in order to dissolve 

some of the infiltrated NiO into the YSZ lattice, followed by further Ni infiltration steps until a 

18 ± 1 wt% Ni weight gain (after reduction) was obtained.  After reduction at 800 oC in H2/3% 

H2O, the dissolved NiO was ex-soluted on the YSZ surfaces in the form of nano-sized Ni 

particles, as confirmed by SEM imaging. EIS analysis of this cell showed very good performance 

in terms of Rp in the first day of testing. Also, the stability of the cell was significantly improved, 

showing 1.5 and 4 times more stability of Rs and Rp, respectively, than seen for the cell 

infiltrated only with Ni (benchmark cell, 18 ± 1 wt% Ni).   

Ceria co-infiltration (after or before Ni infiltration) was also employed in order to improve 

the long-term stability of Ni/YSZ anodes.  Notably, the sequence of ceria infiltration (either after 

or before Ni infiltration) had essentially no effect on the performance and stability of the 

CeO2/Ni/YSZ electrodes.  

Overall, of all of the cells tested, the cell that was infiltrated with ceria (7 ± 1 wt% CeO2) 

and Ni (18 ± 1 wt% Ni), in either sequence, showed the best stability over 7 days of testing (ca. 2 

times increase in Rs and no increase in Rp). However, degradation of Rs was seen for all of the 

cells, possibly as the Ni paste current collectors sintered at high temperatures. 

   

 
 
 
 



87 

Chapter Six: Effect of YSZ scaffold microstructure on the performance and stability of Ni 
infiltrated SOFC anodes 

6.1 Introduction 

In Chapter 4, the beneficial effects of the use of a two-step infiltration method on the 

distribution of Ni particles within infiltrated Ni-YSZ (yttria stabilized zirconia) composite 

anodes (within 5 layer tubular cells) was studied. Using  this approach, the effect of Ni loading, 

ex-soluted Ni nanoparticles, and the infiltration of cerium nitrate, before and after Ni nitrate 

infiltration, on the activity and long-term stability of infiltrated Ni/YSZ anodes was investigated. 

As a key anode characterstic, the microstructure of the scaffold used for infiltration  is another 

critical factor that must be optimized in the anode fabrication process. This includes pore 

volume, pore shape, tortuosity, and the YSZ particle size, as these factors can all affect the anode 

in terms of electronic and ionic conductivity and also the active triple phase boundary length 

(TPBL). The interconnectivity of the pores also plays a key role, especially in terms of the 

penetration of the infiltration solution through the porous scaffold and the distribution of the Ni 

particles after reduction. For this reason, Chapter 6 is focused on the effect of the microstructure 

of the porous YSZ scaffold on the open-circuit performance and long-term stability of infiltrated 

Ni/YSZ anodes. 

Previously, Buyukaksoy et al. studied the effect of two porous YSZ scaffold 

microstructures, having various pore sizes and shapes, on the long-term performance of 

infiltrated Ni/YSZ anodes, formed using an ethylene glycol-based Ni nitrate solution.145 They 

reported that, after Ni infiltration (20 vol%), the YSZ scaffolds with the smaller pores (in the 

range of 200 nm) showed more stable performance than YSZ scaffolds with larger pores (4-5 

µm).  However, only two different pore size ranges were examined in this prior work (200 nm 

and 5 µm) and the YSZ scaffolds were only ca. 10 um in thickness. 
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In the present work, symmetrical YSZ disks (planar geometry) with various YSZ porous 

layer microstructures (formed by using different pore-formers and YSZ powders) were employed 

to show the effect of the porous YSZ scaffold microstructure on the long-term stability of the 

infiltrated Ni/YSZ anodes. The work shown in this Chapter is unique as it has employed four 

porous YSZ scaffolds with controlled porosity and pore shape, interconnectivity, and size, all in 

a single study.  These scaffolds were all identically infiltrated with Ni and then evaluated for 

their long-term stability in humidified H2.   

As the choices of pore-formers and YSZ powders are limited when using the slip-casting 

technique, the 5 or 3-layered tubular samples (used in Chapters 4 and 5, respectively) could not 

have been easily used in this work. It should also be noted that the  porous YSZ layers examined 

in this chapter were thinner (40 µm) than the slip-casted YSZ scaffolds (400 µm) used in 

Chapters 4 and 5. Four types of porous YSZ scaffolds, having variable pore shape, size and pore 

interconnectivity, were produced by spraying slurries, each containing YSZ powder, a binder, a 

stabilizer, ethanol and a pore-former (carbon black, poly-methylmethacrylate (PMMA), paper 

fiber, or no pore former), onto both sides of the dense YSZ discs.  

After sintering, the YSZ scaffolds were infiltrated using aqueous-based Ni nitrate solutions 

(using the two-step infiltration method developed in Chapter 4), with a summary of the 

cells/slurries used in this chapter shown in Table 6.1 (a more detailed description is given in 

Section 3.1.2).  Electrochemical impedance spectroscopy (EIS) was used to evaluate the open-

circuit performance and long-term stability of the anodes, especially the effect of the porous YSZ 

scaffold properties on the degradation of the high and low frequency arcs in the EIS spectra. 

Scanning electron microscopy (SEM) was also used in order to track the properties of the 

infiltrated Ni particles before and after electrochemical evaluations.   
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It is shown here that infiltrated Ni particles grow more rapidly and thus become larger when 

located inside porous YSZ scaffolds that contain larger pores. This results in a higher rate of 

degradation for these anodes than seen for the Ni/YSZ anodes containing smaller pores.  

 

6.2 Results and Discussion 

6.2.1 Microstructure of porous YSZ scaffolds 

Four porous YSZ scaffolds with various pore shapes, sizes and interconnectivity were 

fabricated in order to study the effect of the YSZ porous microstructure on the long-term stability 

of infiltrated Ni/YSZ anodes. Table 6.1 shows the slurry used for fabrication of the porous YSZ  

scaffolds with the designated lable for each of them. 

Figure 6.1 shows the scanning electron microscopy (SEM) images of the various porous 

YSZ layers, all spray-deposited on dense YSZ discs. It can be seen that the thickness of the 

layers is in the range of 30-40 µm and that the pore sizes within the YSZ layers range from 50 

nm to 10 µm, with the pore shapes including regular spheres, fiber-like pores, and irregular pores 

(Table 3.1). 

For the porous YSZ layer made with slurry #1 (Table 6.1, using carbon black as the pore 

former (Figure 6.1a)), there are two types of pores seen, one produced by the YSZ powder 

(Tosoh TZ-8YS) itself as it partially sintered at 1200 °C, mostly in the range of 100-200 nm, and 

the other produced from the carbon black powder, being in the range of 200-1000 nm. The initial 

carbon black (CB) particle size was about 50 nm, although the CB particles typically formed 

agglomerates, being larger than their initial size.178 
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Table 6.1 Designated cell lables with their porous layer characteristics  

Cell name 
Pore-

former 
used (size) 

Slurry 
composition¥ 

Ni  
(± 1 wt%) Pore shape (size)¥ ¥ 

CB-22 

carbon-
black  

(0.05-0.2 
µm) 

(#1)  
 Carbon-black: 

(0.1 g) 
 YSZ: (2.03) 

22  
Irregular (200-300 nm) 

and 
irregular (200-1000 nm) 

PM-22 PMMA  
(5 µm) 

(#2)  
 PMMA (0.25 g) 
 YSZ (1.85) 

22  
Irregular (100-200 nm) 

and 
spherical (4-6 µm) 

PF-22 
paper fiber  
(1-10 µm) 

 

(#3)  
 paper fiber (0.18 

g) 
 YSZ (1.92 g) 

22  

Irregular (100-200 nm), 
long fiber-like (10-20 µm 

length and 1-2 µm thickness) 
and 

short fiber-like pores (4-6 µm 
length and 3-4 µm in thickness) 

NP-22 
without 
pore-

former  

(#4) 
 YSZ* (2.1 g) 22  Irregular (300 nm to 3 µm) 

CB-29 

carbon-
black 

(0.05-0.2 
µm)  

(#1)  
 Carbon-black: 

(0.1 g) 
  YSZ: (2.03) 

29  
Irregular (100-200 nm) 

and 
irregular (200-1000 nm) 

PM-29 PMMA 
(5 µm)  

(#2) 
 PMMA (0.25 g) 
 YSZ (1.85) 

29  
Irregular (100-200 nm) 

and 
spherical (5-6 µm) 

¥ All of the slurries contain 15 ml of ethanol, 0.021 g of ethyl cellulose and 0.06 g of polyvinyl butyral 
¥ ¥ All of the YSZ porous layers had a 45-55% porosity before infiltration 
* Calcined YSZ powder 

 

Figure 6.1b shows the microstructure of the porous YSZ layer formed using slurry #2 (Table 

6.1), containing YSZ and polymethylmethacrylate (PMMA) beads as the pore former. Similar to 

what is shown in Figure 6.1a, there are two types of pores seen, one (irregular shape) generated 

by the YSZ powder (Tosoh TZ-8Y) and the other (spherical shape) formed by the PMMA beads, 

being in the range of 4-6 µm (the PMMA spheres were 5-6 µm in diameter). This microstructure 

is similar to that of the tubular porous YSZ scaffolds studied in Chapter 5, as the same pore-

former (PMMA beads with 5 µm dia.) was used in all cases, although the small pores that 
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connected the large spherical pores in the tubular YSZ scaffolds (in Chapter 5) are slightly 

smaller (50-100 nm) than the ones in the porous YSZ layer shown in Figure 6.1b. This is likely 

due to the higher sintering temperature (1350 °C) used to fabricate the tubular porous samples in 

Chapter 5 than that used to construct the planar, but porous, scaffold (1200 °C) in Figure 6.1b. 

The third porous YSZ scaffold is shown in Figure 6.1c. It was fabricated using slurry #3 

(Table 6.1), containing YSZ and paper fiber (PF) as the pore-former. This porous layer contains 

various types of pores in terms of shape and size, such as long fiber-like pores (10-20 µm length 

and 1-2 µm in thickness), short fiber-like pores (4-6 µm length and 3-4 µm in thickness), and 

small pores produced by the YSZ powder (100-200 nm). The fiber-like pores are generally 

aligned parallel to the electrolyte surface.  

The fourth porous YSZ scaffold (Figure 6.1d) was made using slurry #4 (Table 6.1) 

containing only calcined YSZ powder (without any pore-former).  A wide pore size distribution 

is seen in this sample, ranging from 300 nm to 3 µm. 
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Figure 6.1 SEM images of spray-coated porous YSZ scaffolds, deposited on dense YSZ 
diska prior to Ni nitrate solution infiltration. (a) YSZ layer made with slurry #1 (Table 6.1), 
containing carbon black (CB) as the pore former and YSZ (Tosoh TZ-8YS), (b) layer made 
with slurry #2 (Table 6.1), containing PMMA as the pore former and YSZ (Tosoh TZ-8Y, 
(c) layer made with slurry #3 (Table 6.1), containing paper fibers (PF) as the pore former 
and YSZ (Tosoh TZ-8Y) and (d) layer made with slurry #4 (Table 6.1), containing only 
calcined YSZ.  
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6.2.2 Long-term stability of Ni-infiltrated anodes 

Figure 6.2 shows a set of EIS spectra obtained from symmetrical cells formed by Ni 

infiltration (22 ± 1 wt% Ni) into the four porous electrode microstructures shown in Figure 6.1. 

In this study, all of the EIS spectra were obtained at the open circuit potential (OCP) in H2/3% 

H2O. The polarisation resistance (Rp) then represents the rate of H2 conversion to H2O at one 

electrode and H2O to H2 at the other during the ac perturbation.151  

All cells show degradation with time, with contributions from both the series (Rs) and 

polarisation (Rp) resistances. It can be seen in Figure 6.2 that all of the EIS results show two arcs, 

with summit frequencies of 900-2000 Hz and 3-9 Hz, similar to what was seen in Chapter 5 for 

the 3-layer tubular cells. In all cases, the high frequency arc resistance (RHF), which is typically 

attributed to the rate of the electrochemical reaction, is the one that increases with time, while the 

low frequency arc resistance (RLF), which is generally ascribed to mass transport, is essentially 

constant (Tables 3 and 4). Based on these results, it is conceivable that the degradation of the cell 

is due primarily to the growth of infiltrated Ni particles with time, which would serve to decrease 

the electrochemically active TPBL (triple phase boundary length) and consequently increase 

RHF.126, 134  

Figure 6.2 shows that Cells CB-22, PM-22 and NP-22 (Table 6.1) exhibit similar Rp (RHF + 

RLF) values (1-1.3 Ω.cm2) in the first day of testing at 800 °C, although Cell PF-22 showed a 

higher Rp (1.8 Ω.cm2) than the others (Table 6.1). This higher Rp, even in the first day of testing, 

can only be attributable to the nature of the YSZ backbone microstructure, as all other factors 

here been kept constant. It can be seen in Figure 6.1c that the pore shapes in the poorly 

performing cell (Cell PF-22) are generally irregular and also that there is lack of uniformity in 

the pore distribution that could negatively affect the total electrical conduction and gas diffusion 

pathways, as reported in the literature.179  



94 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.2 Area-corrected EIS results obtained from symmetrical Ni/YSZ cells with 22 ± 1 
wt% Ni (2-step infiltration, total of 15 infiltrations), with the first 12 infiltrations being 
with aqueous Ni nitrate containing Triton-X and the last 3 infiltrations with aqueous Ni 
nitrate containing urea. (a) Cell CB-22 (Table 6.1), (b) Cell PM-22 (Table 6.1), (c) Cell PF-
22 (Table 6.1), and (d) Cell NP-22 (Table 6.1). The electrochemical evaluation was carried 
out in a 2-electrode 4-probe mode at 800 ⁰C in H2/3% H2O at the OCP, where Rs is the 
series resistance (Ω.cm2) and Rp is the polarization resistance (Ω.cm2). (a) Equivalent 
circuit used to fit the EIS spectra, showing Rs and two semi circles (high and low 
frequencies).  

CB-22 

a 

c 

PF-22 

PM-22 
b 

NP-22 
d 
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The Rs values (Day 1) of the cells are quite similar to each other, ranging from 0.75 Ω.cm2 

(for Cell CB-22) to 0.92 Ω.cm2 (for Cell PM-22). The lower Rs values of Cells CB-22 and NP-22 

may be due to the better contact between the infiltrated Ni particles in their porous electrodes, 

needed to transfer the electrons from the TPB to the current collecting layers. 

The Rs and Rp values of the cells shown in Figure 6.2 were smaller than for Cell A (three-

layered tubular cell, 18 ± 1 wt% Ni, shown in Chapter 5, where Rs = 0.6 Ω.cm2 and Rp = 2.6 

Ω.cm2 on day 1).  This may be due to the slightly lower Ni content of these previously studied 

cells (18 ± 1 wt% Ni) compared to the cells in Figure 6.2 (22 ± 1 wt% Ni).  Cell B (Chapter 5),  

with its higher Ni loading (three-layered tubular cell, 24 ± 1 wt% Ni), had a similar Rp value (0.6 

Ω.cm2, respectively) to the cells studied here and shown in Figure 6.2. However, the Rs value of 

Cell B (0.4 Ω.cm2, Chapter 5) was lower, likely because of the thinner electrolyte layer used in 

the tubular cell (~ 50 µm) as compared to the ones shown in Figure 6.2 for the YSZ disc 

supported cells (~ 300 µm). 

As shown before by our group14 and also by others,125 increasing the Ni content of the 

infiltrated anode layers can minimize the degradation rate under SOFC operating temperatures. 

Thus, samples with a higher Ni content were tested in order to better understand the effect of the 

porous YSZ backbone on the long-term stability of the anode. For this purpose, Cells CB-29 and 

PM-29 (formed using carbon black and PMMA pore formers, respectively, Table -6.1) were 

fabricated and infiltrated with Ni, similar to Cells CB-22 and PM-22, but with a higher Ni 

loading of 29 ± 1 wt%.  

Figure 6.3 shows that Cell CB-29 (formed using a carbon black pore former with a 29 ± 1 

wt% Ni content, Table 6.1) exhibits not only a better performance than Cell PM-29 (formed 

using PMMA as the pore former with 29 ± 1 wt% Ni, Table 6.1), but also much better stability 
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over 7 days of testing (Figure 6.4). These results are consistent with those shown in Figure 6.2, 

as even with a lower Ni content, the Ni/YSZ anodes with smaller pores (Cell CB-22, Figure 

6.2a) exhibit better long-term stability than the cells based on anodes with larger pores. 

Similarly, the better performance and stability of Cell CB-29 may result from the formation of 

very small Ni particles in the YSZ scaffold.  

 

 

 

 

 

 

 

 

 

 
Figure 6.3 Area-corrected EIS results obtained for symmetrical cells with 29 ±1 wt% Ni (2-
step infiltration, total of 30 infiltrations). (a) Cell CB-29 (Table 6.1) and (b) Cell PM-29 
(Table 6.1). The electrochemical evaluation was carried out in a 2-electrode 4-probe mode 
at 800 °C in H2/3% H2O at OCP, where Rs is the series resistance (Ω.cm2) and Rp is the 
polarization resistance (Ω.cm2). 

 

To compare the degradation rates of the cells studied in Chapter 5 (Cells A, B and C, 

Figures 5.2, 5.5 and 5.7, respectively) with the cells tested in this chapter (Cells CB-22, PM-22, 

PF-22 and NP-22), Cells A, B and C (Chapter 5) are seen to exhibit higher degradation rates. 

This may be due to the fact that the three-layered, slip-casted, tubular cells examined in Chapter 

5 had thicker porous YSZ layers (~ 400 µm) than the YSZ scaffolds on the dense disc YSZ 

a  CB-29 

b 
 PM-29 
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samples studied in this chapter (~ 40 µm). The thicker slip-casted YSZ scaffolds may have 

produced a more uneven distribution of infiltrated Ni particles, as the pore channels are much 

longer, resulting in a higher probability of disconnection of Ni particles from each other than in 

the thinner YSZ porous layers used in this chapter. 

For the cells containing 22 ± 1 wt% Ni, Cell CB-22 (formed using carbon black the as pore-

former, Table 6.1) shows the lowest degradation rate (for both Rs and Rp) among all of the cells 

studied (Figure 6.4), while Cells PM-22 and PF-22 (PMMA and paper fiber pore-formers, 

respectively, Table 6.1) demonstrate the highest rate of degradation (Table 6.2). Degradation of 

the cells (after 7 days of testing), as shown in Table 6.2, is thus due primarily to the differences 

in the original YSZ scaffold microstructures, as all other factors were kept constant.  

 

 

 

 

 

Figure 6.4 Degradation rate of Ni-infiltrated cells with different pore shapes and sizes, 
originating from the use of different pore-formers (Table 6.1), with the data obtained from 
Figures 6.2 and 6.3. (A) Rs vs time and (B) Rp vs time. 

 

As shown previously14, cells with higher Ni loadings (CB-29 and PM-29, Table 6.1) exhibit 

not only better performance, but also better stability in 7 days of testing, compared to cells with 

lower Ni loadings (CB-22 and PM-22, Table 6.2). This may be due to the better interconnectivity 

of the Ni particles at higher Ni loadings, even after 7 days of testing. In terms of the long-term 

stability of the cells, it appears that cells formed using carbon black as the pore former (CB-22 

and CB-29) are the best (Table 6.2), as will be explained more in detail in Section 6.2.3.   

 A  B 
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Table 6.2 Degradation of Rs and Rp in Ni-infiltrated symmetrical cells 

Cell 
(used pore-

former) 

Ni content 
(±1 wt%) 

Rs1
* 

(Ω.cm2) 
Rp1

** 
(Ω.cm2) 

Rs7
* 

(Ω.cm2) 
Rp7

** 
(Ω.cm2) 

% 
degradation 
in 7 daysǂ 
Rs Rp 

PF-22 
(paper fiber) 22 0.9 1.9 1.2 3.0 33 58 

PM-22 
(PMMA) 22 0.9 1.1 1.2 1.6 33 42 

NP-22 
(no pore-former) 22 0.8 1.1 0.9 1.4 28 27 

CB-22 
(carbon black) 22 0.8 1.4 0.9 1.5 12 7 

PM-29 
(PMMA) 29 0.9 0.8 1.0 0.9 11 12 

CB-29 
(carbon black) 29 0.8 0.5 0.8 0.5 ~3 ~0 

*Rs1 and Rs7 = series resistances after day 1 and day 7, respectively (obtained from Figures 6.2 and 6.3). 
**Rp1 and Rp7 = polarization resistances after day 1 and day 7, respectively (obtained from Figures 6.2 and 6.3). 
ǂ % degradation (or degradation rate) in 7 days is calculated from: (Rs7 - Rs1)/ Rs1 or (Rp7 – Rp1)/ Rp1. 

 

Based on the EIS spectra shown in Figures 6.2 and 6.3, the equivalent circuit to which the 

impedance data for the symmetrical cells was fitted is represented by Rs(RHFCPEHF)(RLFCPELF) 

(Figure 6.2), where Rs is the ohmic (series) resistance and each (RnCPEn) unit reflects a 

resistance in parallel with a constant phase element (CPE), representing a semi-circle in the EIS 

Nyquist spectra. The ideal capacitance values of each CPE value can be calculated, based on Eq. 

(1):180  

                                   C = (R1-n Q0)1/n                                 Eq. (1) 

where R is the resistance parallel to a CPE element, Q0 is the admittance value at ω = 1 s−1, and n 

is the CPE exponent, which is a number between -1 (ideal inductance) and +1 (ideal 

capacitance). 

Table 6.3 shows the best fit circuit elements for the EIS spectra in Figure 6.2 (22 wt% Ni) 

for the high and low frequency arcs, respectively, after 1 and 7 days of testing at 800 °C in H2. 

As reported in the literature,150 the high frequency arc resistance (RHF) is inversely related to the 
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electrochemical reaction rate, which is directly proportional to the triple phase boundary length 

(TPBL). Among the cells examined here, Cell CB-22 (Table 6.1) has the lowest high frequency 

resistance (Table 6.3), while PF-22 (formed with paper fiber, Table 6.1) has the highest after one 

day of operation. The large RHF value for Cell PF-22 may be the result of the formation of the 

large Ni particles during infiltration and also the anisotropy in the YSZ pore shapes and sizes 

(Figure 6.1c), which could cause the Ni particles to become disconnected from each other during 

the first few hours of reduction at 800 °C.  

For all of the samples investigated here, RHF increases after 7 days of testing at 800 °C, 

which can be interpreted as a loss in the TPBL with time, likely due to infiltrated Ni particle 

growth and/or disconnection from the Ni network. An increase in RHF with time in infiltrated 

Ni/YSZ anodes was reported previously in the literature134, 181 and was also seen in our work in 

Chapter 5 (Cells A, B and C, Figure 5.2, 5.5 and 5.7) and in Chapter 4. 

The high frequency CPE and capacitance values (Q0,HF and CHF, Table 6.2) are in the range 

of 2.0-2.5 msn.Ω-1.cm-2 and 1.4-2.0 × 10 -4 F/cm2, respectively, similar to what has been reported 

in the literature for conventional Ni/YSZ anodes (2-7 ms0.8.Ω-1.cm-2 182 and 3 × 10 -4 F/cm2 for 

the capacitance180). These values are similar to the CPE values shown in Chapter 4 for the five-

layered tubular cells (0.0002-0.007 s0.8.Ω-1.cm-2, Table 4.1). As shown by Doppler et. al180 and 

mentioned earlier, RHF should vary inversely with the Ni/YSZ TPBL, while the high frequency 

capacitance or CPE (CHF or Q0,HF) represents the interfacial area between the YSZ and Ni 

phases.180 It can be seen in Table 6.3 that all of the high frequency capacitances have smaller 

values after 7 days of testing compared to after 1 day, consistent with the dewetting of the 

infiltrated Ni phase and the consequent decrease in interfacial area between the Ni and YSZ 

phases.  
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The Q0,HF-1 value of Cell CB-22 (formed with the carbon black pore former, Table 6.1) 

increased by 10% after 7 days, which is the smallest increase seen for all of the cells. 

Interestingly, Cell CB-22 also has the lowest overall degradation rate after 7 days, as shown in 

Table 6.1. In comparison, the Q0,HF-1 values of Cells PF-22 and PM-22  (paper fiber and PMMA 

pore-former, respectively, Table 2) similarly decreased by 50% and 70%, respectively, after 7 

days, showing the highest total degradation rate among the cells (Table 6.2). This demonstrates 

that the Q0,HF-1 values are also reflective of the degradation rate of the cells. However, in general, 

as RHF correlates inversely with the TPBL, RHF may correlate better with cell degradation than 

does Q0,HF,  which represents the contact5 area between the Ni and YSZ phases. 

 

Table 6.3 Resistance and capacitance values of infiltrated Ni/YSZ symmetrical cells (22 
±1 wt% Ni).¥  

Sample After 1 day After 7 days 
High 
freq. 
arc 

RHF-1
* 

Q0,HF-

1
** 

× 10-3 

CHF-

1
ǂǂǂ 

× 10-4 
nHF-1

ǂ f(max)HF-1
ǂǂ 

×103  RHF-7
* Q0,HF-7

** 
× 10-3 

CHF-7
ǂǂǂ 

× 10-4 nHF-7
ǂ f(max)HF-7

ǂǂ 
× 103  

PF-22 0.96 2.0 1.8 0.72 0.95  2.05 1.0 1.1 0.74 0.69  
PM-22 0.45 2.4 1.9 0.73 1.8  0.90 1.0 0.64 0.73 2.4  
NP-22 0.43 2.5 2.0 0.73 1.9  0.69 1.5 1.0 0.72 2.2  
CB-22 0.41 2.0 1.4 0.73 2.7  0.50 1.8 1.3 0.73 2.4  
Low 
freq. 
arc 

RLF-1
* Q0,LF-

1
** 

CLF-

1
ǂǂǂ nLF-1

ǂ f(max)LF-1
ǂǂ  RLF-7

* Q0,LF-7
** CLF-7

ǂǂǂ nLF-7
ǂ f(max)LF-7

ǂǂ  

PF-22 1.02 0.08 0.05 0.81 3.2  1.05 0.07 0.04 0.84 4.0  
PM-22 0.65 0.07 0.04 0.82 7.0  0.76 0.06 0.03 0.82 6.8  
NP-22 0.62 0.09 0.05 0.82 5.4  0.70 0.08 0.04 0.80 5.7  
CB-22 1.00 0.11 0.05 0.75 3.0  1.02 0.10 0.05 0.77 3.2  
¥ Data obtained from Figure 6.2, for Ni infiltrated/YSZ symmetrical cells at 800 °C in H2/3%H2O at OCP. 
* RHF/LF-1 and RHF/LH-7 = resistance of high frequency arc (Ω.cm2) after day 1 and day 7, respectively. 
** Q0,HF/LF-1 and Q0,HF/LF-7 = constant phase element (sn.Ω-1.cm-2) after day 1 and day 7, respectively. 
ǂ nHF/LF-1 and nHF/LF-7 = CPE exponent after day 1 and day 7, respectively. 
ǂǂ fHF/LF-1 and fHF/LF-7 = summit frequency of arc (Hz) after day 1 and day 7, respectively. 
ǂǂǂ CHF/LF-1 and CHF/LF-7 = capacitance (F.cm-2) after day 1 and 7, respectively. 
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On the other hand, the low frequency arc resistances (Table 6.2) show almost no change 

after 7 days of testing for any of the cells examined here. The low frequency arc generally 

represents diffusion of the gaseous reactants and products through the porous electrode and 

current collector.183 As there was no microstructural change seen in the YSZ scaffold after 7 days 

of testing at 800 °C in H2, the low frequency arc should remain unaffected, as is observed. The 

RLF values of Cells CB-22 and PF-22 were the largest (ca. 1 Ω.cm2) of all, likely due to the 

presence of the smallest pores (Figure 6.1) that would increase the tortuosity of the porous YSZ 

microstructure. 

The low frequency CPE values (Q0,LF-7) are in the range of 0.04-0.05 sn.Ω-1.cm-2, close to the 

reported values in the literature (0.05- 0.9 s0.75.Ω-1.cm-2)182, although the origin of this 

capacitance is still not well understood. In terms of the stability of the cells after 7 days at high 

temperature, Cell CB-22 had the lowest degradation rate with a ca. 22% increase in RHF and a ca. 

10% decrease in Q0,LF-7, likely because of the smaller pore size, more uniform pore shape and 

size, and also good interconnectivity between the pores in this cell than the other tested cells.  

 

6.2.3 SEM study after electrochemical testing 

As shown in Figure 6.1 and Table 6.1, each YSZ porous layer is unique in terms of its pore 

shape and size, which should also make them different in terms of the nucleation, size, and 

distribution of the Ni particles after NiO reduction. Furthermore, the dewetting behaviour of the 

Ni phase in pores of various sizes is expected to differ, as the infiltrated Ni phase in the larger 

pores would be expected to form a thicker film than the one formed in the smaller pores, with 

more space available, and the dewetting behaviour will depend significantly on the Ni film 

thickness.184, 185  
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Figure 6.5 shows the SEM images of four different cells (each containing 22 ±1 wt% Ni) 

after 7 days of testing at 800 °C in reducing atmospheres. It can be seen in Figure 6.5a (Cell CB-

22, Table 6.1) that the largest Ni particles are about 500 nm in size, although in Figures 6.5b and 

6.5c (Cells PM-22 and PF-22, formed using PMMA and paper fiber pore formers, respectively, 

Table 6.1), the Ni particles are as large as 5000 nm. The Ni particles in Figure 6.5d (Cell NP-22, 

formed without any pore-former) are also quite large (~ 3000 nm), between the size of the Ni 

particles seen in Cells CB-22 and PM-22. The large infiltrated Ni particles seen in Figures 6.5b 

and 6.5c (cells PM-22 and PF-22, Table 6.1) may have formed during infiltration, as well as 

during electrochemical testing at 800 °C.  

These results show that the pore size in the porous YSZ backbones produced in this work 

(Figure 6.1) significantly influences the growth rate of infiltrated Ni particles during testing at 

800 °C in H2. As seen in the SEM images of Figure 6.1, the larger pores (5-20 µm) in the porous 

YSZ scaffold of Cells PM-22 and PF-22 are connected through the very small pores. During 

infiltration, these larger pores may become filled with the Ni precursor, producing a layer of Ni 

phase on the inner surface of the pores after reduction in H2. During testing at 800 °C, the 

infiltrated Ni layer in the larger pores is expected to dewet from the YSZ surface and form larger 

Ni particles, as there is enough room in the larger pores for them to grow. It appears that, in 

addition to the size of the pores, the pore interconnectivity plays a key role as well.  Cell NP-22 

contains large but well-interconnected pores (interconnected through the larger pores, Figure 

6.1), showing an intermediate degradation rate (~ 28% increase in Rp and Rs after 7 days of 

testing, Table, 6.2), lower than what is seen for Cells PF-22 and PM-22 (Table 6.2). 
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Figure 6.5 SEM images of infiltrated Ni/YSZ anodes (22 ± 1 wt% Ni) after 7 days of testing 
at 800 °C in H2/3% H2O. (a) Cell CB-22 (Table 6.1, formed with carbon black pore-
former), (b) Cell PM-22 (Table 6.1, formed with PMMA pore-former), (c) Cell PF-22 
(Table 6.1, formed with paper fiber pore-former), and (d) Cell NP-22 (Table 6.1, formed 
with calcined YSZ only, but no pore-former).  
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This phenomenon can be seen in Figure 6.6, which shows SEM images of the same location 

of the Ni infiltrated YSZ scaffold in Cell PF-22 (paper fiber pore-former, 22 ± 1 wt% Ni) after 2, 

24 and 48 hours of reduction at 800 °C in H2. After 2 h (Figure 6.6a), a fully inter-connected Ni 

phase is seen inside the pores (gray circles), while this inter-connected Ni phase starts to dewet 

rapidly after only 24 h in H2 (Figure 6.6b). It seems that the majority of the Ni particle growth 

occurs in the first 24 h, so that after 48 h in H2 (Figure 6.6c), the Ni particles only become 

slightly larger. This is consistent with the EIS results shown in Figure 6.2 in terms of the 

degradation rate of the cells with time, as it is faster in the first 3 days for both Rs and Rp and 

then slows down. 

In addition to particle growth and loss of the active surface area of Ni, the large Ni particles 

formed in Cells PM-22 and PF-22 (Figure 6.5b and 6.5c, respectively) may quickly lose their 

interconnectivity, as there is enough space for them in the larger pores to grow and dewett and 

thus become disconnected from each other. This can also be seen in Figure 6.6, as the larger Ni 

particles become more isolated with time at 800 °C. In addition, based on the images in Figure 

6.6, the larger Ni particles appear to have formed mostly in the larger pores in the porous YSZ 

scaffolds. It seems that the infiltrated Ni particles remain more interconnected in the 

microstructures that have a greater number of mono-sized pores, such as Cells CB-22 and NP-22 

(Table 6.1, using carbon black pore former and without pore former, respectively). Table 6.2 also 

shows that these cells exhibit the lowest degradation rate of all of the cells studied here.  
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Figure 6.6 SEM image of Cell PF-22 (paper fiber pore-former, 22 ± 1 wt% Ni). (a) after 2 
h, (b) 24 h and (c) 36 h of reduction at 800 °C in H2/3% H2O (all images are of the identical 
location) within the Ni-infiltrated YSZ anode structure.  

 

6.3 Summary 

In this chapter, the effect of the morphology of porous YSZ scaffolds on the open circuit 

performance and long-term stability of Ni-infiltrated anodes (on dense YSZ discs) was 

investigated, using various porous YSZ scaffolds with different pore shapes and sizes. After Ni 

infiltration (22 ± 1 wt% Ni), the electrochemical impedance spectroscopy (EIS) results showed 

better long-term stability (over 7 days of testing in H2/3%H2O and at 800 °C) for the YSZ 

scaffolds with smaller pores (100-200 nm), originating from the carbon black pore-former, 

compared to cells with larger pores (4-6 µm), formed using PMMA and paper fiber pore-

formers. Cells containing higher Ni loadings (29 ± 1 wt%) similarly showed better stability for 

Ni 

a
C 

1 µm 

Ni 

c
C 

1 µm 

Ni 

b
C 

1 µm 



106 

YSZ scaffolds with smaller pores, while also displaying better overall long-term stability and 

performance than the cells with lower Ni loadings (22 ± 1 wt%).  

An analysis of the impedance response of these cells showed that the high frequency 

resistance (RHF) was the main contributor to the cell degradation, while the low frequency 

resistance (RLF) values of the cells remained almost constant during 7 days of testing.  The 

scanning electron microscopy images showed the formation of very large Ni particles (3-4 µm) 

in cells with larger pores after testing, resulting in a lower active triple phase boundary length. 

The loss in TPBL was consistent with the increase in the high frequency resistance with time. 
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Chapter Seven: Effect of co-infiltration of GDC or YSZ along with Ni on long-term stability 
and performance of Ni/YSZ-based anodes 

7.1 Introduction 

In Chapter 5, the effect of infiltration of aqueous-based Ce nitrate solutions, either before or 

after Ni infiltration, on the open-circuit stability and performance of Ni/YSZ (yttria stabilized 

zirconia) anodes within tubular SOFCs was studied. It was observed that ceria infiltration 

suppresses the degradation of infiltrated Ni/YSZ anodes (tested at 800 °C in H2/3%H2O at the 

OCP) and also improves the performance. This beneficial effect of the addition of the second 

phase has also been reported by others. For instance,  Klemenso et al studied the effect of various 

sintering-inhibiting materials (MgO, Al2O3, TiO2, CeO2, and Ce0.90Gd0.10O1.95 (or CGO10)) on 

infiltrated Ni/YSZ anodes, showing that CeO2 and CGO10 are the most effective, based on long-

term conductivity measurements.134  

Although the addition of a second phase can stabilize the infiltrated Ni/YSZ anode 

performance, the addition of too much of this phase can negatively affect the cell performance, 

as the active surface of the catalyst (Ni in this case) may become covered by the second phase. 

Thus, it is vital to optimize the amount of infiltrated second phase so that it has no negative 

effects on performance. The majority of published studies have been focused on identifying a 

second phase that improves either the performance or the stability of infiltered Ni/YSZ anodes, 

normally without any further optimization of the quantity of this phase added. 

In Chapter 6, the effect of  the YSZ scaffold microstructure on the infiltrated Ni/YSZ anode 

performance and stability was investigated, using a  cell design. In the present Chapter, the effect 

of the infiltration of a second phase (either yttria stabilized zirconia (YSZ) or gadolinia doped 

ceria (GDC)) on the stability of Ni/YSZ anodes was studied, using planar, dense YSZ disc 

electrolytes and the porous YSZ scaffold that was shown in Chapter 6 to be one of the best 
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choices. Dense YSZ discs were selected for the present study, instead of slip-cast tube, as the 

porous YSZ scaffolds deposited on the disc surfaces have well-connected pores, preferred for the 

infiltration of solutions of higher viscosity, e.g., ethylene glycol.   

In order to improve the distribution of the second phase throughout the porous YSZ scaffold, 

the precursor  solutions (YSZ and GDC) were mixed with Ni nitrate in various weight ratios. The 

main goal of this study was then to establish the optimum amount of each phase needed to 

minimize the degradation rate of the infiltrated Ni/YSZ anodes, while having no negative effect 

on anode performance. All of the infiltration solutions were ethylene glycol-based, due to its 

good wettability on YSZ surfaces, higher viscosity, and the ease of combining various material 

precursors (for example Ni + YSZ) in this solvent, compared to the aqueous-based solutions used 

in Chapters 4-6.  

It is shown here for the first time that infiltration of YSZ along with Ni not only improves 

the anode open circuit performance, but also enhances the stability at 800 °C in H2/3%H2O. Due 

to the good catalytic activity and electronic conductivity of GDC, the addition of GDC was 

found to improved the Ni/YSZ performance even more than did YSZ. However it is shown in 

this Chapter that more GDC must be added than in the case of YSZ in order to stabilize the 

anode performance.  

 

7.2 Results and Discussion 

7.2.1 Comparison between the Ni nanoparticles formed using aqueous vs. ethylene glycol-
based Ni nitrate solutions  

The types of cells studied in this chapter and their labels are summarized in Table 7.1, with 

the details of the solutions and cell construction given in Chapter 3. As mentioned previously, all 

of the infiltration solutions used in this chapter were ethylene glycol-based. 
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Table 3.5 Designated name of symmetrical disk cells examined in this chapter 

 N NY-75 NY-30 NY-18 NG-50 NG-22 NG-13 NG-7 
Ni wt% 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 20 ± 1 

YSZ wt% 
(Ni:YSZ)* 0 

0.27 ± 
0.05 
(75) 

0.63 ± 
0.01 
(30) 

1.1 ± 
0.1 
(18) 

0 0 0 0 

GDC wt% 
(Ni:GDC)* 0 0 0 0 

0.40 ± 
0.05 
(50) 

0.91 ± 
0.05 
(22) 

1.54 ± 
0.1 
(13) 

2.60 ± 
0.5 
(7) 

* weight ratio 

 

Aqueous-based Ni nitrate solutions are the most commonly used solution for Ni-infiltrated 

anodes and was employed in the work described in Chapters 4-6. As mentioned previously in 

Chapter 2, ethylene glycol-based Ni nitrate solutions have also been successfully employed for 

infiltration into the porous YSZ scaffolds,13, 146 resulting in well-interconnected Ni particles, 

even after 125 h at 800 °C in H2.145  

In order to compare the Ni particles produced by these two different nitrate solutions, Figure 

7.1 shows the SEM images of the Ni particles produced by the deposition of a droplet of an 

ethylene glycol-based Ni nitrate solution (Figure 7.1a) and an aqueous-based Ni nitrate solution 

containing Triton-X (Figure 7.1b) on sintered YSZ disc surfaces. These disc samples were used 

in this work in order to facilitate microscope imaging vs. in actual cells. It can be seen that the 

average size of the Ni particles formed using the aqueous-based solution (50-400 nm) is 

noticeably larger than the ones formed from the ethylene-glycol-based solution (20-200 nm). 

This may be because, in the combustion synthesis of nanoparticles from metal nitrate precursors, 

the nature of the fuel (e.g., ethylene glycol) has been shown to affect the powder characteristics, 

such as its crystallite size and surface area.161 During combustion, the flame temperature differs 

for different fuels, and therefore the physical properties of the product can also vary.161  



110 

 

 

 

 

 

 

 

 

 
 
 

Figure 7.1- SEM images of dense YSZ disc surface after deposition of one droplet of (a) 
aqueous-based Ni nitrate solution containing Triton-X and (b) ethylene glycol-based Ni 
nitrate solution. Both samples were dried at 100 oC (15 min), then 450 oC (20 min), and 
then reduced at 800 oC for 3 h in H2/3%H2O.  

 

The smaller Ni particles produced by the ethylene glycol-based Ni nitrate solutions are 

expected to be beneficial in terms of increasing the active surface area of the catalyst in the 

anode. However, it is important to determine how rapidly they will sinter, compared to Ni 

particles generated from aqueous solutions. Another reason for the use of ethylene glycol-based 

infiltration solutions in the present work is that this simplifies the use of combinations of 

materials without the need for pH adjustments, as is the case when using aqueous-based 

solutions. 

 

7.2.2 Ni/YSZ anodes infiltrated using ethylene glycol-based Ni nitrate solution 

To compare the long-term stability and performance of the anodes infiltrated with Ni + YSZ 

and Ni + GDC precursor solutions, a benchmark cell was also fabricated (Cell N), infiltrated 
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only with an ethylene glycol-based Ni nitrate solution (20 ± 1 wt% Ni) and without adding any 

other phases. Figure 7.2 shows the EIS spectra of this cell (Cell N) at day 1, day 3 and day 7 of 

testing at 800 °C in H2/3%H2O at the open circuit potential (OCP). The results show a ca. 35% 

degradation in the series resistance (Rs) and a ca. 40% degradation in the polarisation resistance 

(Rp) after 7 days.  

As explained in Chapters 4 and 5, infiltrated Ni/YSZ anode degradation is due primarily to 

the sintering of the Ni particles and loss of triple phase boundary length (TPBL) at the cell 

operating temperature. In comparison, Cell N (20 ± 1 wt% Ni) is similar to Cell NP-22 (22 ± 1 

wt% Ni, studied in Chapter 6) in terms of the porous YSZ scaffold microstructure and thickness 

(40 µm).  However,  for the infiltration of Cell NP-22, aqueous-based Ni nitrate solutions (2-step 

infiltration) were used and its Ni loading was ultimately slightly higher than for Cell N.  

 

 

 

 

 

 
 

 
 

ǂ % degradation in 7 days = (Rs1-Rs7)/Rs1 × 100               
ǂǂ % degradation in 7 days = (Rp1-Rp7)/Rp1 × 100 

 

Figure 7.2- Area-corrected EIS results obtained from Cell N, infiltrated with ethylene 
glycol-based Ni nitrate solution (20 ± 1 wt% Ni). The electrochemical evaluation was 
carried out in a 2-electrode 4-probe mode at 800 ⁰C in H2/3% H2O at the OCP, where Rs is 
the series resistance (Ω.cm2) and Rp is the polarization resistance (Ω.cm2). 

 

% degradation of Rs in 7 days (± 5%)ǂ 35 
% degradation of Rp in 7 days (± 5%)ǂǂ 40 
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The cell infiltrated with the aqueous-based Ni nitrate solution (NP-22, Table 6.1) degraded 

slightly more slowly (27 % and 28 % increase in Rs and Rp respectively) compared to the cell 

infiltrated with ethylene glycol-based Ni nitrate solution (Cell N, Figure 7.2 with 35 % and 40 % 

increase in Rs and Rp respectively). The fact that the ethylene glycol-based Ni nitrate solution 

produces smaller Ni particles than the aqueous-based Ni nitrate solutions, as shown in Figure 

7.1, influences the degradation behaviour of the Ni particles, as smaller Ni particles degrade 

more rapidly than do larger ones.178   

Figure 7.3 shows an SEM image of a drop of the ethylene glycol-based Ni nitrate solution 

deposited on a dense YSZ disk after reduction at 800 °C for 2 h (Figure 7.3a) and 5 days (Figure 

7.3b). It can be seen in Figure 7.3a that the solution has uniformly covered the surface of the 

YSZ disk, although there is significant Ni grain growth after only 5 days at 800 °C in a reducing 

atmosphere. The size of the Ni particles produced by the ethylene glycol-based nitrate solution 

increases from 10-50 µm after 2 h of reduction (Figure 7.3a) to 50-200 µm after 5 h of reduction 

at 800 °C (Figure 7.3b).  

 

 
 

 

 

 

 

 
Figure 7.3   SEM images of a dense YSZ disk after a drop of ethylene glycol-based Ni 
nitrate solution was deposited on it and after drying at 100 °C followed by 300 °C and 
reducing at 800 °C for (a) 2 h, (b) 5 days.   
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Based on the EIS results (Figure 7.2) and the SEM images (Figure 7.3), the cells infiltrated 

with the ethylene glycol-based solution degraded with time at 800 °C (similar to the cells 

infiltrated with aqueous-based Ni nitrate solutions). To minimize degradation, the effect of 

infiltration of a mixture of gadolinia doped ceria and Ni (GDC + Ni), as well as YSZ and Ni 

(YSZ + Ni) precursor solutions (all of the solutions were ethylene glycol-based), in various 

weight ratios, was examined as a possible solution to minimize Ni/YSZ anode degradation. 

It was already shown in Chapter 5 that infiltration of an aqueous-based Ce nitrate solution, 

either before or after Ni infiltration (using aqueous-based Ni nitrate solutions), could 

significantly lower the degradation rate of infiltrated Ni/YSZ anodes at 800 °C in H2/3%H2O at 

the OCP (open circuit potential). However, it was felt that more work was needed in order to 

determine the optimum amount of ceria that should be infiltrated into the Ni/YSZ anode so that 

the degradation rate of the anode is minimized, while also maintaining good anode performance.  

Also, in the work carried out here, GDC was co-infiltrated with Ni nitrate, rather than 

sequentially. 

 

7.2.3 Ethylene glycol-based Ni + GDC infiltrated anodes 

The addition of ceria and ceria-based materials to Ni/YSZ anodes has been reported in the 

literature previously, carried out to attempt to enhance anode performance 49, 166  and to increase 

the sulphur tolerance of this type of anode.186, 187 For instance, Kishimoto et al showed that the 

triple phase boundary density (TPB, µm µm-3) of a Ni (10)- gadolinia doped ceria (GDC) anode 

(10 infiltrations of Ni nitrate into porous GDC) is about 70 % higher than for a Ni (1)-GDC 

anode (1 infiltration of Ni nitrate into porous GDC), using data obtained from focused ion beam 

tomography.188 Chen et al also deposited mixed Ni–samaria doped ceria (SDC) powders with 

various volume ratios (synthesised using a urea combustion technique) on a dense YSZ disk 
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using spin-coating. They reported that Ni–SDC anodes containing 50-60 vol% of Ni gave the 

most homogeneous anode microstructure, along with excellent electrochemical performance 

(polarization resistance around 0.1 Ω.cm2).176 Qiao et al reported the performance of a series of 

impregnated CeO2-Ni/YSZ anodes, using a mixture of Ni and Ce nitrate infiltration solutions.49  

They reported that the best performance (with the lowest Rp) was seen for infiltrated CeO2–

Ni/YSZ anodes containing 10 wt% CeO2 and 25 wt% Ni .49 

In spite of the beneficial effect of adding ceria to Ni-based anodes to prevent degradation, 

adding excessive amounts of ceria can adversely affect performance of infiltrated Ni/YSZ 

anodes, as ceria can then cover the Ni surface and decrease the active TPBL for the hydrogen 

oxidation reaction (HOR). In order to determine the optimum amount of ceria to be added, a set 

of co-infiltrated CeO2-Ni/YSZ anodes were prepared, using a mixture of Ni and GDC precursor 

solutions with various weight ratios.  In Chapter 5, Ce nitrate was infiltrated into a YSZ scaffold 

after or before Ni nitrate infiltration, while here, mixtures of Ni and GDC precursor solutions (in 

various weight ratios) were added in order to obtain a homogeneous distribution of both phases 

inside the YSZ scaffold. 

Figure 7.4 shows the EIS spectra of Cells NG-50, NG-22, NG-13 and NG-8 (infiltrated with 

Ni + GDC precursor solutions with Ni:GDC weight ratio of 50, 22, 13, and 8, respectively, Table 

7.1), along with their degradation rates (shown in Table 7.2), tested in H2/3%H2O at 800 °C at 

the OCP. Compared to Cell N (in which only Ni was infiltrated), these cells display not only 

better performance in terms of Rs and Rp, but also better stability after 7 days of testing (Table 

7.2). All of the spectra presented in Figure 7.4 have two arcs, one at high frequencies (summit 

frequency of 400-1000 Hz) and the other at low frequencies (summit frequency of 1-0.4 Hz). 

These summit frequencies are similar to those obtained from the tubular cells in Chapter 5 and 



115 

for the symmetrical planar cells examined in Chapter 6. As explained in Chapter 5, the third arc 

with a summit frequency of 20-100 Hz, seen for the 5 layer tubular cells in Chapter 4, is not seen 

here. This again supports the suggestion that this additional time constant arose from gas 

transport down the length of the tubular cells, or perhaps was related to the anode functional 

layers, present in the Chapter 4 cells, but not in those prepared and studied in Chapters 5 and 6. 

Among the cells, Cell NG-8 showed the lowest degradation rate (Table 7.2) of both Rs (ca 

8%) and Rp (ca 0%) while it also had the best cell activity, with an Re of 0.6 Ω.cm2 and Rp value 

of 0.8 Ω.cm2. This may be due to the higher amount of GDC phase in this sample, likely 

improving the interconnectivity of the Ni particles, thus also decreasing the cell degradation rate 

caused by neighboring Ni particles losing contact with each.  

Decreasing the weight ratio of Ni:GDC (from 50 in Cell NG-50 to 8 in Cell NG-8, Table 

7.1) in the Ni + GDC precursor solutions results in a decrease in the Rs value of the cell, as 

shown in the bar graphs in Figure 7.5a and also reported previously by others.166 As mentioned 

in the literature189 and discussed in Chapter 5, Rs is the sum of the resistances of the electrolyte, 

the electrochemically inactive part of the anode and the cathode, and the contact between the 

electrodes and the current collectors.  By adding GDC,  the electrical conduction path throughout 

the anode layer is improved due to an increase in the Ni phase interconnectivity through the 

GDC phase. This phenomenon was also reported previously for Cu–CeO2–YSZ anodes, which 

showed a smaller ohmic resistance (0.6 Ω.cm2) than Ni/YSZ anodes (1.1 Ω.cm2).190 Furthermore, 

the addition of GDC can improve the contact bonding between the current collector (gold paste) 

and the anode surface, as Au (similarly to Ni) does not completely wet the YSZ surface. In terms 

of the degradation of Rs after 7 days of testing, it can be seen in Figure 7.5a that adding more 

GDC precursor to the Ni nitrate infiltration solution can help to stabilize the Rs values.  
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Figure 7.4 Area-corrected EIS spectra obtained from symmetrical planar cells, infiltrated 
with a mixture of ethylene glycol-based Ni nitrate and GDC precursor solutions in various 
weight ratios (20 ± 1 wt% Ni and various amounts of GDC). (a) Cell NG-50 (Ni:GDC 
weight ratio of 50, Table 3.5), (b) Cell NG-22 (Ni:GDC weight ratio of 22, Table 3.5), (c) 
Cell NG-13 (Ni:GDC weight ratio of 13, Table 3.5), and (d) Cell NG-8 (Ni:GDC weight 
ratio of 8, Table 3.5). The electrochemical evaluation was carried out in 2-electrode 4-probe 
mode at 800 ⁰C in H2/3% H2O at OCP, where Rs is the series resistance (Ω.cm2) and Rp is 
the polarization resistance (Ω.cm2). 
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In terms of the high frequency resistance (RHF), adding GDC is also very effective, as Cell 

NG-50 exhibited a ca. 80% smaller RHF than Cell N (only Ni was infiltrated, Figure 7.5b), which 

may be explained by both the added catalytic activity and mixed electronic and ionic 

conductivity of GDC.187 It can be seen in Figure 7.5b that, from Cell N to Cell NG-13 (Table 

7.1), RHF decreases, even though Cell NG-8 has a slightly larger RHF value than Cell NG-13. 

This may be due to the fact that more added GDC may start to cover (block) the active catalyst 

surface (Ni), thus lowering the TPBL of the anode.  

 

Table 7.2 Comparison between the degradation rates of the cells infiltrated with 
ethylene glycol-based Ni + GDC precursor solutions and the benchmark Cell N (only Ni 

infiltration) after 7 days of testing at 800 °C in H2/3%H2O.   

ǂ % degradation in 7 days = (Rs1-Rs7)/Rs1 × 100               
ǂǂ % degradation in 7 days = (Rp1-Rp7)/Rp1 × 100 
 

On the other hand, the low frequency resistance (RLF) shows an increase from Cell N to Cell 

NG-50 and then decreases from Cell NG-50 to cell NG-8 (Figure 7.5c). As mentioned before, 

RLF may represent mass transport in the pores of the anode and/or in the current collector.154 In 

the case of the GDC-containing anodes, dissociative adsorption of hydrogen can also occur on 

the GDC surface, thus generating another low frequency arc, as reported by Primdahl et al, for 

spray-coated porous GDC electrodes deposited on both sides of a dense YSZ electrolyte.191, 192 

The increase in RLF for Cell NG-50  (Ni:GDC weight ratio of 50, Table 7.1), compared to Cell N 

(Figure 7.5c), may then be attributable to the effect of the infiltrated GDC phase. GDC has a 

 N NG-50 NG-22 NG-13 NG-8 

Infiltration solution (Ni:GDC weight 
ratio) 

Ni 
nitrate 

Ni + 
GDC 

solution 
(50)  

Ni + 
GDC 

solution 
(22) 

Ni + 
GDC 

solution 
(13) 

Ni + 
GDC 

solution 
(8) 

% degradation of Rs in 7 days (± 5%)ǂ 35 32 12 12 8 
% degradation of Rp in 7 days (± 5%)ǂǂ 40 22 15 2 ~ 0 
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higher energy of dissociation of hydrogen than Ni, thus potentially adding to the low frequency 

resistance of Cell NG-50.192  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5- Changes in the (a) series resistance (Rs), (b) the high frequency resistance (RHF) 
and (c) low frequency resistance (RLF) after 1, 3 and 7 days of testing of cells infiltrated 
with Ni + GDC precursor solutions, including Cells N (only Ni infiltration), NG-50 
(Ni:GDC weight ratio of 50, Table 7.1), NG-22 (Ni:GDC weight ratio of 22, Table 7.1), NG-
13 (Ni:GDC weight ratio of 13, Table 7.1), and NG-8 (Ni:GDC weight ratio of 8, Table 7.1) 
at 800 °C in H2/3%H2O at the OCP, obtained from EIS spectra in Figure 7.4 (all cells 
contained 20 ± 1 wt% Ni). 

 

As the amount of GDC increases from Cell NG-50 (Ni:GDC weight ratio of 50) to Cell NG-

8 (Ni:GDC weight ratio of 8), the GDC phase should become more effective in terms of 

improving the infiltrated Ni particle interconnectivity, creating more connected TPB regions for 

the hydrogen oxidation reaction. Consequently, a greater number of accessible pore channels 
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should become available for the fuel and product gases, thus lowering RLF, as also explained in 

Chapter 6. 

To compare Cell N (the benchmark cell containing 20 ± 1 wt% Ni, infiltrated with an 

ethylene glycol-based Ni nitrate solution) with Cell NP-22 (22 ± 1 wt% Ni, infiltrated with the 

aqueous-based Ni nitrate solution, examined in Chapter 6) in terms of Rs and RLF, both cells 

showed almost the same degradation rates (~ 30 % and ~ 0, respectively, in 7 days). However, 

the RLF value of Cell N (1 Ω.cm2) is higher than for Cell NP-22 (0.62 Ω.cm2). Cell N also had a 

higher RHF value (1.4 Ω.cm2) and a slightly higher degradation rate (70 % in 7 days) than the RHF 

value of Cell NP-22 (0.43 Ω.cm2 and with a 60% RHF degradation rate in 7 days). The higher RHF 

value of Cell N may be related to its smaller Ni nanoparticles (produced by using the ethylene 

glycol-based Ni nitrate solution, Figure 7.1) than the larger Ni nanoparticles seen in Cell NP-22. 

The smaller Ni particles in Cell N may thus sinter more rapidly in the first few hours of testing 

before the first EIS spectrum was collected on day1. This would result in a higher RHF value for 

Cell N than that for Cell NP-22 (Chapter 6).   

The majority of the infiltrated GDC phase is expected to deposit on top of the Ni phase as 

the two nitrate precursor solutions were mixed together and the size of the Ni particles is larger 

than the GDC particles (as the Ni particles sinter more rapidly in the first few hours of testing), 

as shown in the scanning electron microscopy (SEM) images in Figure 7.6. The GDC particles 

then seem to form a network between the Ni particles and YSZ scaffold, especially when a 

higher amount of GDC is added, as shown in Figures 7.6c and 7.6d (Cells NG-13 and NG-8, 

respectively). As the amount of the GDC precursor increases from Cell NG-50 to NG-8 (Figure 

7.6, Table 7.1), the Ni particles become more connected through the GDC particles, so that in 
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Figure 7.6d (Cell NG-8, Table 7.1),  most of the Ni particles are covered with very small GDC 

particles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6 SEM images of infiltrated (Ni + GDC)/YSZ anodes after 7 days of testing at 800 
°C in H2/3% H2O, (a) Cell NG-50 (Ni:GDC weight ratio of 50, Table 3.5), (b) Cell NG-22 
(Ni:GDC weight ratio of 22, Table 3.5), (c) Cell NG-13 (Ni:GDC weight ratio of 13, Table 
3.5) and (d) Cell NG-8 (Ni:GDC weight ratio of 8, Table 3.5).  
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In Chapter 5, the three-layered tubular Cell D that was infiltrated with Ce nitrate before Ni 

nitrate infiltration (Ni:CeO2 weight ratio of 2.5) showed Rs and Rp values of 0.5 Ω.cm2 and 1.2 

Ω.cm2, respectively (Figure 5.9a). These values are similar to what is seen for Cell NG-13 (Rs = 

0.6 Ω.cm2 and Rp = 1.2 Ω.cm2), with an extent of degradation of Rs of ~ 80% and close to 0% for 

Rp over 7 days of testing in H2/3%H2O. The higher Rs degradation rate seen for Cell D (Chapter 

5) may be attributed to the thicker porous anode layers (400 µm) of this cell, which also serves as 

the current collecting layer. As the Ni particles in the longer pore channels may become more 

disconnected at operating temperatures than in the shorter pore channels in the thinner anode 

layers in the planar cells tested in this chapter, the Rs degradation rate of Cell D increases. In 

addition, the sintering rate of the Ni paste that was used as the current collector layer for Cell D 

(Chapter 5) may behave differently from the Au paste used for Cell NG-13 in the present 

chapter. 

Overall, in terms of the long-term stability and performance of these anodes, Cell NG-8 

(Table 7.2) exhibited the lowest degradation rate (ca 8% of Rs degradation and ca 0 % of Rp 

degradation) and the best performance.  Alhough the RHF of this cell (NG-8) is about 20% larger 

than RHF of Cell NG-13 (Table 7.2), the  RLF value of Cell NG-8 is about 35% smaller than for 

Cell NG-13, making the total Rp (RHF + RLF) of Cell NG-8 the smallest of all of the cells.  

 

7.2.4 Ethylene glycol-based Ni + YSZ infiltrated anodes 

In this part of the work, the ethylene glycol-based Ni nitrate infiltration solution was mixed 

with the YSZ precursor, instead of GDC, in various ratios (Ni:YSZ weight ratios of 75, 30, and 

18, Table 3.5) and then infiltrated into the same pre-sintered YSZ scaffolds as were used for the 

symmetrical GDC + Ni infiltrated disc cells  in Section 7.2.3. Infiltration of the porous YSZ 

scaffolds with the Ni + YSZ precursor solutions may also help to stabilize the infiltrated Ni 
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particles at working temperatures, as YSZ can deposit on the Ni particle surfaces (similar to 

GDC) and thus suppress Ni dewetting and agglomeration at high temperatures. Adding the YSZ 

precursor to the Ni nitrate solution may then correspondingly improve anode performance, due to 

an increase in the TPBL, as reported by others.193   

 Previously, Jiang et al studied the effect of impregnation of an Y0.03Zr0.97(NO3)x solution 

(prepared via HNO3 digestion) on the performance of a tape-casted Ni/YSZ anode.193, 194 They 

reported a ca. 35% improvement in the anode performance (Rp) at 800 °C in H2/3%H2O at the 

OCP after one infiltration of the Y0.03Zr0.97(NO3)x solution into the Ni/YSZ anode, although no 

long-term stability study was carried out. 

Figure 7.7 shows the EIS spectra of the cells infiltrated with the Ni + YSZ precursor 

solutions (with Ni:YSZ weight ratios of 75, 30 and 18 for Cells NY-75, NY-30 and NY-18, 

respectively, Table 7.1), with their degradation rates (shown in Table 7.3) after 7 days of testing 

at 800 °C. All of the spectra contain two arcs, one at high frequencies (summit frequency of 

1000-2500 Hz) and the other at low frequencies (summit frequency of 20-7 Hz), similar to the 

summit frequencies seen for the tubular cells discussed in Chapter 6. In terms of the long-term 

stability over 7 days, the planar cells displayed a significantly more stable open circuit 

performance than Cell N (Ni-only infiltration, Figure 7.2). Even very small amounts of added 

YSZ appear to be beneficial, as Cell NY-75 (Ni:YSZ weight ratio of 75, Table 7.1) exhibited a 

ca. 16 times and a ca. 3 times better stability of Rp and Rs, respectively (Table 7.3), compared to 

Cell N.  Cell NY-18 (weight ratio of Ni:YSZ = 18, Table 7.1) showed almost no degradation 

over 7 days of testing at 800 °C in H2/3%H2O at the OCP.  
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Figure 7.7 Area-corrected EIS results obtained from symmetrical cells infiltrated with 
mixture of ethylene glycol-based Ni nitrate and YSZ precursor solutions. (a) Cell NY-75 (20 
± 1 wt% Ni, Ni:YSZ weight ratio of 80, Table 7.1), (b) Cell NY-30 (Ni:YSZ weight ratio of 
30, Table 7.1) and (c) Cell NY-18 (Ni:YSZ weight ratio of 18, Table 7.1). The 
electrochemical evaluation was carried out in a 2-electrode 4-probe mode at 800 ⁰C in 
H2/3% H2O at the OCP, where Rs is the series resistance (Ω.cm2) and Rp is the polarization 
resistance (Ω.cm2). 

 

Similarly, in terms of the anode performance, the cells infiltrated with the combined Ni + 

YSZ precursor solutions (NY-75, NY-30 and NY-18, Table 7.3) show a better performance 

(Figure 7.7) than seen for Cell N (Figure 7.2), as Cell NY-30 presented the lowest Rp (1.5 

NY-75 a 

NY-30 b 
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Ω.cm2) among the cells. It seems that Ni + YSZ infiltration does not have any effect on Rs, 

compared to Cell N, as Cells NY-75, NY-30, NY-18 and N all have very similar Rs values, all in 

the range of 0.8 - 0.9 Ω.cm2 on day 1 (Figure 7.8a). In terms of Rs degradation over 7 days, as 

presented in Figure 7.8a, the Rs value of Cell N degraded notably more rapidly than seen for 

Cells NY-75, NY-30, and NY-18 (Table 7.3). 

 

Table 7.3 Comparison between the degradation rates of the cells infiltrated with 
ethylene glycol-based Ni + YSZ precursor solutions and the benchmark Cell N (only Ni 

infiltration) after 7 days of testing at 800 °C in H2/3%H2O.   

ǂ % degradation in 7 days = (Rs1-Rs7)/Rs1 x 100         
ǂǂ % degradation in 7 days = (Rp1-Rp7)/Rp1 x 100 

 

The high frequency resistance (RHF) of the cells varied, ranging from 2 Ω.cm2 for Cell N to 

0.3 Ω.cm2 for Cell NY-18 on day 1, decreasing as the weight ratio of Ni:YSZ became smaller 

(Figure 7.8b). This may be due to the extension of the TPBL in anodes produced by adding 

nano-sized YSZ particles, although an excessive amount of YSZ should adversely affect the 

TPBL. This is because YSZ is not a catalyst for the hydrogen oxidation reaction and may cover 

the active surface area of the Ni catalyst.  

It is also seen that RHF is the main contributor to the total degradation of Cell N (Figure 

7.8b), showing a ca. 135% increase after 7 days of testing, while the low frequency resistance 

(RLF) of this cell (Figure 7.8c) was quite stable over the same period of time. The addition of 

YSZ also appears to be effective in decreasing the RHF degradation rate, as Cells NY-30 and NY-

18 showed almost no degradation in RHF after 7 days of testing. This may be explained by the 

 N NY-75 NY-30 NY-18 

Infiltration solution (Ni:YSZ weight 
ratio) 

Ni 
nitrate 

Ni + YSZ 
solution 

(75)  

Ni + YSZ 
solution 

(30) 

Ni + YSZ 
solution 

(18) 
% degradation of Rs in 7 days (±5%)ǂ 35 13 ~ 0 ~ 0 
% degradation of Rp in 7 days (±5%)ǂǂ 40 5 6 ~ 0 
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SEM images shown in Figure 7.9, as the infiltrated YSZ particles form a porous structure, 

surrounding the Ni particles, likely making them more stable on the porous YSZ scaffold 

surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8- Changes in (a) the series resistance (Rs), (b) high frequency resistance (RHF), 
and (c) low frequency resistance (RLF) after 1, 3 and 7 days of testing of the cell infiltrated 
with Ni + YSZ precursor solutions, including Cells N (only Ni infiltration), NY-75 (Ni:YSZ 
weight ratio of 75, Table 7.1), NY-30 (Ni:YSZ weight ratio of 30, Table 7.1), and NY-18 
(Ni:GDC weight ratio of 18, Table 7.1), at 800 °C in H2/3%H2O at the OCP, obtained from 
EIS spectra in Figure 7.7 (all cells contained 20 ± 1 wt% Ni).  

 

The RLF values of the cells infiltrated with the Ni + YSZ precursors showed almost no 

change after 7 days, although Cell NY-18 (Table 7.1) exhibited the highest RLF. Higher RLF 

values for Cell NY-18 may be explained by the SEM images shown in Figure 7.9, as the 
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infiltrated YSZ particles are deposited mainly on the large Ni particles.  These may then block 

the small pores in the YSZ scaffold (as they sinter to the YSZ scaffold), causing RLF to increase 

(Figure 7.9c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.9 SEM images of infiltrated (Ni + YSZ)/YSZ anodes after 7 days of testing at 800 
°C in H2/3% H2O. (a) Cell NY-80 (Ni:YSZ weight ratio of 75 with 20 ± 1 wt% Ni, Table 
3.5), (b) Cell NY-30 (Ni:YSZ weight ratio of 30 with 20 ± 1 wt% Ni, Table 3.5), and (c) Cell 
NY-18 (Ni:YSZ weight ratio of 18 with 20 ± 1 wt% Ni, Table 3.5). 
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As expected, increasing the weight ratio of Ni:YSZ increases the triple phase boundary 

length (TPBL) between Ni and YSZ, therefore improving the cell performance, as seen by the 

fact that Cell NY-30 (Ni:YSZ weight ratio of 30) exhibits the lowest total resistance (Rs + Rp). 

Although adding more YSZ seems to be effective in decreasing RHF (Cell NY-18, with a Ni:YSZ 

weight ratio of 18, had a ca. 15% smaller RHF than Cell NY-30, although this causes RLF to 

increase (Cell NY-18 had ca. 30% larger RLF than seen for Cell NY-30).  In terms of the long-

term stability of the cells examined in this chapter, Cell NY-18 (Ni:YSZ weight ratio of 18) was 

found to be the most stable cell, exhibiting almost no degradation (Table 7.3) after 7 days of 

testing at 800 °C in H2/3%H2O.  In comparison, Cell NG-8 (Ni:GDC weight ratio of 8) showed 

the best performance (Rs = 0.6 Ω.cm2 and Rp = 0.8 Ω.cm2, Figure 7.2), overall. 

 

7.3 Summary  

In this chapter, efforts were first made to determine the benefits of infiltration of ethylene 

glycol-based Ni + gadolinia doped ceria (GDC) and Ni + yttria stabilized zirconia (YSZ) 

precursor solutions into a pre-sintered YSZ scaffold, using symmetrical YSZ planar cells. The 

YSZ scaffold was formed using calcined YSZ powders without any pore-former, as it was shown 

in Chapter 6 that this porous YSZ scaffold has a microstructure with well-interconnected pores 

and is suitable for the infiltration technique.  

It was shown here that the average size of the Ni particles formed using the ethylene glycol-

based Ni nitrate solution is smaller (~ 2-3 times) than those formed from with the aqueous-based 

Ni nitrate solutions. However, the smaller Ni nanoparticles exhibited slightly more rapid 

sintering rates, as expected.  

It was also shown that the addition of GDC and YSZ precursors to the Ni nitrate/ethylene 

glycol solutions, followed by infiltration, serves to decrease the degradation rate of the infiltrated 
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Ni/YSZ anodes and also improves the overall anode activity. The optimum Ni:GDC and Ni:YSZ 

weight ratios were determined, based on the open-circuit electrochemical impedance 

spectroscopy (EIS) results. These yielded an indication of the performance (from the polarisation 

resistance (Rp) and series resistance (Rs)) and the rate of cell degradation (based on the % change 

observed in Rp and Rs over 7 days of testing at 800 °C).  

It was found that cells infiltrated with a solution containing a Ni:GDC weight ratio of only 8 

were the most active (Rs = 0.6 Ω.cm2 and Rp = 0.8 Ω.cm2), presumed to be due to the good 

catalytic activity of GDC towards the hydrogen oxidation reaction. However, cells infiltrated 

with a solution with a Ni:YSZ weight ratio of 18 were found to be the most stable. This may 

result from the the formation of a porous nanostructure of infiltrated YSZ particles that surround 

the Ni particles, likely making them more stable on the porous YSZ scaffold surface. 
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Chapter Eight: Conclusions and Suggested Future Work 

 

The primary goal of this thesis work was to enhance the performance and the stability of Ni 

nanoparticles, produced by infiltration technique, within a pre-sintered, porous, yttria stabilized 

zirconia (YSZ) scaffold. As a first step, the distribution of the infiltrated Ni particles throughout 

a thick porous YSZ scaffold was optimized, using various Ni nitrate infiltration solutions in 

Chapter 4. By using this optimized infiltration technique, the long-term stability of the infiltrated 

Ni/YSZ anodes was improved using various approaches, such as increasing the Ni loading 

(Chapter 5), ex-solution of Ni particles from the YSZ scaffold (Chapter 5), and changing the 

porous YSZ scaffold microstructure (Chapter 6). As another approach to suppress the sintering 

of infiltrated Ni particles at SOFC operating temperatures, the effect of adding a second phase 

along with Ni was investigated in Chapters 5 And 7, the latter using ethylene glycol-based 

precursor solutions.  The main conclusions reached in this thesis work are discussed below.   

The distribution of the infiltrated Ni particles in a pre-sintered YSZ porous scaffold plays a 

key role for the fabrication of active and stable infiltrated Ni/YSZ anodes, especially for thick (> 

100 µm) YSZ scaffolds (Chapter 4). An uneven distribution of the Ni phase in a thick porous 

YSZ scaffold resulted in the formation of a Ni film on the outer surface or a Ni-rich region just 

beneath the outer surface of the scaffold that may block the pore channels, preventing the 

infiltration solution from penetrating well throughout the porous scaffold.  

One factor that influences the Ni particle distribution is the wettability of the infiltration 

solution on the YSZ scaffold surface. It was shown in Chapter 5 that the presence of additives, 

such as surfactants in the infiltration solution, is essential for controlling the Ni particle 

distribution. For example, the addition of Triton-X as a surfactant to the aqueous-based Ni nitrate 

solutions was found to increase the wettability of this solution on the YSZ surface, thus 
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improving the Ni particle distribution. However, a Ni-free region was still present in the anode 

after infiltration.  

A combination of wetting and non-wetting infiltration solutions was found to give a very 

well-distributed infiltrated Ni/YSZ anode with stable performance over 7 days of testing at 800 

°C in H2/3%H2O. In this method, the sample was first infiltrated with an aqueous-based Triton-X 

solution containing Ni nitrate for the first set of the infiltrations, followed by the aqueous-based 

solution without Triton-X (but containing urea as a complexing agent). 

Another approach examined involved increasing the infiltrated Ni content in the Ni/YSZ 

anodes, which likely improved the interconnectivity of the Ni particles and thus increased the 

long-term stability (Chapter 5).  However, this may not be the best approach, due to the 

undesirable effects of increasing the Ni content on the redox stability of Ni/YSZ anodes. A novel 

discovery made in this work was that NiO could be made to dissolve into YSZ, then ex-soluting 

as Ni nanoparticles.  When these were used to nucleate subsequently infiltrated Ni, this seemed 

to further enhance the long-term stability of these Ni/YSZ anodes (Chapter 5). However, this 

method may promote the formation of large NiO particles (Ni after reduction) due to the high 

temperature heat-treatment required.  

The addition of a second phase (as studied previously in the literature) was also found to be 

an effective approach to enhance the stability and performance of infiltrated Ni/YSZ anodes 

(Chapter 7). Due to the catalytic activity towards the hydrogen oxidation reaction (HOR) and the 

mixed ionic and electronic conductivity of ceria and ceria-based materials (such as gadolinia 

doped ceria (GDC)), co-infiltration of these phases precursors (either mixed with Ni nitrate 

solutions or infiltrated before or after Ni) was shown to significantly improve the performance 

and long-term stability of infiltrated Ni/YSZ anodes. In fact, these phases not only maintain the 
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interconnectivity of the Ni particles, but also seem to increase the active triple phase boundary 

(TPBL) of the anode. For the first time, it was shown that YSZ is also a promising material to be 

co-infiltrated with Ni, seemingly increasing the TPB length and consequently enhancing the 

anode performance. It was shown that the co-infiltrated YSZ nanoparticles surround the 

infiltrated Ni particles, stabilizing them on the YSZ surface. However, due to the lack of catalytic 

activity for the HOR and absence of any electronic conductivity of YSZ, co-infiltration of this 

phase may not be as effective as ceria precursor co-infiltration for increasing the anode 

performance. However, YSZ co-infiltration stabilizes the infiltrated Ni particles more effectively 

than did the ceria-based materials. 

Due to the ease of infiltration of these materials and the fact that there is no need for high 

temperature heat-treatment, this approach is very promising for improving the long-term stability 

of infiltrated Ni/YSZ anodes. Additionally, the co-infiltration of these materials could stabilize 

lower Ni loadings in the YSZ scaffold, necessary for enhancing the redox stability of Ni/YSZ 

anodes. 

Ethylene glycol-based precursor solutions were also used as the infiltration solution in this 

work (Chapter 7). Because of its good wettability of YSZ and the ease of combining various 

precursors in ethylene glycol without the need for any pH adjustments, these solutions were 

found to be a good choice for infiltration. However, as ethylene glycol-based solutions have a 

higher viscosity than aqueous-based infiltration solutions, the porous YSZ scaffolds used for 

infiltration of these types of solutions must be optimized in order to enhance the penetration of 

porous scaffolds with small pores. 

The porous YSZ scaffold microstructure itself was also found to be a factor that affects the 

long-term stability of infiltrated Ni/YSZ anodes (Chapter 6). It was shown that porous YSZ 
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microstructures with smaller pores (100-300 nm) and good pore interconnectivity are more 

suitable for Ni infiltration due to the fact that the infiltrated Ni particles do not sinter as much as 

those in porous YSZ scaffolds containing larger pores (4-5 µm). It was shown that the porous 

scaffold microstructure also has an impact on the stability of infiltrated Ni/YSZ anodes, with 

scaffolds containing smaller pores showing a lower degradation rate than those with larger pores, 

after 7 days of testing at 800 °C in H2/3%H2O. This is likely due to the fact that relatively large 

Ni particles can form in the large pores of these scaffolds, thus lowering the TPB length and 

likely resulting in disconnection of particles from each other. 

 

8.1 Suggestions for future work 

There are a number of research directions that should be investigated further, including:  

(a).  Redox stability testing of infiltrated Ni/YSZ anodes 

One of the main purposes of employing the infiltration technique to form Ni nanoparticles is 

to lower the Ni content of Ni/YSZ anodes (compared to the 30 vol% Ni used in conventional 

powder-based methods of fabrications). The lower Ni content would then prevent damage caused 

by the Ni phase volume change during oxidation and reduction events. Therefore, the infiltrated 

Ni content needs further optimization based on performance and the long-term stability, but also 

on the ability of the anode to tolerate redox cycling. 

 

(b).  Microstructural study of the anode by additional imaging techniques 

The long-term stability and performance of the Ni-infiltrated anodes need to be further 

optimized using advanced imaging methods, such as focused ion beam scanning electron 

microscopy (FIB-SEM), to better study the interconnection between the Ni particles in the pores 
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(in 3D) and to determine the real active triple phase boundary length (TPBL), before and after 

testing at operating temperatures in H2/3%H2O.  

 

(c).   Effect of co-infiltration of other materials along with Ni 

In addition to YSZ and GDC, other possible materials can also be infiltrated along with Ni 

to improve Ni/YSZ anode performance and stability. This includes perovskites, such as La-

doped SrTiO3 (LST), BaZr0.1Ce0.7Y0.2O3−δ (BZCY), and La0.7Sr0.3VO3.85 (LSV), as most of these 

materials have both catalytic activity towards the hydrogen oxidation reaction and good mixed 

electronic and ionic conductivity at SOFC operating temperatures in H2/3%H2O.   

 

(d).  Determining H2S tolerance of co-infiltrated Ni/YSZ anodes 

   As the presence of H2S in the fuel stream can poison Ni/YSZ anodes, infiltration of a second 

phase (such as BZCY, BaO, and BaCe0.9Yb0.1O3−δ (BCYb)) is a possible solution to increase the 

sulphur tolerance of Ni/YSZ anodes. The amount of these infiltrated second phases must be 

optimized in order to also maintain the Ni/YSZ anode performance or stability.   

 

(e).  Ni ex-solution from other infiltrated materials 

In order to achieve the ex-solution of Ni from a YSZ scaffold, high temperature heat-

treatment is needed to dissolve the infiltrated NiO into the YSZ scaffold (with 2 mol% solubility 

of NiO into YSZ at 1600 °C). In order to bypass the high temperature heat treatment step, Ni ex-

solution can also be accomplished by using a second infiltrated phase with a higher solubility for 

NiO, such as BZCY-Ni (BaZr0.1Ce0.7Y0.2O3−δ-Ni). Ni can then first be infiltrated into pre-sintered 

YSZ scaffolds, followed by the infiltration of the BZCY-Ni precursor solutions. Under reducing 
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atmospheres, Ni will be ex-soluted from the BZCY perovskite in the form of Ni nanoparticles, 

while the second material could help to minimize the sintering of the primary infiltrated Ni 

particles. 
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