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In the last decade the increase in energy demand, the awareness of limited availability of 

fossil fuels and the need to reduce green house gases emission impelled governments and 

research institutions to focus on the study of renewable energy sources such as solar, wind 

and biomass derived energy and on the increase in the energy production devices 

efficiency.  

Within such scenario a relevant contribution is given by fuel cells technologies as advanced 

power generation system. Fuel cells are high efficiency devices and comply with the 

request of environmental friendly source of energy. They convert directly fuel energy into 

power and heat by electrochemical reactions without the need for combustion as 

intermediate step. The possibility to use Hydrogen makes fuel cells virtually zero-emission 

devices being water the only reaction product; nevertheless, also the use of hydrocarbons as 

fuel reduces considerable CO2 emissions. 

Among the different systems, solid oxide fuel cells (SOFCs) operate at high temperatures 

(650-1000°C) and allow to achieve the highest electrical efficiency, from 45 to 60% for 

common fuels, values not attainable by traditional electrical power generation methods, and 

up to 70% in combination with a gas turbine for Hybrid Power System generation, with an 

overall electrical and thermal efficiency higher than 90%. 

Moreover, such technology presents many advantages such as the possibility to be fed with 

different fuels, the absence of moving parts, modularity and limited emissions. These 

characteristics make SOFC suitable for application in the distributed generation market.  

Despite all the mentioned advantages, SOFCs show problems that make these devices not 

suitable for the production on industrial scale yet. In particular they present low reliability 

and are not competitive with traditional powers sources. 

SOFCs are constituted by single cells (consisting of an anode and a cathode separated by a 

solid electrolyte) that are collected together in a stack by interconnects in order to obtain the 

required power. This means that a stack is a multilayer assembly of materials with different 

thermal, mechanical and chemical properties that need to fulfil many prerequisites for their 

own function. Moreover, some of these properties must match for other connected 
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components; for instance they have to show similar thermal expansion coefficients, to be 

stable at high temperatures and during thermal transients. 

Due to the high working temperature, stack components are necessarily subjected to 

degradation phenomena, which reduce their long term reliability. Among them, poisoning 

of cathode by Chromium evaporation from metallic interconnects, chemical interactions 

between glass–ceramic sealants and ferritic steel interconnects, anode poisoning caused by 

carbon or sulphur deposition, reduction of electrical conductivity are worthy of mention. 

Furthermore, various cycling conditions such as thermal cycle, redox cycle, and load cycle 

affect stability of SOFCs. All these degradation phenomena must be minimized in order to 

increase SOFC reliability. All these issues are object of intense research. 

 

The research work of the present thesis has been focused on the increase of redox stability 

of anode supported cells, which is considered one of the key point to improve stack 

reliability. 

The state of the art materials for the anode is Ni/YSZ cermet due to its high performance. 

Nevertheless, this cermet is prone to severe degradation upon redox cycling.  

Due to the high operating temperatures, Nickel particles tend to coalesce and coarsen. Fuel 

supply interruptions, over-potentials and leakages can cause the re-oxidation of Ni to NiO 

with a consequent volumetric expansion that can generate internal stresses and lead to 

cracks formation within the YSZ network and the electrolyte resulting in cell failure. 

Different approaches can be taken in account in order to minimize redox instability. 

In order to study redox phenomena and produce redox stable cells many aspects related to 

the modification of anodic microstructure were analyzed. Among these, one of the most 

promising method is to modify the anode microstructure by increasing its porosity.  

The present thesis is divided in two parts. In the first section the theoretical background of 

fuel cells, specifically SOFCs, is reported. A particular attention is dedicated to describe 

redox phenomenon and the state of the art of the research in this field. 

The second experimental part concerns with the production of anodes with improved 

microstructure. The modification of microstructure was realized by using different powders 
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and by adding different pore formers and doping elements. A detailed study of the effects 

on redox stability of the microstructure modifications induced by the addition of each of the 

aforesaid substances is described. 

Part of the experiments of this work, in particular electrochemical characterizations, have 

been carried out at SOFCpower Srl laboratories in Mezzolombardo (TN), an Italian leading 

company manufacturing cells and systems based on a proprietary SOFC technology 

(www.sofcpower.com). 
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1.1 FUEL CELLS  

 

 

Fuel cells are electrochemical devices that directly convert chemical energy into 

electrical energy and heat at high efficiency. As for the working principle, fuel cells can be 

assimilated to a battery; while the latter needs to stop for recharge, fuel cells operate 

continuously since a fuel and an oxidant are constantly fed. 

This technology is well known, thanks to the initial contributions of many scientists 

such as Grove and Nernst in the first half of nineteenth century [1, 2]. The lack of adequate 

materials and investigation techniques along with high costs limited the use of fuel cells as 

power generation devices. Only in the last decades, the increase in the energy demand and 

of the costs of the traditional fuels, the need of alternative and renewable energy sources 

and the developments in material science have brought a new impulse to the research into 

the fuel cells field.  

The most valuable feature of fuel cells is the possibility to work with high conversion 

efficiencies. Indeed, in a traditional power cycle, i.e. steam power plants and internal 

combustion engines, electrical energy is obtained by transforming chemical energy into 

heat which is subsequently converted into power. The irreversibility of this multistep 

process limits the electrical efficiency as for the Carnot’s principle. Moreover, the presence 

of mechanical rotating components further decreases the efficiency of traditional systems 

and increases maintenance costs. 

Fuel cells are not subjected to such limitations because electricity is produced in a single 

step through an electrochemical reaction [1]. 

Electrical efficiency of fuel cells ranges from 40 to 60% and is independent from 

plant size while only large power plants can achieve similar values. This makes fuel cells 

suitable also for micro-generation plants and distributed systems. Another advantage of fuel 

cells is their combined heat production, which raise the overall efficiency at about 90%. 

Moreover, the electrochemical production of energy reduces the amount of the undesired 
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and polluting by-products of fuels combustion such as fine particulates and nitrogen oxides, 

making fuel cells a viable environmental friendly technology [3]. 

The fuel cells power systems contain different components that, in the order, are [4]: 

1. Unit cells where the electrochemical reaction take place. A unit cell is constituted by 

two electrodes: anode and cathode separated by the electrolyte. 

2. Stacks, where unit cells are modularly combined by electrical connections in order to 

achieve the voltage and power output level necessary for the applications. 

3. Balance of plant (BOP) that are auxiliary components including a fuel processor, if 

needed, thermal management, and electric power conditioning among other additional 

and interface functions (pumps, blowers, control valves, pressure regulators, cooling 

system, are some example). 

 

Different types of fuel cells have been developed so far [5-7], each presenting specific 

advantages and drawbacks for different applications. 

Fuel cells can be classified considering the type of used electrolyte (that determines the 

kind of chemical reactions that occur within the cell, the operative temperature, the kind of 

catalyst, the necessary fuel, and other attributes), or considering the fuel that they can 

process or in term of the working temperature range. For all of them the oxidant is air or 

pure oxygen. 

A summary of fuel cells types, including the main reactions and the typical operating 

temperatures, is reported in figure 1.1. 
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Fig. 1.1: Summary of fuel cells types [6]. 
 

 

Low temperature fuel cells use only H2 and are generally classified as: 

� Alkaline fuel cells (AFC): the electrolyte is a solution of potassium hydroxide in water. 

They can use a variety of non-precious metals such as catalyst at the anode and 

cathode. High-temperature AFCs work at temperatures between 100°C and 250°C. 

Nevertheless, newer AFC designs operate at lower temperatures of roughly 23°C to 

70°C. They have an efficiency of 50-60%. 

� Proton Exchange Membrane Fuel Cells (PEMFC or PEFC): the electrolyte is a solid 

polymer where protons are the mobile ions, and a Platinum catalyst is contained in 

porous carbon electrodes. The range of operative temperature is 80-100°C and the 

efficiency is 40-45%. Among the PEFCs, Direct Methanol Fuel Cells (DMFC) operate 

at the same temperature but they use MeOH as fuel and possess an efficiency of 25-
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30%. A third class of PEFC that works at high temperatures is HT-PEFC which can 

use H2 or CO as fuels at 120-180°C and reach an efficiency up to 40-50%. 

� Phosphoric Acid Fuel Cells (PAFC): this kind of fuel cell uses liquid phosphoric acid 

for the electrolyte; the acid is contained in a Teflon-bonded silicon carbide matrix, and 

the electrodes are made of porous carbon containing a Platinum catalyst. The operative 

temperature is about 200°C with an efficiency of 40-45%. 

The high temperature fuel cells can operate with different fuels other than H2 such as CO, 

natural gas, and hydrocarbon fuels: 

� Solid Oxide Fuel Cells (SOFC): the electrolyte is a dense solid ceramic material 

usually yttria stabilized zirconia (YSZ); typically, the anode is a Ni-ZrO2 cermet and 

the cathode is Sr-doped LaMnO3. The operating temperature ranges between 700 and 

1000°C, whereas the low temperature LT-SOFCs work at 500-650°C. SOFCs have an 

efficiency of 50-60%. 

� Molten Carbonate Fuel Cells (MCFC): the electrolyte is usually a combination of alkali 

carbonates (lithium, sodium and potassium carbonate), which is retained in a 

chemically inert porous ceramic matrix of LiAlO2. At the operating temperatures (600-

700°C) highly conductive molten salt is formed by alkali carbonates and the ionic 

conduction is supplied by carbonate ions (CO3
2-). Ni and nickel oxide are used as 

anode and cathode electrodes, respectively. The efficiency of the MCFCs is around 50-

55% [8, 9]. 

By a comparison of the different kind of fuel cells, from the high to the low temperature 

fuel cells, one can observe a decrease of the efficiency, higher sensitivity to contaminant 

elements and increased complexity of fuel processing [6]. 

High efficiency and the possibility to use different fuels are some of the advantages 

offered by SOFC that make them more interesting than other types of FC. The solid 

electrolyte is not corrosive (such as MCFC) and avoids electrolyte movement or flooding 

through the electrodes. Moreover, it can be considered that due to the high operating 

temperature, the kinetics of the cell are relatively fast and no precious metals (such as 

Platinum used in low temperature fuel cells) are needed to accelerate chemical reactions. 
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Therefore, carbon monoxide does not represent a harmful substance for the anode, and it 

can be directly fed as fuel. The materials used in SOFCs are not too expensive. Thin-

electrolyte planar SOFC unit cells have been demonstrated to be capable of power densities 

close to those achieved by PEFC. Moreover, high-temperature MCFCs and SOFCs are 

ideal candidates for fuel cell/gas turbine hybrid systems thanks to the possibility to use the 

discarded thermal energy and the energy from the combustion of residual fuel to drive gas 

turbine (GT). 

Currently, it is possible to observe a rapidly growing trend in the application of fuel 

cells in different industrial fields. The applications of fuel cells can generally be divided 

into portable, transport and stationary purposes, including combined heat and power 

systems (CHP). However, the viable application varies according to the type of used fuel 

cells: 

− AFCs were the first type of FCs widely used in U.S. space program to produce 

electrical energy and water on-board spacecrafts, e.g. Apollo or Shuttle; 

− PEMFC are found in vehicles and portable applications, and for power CHP systems; 

− DMFC are suitable for low power portable electronic systems; 

− PAFC are used for a large number of 200 kW CHP systems; 

− MCFC are suitable for medium to large scale CHP systems, up to MW capacity; they 

are used in industrial and military applications; 

− SOFC are appropriate for all size of CHP systems, 2 kW to multi MW, automotive 

industries, and portable devices; they can be used for hybrid/GT cycles. 

Apart from the previously mentioned high efficiency, fuel cells provide many other 

advantages over traditional energy conversion systems: modularity, fuel adaptability, and 

very low levels of NOx and SOx emissions. Quiet, vibration free operation of FC also 

eliminates noise usually associated with conventional power generation systems. 

Despite the attractive system efficiency and environmental benefits related to fuel 

cell technology, some difficulties have been encountered to develop the laboratory 

prototypes into commercial products. These issues have often been associated with the 
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requirement of appropriate materials or manufacturing routes that would permit the cost of 

electricity per kWh to compete with the existing technology. 

It is possible to make a few general consideration about the material requirement for 

fuel cells. The combined area specific resistivity (ASR) of the cell components (electrolyte, 

anode and cathode) should be below 0.5 Ωcm2 (ideally approaching 0.1 Ωcm2) to ensure 

high power densities, with targets of 1 kWdm-3 and 1 kWkg-1, often mentioned for transport 

applications [6]. Moreover, if the fuel cells have high power density, the amount of material 

per kW is minimized and, as a consequence, there is a reduction of the costs. Other 

limitations related to material choice arise from reliability and durability issues. In the case 

of stationary applications a degradation rate must extend over a period of at least 40,000 h 

(5 years). 
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1.2 SOLID OXIDE FUEL CELL (SOFC) 

 

 

The topic of the present thesis is the study of instability to the redox cycles for anode 

supported solid oxide fuel cells; therefore, in this section SOFC devices will be described in 

detail. 

SOFCs operate at temperatures ranging from 550°C to 1000°C allowing to reach 

high electrical efficiencies (up to 60%); moreover, the possibility to feed them with 

different fuels, as Hydrogen, carbon monoxide and hydrocarbons, and their ease of 

production are some advantages that explain the high interest of researchers and industries 

on this technology with respect to the other types of fuel cells. On the other hand, it has to 

be mentioned that, the high operating temperatures are critical for the long time reliability 

of SOFCs, as materials degradation rate increases. 

There are different types of SOFC design, basically tubular and planar, which differ in the 

single cells design and arrangement, interconnect materials and gas flow. Each of these two 

designs has a number of interesting variants: for example, planar SOFC may be in the form 

of circular disc fed with fuel from the central axis, or it may be in the form of square plate 

fed from the sides. 

 

 

Tubular cells can be distinguished in two broad categories: cells with a large 

diameter, >15 mm, and cells with a diameter lower than 5 mm, usually named microtubular 

cells [10]. 

The first tubular cells were produced by Siemens Westinghouse Power Corporation. 

In the most common configuration, tubular cell electrodes and electrolyte are deposited as 

thin layer around the external surface of a porous cylindrical tube having the function of 

support and of air distributor for the cathode [11]. 
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In the first cell the tube was made of calcia-stabilized zirconia with the walls as 

thin as possible considering its support function. 

In the most recent production the porous supported tube has been replaced by a doped 

LaMnO3 tube having the function of cathode (air-electrode supported cell) onto which the 

other cell components are deposited. 

 

 

Fig. 1.2: Tubular design SOFC by Siemens Westinghouse Power Corporation [12]. 
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The result of this substitution was a decrease of the inherent impedance to air flow toward 

the cathode. Siemens Westinghouse Power Corporation tubular SOFC design is reported in 

figure 1.2; the cells are nominally 2.2 cm in diameter and 150 cm in active length with one 

closed end. Air is supplied to the cell interior using an air delivery tube and fuel is delivered 

to the cell exterior [12, 13]. 

Power produced is proportional to the active surface area of the cells. Their 

operating temperature is about 1000°C; at such temperature and under atmospheric 

pressure, single tubular SOFC generates power of up to 210 W DC (direct current). 

Each cell attains (at open circuit) a potential of about 1 V; therefore, in order to reach a 

voltage suitable for applications, cells are connected in series. The materials commonly 

used for the components are YSZ for the electrolyte and Nickel/zirconia cermet, bonded to 

the electrolyte, for the anode. The cathode, fabricated as an extruded porous tube, is made 

of Lanthanum manganite, and the cathode interconnection consists of thin strip of 

Lanthanum chromite. 

The tubular cell design offers different advantages with respect to planar ones; for 

instance, sealing problem is eliminated by inserting an air feeder tube down the cell tube. 

Tubular cells are more stable against mechanical and thermal stresses than planar cells. 

Nevertheless, modern technologies (tape casting, screen printing, vapour deposition. 

plasma spraying, wet spraying and others) allow lower costs for the fabrication of planar 

cells. 

 

 

Microtubular cells have been developed since early 1990s when YSZ tubes with 

diameter ranging from 0.1 to 5 mm with thin (150 µm) and dense wall were produced. YSZ 

tube represents the electrolyte and the support for the electrodes that are deposited with a 

thickness of about 50 µm. Due to their narrow diameter and to the support thickness 

microtubular cells allow higher power density in comparison to traditional tubular cells but 

requires a more complex gas distribution system [14]. In the last years research in this field 

has brought to the development of new fabrication techniques [15]. For instance, anode 



STATE OF THE ART  CHAPTER 1 

18 
 

supported microtubular cells are produced allowing to increase the power output of these 

systems [16, 17]. 

Planar cells can be produced with different configurations: electrolyte supported 

(ESC), cathode supported (CSC), anode supported (ASC) and metal supported (MSC) cells 

[18-20]. 

For cells with thin YSZ electrolytes (5-20 µm) as for anode supported cells (ASC), the 

operative temperature can be reduced (< 800°C). Operating at this temperature condition 

allows a wider choice of materials (especially low-cost metallic materials for the 

interconnect), longer lifetime, reduced thermal stresses, improved reliability, and 

potentially reduced cell cost [21]. The main disadvantages are potential slow electrode 

reaction kinetics (and therefore high polarisations) and the reduced thermal energy that can 

be extracted from the hot exhaust stream by a turbine or a heat exchanger. ASC 

configuration is preferred to the other ones due to the low ohmic losses associated to the 

thin electrolyte. 

In the following section it will be referred to the ASC with planar geometry being it the 

configuration considered in the present research work.  

The voltage produced by a single cell is usually less than 1 V. As a consequence, for most 

practical fuel cells applications, unit cells must be assembly into a stack to achieve the 

voltage and power output level required for the application. Different stacking 

arrangements have been developed where electrically conductive materials are used as 

interconnects; these are often fabricated into complex shapes to respond also to other 

functions such as air and fuel channelling and sealing. Fuel and oxidant flow can be 

arranged to be cross-flow, co-flow, or counter-flow. 
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Fig. 1.3: Stack cells design for a planar anode supported SOFC. 

 

 

A functional stack is constituted by different elements with specific properties. A 

sketch of anode supported SOFC in planar configuration is reported in figure 1.3. The cell 

is composed by two porous electrodes, anode and cathode, separated by a dense Oxygen 

ion-conducting electrolyte. Every cell is connected in series with another cell by an 

interconnect. A large number of units can be repeated in order to produce the desired 

power. Then a sealing system of anode and cathode compartment is needed in order to 

avoid the mixing and combustion of fuel and air. 

In order to meet operating requirements of specified power generation applications the 

design of cell configuration, specifically planar SOFC, needs to fulfil different requirement 

[10]: 
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• In the stack ohmic losses need to be minimized in order to show good electrical 

performance. This can be obtained by considering the current path in the components 

to be as short as possible; there must be good electrical contact and sufficient contact 

area between the components. The current collector must also be designed to facilitate 

current distribution and flow in the stack. 

• The design must provide for minimal polarisation losses so that high electrochemical 

performance is obtained. Therefore, any gas or cross-leakage and electrical short 

circuit must be avoided. Fuel and oxidant must be distributed uniformly not only across 

the area of each cell but also to each cell of the stack. Moreover, in order to decrease 

mass transport limitations, the gases must be able to rapidly reach the reaction sites.  

• Stacks need to possess thermal compliance. In other words, the design must permit the 

highest possible temperature gradient across the stack and, in addition, must provide 

for stack cooling and uniform temperature distribution during operation. 

• Stacks require mechanical and structural integrity. Planar SOFC stack must be 

designed in order to have adequate mechanical strength for assembly and handling. 

Therefore, mechanical and thermal stresses must be kept to minimum to prevent 

cracking, delamination or detachment of the components under variable operating 

conditions (for instance, normal operating temperature gradients, off-design 

temperature gradients, thermal shock conditions such as sudden power change and cold 

start-up, and mechanical loading expected during installation). 

Cell-to-cell characteristics within the stack must be as uniform as possible. If a single cell 

in a stack exhibits higher resistance than the others, stack failure often initiates at such cell. 

The cell then exhibits lower voltage and even a negative voltage. If a cell exhibits negative 

voltage, the Oxygen chemical potential within the electrolyte can exceed that in the oxidant 

at the cathodic side and can drop below that in the fuel at the anodic side. This can lead to 

high internal Oxygen partial pressure resulting in electrode cracking and/or delamination, 

and very low Oxygen partial pressure leading to local electrolyte decomposition, 

respectively. Both situations can lead to cell and stack degradation [22]. 



STATE OF THE ART  CHAPTER 1 

21 
 

Ageing and degradation remain fundamental problems to be solved before 

industrial scale production can start. In order to solve the disadvantages of this device it is 

necessary to know the characteristics, the materials and the operating conditions in detail. 

Many companies and research groups are involved in the study of such device carrying out 

accurate analyses in order to allow scale up and industrial commercialization of SOFCs. In 

the next section a brief description on the principles and materials used for the production 

of SOFCs is reported.  
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1.3 SOFC OPERATION PRINCIPLE  

 

 

1.3.1 THERMODYNAMIC CONSIDERATIONS 

 

Different fuels such as Hydrogen, carbon monoxide, natural gas and other 

hydrocarbons can be used in SOFCs.  

The overall electrochemical reaction when Hydrogen is used is the oxidation of Hydrogen 

by Oxygen into water. 

The Oxygen is adsorbed within the cathode and it is reduced producing Oxygen anion: 

 

 −− →+ 2
2 2

2

1
OeO  (1.1) 

 

The Oxygen anions are transported through the electrolyte into the anode where they react 

with the adsorbed Hydrogen: 

 

 −− +→+ eOHOH 22
2

2  (1.2) 

 

The overall reaction in the cell is the addition of the two previous semi-reactions: 

 

 ( ) ( ) ( )ggg OHOH 222 2

1 =+  (1.3) 
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The maximum electrical work (Wel) obtainable in a fuel cell operating at constant 

temperature and pressure is given by the change in Gibbs free energy (∆G) of the 

electrochemical reaction: 

 

 eqel nFEGW −=∆=  (1.4) 

 

where Eeq is the Nernst potential or theoretical open circuit voltage (OCV) that can be 

measured when there is no current in the circuit; n is the number of electrons exchanged in 

the overall reaction and F is the Faraday constant (96487 C/molel). 

If the reactants and products of the cell reaction are in their standard states at the 

temperature of the transformation, the Gibbs free energy change is given by the standard 

value (∆G0) and by the reaction equilibrium constant (Keq), 
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The equilibrium constant for SOFCs typical operation conditions can be written as the ratio 

between partial pressure of products and reactants, instead of using the related fugacities, 

since in the usual operative conditions of SOFCs the gases behave as ideal. 

Since: 

 

 
00
eqnFEG −=∆  (1.6) 

 

by substituting Eqs (1.4) and (1.6) in Eq. (1.5), the equilibrium voltage of the overall 

equation (1.1) is given by Nernst equation: 
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Nernst equation provides a relationship between the ideal standard potential (
0
eqE ) for the 

cell reaction and the ideal equilibrium potential (Eeq) at the partial pressures of reactants 

and products. It can be observed that the cell potential increases with an increase in the 

partial pressure (concentration) of reactants and a decrease in the partial pressure of 

products. 

The standard Gibbs free energy for the reaction (Eq. 1.3) is ∆G0=-228.59 kJ/mol [10], to 

whom corresponds 
0
eqE =1.18 V. 

The ideal standard potential depends on the fuel used in the cells. For instance, if SOFCs 

are fed with CO or methane the overall reactions are: 

 

 ( ) ( ) ( )ggg COOCO 222

1 =+  (1.8) 

 ( ) ( ) ( ) ( )gggg OHCOOCH 2224 22 +=+  (1.9) 

 

and the corresponding ideal standard potential are 
0
eqE =1.33 V and 

0
eqE =1.04 V, 

respectively. 

In real operation conditions, the fuel cell potential is lower than the theoretical one due to 

irreversibility losses associated with the current production. 

A typical trend of the voltage (V) versus current density (i) for a generic fuel cell is 

shown in figure 1.4. 
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Fig. 1.4: Ideal Current – Voltage plot characteristic for fuel cell. 
 

 

In such plot it is possible to see that the measured OCV is lower than the theoretical one. 

At low current densities a rapid fall of potential is observed, then as the current density 

increases the voltage decreases slowly with a quite linear trend. In the last part of the curve, 

at very high current densities, a sharp voltage reduction occurs. This behaviour can be 

explained considering that there are different types of polarization losses which are 

dominant in different range of current density: 

� Fuel crossover and internal currents 

� Activation polarization (ηact) 

� Ohmic polarization (ηohm) 

� Mass transfer losses or concentration polarization (ηconc) 

The operating voltage of the cell is: 
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 concohmacteqEV ηηη −−−=  (1.10) 

 

 

Fuel crossover and internal currents 

As mentioned in the previous paragraphs the ideal electrolyte should be exclusively ionic 

conductor and impervious to gases. In a real cell some fuel diffusion across the electrolyte 

and electron conduction can occur. The passage of the fuel from the anodic to the cathodic 

compartment results in its combustion without contributing to the electrical power 

generation. This small amount of wasted fuel is termed fuel crossover. On the other hand, a 

finite electrical resistance of the electrolyte causes an internal current from the anode to the 

cathode without passing through the external circuit. These two phenomena occur also at 

open circuit and explain the lower actual OCV in comparison to the ideal one. This kind of 

losses is more critical in fuel cells working at low temperatures (PEM), while are less 

important at high temperatures where the real OCV is approaching Nernst potential. 

 

 

Activation polarization (ηact) 

An electrochemical reaction involves charge transfer at the electrodes interface which 

results in a current density. The latter is proportional to the reaction rate and determines a 

loss in cell voltage called activation polarization or overpotential.  

In other words the activation polarization is the energetic barrier that is necessary to 

overcome in order to realise the reaction and it is correlated to the reaction rate. More in 

detail the activation polarization is correlated to the slower stage of the reaction that is 

realized at the anode/cathode compartment. 

In a complex reaction as electrocatalytic oxidation in fuel cells, the rate determining step 

can be attributed to a different elementary step, such as the adsorption of the reactant into 

the electrodes surfaces, the electron transfer to the double layer, desorption of the products 
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from the surfaces and each of them are thermal activated; so ηact is correlated with many 

parameters (i.e. material properties, microstructure, atmosphere, and temperature). 

Butler-Volmer equation correlates the current density with the overpotential: 
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where β is the transfer coefficient, ranging from 0 to1 and depending on the electrode 

material and reaction involved; i0 is the exchange current density which represents the 

electron exchange across the electrode/electrolyte interface when the current density i is 

zero. 

The contribution of activation polarization in the cell voltage loss is more evident at low 

current density.  

In order to decrease this contributes it is possible to increase the reaction rate in both the 

electrodes, which is influenced by many factors (temperature, active area and activity of the 

electrodes); in fact it is possible to decrease the polarization losses by increasing the 

operative temperature, and/or the active area of the electrodes; moreover, by using an 

appropriate catalyst, it is possible to enhance the activity of the electrodes. 

 

 

Ohmic polarization (ηohm)  

Ohmic polarization is the result of losses due to the intrinsic electrical resistance of the 

electrodes and electrolyte materials. There is a linear relation between this polarization and 

the current density: 

 

 ( )iRlll contactaacceeohm +++= ρρρη  (1.12) 
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where ρe, ρc, and ρa are respectively electrolyte, cathode, and anode resistivities and le, lc, 

and la are respectively electrolyte, cathode, and anode thicknesses, and Rcontact is any 

possible contact resistance. The ohmic polarization contribution to total cell losses is 

important in the intermediate current densities range as shown in figure 1.4. 

In most SOFCs, the main contribution to ηohm is from the electrolyte; for instance, the ionic 

resistivity of the electrolyte state of the art material (YSZ) at 800°C is about 50 Ωcm. This 

can explain the superior performances behaviour of the ASCs, where the electrolyte is thin 

(less than 20µm), compared with the ESCs. 

The ohmic resistance normalized by the active cell area is the Area Specific Resistance 

(ASR). The ASR is a function of cell design, material choice, manufacturing technique, 

and, operating conditions because material properties change with temperature. The ASR is 

a key performance parameter, especially in high-temperature fuel cells, where the ohmic 

losses often dominate the overall polarization of the cell. 

 

 

Mass transfer losses or concentration polarization (ηconc) 

At high current densities the concentration polarization becomes more relevant. Indeed in 

this current range the reaction control passes from the chemical stage to the mass transfer 

stage. In other words, the limiting step of the overall reaction is the diffusion of the 

reactants from the bulk of the gases to the electrodes interface and/or the counter diffusion 

of the products. 

The concentration polarization increases with the current density with a non linear 

behaviour, and is also function of parameters such as diffusivity and partial pressure of the 

gases and the electrodes microstructure. 
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1.4 SOFC COMPONENTS AND MATERIALS  

 

 

The core of a SOFC stack is the cell. As mentioned a cell is constituted by different 

components: two electrodes (cathode and anode) and one electrolyte. Considering the 

planar ASC, each cell is electrically connected to the others through metallic interconnects. 

Due to the high operating temperature, and to the all-solid state nature of the components, 

the coefficient of thermal expansion of each material composing the stack must be as close 

as possible, in order to avoid mechanical fracture and material delamination due to thermal 

stresses that develop during thermal cycling of the cells. Moreover, they require to be stable 

at high temperatures (they operate at 800-1000°C) and to be produced with cost-effective 

materials.  

The characteristic and the properties that the stack elements must possess are briefly 

described in the following, focusing on the planar anode supported cells configuration, 

being the kind of cells investigated in the present work.  

 

The schematic representation of a planar SOFC is reported in figure 1.5. The two porous 

electrodes, anode and cathode, are separated by the dense ionic conductor electrolyte. The 

cathodic compartment is fed with a comburent, typically air, where the molecular Oxygen 

is reduced into Oxygen anions O2- by the external electrons provided through an electrical 

circuit. Due to the difference in Oxygen chemical potential between cathode and anode the 

Oxygen anions go towards the anode through the electrolyte. In the anode the Oxide anions 

oxidize the fuel, usually Hydrogen, to give water, heat, and electron as product. 
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Fig. 1.5: Schematic picture showing the operating principle of SOFC. 
 

 

1.4.1 CATHODE 

 
The cathode is kept in oxidising atmosphere during operation. The molecular Oxygen 

diffuses through the cathode and reduces at the interface with the electrolyte into Oxygen 

anions. For this reason the cathode materials need to be stable in this environment, have a 

high ionic and electronic conductivity and catalyze the dissociation of Oxygen. They must 

have a high porosity in order to let the Oxygen to reach easily the electrolyte surface where 

there are the active reaction sites, known as triple phase boundary (TBP). The active sites 

concentration should be high in order to ensure good cathode performance. Other important 

requirements that a cathode should fulfil are a good adhesion with the electrolyte interface 

and chemical compatibility with adjacent cell components [23, 24]. 

In anode supported cells the cathode is a thin layer to avoid mass transfer losses, but at the 

same time has to provide sufficient in plane conductivity. 
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Usually the cathode is produced by using ceramic materials, typically Lanthanum 

manganites. They have a perovskite-structure oxide that exhibits p-type electronic 

conductivity. In order to increase their electronic conductivity they can be doped with 

lower-valence cations, such as Strontium, Calcium, Barium, Nickel or Magnesium, or by 

other alkaline- or rare-earth cations [25, 26]. The state of art for cathode materials when 

YSZ is used as electrolyte are Strontium doped LaMnO3 (LSM) and Strontium doped 

Lanthanum cobaltites (LSC) for their high electrical conductivity as well as for thermal 

expansion and chemical properties compatible with other SOFC component materials [27]. 

LSM applications are limited to temperatures higher than 800°C; instead at lower 

temperatures LSC are the preferred cathode materials due to their good electrical 

conductivity in this range of temperatures [28, 29]. Many alternative and promising 

materials based on rare earths perovskites are currently under development [30]. 

 

 

1.4.2 ELECTROLYTE 

 
The selection of the electrolyte material into the solid oxide fuel cells determines the 

operative temperature of the cells. Indeed electrolyte needs to show different properties to 

be selected, first of all an elevated Oxygen ionic conductivity which strongly depends on 

temperature. This is because Oxygen anions are the mobile species migrating through the 

electrolyte from the cathode to the anode. Other features that an electrolyte necessitates to 

satisfy and are not less important than the previous one are: it must show a minimal 

electronic conductivity to avoid short circuit into the cell, have a high density in order to 

inhibit the fuel crossover with consequent fuel combustion. In addition it needs to be 

chemically stable into the reducing and the oxidising atmospheres, being in contact with 

both the two electrodes. To minimize ohmic losses this layer must be produced as thin as 

possible (for ASC). Finally the electrolyte must exhibit good mechanical resistance in order 
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to avoid cracks or pores formation either during manufacture or in the course of long-term 

operation. 

 Fluorite-structured oxide materials such as yttria stabilized zirconia (YSZ), rare 

earths doped ceria, and rare earths doped Bismuth oxide have been widely investigated as 

electrolyte materials for solid oxide fuel cells [23, 31]. Among these materials YSZ has 

been successfully employed, and currently is the state of art as electrolyte material. It can 

be used either as 3YSZ, i.e. ZrO2 doped with 3 mol% Y2O3 (TZP) or 8YSZ, i.e. ZrO2 doped 

with 8 mol% Y2O3 (CSZ). Although the oxide ion conductivity of 3YSZ is significantly 

lower than that of 8YSZ, this material is advantageous because of its outstanding 

mechanical stability. 

Yttrium oxide (Y2O3) is introduced as dopant into the zirconia for two reasons: 

� It stabilizes the high temperature cubic phase that posses the highest ionic 

conductivity between the different crystal phases. In fact the pure zirconia exists in three 

crystal phases at different temperatures. At very high temperatures (>2370°C) the material 

has a cubic structure (c). At intermediate temperatures (1170 to 2370°C) it has a tetragonal 

phase (t). At low temperatures (below 1170°C) the material transforms to the monoclinic 

structure (m). In nature these transformations are martensitic and the transformation from 

tetragonal to monoclinic is rapid (by cooling) and is accompanied by volume increase that 

causes extensive cracking in the sintered material. This behaviour leads to dramatic failure 

of fabricated components during cooling and makes pure zirconia useless for any structural 

or mechanical application. Instead the use of Y2O3 or other oxides such as CaO, MgO, 

Sc2O3 and rare earth oxides as dopant can stabilise the monoclinic structure in the cubic or 

tetragonal form. 

� It increases the oxide ionic conductivity introducing Oxygen vacancies. For instance 

one mole of Oxygen vacancy is created for each mole of Y2O3 dopant, as can be observed 

by the defect reaction written in the Kroger–Vink notation: 

 

••++→ O
x
OZr

ZrO

VOYOY 32 '
32

2
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where '
ZrY  is the lower valence cation, x

OO  is the oxygen ion on normal sites and ••
OV is 

the Oxygen vacancy [32]. 

Moreover zirconia has good thermal and mechanical shock resistance when doped with 

yttria (Y2O3), scandia (Sc2O3), samaria (Sm2O3) and magnesia (MgO). 

The Oxygen ionic conductivity behaviour of electrolyte materials against the 

temperature can be observed by the graphic reported in figure 1.6, where it is possible to 

see that different materials such as Ce0.9Gd0.1O1.95 and Bi2V0.9Cu0.1O5.35 posses at lower 

temperature higher conductivity than (ZrO2)0.9(Y2O3)0.1. But this condition is not sufficient 

to choose them instead the doped zirconia as electrolyte material; in fact, for instance, 

Bi2V0.9Cu0.1O5.35 is not stable in the reducing environment of the anodic compartment of a 

fuel cell. It has to be also stressed that, among the candidate materials, yittria stabilized 

zirconia is a relatively cheap base material. 

In addition it is sufficient to produce YSZ electrolytes with a thickness lower than 15 

µm to have a specific ionic conductivity greater than 10-2 Scm-1 at 700°C that allows to 

obtain an ASR of 0.15 Ωcm2 and ensure that the total internal resistance of a fuel cell is 

sufficiently small [6]. 
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Fig 1.6: Oxygen ion conductivity vs. reciprocal temperature for different doped oxides for 
SOFC electrolyte [6]. 
 
 
Even if YSZ based electrolytes represent the state of the art materials, ceria based materials 

seem to be promising candidates for electrolyte production and are object of an intense 

research [33]. 

Pure ceria has a fluorite-type structure over wide ranges of temperature and Oxygen 

partial pressure. The electronic defects concentration and conductivity are directly related 

to the degree of non-stoichiometry that increases with the temperature and decreases with 

Oxygen partial pressure. Doping of ceria with a number of oxides such as CaO, Sm2O3, 

Gd2O3, Yb2O3, Y2O3, La2O3, increases the concentration of Oxygen-ion vacancies and the 

material exhibits high ionic conductivity. 

On the other hand, for instance, Gd doped CeO2 (GCO) become mixed conductor in 

reducing atmosphere, so the fuel can pass through the electrolyte into the cathode 

compartment resulting in an internal short circuit of the cell. Consequently, a decreased 

open circuit voltage (OCV) and an additional fuel utilization even under OCV-conditions 

takes place, thus lowering the system efficiency [30]. 
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Other alternative materials are the oxide having ABO3 perovskite structure; this 

structure is extremely amenable to tailoring via doping on both the A and B cation sites. A 

large variety and concentration of dopants can be accommodated in a wide range of host 

compounds. Introduction of divalent dopant ions, in general Strontium and Magnesium, 

into the Lanthanum and Gallium sites (LSGM: (La,Sr)(Ga,Mg)O3), respectively, of 

Lanthanum gallate LaGaO3 produces a material with a high concentration of mobile 

Oxygen vacancies and thus high Oxygen ion conductivity. On the other hand, they do not 

show long term stability due to Ga evaporation in a reducing atmosphere. Moreover, 

Lanthanum gallate undergoes deterioration for its reactivity with Nickel, the typical SOFC 

anode electrocatalyst [30-35]. In addition, the use of LSGM as electrolyte shows problems 

due to the low mechanical stability and the high costs of Gallium. 

So far zirconia based oxides remain the best and more cost effective electrolyte materials. 

Sc-doped ZrO2 electrolytes are the most promising alternative as this dopant material 

allows to increase the ionic conductivity significantly for reduced operating temperatures so 

far. On the other hand the low quality of ScSZ-powders available, and the high cost of 

Scandium restricted its use. 

A further consideration is that the electrolyte needs to show a high strength and toughness 

especially in planar configuration. Several fuel cell developers add a small quantity of 

alumina to YSZ based electrolytes to enhance the mechanical strength [31, 36-39]. 

 

 

1.4.3 ANODE 

 
The electrochemical oxidation of the fuel is realized into the anodic compartment. If 

Hydrogen is used as fuel the oxidation products are water vapour and electron as evidenced 

in Eq. 1.13: 

 

 −− +→+ eOHOH vg 4222 )(2
2

)(2  (1.13) 
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The porous anode in SOFCs offers the sites for the fuel gas to react with the Oxygen 

ions delivered by the electrolyte, within a structure which also facilitates the necessary 

charge neutralisation by its electronic conductivity. 

In order to have a SOFC with high performance also the anode material must exhibit 

different properties [23]. 

The anode has to be chemically stable in reducing atmosphere, show high 

electrochemical/catalytic activity, necessary for the kinetic of the reaction, be sufficiently 

porous to permit efficient transport of the fuel to the active sites and to remove products 

such as water. For the anode supported cells (ASC), it needs to be thick enough and show a 

good mechanical strength; for the latter a compromise with the porosity is necessary. 

Moreover, the anode must be chemically compatible with the electrolyte and with the 

interconnect materials without interdiffusion between adjacent layers; high wettability with 

respect to the electrolyte substrate is extremely important in order to have a good adhesion 

between the layers and avoid delamination during operations. Anode necessitates to match 

the shrinkage during sintering and the thermal expansion coefficient with the neighbouring 

components in order to minimise stresses caused by temperature variations during 

operation, start-up and shut-down. 

In addition, it must present corrosion resistance to the fuel and the impurities therein; 

specifically, it needs to avoid coke deposition and to be tolerant to Sulphur present in the 

fuel. Preferably, anode should show catalytic activity toward the hydrocarbons reforming. It 

needs to be stable over a wide range of temperatures, from the sintering temperature during 

fabrication to normal operating conditions and then, frequently, to cyclic shut-downs to 

ambient temperature. The anode, as before mentioned, works in a reducing atmosphere, 

with a very low Oxygen partial pressure, but the latter can increase, and to lodge fault 

conditions, so the anode needs to be chemically stable in oxidizing conditions, even after 

short and/or repeated exposures to air at high temperatures showing then stability to redox 

cycles (alternative change of atmosphere: reducing-oxidising). 
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The performances of a SOFC depend strongly from the anode microstructure and it 

is very important to understand the phenomena involved in the anode during operation. 

The electrochemical reaction takes place only in a particular zone namely three-phase 

boundary (TPB). In this zone, Oxygen ions accessible from the electrolyte reacting with the 

fuel can discharge electrons to the conducting anode. This requires a gas phase for the fuel 

access, an electrolyte phase for oxide ion entry and a metal phase for electrons output. The 

anodic microstructure must provide an active volumetric reaction region in three 

dimensions homogeneously distributed through the anode in order to have good efficiency 

and low losses at operation conditions. The absence of one of this phase due to the 

breakdown in connectivity has as consequence that the reaction cannot occur being not 

catalyzed. In addition, a site will not contribute to the performance of the cell if the gas 

cannot reach the site or the electrons cannot be removed from the site. 

Consequently, anodes materials selection and production techniques are very important in 

determining a structure with high TPB concentration and stable during cell operation life. 

Considering the polarisation losses in the anodic compartment it can be observed that: 

� Activation polarization is related to the charge transfer processes, as before explained, 

and depends on the electrocatalytic activity of the anode and then on the extent of the 

triple-phase boundaries zone (electrode, electrolyte, and fuel). 

� Ohmic resistance that includes: (i) the internal resistance, related to the resistance to 

the transport of electrons within the anode and therefore to the electronic resistivity and 

thickness of anode; (ii)  the contact resistance due to low adhesion between anode and 

electrolyte layer. 

� Concentration polarization depends on the transport of gaseous species through the 

porous anode and, thus, on the anode microstructure, or, in other words, on the volume 

percent porosity, the pore size, and the tortuosity factor. 

In the research of an anode material that could accomplish the most of the peculiarity 

exposed, at the beginning of SOFCs development the attention focused to single phase 

materials counting graphite, Platinum, Iron, Cobalt, Nickel and other transition metals. But 

it was stated that each of them presented physical and chemical instability and cannot be 
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used. For instance, graphite is electrochemically corroded so it cannot be used; Platinum 

during operative work spalls off probably for the water vapour development at the metal - 

oxide interface; corrosion of Iron is observed when the partial pressure of oxidation 

products in the anode compartment exceeds a critical value [9, 40]. 

The use of the Nickel evidenced significant thermal expansion mismatch with YSZ 

electrolyte; the metal aggregates by grain growth at high temperatures, with consequent 

decreasing of anode porosity and three-phase boundaries required for cell operation [9, 41]. 

The anode material that fulfils great part, but not all, of the previous requirements is, until 

now, a mixture of ceramic and metallic materials, the porous Ni/YSZ cermet. 

Use NiO and YSZ powders as starter materials for anode production present different 

advantages instead of use pure Nickel. No reaction occurs between the anode and 

electrolyte being Nickel and YSZ not miscible even at high temperatures. Electronic 

conductivity and catalytic activity are provided by Ni in the cermet anode; instead, the rigid 

ceramic YSZ structure constitutes the network where the Nickel is dispersed, and gives 

mechanical resistance to the anode, especially for the ASC; moreover, YSZ lowers the 

activation polarization since it serves as a pathway for Oxygen ions migration and therefore 

extends the triple phase boundary region inside the anode (being usually limited to the 

interface between the electrolyte and other anode materials); in addition YSZ adjusts the 

coefficient of thermal expansion (CTE) close to that of YSZ electrolyte.  

A particular and important issue in the Nickel based anode is related to the fact that, during 

operation at high temperature, and under electric load Ni tends to sinter, coarsen and 

agglomerate. These in tumble give: (i) a decrease of anodic porosity and of the active sites 

available for oxidation (having a negative effect on the gas transport and reaction kinetics) 

that determines an overall efficiency decrease of the fuel cell by increasing the polarization 

losses; (ii) an increase in the redox instability. 

The addition of YSZ to form a Ni/YSZ composite reduces, but do not remove, the 

sinterability, and the Ni agglomeration kinetic during SOFC operation and the related 

consequences [42]. 
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It is worth noting that the NiO and YSZ powders are relatively cheap in comparison with 

other anodic raw materials. 

In the ASC configuration the sintered anode is constituted by a thick YSZ network 

where NiO is distributed. At the start up of the cell Nickel oxide is reduced with H2 in order 

to have the activation of the catalysis sites for the H2 oxidation. The reduction of NiO into 

Ni metallic (Eq. 1.14) is accompanied by a 40.9% Nickel phase volume reduction based on 

dense NiO [43] with consequent increase of the anode porosity. 

A porosity of 30–40 vol% is necessary to supply the gas for the reaction and to remove the 

reaction products [44]: 

 

 ( ) ( )vg OHNiHNiO 22 +=+  (1.14) 

 

The amount of Nickel contained in the cermet influences the electrical conductivity 

of the anode. The percentage of Ni in the cermet is determined in order to assure the 

percolation threshold, this is the adequate amount of Nickel for continuity of the electron 

conduction. The S-shaped curve correlates the conductivity of the cermet as a function of 

Nickel content as reported in figure 1.7. 

The quantity of Nickel in the anode has to be at least 30 vol% into the cermet, in 

order to ensure sufficient electronic conductivity. This concentration is the threshold value 

at which the conduction mechanism switches from ionic to electronic. Usually Nickel is 

found in concentrations of 40-60% in the anode cermet with a porosity of 20-40%, the latter 

to facilitate the mass transport of reactant and product gases [23]. 

From the comparison of the cermets sintered at different temperatures (Fig. 1.7) it can be 

observed that an increase in the sintering temperature results in a lower percolation 

threshold, which might be attributed to a decreased porosity as well as a narrowed pore size 

distribution [41]. 
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Fig. 1.7: Variation of electrical conductivity measured at 1000°C as a function of Nickel 
concentration of Ni/YSZ cermet fired at different temperatures [45]. 

 

As reported by Zhu and Deevi [41], porosity, pore size, size distribution, and size of raw 

powders as well as contiguity of each component influences the percolation threshold and, 

as consequence, also the Ni/YSZ cermet electrical behaviour; for instance, particle sizes of 

YSZ and of Nickel affect the electrical conductivity, that increases with an increase of the 

ratio of their size (dYSZ/dNi), for a fixed Ni amount and porosity. In order to have an 

anode showing high electrical conductivity, stable microstructure, as well as sufficient 

porosity, it is necessary an optimization of all processing variables since from the mixing of 

the selected raw materials, preparation, sintering temperature [46, 47]; moreover, the fuel 

composition and gas flow rates influence the FC overpotential [41]. 

In some anode supported cells, in order to enhance cell performance, a dense Ni rich anode 

functional layer is introduced between the anode and the electrolyte. For the functional 
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anode the goal is a fine microstructure with as large a TBP as possible and connectivity in 

both Ni and YSZ phases. The activity depth of the functional anode is of the order of 5 to 

10 µm and usually layers of 20 to 30 µm are used [48]. On the other hand this thin layer, 

due to its density, is more sensible to redox degradation. 

As before mentioned, the Ni/YSZ cermet do not accomplish all the ideal anode properties; 

indeed it presents different disadvantages during the fuel cell operation such as: 

(a) poor redox stability; 

(b) Nickel agglomeration after prolonged operation; 

(c) low tolerance to Sulphur; 

(d) carbon deposition when using hydrocarbons as fuel. 

The last two issue are related to the use of the fuel. The degradation of cells due to redox 

instability is explained in depth in the following. 

As mentioned before, the operating temperature of a SOFC is controlled by different 

thermal activated processes like the Oxygen ion conductivity of the solid electrolyte and 

different chemical and electrochemical reaction steps in the electrodes or at the 

electrode/electrolyte interfaces. A decrease in the operating temperature generally results in 

increased losses of the cells and a decreased power density at a constant efficiency. On the 

other hand, the long term stability of the system is improved and the system costs can be 

reduced by using cheaper metal alloys for interconnects and for external components. 

Moreover, if the device is used under pressure as SOFC/gas-turbine hybrid system the 

temperature is restrained. 

Therefore the development of cost effective alternative materials and components for 

SOFC-systems working at about 800°C is necessary [30]. Although alternative materials 

can be considered in order to overcome these disadvantages [49-51] they do not posses 

similar high performance and low cost as the Ni/YSZ cermet. All this areas are under 

development in order to decrease their degradation phenomena. 
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1.4.4 INTERCONNECT 

 

A single cell produces a potential lower than 1V. In order to increase the voltage output for 

practical applications it is necessary to pile-up different cells in a stack. In the case of 

planar cells, these are superimposed and the anode of one cell is separated from the cathode 

of another by an interconnect. The latter has two functions: 

− Ensure the electrical connection between adjacent cells;  

− Separate anodic and cathodic compartments of neighbouring cells. 

Interconnects must comply with many requirements: high temperature oxidation and 

reduction resistance; stability under multiple chemical gas streams; high electrical 

conductivity and high density with closed porosity; in addition they necessitate a good 

thermal conductivity, phase stability over wide temperature range, need to be resistant to 

Sulphur poisoning, oxidation and carburization and moreover, for planar configurations, 

show strong and high creep resistances. 

The most common interconnect material, for high temperature SOFCs, is alkali doped 

LaCrO3 (Lanthanum chromite), with the specific dopant (typically, Sr, Ca or Mg) and 

concentration being selected to best match the thermal expansion of the other fuel cell 

components in the geometry of interest. The problem with the Lanthanum chromite is its 

difficult to process because of chromia evaporation at high temperatures, which leads to 

poor densification [35]. 

With the development of SOFCs working at temperatures ranging from 600 to 800°C 

cheaper materials, such as metallic alloys, can be used as interconnects. Metallic 

interconnects if compared to ceramic materials, result stronger, easier to form, have higher 

thermal and electrical conductivities and negligible ionic conductivities, but a thermal 

expansion coefficient that tends to be higher than most of the other cell components. 

Nevertheless, ceramic materials can be considered superior at high temperatures because 

the oxidation of the metallic interconnects on the cathode side occurs with formation of an 

oxide layer. This oxide layer, usually made of chromia, has a poor conductivity and can be 
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detrimental during long-term operation, and is prone to cracking and spalling [23]. 

Moreover, Chromium evaporation occurs at operation temperatures causing irreversible 

poisoning of cathode active sites [52].  

Among the metallic interconnects the most used materials are ferritic steels because they 

are cheaper and easier to process then the other candidate alloys. Different efforts were 

undertaken to develop more suitable compositions, which led to the development of several 

special alloys. Currently Crofer22 APU (Krupp) is widely used. 

To reduce the degradation of metallic interconnects, a protective coating is applied on their 

surfaces.  

Usually the materials used for the coating are perovskites as Lanthanum Strontium 

manganite (LSM), or Lanthanum Strontium cobaltite (LSC). It was observed that the 

presence of Manganese leads to the formation of a Mn-Cr spinel having good conductivity, 

and the reduction of Chromium evaporation, thus improving the long term performances of 

the cells. In the last years Mn based spinels as Cobalt manganite (Co2MnO4) were 

successfully applied as coating showing an important improvement in the cathode 

protection assuring a high conductivity to the interconnect [53, 54].  

 

 

1.4.5 SEALING 

 
In planar SOFCs, sealants attach the cell to the interconnect and/or metal frames as well as 

seal all possible leakage points. The choice of sealing materials has to be done according to 

many requirements: they need to be cheap, electrically insulating, their thermal expansion 

coefficient must be compatible with other cell components. In addition, they must be 

chemically and physically stable at high temperatures in both reducing and oxidizing 

environment and gastight; moreover, they need to be chemically compatible with other 

components and provide high mechanical bonding strength. 
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Three type of sealing can be considered: rigid bonded seals, compressive seals, and 

compliant-bonded seals. Specifically, rigid-bonded seals are the most common and are 

usually made from glass or glass-ceramic materials [23]. This type of seal is attractive 

considering that their viscous/wetting behaviour facilitates hermetic sealing; they are cheap 

and easy to manufacture and apply and fulfil many of the key properties required for a 

sealing material; in addition, glass-ceramics can be designed to avoid viscous flow and 

uncontrolled progressive crystallization during operation. 

On the other hand they have different inconveniences due to their fragility, leading to seal 

and even cell failures during cool-down, and tendency to interact with adjacent cell 

components, especially with the interconnects [55-57]; in addition some of the constituents 

of glass volatilize during operation including Silicon, Boron, and alkali metals [4]. These 

constituents will likely foul or poison the electrode catalyst or interact in an undesirable 

manner with other cell components. Many studies are carried out to overcome these 

problems. 
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1.5 SOFC ISSUES 

 

 

This section deals with one of the problems related to an easy commercialization of SOFC. 

In fact, in spite of the great potentiality of solid oxide fuel cells (SOFCs) there are still 

several problems that need technological solution and make these devices still not available 

for a large scale use. 

In this paragraph the redox instability of the planar anode supported SOFC is discussed in 

detail being one of the most relevant obstacles for the production of reliable SOFC systems. 

Considering that the aim of this work was to increase the tolerance to redox cycle a detailed 

description of the redox phenomenon is necessary. 

 

1.5.1 REDOX INSTABILITY 

 

Among SOFCs the anode supported configuration shows the best electrochemical 

performances due to the thick anode (range 100-1000 µm) constituted usually by a Ni/YSZ 

cermet and a thin electrolyte (YSZ) (ranging between 6-20 µm) that minimizes the ohmic 

losses in comparison with the other cell configurations. 

Indeed, Nickel is a good electronic conductor and an excellent electro-catalyst for the 

electrochemical Hydrogen oxidation; moreover the YSZ framework constitutes a good 

Oxygen ions conductor. In addition Ni/YSZ cermet has a high chemical stability in 

reducing atmosphere and has a good matching of thermal expansion coefficient (CTE) with 

YSZ electrolyte [13, 30, 41]. 

One issue still present on Ni/YSZ based anode supported cells is the instability to 

redox cycles. As reported by Wood et al., out of 10 references found in the technical 
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literature using anode-supported cell architecture, none report multiple redox cycles with no 

degradation due to microstructural modification of a Ni-YSZ anode [43]. 

During fuel cell operation the anode is in a reduced state, but for different reasons 

the anode can re-oxidize: for instance, discontinuous fuel supply, emergency stop, system 

shutdown without fuel, overpotentials or insufficient fuel permeation through the anode can 

determine undesired oxidation of the metal phase within the cermet, this being responsible 

for the phenomenon usually defined as redox instability. 

 A model of the microstructure evolution during reduction and subsequent oxidation 

was developed by T. Klemensø et al. [58]. The model is reported in figure 1.8 to better 

explain the microstructural modifications due to the redox phenomenon. 

As sintered, the anodic microstructure appears with low porosity and NiO is uniformly 

distributed into the YSZ network, in order to guarantee the percolation (Fig. 1.8a). 

During the first operation, NiO is reduced into metallic Ni. This process is associated with a 

volumetric shrinkage, an increase in porosity, and a restructuring of the Ni network (Fig. 

1.8b). Due to the high operating temperatures (600 to 800°C), Nickel particles tend to 

coalesce and coarsen (Fig. 1.8c). Fuel supply interruptions, overpotentials and leakages can 

cause the re-oxidation of Ni to NiO, with a consequent volumetric expansion. After the re-

oxidation the microstructure is different with respect to the as sintered state, due to the 

modification realised during the operative condition (reduced state). In fact, the NiO 

particles grow, and their final volume can be higher than the initial one: in such a case, 

anode bulk expansion occurs and anode internal stresses develop, with consequent crack 

formation into the YSZ network and into the electrolyte which can results in a loss of 

electrochemical performances and, worst, lead to the failure of the cell (Fig. 1.8d) [43, 48, 

59, 60]. 
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Ni-agglomeration(c) Re-oxidation(d)

In-situ activation (reduction)(b)(a)    As prepared (sintered)

Ni-agglomeration(c) Ni-agglomeration(c) Re-oxidation(d) Re-oxidation(d)

In-situ activation (reduction)(b) In-situ activation (reduction)(b)(a)    As prepared (sintered)(a)    As prepared (sintered)

 

Fig. 1.8: Illustration of anodic microstructure change due to redox cycle [58]. 
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In the last years many investigation were developed by different research groups on the 

mechanism and characterization of the redox behaviour, but it is still far to solve the 

problem [61]. 

Klemensø and Mogensen improved later the proposed model of the process occurring 

during more redox cycles from the results obtained by direct current (DC) conductivity 

measurements and by thermo-gravimetric study of redox kinetics. They observed that the 

anode electrical properties depend on samples porosity; the decrease in the electronic 

conductivity reflects Ni coarsening and agglomeration. Oxide growth mode causes damages 

to the YSZ network but may also promote improved percolation of the Ni/NiO network 

until a critical porosity [62]. 

Different approaches were used to examine the redox phenomenon, in order to understand 

the kind of modifications necessary to overcome this issue. Ni-based anode specimens with 

apposite composition and having different shape such as discs, bars or powder were tested 

in order to investigate the effect of redox cycling. 

For instance, D. Sarantaridis et al. [63] investigated the redox behaviour in order to 

determine the critical degree of oxidation for ASCs that leads to irreversible mechanical 

damage. To obtain these data they oxidised two different configuration cells: free-standing 

cells were oxidized in air and cells that were sealed at their periphery to the fuel plate were 

oxidized electrochemically. They observed that free-standing cells resulted in failure at a 

critical degree of oxidation of about 50%, instead the constrained cells were fully disrupted 

with a critical degree of oxidation of about 5%. Moreover, they gave an interpretation of 

mechanical failure and noticed that a non-uniform oxidation process have more catastrophic 

effects than an uniform one. They considered that peripheral tensile stresses can be 

generated if the oxidation is non-uniform and concentrated in the central part of the cell. 

This leads to a central zone of expansion that creates a radial compressive stress in the 

surrounding material and a tensile hoop (tangential) stress. 

In order to improve the redox tolerance of anode supported fuel cells, several solution have 

been proposed [64-68].  
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Wood and al. [43] in their paper reported a categorization of the possible solutions; they 

considered system solutions (such as purge gas or cell reversal, high temperature check 

valves and so on) and unit cell or material solutions. The former are expensive and need a 

deep evaluation on a number of criteria including effectiveness of solution, efficiency, 

amount of additional system equipment, safety and technical risk. The latter are less 

expensive since do not require special system power or control. Inside this category are 

considered: materials alternative to Ni/YSZ cermet anodes, microstructure modifications, 

changes in kinetic of reactions, improved sealing and lower stack operating temperatures. 

 

 

Use of alternative materials 

One possible solution to solve redox instability is the utilization of alternative anode 

materials to Ni/YSZ cermet and the choice of substances that are not as susceptible to 

oxidation, or better that do not posses relevant dimensional variation due to change of 

oxidative state.  

The continuous search for alternative anode materials is primarily centered on perovskite-

related structures, but also other materials are investigated such as fluorite, pyrochlore and 

Tungsten bronze. Many researches are currently focused on this topic [40, 64, 68-71]. 

A possible approach could be to choose a ceramic based anode such as Lanthanum 

chromite or doped Strontium titanates. The key problems with these materials up to now 

are the low electrochemical activity, low electrical conductivity, and high cost in 

comparison with Ni/YSZ cermet [43].  

However, at the time being there are few anode materials alternative to Ni/YSZ cermet. 

 Tietz et al. analysed the conductivity and the dimensional variations during redox 

tests of different alternative anode materials, i.e. n-type conductors as Yttrium or 

Lanthanum doped Strontium titanates and p-type conductors as Sr1-xLaxB1-yMnyO3-δ (B=Al, 

Ti). They carried out that most of the ceramics with n-type conductivity or substitutions 

with manganese leading to p-type conductors do not realize the requirements of a redox 

stable anode substrate material. Either they showed a too high chemical expansion or a too 
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low electrical conductivity and insufficient chemical stability. They detected that only the 

series Sr1-xYxTiO3-δ or Sr1-3x/2YxTiO3-δ (0<x<0.08) shown promising properties [72]. 

Thus, if the anode material remains unchanged and system redox solutions are considered 

too expensive, the only remaining solution to improve SOFC redox tolerance is to modify 

the microstructure of the anode. 

 

 

Modification of microstructure 

In order to minimize the degradation of the cell, and consequently of the device, due to the 

volume changes associated with redox cycles, modification of anode microstructure can be 

considered a possible solution. At the same time it is in necessary that the modifications 

introduced into the microstructure do not decrease the electrochemical performance of 

Ni/YSZ cermets.  

Malzbender et al. tested redox tolerance of anode supported cells constituted by a 

thin electrolyte and anode with a porous current collector and a dense functional layer. 

They observed that upon re-oxidation the resulting NiO particles show an increase in 

volume in comparison with the as sintered state due to their spongy structure. 

The expansion of NiO led to a compressive stress into the anode and to tensile strain and 

stress in the electrolyte that determined the formation of fractures into the electrolyte. This 

means that the stresses induced by NiO expansion overcome both the modulus of rupture 

and the compressive residual stresses of the electrolyte. They suggested, then, that a 

possible solution to decrease the redox instability effects is to increase the anode porosity in 

order to minimize the stress developed by NiO expansion [73]. 

Viable methods for anode porosity increase in order to improve the cells 

performance were studied by many research groups that did not characterize the redox 

stability of the produced anodes [74-78]. 

For instance, Morales et al. [79] discussed the use of fugitive materials to introduce a 

tailored porosity into the SOFC electrodes. The authors mixed PMMA beads with sub-

micrometric size into anodic and cathodic slurries producing electrodes with a homogenous 
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porosity. They observed that a cell with electrodes having increased porosity (PMMA 

addition) shows an improvement in electrochemical performances in comparison with a cell 

produced by conventional route. 

Clemmer and Corbin [80] produced anodes with mixtures of YSZ, Ni and graphite 

particles or YSZ and Nickel coated graphite particles. They also stated that the use of 

fugitive materials may increase the cell performances by achieving an improved Ni particle 

distribution and as consequence allows to decrease the percolation threshold.  

Instead Rainer et al. studied the feasibility of porous anodes prepared by adding 

polyurethane (PU) foam precursors into the anodic slurry [81]. By changing the ratio 

between powder and PU foam, different percentage of porosity can be obtained. In 

particular, the authors observed that a good compromise between mechanical stability and 

network homogeneity can be achieved with 20 vol% ceramic load. 

The modification of the microstructure can be also achieved by changing or grading 

the Ni/YSZ ratio, or by adding an oxidation barrier onto the anode side in contact with the 

fuel in order to avoid Oxygen diffusion into anode matrix [43]. 

For instance, Waldbillig et al. produced cells starting from an anode substrate where 

a graded double anode functional layer (AFL), electrolyte and cathode were screen printed. 

The AFL next to the anode substrate had 57 wt% of NiO in order to provide good 

electronic conductivity and thermal expansion match, while the AFL adjacent to the 

electrolyte had a lower NiO percentage in order to decrease the amount of oxidation 

induced volume expansion. Moreover, they produced cells with an oxidation barrier having 

high NiO content on the fuel side of the anode substrate, so that upon re-oxidation the NiO 

expansion reduces the barrier porosity and as consequence lowers the Oxygen diffusion rate 

into the anode, and increases the amount of time needed to reach a certain redox depth. 

Both these modifications increased redox tolerance as demonstrated by the reduction of cell 

voltage degradation after repeated redox cycles [66]. 

 When the microstructure of the anode is modified by increasing the porosity, a 

decrease on mechanical strength occurs. In fact, Radovic and Lara-Curzio studied the 

mechanical properties of unreduced (NiO-YSZ) and reduced (Ni-YSZ) anodes as function 
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of porosity. They found that Young’s and shear moduli and fracture toughness of both, 

unreduced and reduced anode materials decrease with porosity. This decrease after 

reduction can be mostly related to the increase in porosity of the samples. Moreover, the 

authors also observed that fracture toughness of the anode samples increases after reduction 

in Hydrogen, despite the significant increase in porosity upon reduction ascribing this 

behaviour to the formation of a ductile Ni-metal phase during hydrogen reduction [82, 83]. 

 

 

Modification of kinetic of reaction 

Tietz et al. performed a study on the influence of some extrinsic parameters such as 

temperature, incident gas flow rate and direction and time of oxidation, on the re-oxidation 

behaviour of a cell without changing the properties of the cell (porosity, microstructure, 

thickness of the anode, NiO/YSZ ratio, particle size distribution, specimen shape). They 

demonstrated that the re-oxidation behaviour strongly depends on degree of oxidation 

(DoO: defined as the ratio between the amount of Oxygen absorbed by the substrate and the 

maximum amount of Oxygen the substrate would have been able to absorb upon complete 

oxidation) and homogeneity of oxidation. These two factors are controlled by several 

extrinsic parameters. The redox stability of cells is therefore strongly influenced and 

determined by the mentioned extrinsic parameters. Thus, selection of appropriate 

configurations in system operation can help to significantly improve the redox stability of 

the cells [72]. 

As previously explained, in the anode the reducing atmosphere reduces NiO to Ni 

and keeps the Ni in the metallic state. An undesired switch to an oxidizing atmosphere 

allows the Nickel re-oxidation: 

 

 NiOONi →+ 22

1
 (1.15) 
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Gas diffusion kinetic into anodic matrix and the rate of Ni re-oxidation are important 

parameters of this reaction. The study of the redox reaction mechanism and the 

identification of the rate determining step make the control of the oxidation kinetic a 

promising strategy to increase cells redox tolerance, in order to prevent sudden Ni 

oxidation. 

Tikekar and collaborators studied the kinetic of reduction and oxidation of dense 

Ni/YSZ cermets with or without oxides additives (CaO, MgO, TiO2). They observed that 

reduction kinetic is linear with respect to the time (interface controlled) and increases with 

the temperature. On the other hand oxidation kinetic is essentially independent of 

temperature and controlled by diffusion. The use of additives starts from the consideration 

that small oxide inclusions in metals suppress diffusion phenomena. Thus it is expected that 

these additives may enhance the Ni stability by suppressing its diffusion kinetic through the 

YSZ network. Indeed the authors obtained that the dense anode doped with 4 mol% of one 

of the additives showed a decrease in both reduction and oxidation rate with respect to the 

undoped anode. All these metal oxides decrease the oxidation kinetic and the Ni mobility 

so that the coarsening of Ni is inhibited. Thus the use of specific oxide as dopant appears a 

possible strategy to increase the redox tolerance of Ni-based anodes [84]. 

The analysis of redox kinetics of Ni/YSZ anodes studied by several researchers via 

thermogravimetric analysis (TGA) and/or by dilatometry on bulk samples is an effective 

method to correlate redox degradation to microstructure modifications [85-87]. 

Fouquet et al. studied the kinetic of oxidation and reduction of NiO powders and of 

Ni/YSZ bulk ceramics. They observed that the reduction kinetics of bulk ceramics show an 

inhibited transport process due to the presence of YSZ and therefore their reduction rate is 

lower than that of NiO powders. On the other hand, the oxidation of bulk ceramics is 

completed in a shorter period of time in comparison to the Ni powder samples [85]. 

Waldbillig et al. confirmed that the reduction of NiO/YSZ cermets follows a linear 

kinetic with an activation energy of 78 kJ/mol and that the re-oxidation follows a parabolic 

kinetic at low temperatures and for limited mass change. On the other side, they observed 

that the re-oxidation kinetic deviates from parabolic model at higher temperatures (700-
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850°C). Waldbillig et al. underlined that many different oxidation activation energy values 

can be found in literature due to the high sensitivity of NiO oxidation kinetic to preparation 

procedures, powder size and impurity levels. 

They performed their redox study on two types of specimens: coarse and fine 

microstructure respectively, the latter being similar to the AFL. The two samples showed a 

different behaviour upon re-oxidation, since the one having fine microstructure showed 

many cracks due to the small pores which cannot allocate the NiO expansion. They 

confirmed that, in a cell, anode with a dense microstructure typical of AFL may lead to 

electrolyte delamination or cracks formation upon re-oxidation [88]. 

Moreover, different research groups stated that the properties of fuel cells, such as 

mechanical and electrochemical performances, long term stability, sintering behaviour and 

final microstructure, can be effectively modified by the tailored use of selected doping 

elements that can be added in small quantities to the anode and/or the electrolyte [36, 38, 

39, 89, 90]. Dopants such as Cr2O3, MgO, CeO2 were also added to the anode in an attempt 

to increase the resistance to redox cycles [86, 91]. 

Undoped and doped samples made by NiO with Al2O3, MgO or CeO2 were studied by 

Pihlatie et al. by dilatometry and thermogravimetry. They confirmed that porosity is a 

major microstructural parameter related to the dimensional and structural stability during 

redox cycling. They measured the cumulative redox strain (CRS), that is the samples 

elongation during repeated redox cycles with respect to its as sintered length, observing that 

after three isothermal redox cycles at 850°C it increases by a factor of more than 20 when 

the as-sintered porosity of the composites decreases from 34 to 9%. They also observed that 

the dopants affect the as-sintered porosity of the anode and concluded that the use of 

dopants is a potential way of tailoring cermets microstructure and improving the redox 

stability [86]. 
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1.6 PRODUCTION OF ANODE SUPPORTED SOFC BY TAPE 

CASTING  

 

 

In the present research work the samples were prepared by using water based tape 

casting, so a brief general introduction on this production method will follow. 

Tape casting is the most significant process to produce large area, thin and flat 

ceramic or metal substrates and multilayer electronic devices [92]. This technique is easy 

and cheap. The thin ceramic sheets are essentially two dimension structures since the 

thickness (from 5-1000 µm) is smaller than the other two dimensions. 

Tape casting is usually based upon non-aqueous solvents but in recent years there 

have been a successful increase in the use of aqueous based tape casting process [93]. 

Water has the advantage to be a cheap and environmental friendly solvent. 

The process appears very simple: homogeneous slurry is introduced into the 

reservoir of the doctor blade apparatus (Fig. 1.9) and cast onto a rigid substrate and then let 

dry.  

The movement between the doctor blade and the substrate can be obtained by 

moving either the carrier film (stationary blade) or the reservoir itself (moving blade). The 

doctor blade gap, i.e. the distance of the blades from the substrate, fixes the height of the 

cast slurry (and consequently of the dry tape) and can be adjusted by acting on the 

micrometers. The green obtained tape is flexible and deformable and can therefore be cut, 

punched or wrapped very easily. 
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Fig. 1.9: The basic principle of the tape casting process. 
 
 

In order to obtain a homogenous and free of defect green tape it is important to 

prepare a well-dispersed slurry. The slurry is a suspension obtained by thoroughly mixing 

ceramic powders, solvent, dispersants and binders. 

Dispersants are low molecular weight polymers stable to the milling attrition 

added to stabilize the suspension by separating the particles, in order to obtain a 

homogenous suspension. 

Depending on the molecular structure, dispersants are adsorbed onto the particles surface 

and avoid their agglomeration by steric hindrance and/or ionic repulsion (Fig. 1.10). 

The optimal amount of dispersant depends on the particles specific surface area 

and can be determined when the suspension shows the minimum viscosity or maximum 

packing ability in sedimentation tests. Typical dispersants are Sodium silicate, menhaden 

fish oil, stearic acid, salts of polyacrylic or methacrylic acid, polyethylene glycol and pH 

adjustment. 
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Fig. 1.10: Different type of repulsion realized by dispersants. 
 

 

Binders are high molecular weight polymers that determine the green tape 

mechanical properties such as strength, flexibility, plasticity and smoothness. They 

constitute a solid network in which the ceramic powder is entrapped. Binders commonly 

used are vinyl (PVA, PVB), acrylic (PEMA, PMMA), polyolefin and cellulose based. 

Many parameters determine the tape height and homogeneity: temperature, blade 

gaps and carrier speed, slurry height in the reservoir, and slurry viscosity. The relation 

between these parameters and the final tape height is very complex and up to now the 

proposed mathematical models are not completely reliable. 

Viscosity is very important to obtain a tape with constant thickness, so the slurry 

should show a pseudoplastic behaviour. In this case the high shear stress exerted on the 

slurry below the blade reduces its viscosity and favours the flow rate, while viscosity 

increases downstream from the doctor blade so that the cast tape is stable and do not spread 

laterally [94]. 
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GENERAL CONSIDERATIONS 

 

 

Different approaches can be pursued in order to produce redox resistant cells.  

Tailoring the cermet microstructure by increasing the porosity with the aim to 

facilitate free Ni expansion upon re-oxidation seems to be a promising route. To obtain 

such result it is possible to add within the anode microstructure different kind of fugitive 

materials. The addition of a pore former into the anode has different objectives such as 

provide a supplementary porosity and improve the access to the active three phase 

boundary regions of the anode increasing as consequence the conductivity and the 

performance of the cells. Nevertheless, it is necessary to take in account that ASCs must 

show sufficient mechanical strength, and a compromise between these two characteristics is 

foreseen. Many other strategies can be adopted to improve redox tolerance: 

− Acting on redox kinetic, i.e. control the oxidation kinetic in order to reduce the Ni 

reaction rate with Oxygen. 

− Increase the wettability between Ni and YSZ network with the purpose of avoid the Ni 

particles migration and coarsening in reducing environment. 

− Increasing the mechanical resistance of YSZ network, and as consequence of the 

anode, in order to contrast the internal stresses produced during Ni re-oxidation. 

− Adding appropriate dopant oxides could be considered a useful technique with the 

intention of achieve the previous objectives. 

A further possible and interesting method to achieve redox tolerance is the tailoring of the 

microstructure by using combinations of anodic powders with different shape and 

granulometry. This method seems a promising and viable route to enhance both the 

porosity and mechanical strength of the cells. 

During the present research work, all such approaches have been considered with the 

intention of realize redox tolerant cells. Different kinds of investigation have been taken in 

account in order to evaluate their redox tolerance. The obtained results, the specimens 

production procedure and their characterizations are presented in this section. 



GENERAL CONSIDERATIONS SECTION 2 

62 
 

The experimental part is divided into four chapters. In the first chapter the attention is 

focused on a description of the general methods used for the production of the specimens; 

moreover, the apparatus used for the analysis and the characterization of the samples are 

reported. In addition, the test conditions used for each investigation developed are 

described. 

 

In the second chapter, the modifications realized into the anodic microstructure by 

adding pyrolizable materials in order to increase the microstructure porosity and obtain 

redox tolerant cells are reported. This chapter is divided in different parts where the effects 

of different pore formers are analyzed. For each of them, the experimental procedures are 

described and the obtained results are reported. 

 

In the third chapter, the modifications of the anode microstructure by using powders 

with different morphology are considered as a way to increase porosity and enhance 

mechanical resistance and redox tolerance. For this reason ceramic powders of customised 

size and aspect ratio (different from the NiO-YSZ powders) were added to the usual anodic 

powders. The redox behaviour of these specimens was investigated and related results 

reported. 

 

The last chapter deals with the use of dopant elements added to the anodic 

composition in order to modify the redox behaviour. The addition of the dopant agents has 

the purpose to produce redox tolerant anodes, with high electrochemical and mechanical 

performance. This chapter is divided into different parts according to the kind of analyses 

realised to study the redox behaviour. 
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In this chapter a brief description of the general techniques used for the samples production 

and of the apparatus used for the analysis are reported. Moreover, the test conditions used 

for each investigation carried on are described. 

 

 

2.1 TAPE CASTING TECHNOLOGY FOR ANODE AND 

ELECTROLYTE PRODUCTION  

 

 

Thin and flat ceramic sheets were produced by water-based tape casting technology.  

Ceramics powders typically used in this work are: 

- 8 mol% yttria stabilised zirconia (8YSZ, Tosoh, Japan) for the electrolyte; 

- 58 wt% NiO powder (J. T. Baker, USA) mixed with 42 wt% 8YSZ for the anode. 

Ceramic powders were dispersed in a plastic drum with a solution of deionised water and 

an organic dispersant, specifically an ammonium polyacrylate dispersant (Darvan 821A, 

R.T. Vanderbilt Inc., USA). Zirconia balls (Inframat Advanced Materials) were introduced 

into the plastic jar in order to disrupt powder aggregates. 

The electrolyte slurry was, mixed for 3 h using a high efficiency mixer (Turbula 

T2F, Bachofen, Switzerland). The anodic slurries were mixed for 18-20 h in a conventional 

rotating jar mill.  

Then, the slurries were filtered to 50 µm to eliminate the possible agglomerates and the 

zirconia spheres. The air bubbles present in the slurry were removed by de-gassing the 

suspension for 20 min by using a vacuum Venturi pump. Acrylic emulsions, B1000 

(Duramax, Rohm and Haas, France) as binder, and B1014 (Duramax, Rohm and Haas, 

France) as plasticizer were added; the mixtures were slowly stirred for 2 h. The slips were 

delivered to the dual doctor blade reservoir (DDB-1-6, 6 in wide, R.E. Mistler, Inc., USA) 

and cast on a composite three–layer film, PET12/A17/LDPE60 (BP Europack, Italy), in 
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order to make the removal of the dried green tape simple. The casting speed was fixed at 1 

m/min. For the electrolyte suspension, the gaps of front and rear blades were 30 and 50 µm 

respectively; these gaps were set to 700 and 800 µm for anodic slurries casting. It was 

possible to obtain half cells by casting sequentially the thick anode suspension on the top of 

the dry electrolyte tape. The relative humidity of the over-standing environment was 

controlled and set at about 80% during casting and drying phases, in order to avoid fast 

evaporation of the solvent and consequent possible cracking of the green layers due to 

shrinkage stresses. A schematic illustration of the process used for the preparation of the 

half cells is reported in figure 2.1. The green dry tape was punched or cut in different 

shapes and then sintered at 1450°C for 2 h. 
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Fig. 2.1: Schematic process of samples production by tape casting technology. 
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2.2 SCREEN PRINTING TECHNOLOGY FOR CATHODE 

PRODUCTION   

 

 

Screen printing is a coating technique that uses a woven mesh to support an ink-

blocking stencil. Coated area shape and extension are tailored by using different stencils. 

The ink is typically a thick paste which is forced through the mesh by using a squeegee 

onto the surface to be coated. A sketch of the screen printing apparatus is reported in figure 

2.2. 

Many parameters control the process, such as: screen (e.g. mesh size, fabric material 

and filament diameter), squeegee (e.g. material hardness, speed and pressure), ink (e.g. 

composition and rheology) and substrate characteristics (planarity, roughness and 

materials). Inks are obtained by mixing powder with a high boiling point solvent and an 

organic binder; some time other substances are added such as lubricants or sintering aids. 

Mesh size and filament diameter are chosen by taking in account the paste rheology, the 

surface roughness and the desired coated layer thickness. Typical printed paste thickness 

ranges from 60 to 80 µm while after drying the resulting layer is 20-30 µm [95]. 

 

 

Fig. 2.2: Screen printing sketch for the application of the cathode upon the thin electrolyte. 
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Screen printing technology was used for the application of the cathode over the 

sintered electrolyte of the samples produced during the PhD work. 

In detail, cathode interlayer was preliminarily deposited by using a mixture of LSM 

(Nextech, USA) and YSZ (Nextech, USA) powders suspension with 50/50 weight ratio; the 

LSM cathode contact layer was then screen printed over the interlayer. Both the pastes were 

prepared by dispersing the powders into a mixture of terpineol and ethylcellulose. Once the 

layers were dried the cells were sintered for 2 h at 1150°C. 

 

 

2.3 THERMOGRAVIMETRIC ANALYSIS  

 

 

Thermogravimetric analyses (DTA – STA 409 PC Luxx, Netzsch) were performed to 

investigate mass changes during oxidation and reduction cycles and the kinetic of redox 

cycling. Redox cycles were carried out under isothermal state at the temperature of 800°C 

in order to have condition similar to the real operation of the cells. The test consisted of the 

following steps:  

- (a) heating to 800°C at a rate of 20°C/min in air (100 ml/min), 

- (b) reduction for 3 h in 5 % H2 and 95% Ar (100 ml/min), 

- (c) oxidation for 3 h in air (100 ml/min), 

- (d) repetition of step (b) and (c), 

- (e) cooling to room temperature in air at a rate of 20°C/min. 
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2.4 REDOX TESTS  

 

 

In order to study microstructure changes upon reduction and oxidation, anodes and 

half cells were used for redox cycling tests. These tests were carried out in a tubular furnace 

according to the following steps process: 

1) heating to 800°C at 5°C/min under N2 

2) reduction in 10% H2-N2 atmosphere for 1 h; 

3) reduction in pure H2 for 2 h; 

4) purge of the furnace chamber by using pure N2 (100ml/min) for 15 min; 

5) oxidation in air for 3 h 

6) purge step and repetition from the 2nd to the 6th step; 

7) cooling at room temperature. 

After reduction and re-oxidation the samples microstructure was studied and the porosity 

was measured. 

 

2.5 ELECTROCHEMICAL TESTS  

 

 

Tests benches developed by SOFCpower Srl for single cells configuration were used 

for cells electrochemical characterization. 

Cells were tested at 800°C in order to compare the electrochemical performances and redox 

cycling tolerance. Electrochemical performances of the cells before and after redox cycles 

were determined in order to evaluate open circuit voltage (OCV) recovery after each cycle 

and performance losses due to microstructure modifications.  

The cells were mounted in the furnace as shown in figure 2.3. The cells were sealed, 

with a high temperature sealant, on the top of an alumina tube in correspondence of a 14 x 



MATERIALS, PRODUCTION AND INVESTIGATION METHODS  CHAPTER 2 

70 
 

14 mm2 window fixed over an alumina mask thus ensuring an active area of about 2 cm2. 

The electrodes were fed through two narrow alumina tubes having a square alumina sponge 

on the side in contact with the electrodes. Current collection was assured by a Nickel mesh 

for the anodic compartment and by a Gold mesh for the cathodic compartment. The cells 

were heated up to 800°C with a rate of 1°C/min.  

 

 

 

Fig. 2.3: Electrochemical test set-up. a) Furnace and piping; b) particular of electrical 
connections and gas feeding system. 
 

 

The reduction of the anode occurred in an atmosphere H2/N2 with a ratio of 10/90 for 

1 h, then the cells were fed with 150 ml/min of H2 humidified at 3% at the anodic 

compartment and with 300 ml/min of air at the cathodic side; after 1 h I-V measurements 

were carried out. Afterwards, redox cycles were performed. At the anodic compartment 

different flows were fed: 

(a) Purge step in N2 (100 ml/min) for 15 min; 

(b) Re-oxidation in air (100 ml/min) for 2 h; 

(c) Purge step in N2; 

(d) Re-reduction in H2/N2 10/90 (1 h) and pure H2 (1 h) atmosphere; repetition from the 

step (a); 

(e) Cooling at room temperature. 

Labview software was used to control the data acquisition process. 
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2.6 ELECTRICAL IMPEDANCE SPECTROSCOPY (EIS)  

 

 

AC electrical impedance spectroscopy is a powerful method for performance 

evaluation and degradation diagnostic of fuel cells. This technique is based on the 

measurement of the complex impedance Z(ω) = Zre+ jZim in function of the frequency ω of 

a voltage or current signal. The frequency usually varies from low values, few mHz, to 

hundreds of kHz. The utility of this method consists in the possibility to monitor the 

different relaxation times and relaxation amplitudes of the various processes present in a 

dynamic system over a wide range of frequencies. Specifically in the SOFCs each 

electrical, electrochemical, chemical and mass transport process is characterised by a 

typical time constant; so the response of each process depends on the solicitation 

frequencies.  

Considering that in a SOFC the different processes have a time constant that can 

differ of many orders of magnitude, it is possible to identify them by varying the frequency. 

Moreover, it is possible to associate to each single process an equivalent electrical circuit 

that is constituted in the simplest case by a resistor R and a capacitor C in parallel [96]. So a 

fuel cell can be modelled by a more complex series of these elements. The impedance can 

be plotted in different ways; the most used are the Nyquist diagram where the imaginary 

part of the impedance is plotted vs. the real part, and the Bode plot where log(Zre) or 

log(Zim) are plotted vs. log(ω). For instance the impedance of a circuit constituted by a 

resistance and a capacitor in parallel is: 
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that in Nyquist diagram is represented by a semicircle having R as diameter (Fig. 2.4a). 

This circuit is characterized by a relaxation frequency ωR that is the frequency at which the 

imaginary part of the impedance is maximum: 

 

 
RCR

1=ω  (2.2) 

 

 

 

Fig. 2.4: Nyquist plot examples: RC circuit in parallel (a), and two RC circuit in series (b) [97]. 
 

 

In the case of two circuits in series having quite different relaxation frequencies, the 

representation in Nyquist diagram is constituted by two different semicircles as evidenced 

in figure 2.4(b) [97]. 

The degree of complexity in a real fuel cell is high due to the presence of processes with 

similar time constants. The correspondent Nyquist diagram is the sum of many semicircles 

partially or completely overlapped resulting in a single distorted arc. Despite of the 

difficulty on its interpretation, EIS is very useful for understanding the cell behaviour; 

indeed the response time for ohmic polarisation is essentially zero, while the time constant 



MATERIALS, PRODUCTION AND INVESTIGATION METHODS  CHAPTER 2 

73 
 

for concentration polarisation is related to the relevant gas phase transport parameters such 

as diffusivity [10]. 

 

AC electrical impedance spectroscopy analysis was carried out for some specimens.  

The Autolab Potentiostat/Galvanostat module PGSTAT302N supported in GPES (General 

Purpose Electrochemical System) and FRA (Frequency Response Analyser) was used to 

control the data acquisition process. 

The test were performed at 800°C in potentiostatic condition and EIS were measured at 

OCV and at 0.5 A/cm2 with frequency ranging from 0.1 to 50000 Hz.  

 

 

2.7 CURVATURE ANALYSIS UPON REDOX CYCLES 

 

 

It is possible to study the redox behaviour of cells also by the analysis of the 

deformation of the unconstrained half cell during the oxidising and reducing atmospheres. 

The curvature evolution upon redox cycles was analyzed in situ by a charge-coupled device 

(CCD) camera acquiring pictures at regular intervals (30 s) through a series of optical filters 

[98]. The length of the bi-layers and the curvature developed upon the redox cycle were 

measured from photographs with the freeware software ImageJ 1.38 J. 

The sintered specimens were laser cut into 20 mm length and 3 mm width strips. A 

specific alumina sample holder was built to allocate the specimens. The samples were 

situated with the anode placed on the holder (electrolyte upside). A design of the apparatus 

and of the sample holder is reported in figure 2.5. 
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Fig. 2.5: Illustration of the set-up for curvature study during redox cycle and of sample holder. 
 

 

The redox cycle was performed at 800°C in an alumina tubular furnace, under the 

following conditions: 

(a) heating to 800°C at 5°C/min under N2 (100 ml/min), 

(b) reduction: 70 min in 3% humidified H2 (100 ml/min), 

(c) purge: 15 min in N2 (100 ml/min), 

(d) oxidation: 70 min in air (100 ml/min), 

(e) cooling at room temperature. 
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2.8 BIAXIAL FLEXURE ANALYSIS  

 

 

Fracture strength is one of the most important properties for characterization of 

ceramics mechanical properties, as it is a basis for the selection of the materials for a target 

application and to determine the reliability of a material during its lifetime. Many test 

configurations have been proposed in order to measure the material strength; most of them 

associate the fracture strength to the maximum strength at fracture. Thus, the stress 

distribution has to be known so that fracture strength can be determined for any particular 

load and specimen’s geometry. As a matter of fact the strength of ceramic materials is quite 

sensitive to size, shape and surface finish; these parameters affect the high dispersion of the 

strength values for a given material. A viable test methodology must take in account the 

effect of these parameters in order to minimize their influence.  

Uniaxial loading methods such as three and four point bending tests are very 

commonly applied to the ceramic strength investigation. However biaxial loading 

techniques result useful in testing real ceramic components because they apply to the 

specimen a more severe stress state than uniaxial methods. Moreover, by considering that 

in brittle materials fracture often originates at an edge or surface, specimens preparation can 

dramatically affect the strength measurements. Uniaxial tests are highly sensitive to the 

finishing of the specimen’s surface. The biaxial tests are less sensitive to surface defects 

because they accounts for flaws regardless of direction and the stresses are almost zero 

along the sample’s periphery. Therefore biaxial techniques have to be preferred if the 

intrinsic material strength is addressed [99].  

As well as in all experimental techniques also biaxial flexure one is affected by 

errors. These errors depend by the test configuration but two of them are common to all the 

biaxial flexure techniques. A specimen subjected to biaxial flexure develops a steep stress 

gradient being compressed uniaxially and perpendicularly on one face centre, while the 

opposite face is subjected to equibiaxial tension. This gradient affects the polycrystalline 
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ceramic mechanism of fracture: it is transgranular for large grained materials and 

intergranular for finely grained materials. Moreover, the stress equations developed to 

calculate the fracture maximum stress are based on the hypotheses of isotropic and 

homogeneous materials and that the central deflection of the specimen is small. In order to 

decrease the stress gradient, disks with thickness smaller than the 20% of the support radius 

and with a central deflection lower than half of the thickness are used. 

Ring on ring configuration consists in two concentric rings, one is the support where 

the disk is placed and the second is the load ring that is contact with the upper surface of 

the specimen and bears the load as shown in figure 2.6. This configuration presents some 

disadvantages: the absence of perfect contact between loading rings and sample can lead to 

substantial deviation from radial symmetry in the stress field and errors in the strength 

determination. This contact defects imply a stress concentration in limited areas of the disk; 

moreover, friction and wedging effects can affect the measurements reliability. From these 

considerations, a perfect parallelism between the two rings is required. 

 

 

Fig. 2.6: Ring on ring fixture 
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In spite of these drawbacks the advantage of ring on ring in comparison with the 

other biaxial flexure fixtures resides in the fact that the stress is almost constant within the 

load ring area. This allows to determine the strength of the samples without uncertainties if 

the fracture starts inside the load ring. 

Equibiaxial flexural strength (σ) via concentric ring on ring configuration under monotonic 

uniaxial loading can be estimated as: 
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where: 

F is the breaking load  

h is the test specimen thickness  

ν is the Poisson’s ratio 

DS and DL are the support and load ring diameters respectively 

D is the test specimen diameter. 

 

In order to evaluate the scattering of strength data for ceramic materials, Weibull 

distribution is the most used statistic method. The Weibull distribution calculates the failure 

probability assuming that the failure is determined by the most critical defect according to 

the weakest link theory. The failure probability Pf at a given stress level σ can be estimated 

by the following relation: 
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where: 

σ0 and m are the Weibull characteristic strength and modulus respectively. The latter 

parameter is particularly useful because give a straight estimation of strength variability: 

the higher is the modulus the smaller is the strength variability. 

In Weibull analysis the experimental results, i.e. fracture strengths, are ranked in 

ascending order and a failure probability is assigned: 

 

 ( )
N

i
P if

5.0−=σ  (2.5) 

 

where: 

N = number of test specimens 

i = i-th datum. 

Weibull distribution is commonly represented by plotting the experimental data (probability 

of failure) in a graph with ln{ln[1/(1-Pf)]}  vs. ln(σ). 

The Weibull parameters are then calculated by a linear regression. 

 

 

Ring on ring tests were performed to determine the mechanical strength of the half 

cells produced during this work according to the ASTM standard C 1499-09 [100].  

The fixture used (Fig. 2.6) had a support diameter of 23 mm and a load ring of 10 mm. The 

tests were performed at room temperature using a displacement rate control of 3 mm/min. 

30 circular specimens were tested for the estimation of Weibull parameters. The test was 

performed on half cell specimens were the electrolyte was in compressive surface, so that 

the anode surface is located in contact with the support fixture. A Poisson’s ratio of 0.25 for 

all the samples it was assumed. 

The ring on ring tests were performed on two kinds of samples: Alfa and standard half cells. 

The previous were produced adding to the usual anode slurry a ceramic powder with 
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different size and aspect ratio provided by SOFCpower S.r.l. The latter samples were also 

provided by the company. 

 

 

2.9 OTHER ANALYSES 

 

 

In order to gain a deeper insight into the samples modifications upon redox cycling further 

analyses were performed. 

Morphology of the doped powders, microstructure of anodes, of half cells and of the cells 

produced were analyzed by scanning electron microscope (SEM, JSM 5500, JEOL, Japan). 

Anodes porosity was measured by using the Archimede’s method. 

Specific surface area (SSA) of the doped powders was determined by Nitrogen Adsorption 

BET method (ASAP 2010, Micromeritics, USA). 
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3.1 INTRODUCTION   

 

 

A possible way to enhance redox tolerance is to increase the anode porosity in order 

to allow the large volume increase of Nickel during re-oxidation, decreasing at the 

contempt the internal stresses generation and consequent crack formation. An improvement 

in cells performance can be also expected, considering for instance a decrease in the 

concentration polarization due to the transport of gaseous species. Different experimental 

tests were performed at the beginning of this work with the intention to select the fugitive 

material to add to the anodic slurry.  

Pyrolyzable organic particles were chosen as fugitives material considering that no residue 

has to remain within the anodic microstructure, in order to avoid anode poisoning. From 

this preliminary screening the following pore formers were selected: polyurethane (PU) 

foam, Poly(methylmethacrylate) (PMMA) beads, (PEM-co-MMA) poly(ethyl 

methacrylate-co-methylmethacrylate) beads and graphite flocks. The mean size of the used 

pore formers decreases from PMMA to PEM-co-MMA to graphite, as it is possible to 

observe in the micrograph of figure 3.1. Different shapes and dimensions were chosen in 

order to understand if and how these factors can affect the redox behaviour. 

 

 

 

 

 

 

 

 

 

 



ANODES WITH FUGITIVE MATERIALS CHAPTER 3 

86 
 

(a)(a)

  

(b)(b)

 

(c)(c)

 

Fig. 3.1: Micrographs of fugitive materials: PMMA (a) and PEM-co-MMA (b) beads and 
graphite flakes(c). 
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3.2 PU-FOAM  

 

 

The first pore former tested was a PU foam. The samples were produced by spraying 

the foam within the anodic slurry in order to obtain a spongy structure with large open 

porosity. 9 wt% of PU-foam with respect to 8YSZ/NiO powder was added to the slurry. 

The starting anodic slurry was produced by the usual procedure explained in the Materials 

and method chapter; the PU foam was added to the suspension after mechanical stirring of 

the binders and was mixed manually. The slip was cast with a blade height of 3 mm. 

After sintering the microstructure of the anode shows a high open porosity as it is 

evidenced in the micrographs of figure 3.2. Even if the samples demonstrated elevated open 

porosity, their brittleness made them not suitable for further analyses and for production of 

fuel cells. 

 

 

(a)(a)

 

(b)(b)

 

Fig. 3.2: Cross section of anode prepared with addition of PU foam (a) and its magnification (b). 
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3.3 ANODE AND HALF CELLS WITH PEMA-CO-MMA  

 

 

3.3.1 INTRODUCTION 
 

In the present paragraph the effect of anode microstructure modifications due to the 

addition of poly(ethyl methacrylate-co-methyl methacrylate) beads (PEMA-co-MMA) on 

the anode microstructure was investigated. 

 

 

3.3.2 EXPERIMENTAL 
 

Anode and electrolyte were prepared by water-based tape casting technology. The 

electrolyte was fabricated by using 8YSZ powder and the anode was based on 58 wt% NiO 

powder mixed with 42 wt% 8YSZ. The procedures used to produce the samples are 

reported in the paragraph of Materials and methods. 

Standard (STD) dense anodes and half cells (anode and electrolyte) were obtained. 

Anodes and half cells with different pore morphology and distribution were also prepared 

by adding (4 vol%) poly(ethyl methacrylate-co-methyl methacrylate) beads (PEMA-co-

MMA) (Scientific Polymer Product inc., USA) as pore former to the NiO/8YSZ slurry. 

Slurries composition and casting parameters are reported in Table 3.1. After drying, STD 

and pore former containing anodes (PF) and corresponding half cells were sintered at 

1450°C for 2 h. 

In order to study microstructure changes upon reduction and oxidation, NiO/YSZ 

laminates and anode/electrolyte half cells were used for redox cycling tests. Microstructure 

of the samples after sintering and after redox cycles was analyzed; porosity and specific 

surface area (SSA) were measured. 

Cathode interlayer and contact layer were sequentially screen printed on some half 

cells to obtain the fuel cells suitable for electrochemical tests. 
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Table 3.1: Composition of electrolyte and anode slurry (vol%)* and casting parameters. 

 Electrolyte 
Standard anode 

(STD) 

Anode with  

pore former (PF) 

Powder 28 21 21 

Dispersant (Darvan 821A) 2 3 3 

Solvent (Water) 58 53 53 

Pore former (PEM-co-MMA) - - 4 

Binder (B1014) 6 18 12 

Plasticizer (B1000) 6 5 7 

    

Casting speed (m/min) 1 1 1 

Rear blade height (µm) 50 800 800 

Front blade height (µm) 40 700 700 

*Binder and dispersant contents are reported on dry basis. 

 

 
Cells with STD and PF anodes were electrochemically tested at 800°C in order to compare 

the electrochemical performances and redox cycling tolerance.  

 

 

3.3.3 RESULTS AND DISCUSSION 
 

The diameter of half cells was measured before and after sintering by a micrometer: 

the calculated shrinkage resulted about 23-24%. The thickness after sintering was 380±20 

µm and 13±3 µm for the anodes and the electrolyte, respectively. After sintering the 

thicknesses of the cathode interlayer and contact layer were observed to be about 15 µm 

and 60 µm, respectively. 

The microstructure of STD and PF anodes are shown in figures 3.3 and 3.4 

respectively. Whereas a uniform and interconnected microporosity was obtained in STD 
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sample, a discontinuous distribution of macropores was observed in the PF anode. Such 

structure is characterized by isolated and not interconnected spherical or elliptical pores. 

 

 

 

Fig. 3.3: Fracture surface of STD (a) and PF (b) anode after sintering. 

 

 

 

Fig. 3.4: Magnification of STD (a) and PF (b) anode after sintering. 

 

 

I-V plots of STD and PF cells obtained by electrochemical tests are shown in figure 3.5. 

The performances appear quite similar and both cells failed after one redox cycle thus 

exhibiting very low redox resistance. 
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Fig. 3.5: I-V plots of the STD and the with PF cells (one redox cycle). 

 
 

The amount of organic constituents (B1000, B1014, Darvan and PEMA-co-MMA) 

in STD and PF slurries is about 26 vol% with respect to the total slurry volume; this 

explains the same porosity measured for the two sintered anodes (Tab. 3.2). In the reduced 

state the porosity of PF anode becomes higher than in STD anode as it is possible to 

observe in Table 3.2. 

 

 

Table 3.2: Evolution of anode porosity upon redox cycling. 

 STD Anode PF Anode 

As Sintered 14 14 

After Reduction 25 33 

After re-oxidation 13 12 
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It has to be noticed that the composition of the polymer emulsions used in the 

slurries for STD and PF anodes was different; indeed, the percentage of pore former, 

having a larger size than that of the other polymer added to the slurries, was about 15 vol% 

with respect to the total amount of organic matter responsible for macropores formation 

(Fig. 3.4b). 

In Table 3.3 it is possible to observe that the surface area increases after reduction 

due to the increase of porosity of the cermet in the reduced state and decreases after 

successive oxidation. 

Pore formers introduction seems to affect microporosity in an unexpected way. It is 

worth of note that as-sintered STD anodes show higher SSA and more homogenously 

distributed porosity than PF anodes. This behaviour is probably due to an overall 

rearrangement of the structure by pore formers introduction that leads to a denser and 

compact skeleton around big pores. Conversely, the limited fine porosity was maintained in 

PF samples also after reduction and oxidation steps. 

 

 

Table 3.3: Specific Surface Area (m²/g) of the anodes. 

Condition STD anode PF anode 

As sintered 0,25 ± 0,01 0,20 ± 0,01 

After 1st reduction 0,45 ± 0,01 0,31 ± 0,01 

After 1st oxidation 0,36 ± 0,01 0,27 ± 0,01 

After 2nd oxidation 0,35 ± 0,01 0.15 ± 0.01 

 

 

The microstructure of the anodes after reduction (Fig. 3.6) is noticeably porous when 

compared with the as sintered anodes. On the other hand, the porosity is strongly reduced 

by Ni volume increase after re-oxidation. 
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Fig. 3.6: Fracture surface of (a) STD and (b) PF anode after reduction. 

 

Figure 3.7 shows the re-oxidised anode surface microstructure and it is possible to 

observe the presence of cracks generated by internal stresses and the formation of coarse 

NiO particles. Therefore it was observed that modifications of the anode microstructure 

obtained by the addition of low amount of PEMA-co-MMA pore former do not improve 

redox tolerance. This behaviour can be explained considering that the presence of pore 

former in the anode may affect NiO distribution. Indeed, the lower SSA of PF anode may 

leads to a higher NiO concentration per unit of surface that produces locally concentrated 

internal stresses detrimental for anode integrity. 

 

 

Fig 3.7: STD (a) and PF (b) anode surface after 1st oxidation. NiO particles are indicated by 
arrows. 
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The cross section of the standard (STD) and PF anode is reported after one redox test 

in figures 3.8 and 3.9. In both micrographs it is possible to see the cell failure due to cracks 

of the electrolyte. In the STD cell it is possible observe a crack trough the electrolyte and 

the cathode (Fig. 3.8a); figure 3.8b shows a magnification of the STD anode where an 

intergranular path of crack can be observed, as pointed out by the arrow. 

 

 

  

Fig. 3.8: STD cell cross section (a) and anode microstructure magnification (b) after one redox 
cycle. 

 

 

 

Fig. 3.9: PF cell after one redox cycle. 
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3.3.4 CONCLUSIONS 
 

Polymeric beads can be added to the slurry for the production of SOFCs anodes with 

modified microstructure. Nevertheless, standard and pore-former-containing cells are 

observed to display similar behaviour upon redox cycling if the amount of organic 

component is the same. It was observed that changes associated to different pore 

morphology are not sufficient to improve the redox tolerance unless also the porosity is 

increased. Moreover, the open porosity within the microstructure needs to be well 

distributed. 
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3.4 ANODE WITH ADDITION OF PMMA  

 

 

By considering the result obtained by adding PEM-co-MMA to the anode, the effect of the 

addition of PMMA pore former with larger particle size on the anode porosity was 

investigated. 

 

 

3.4.1 EXPERIMENTAL 
 

Different amounts of pore former were added to the slurry composition ranging from 

10 vol% to 40 vol% of PMMA with respect to the powder. Green tapes obtained from the 

slurries with the higher concentration of fugitive materials showed many cracks. The 

observed defects could be ascribed to many factors such as the high amount of added pore 

former and/or the insufficient amount of binder. For instance, considering the anode 

prepared with 30 vol% PMMA (with respect to the powder) cracks are present in the 

microstructure of the as sintered tape. Figure 3.10 shows the cross section micrograph of 

the 30% PMMA sample where it is possible to see an evident crack, highlighted by the 

arrow. Thus, an optimization of the anodic composition was required and this was achieved 

by reducing the pore former amount. 
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Fig. 3.10: Cross section of anode with 30%vol of PMMA as sintered. 
 

 

The optimized slurry composition of PMMA containing anode was constituted by 21 vol % 

of powder, 4 vol% of PMMA, 52 vol% solvent and the total amount of the binders and 

dispersant (reported on dry basis) was 23 vol%. The resulting sintered anode was crack free 

and tested to verify the redox cycling resistance. 

 

 

3.4.2 RESULTS AND DISCUSSION 
 

The samples porosity increases from 20% in the sintered state to 32% in the reduced one as 

was expected considering that Ni reduction is accompanied by volume decrease. These 

microstructure changes can be observed in figure 3.11. After one re-oxidation the measured 

porosity was 15 vol%. Changes in the anodic microstructure due to Ni particles 

agglomeration and growth during reduction and re-oxidation can explain the different 

porosity between as sintered and re-oxidated samples. In comparison to PEMA-co-MMA 

(par. 3.3), the introduction of PMMA within the anodic slurry did not produce any benefit 

as confirmed by the analysis of the anodic surface after one redox cycle. In fact many inter- 
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and trans-granular cracks can be observed within the YSZ network (Fig. 3.12) and sponge-

like NiO. It is also possible to observe the growth of the Ni particles after re-oxidation 

caused by the coarsening process. 

 

 

(a)(a)

  

(b)(b)

 

Fig. 3.11: Anodic cross section of as sintered (a) and after reduction (b) anode with PMMA. It is 
evident the higher porosity in the reduced anode. 
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Fig. 3.12: Anodic surface after one redox cycle, cracks and NiO coarsening are underlined by 
the arrows. 
 

 

3.4.3 CONCLUSIONS 

 

The results achieved when PMMA beads are introduced within anode slurry confirm the 

conclusion pointed out from the use of the PEMA-co-MMA as pore former. The amount of 

pore former within the anodic slurry needs to be higher and must present finer size in order 

to obtain well distributed porosity. The two tested pore formers present similar morphology 

and the result obtained are worst even if the anode presents an initial higher porosity. 
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3.5 ANODE WITH ADDITION OF GRAPHITE  

 

 

In the present paragraph the addition of graphite flakes (Alfa Aesar) to the anodic slurry as 

fugitive material is discussed. The choice of this material derives from the results of the 

previous attempts of anodes production with a tailored porosity. Therefore, in order to 

obtain an anode with fine, uniform and homogenously distributed porosity, graphite flakes 

seem to be a suitable pore former. 

 

 

3.5.1 EXPERIMENTAL 
 
The anodic slurry was prepared by using the procedure reported at the beginning of the 

chapter. The composition of the anode is reported in Table 3.4. It is worth noting that the 

amount of fugitive material in terms of powder volume is 1.7 vol%, higher than the amount 

added within the anode with PEMA-co-MMA. 

The total fugitive material  is about 57 vol% with respect to the powder and graphite is 8 

vol% of the fugitive materials.  

 

 

Table 3.4: Composition anode slurry (vol%)*. 

components 
Anode with 

graphite 
powder 20 
solvent 54.0 
graphite 3.6 
dispersant 1.8 
B1014 12.6 
B1000 8.0 

*Binders and dispersant contents are reported on dry basis. 
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3.5.2 RESULTS AND DISCUSSION 
 

The anode porosity is 21%, 36% and 17% for the samples as-sintered, after reduction 

and after first re-oxidation, respectively. The porosity of the samples measured after the 

second re-oxidation is around 16%, and similar values are measured after the first re-

oxidation. If compared with the standard and PEMA-co-MMA anodes (Tab. 3.2), it is 

possible to observe that the porosity of the samples with graphite is always higher. 

The fracture surface of as sintered and after reduction anode are reported in figure 

3.13.  The as sintered anode shows an open and well distributed porosity that increases after 

reduction (figure 3.13b). 

 

(a)(a)

 

(b)(b)

 

Fig. 3.13: SEM images of the fracture surface of the anode as sintered (a) and after first 
reduction (b). 
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The cross section and the surface of the anode after re-oxidation are reported in 

figure 3.14. After one redox cycle it is possible to identify the anode microstructure 

modifications (Fig. 3.14a): NiO is not uniformly distributed within the YSZ network as in 

the as-sintered state; it appears coarse and similar to a sponge, as it is underlined by the 

ellipse in figure 3.14a and by the arrow in figure 3.14b; its expansion fills more thoroughly 

the porosity, as confirmed by the lower value obtained by Archimede’s measurements. Also 

the distribution of the porosity appears different with respect to the as sintered state. Indeed, 

denser areas are clearly visible within the anodic matrix (figure 3.14a). If the porosity is not 

sufficient to allocate coarse NiO, internal stresses produced by this constrain generate 

cracks in the YSZ network as indicated by the pointer in figure 3.14b. 

 

NiO

YSZ

NiO

YSZ

 

 

Fig. 3.14: Cross section (a) and surface (b) of the anode after one redox cycle. 
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Electrochemical measurements were performed on cells with LSM/YSZ cathode and 

the results are reported in figure 3.15. It was possible to perform six redox cycles before 

failure. It is evident for each cycle a degradation of the cell. The decrease of OCV is due to 

the formation of micro-cracks within the electrolyte. Anyway, the trend shows that there is 

incomplete failure of the cell. From the J-V curve it can be observed that the performance 

of the cell after each cycle is higher with respect to the cell that did not undergo any re-

oxidation, in particular at high current densities; this behaviour can be explained 

considering that the re-oxidation, if not destructive, can improve, at the beginning, the 

performance by conditioning the Ni network and enhancing the conductivity, as was stated 

by Sarantaridis et al. [63].  
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Fig. 3.15: J-V plot for cell produced with addition of graphite into the anode. 
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J-V curve shows the worst performance but the higher open circuit voltage (OCV) 

that is 1046 mV while the current density at 0.7 V is 485 mA/cm2, as shown in Table 3.5. 

 

 

Table 3.5: OCV and current density at 0.7 V for each cycle. 

cycles OCV (mV) J (mA/cm2) @ 0.7 V 

I-V 1046 485 
I 934 766 
II 899 842 
III 894 664 
IV 903 587 
V 887 460 
VI 871 434 

 

 

The OCV values decrease at each cycle confirms the formation of cracks within the 

electrolyte. At 0.7 V the activation polarization contribution to the total losses is very low 

and the decreasing in the current density can be ascribed to the ohmic polarization. This 

means that the cell microstructure changes upon each cycle, and the resistance to the 

electrons flow through the electrode is increased. 

 

 

3.5.3 CONCLUSIONS 
 

The addition of finer pore former such as graphite flakes within the anodic 

microstructure leads to improvements of the redox cycle tolerance even if after the first 

cycle cracks formation are evidenced by the OCV drop. This means that porosity, despite 

the homogeneous distribution obtained with graphite flakes, needs to be further increased.  

Although different authors introduced similar pore formers in order to increase the 

performance of cells [74-80], they did not characterize the obtained cells in order to study 
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the redox behaviour. Consequently, it is not possible to compare the obtained result with 

available literature data.  Nevertheless, these results confirm the hypothesis that tailoring 

anodic microstructure and increasing the porosity are necessary to produce redox tolerant 

cells. 
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4.1 INTRODUCTION   

 

 

In order to obtain anodes with higher open porosity and high strength it was considered the 

idea to add within the anodic microstructure a ceramic powder with different dimensions in 

comparison with 8YSZ. 

A ceramic powder of larger aspect ratio in order to reduce the particle packaging and 

increase the porosity accordingly, named Alfa powder (provided by SOFCpowder Srl), was 

added within anodic slurry. Because of the promising results obtained during this study the 

procedure and some microstructure images will not be reported considering that the work is 

going to be submitted for a patent application. 

 

 

4.2 EXPERIMENTAL   

 

 

The half cells were produced by tape casting technology. The anode was produced 

by using a mixture of 58 wt% of NiO, 8.4-16.8 wt% of 8YSZ and Alfa powder to balance.  

The anodes were characterized by porosity measurements. In order to understand the 

influence of Alfa powder on the mechanical performances of the half cells, ring-on ring 

tests with Weibull analysis were carried out. The tolerance to redox cycling was measured 

by electrochemical and microstructural analyses as described in chapter 2.  
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4.3 RESULTS AND DISCUSSION  

 

 

Electrochemical tests 

The results of the electrochemical tests performed on the Alfa cells are reported in 

figure 4.1. The behaviour of a commercial cell is plotted as reference in figure 4.2. It is 

evident that the commercial cell is not redox tolerant. Indeed it failed after the first redox 

cycle. The Alfa cell resisted up to 5 redox cycles.  

The trend shows a decrease of the performances after each cycle, even if the first and 

second have a similar behaviour. A more evident fall of the performance is observed during 

the 3rd cycle; this behaviour can be addresses to experimental set-up problems, for example 

a not optimal contact between conducting mesh and cathode, with an increase of cell 

resistance. With the 4th cycle a sharp OCV decrease is observed while the ohmic 

polarization is lower in comparison with the previous cycles, confirming the set-up 

inconvenience. This behaviour can be also ascribed to some little cracks into the electrolyte 

that can put in contact the anodic and cathodic compartments resulting in fuel combustion 

and local increase of the temperature with consequent improvement of the performances. 

The presence of little cracks can explain the OCV loss. 

The unexpected performances improvement during the 4th cycle can be alternatively 

explained by considering that upon a redox cycle, the cermet conductivity may increase as a 

consequence of the partial disintegration of the YSZ network and of the redistribution of 

Nickel particles that may divide in smaller ones upon a fast oxidation; this anode 

microstructure reorganization is believed to account for the improved Ni network 

percolation [62]. Of course this is true until a critical damage of the structure occurs as 

observed during the 5th cycle where OCV is low and ohmic polarization is high. 
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Fig. 4.1: J-V plot of the Alfa cell (5 redox cycles). 

 

 

The OCV of standard and Alfa cells are listed in Table 4.1. It is possible to observe 

that the starting OCV is almost the same for both the cells, while their redox behaviour is 

totally different. 
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Fig. 4.2: I-V plot of a standard cell, does not show redox tolerance. 
 

 

 

Table 4.1: Comparison of OCV (mV) value after redox cycles. 

Redox cycles STD Alfa cell 

Start 1070 1089 

1st Broken cell 1061 

2nd Broken cell 1050 

3rd Broken cell 1048 

4th Broken cell 1000 

5th Broken cell 950 

 

 

The pictures of standard cell after one redox cycle and the so-called Alfa cell after 5 cycles, 

are reported in figure 4.3. From the comparison of the two images the dramatic failure of 

the traditional cell can be observed. In fact, only when the Alfa cell was removed by the test 

set-up the cell was broken, but as can be observed the active area for the test do not present 

any crack. 
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(a)(a)

 

(b)(b)

 

Fig. 4.3: Standard (a) and Alfa (b) cells imagines after redox test. 
 

 

High quality Alfa cells were obtained by improving the production process. 

For such cells the redox tolerance showed an evident increase up to 15 cycles. The J-

V trends after each redox cycle are reported in figure 4.4. The cell shows the same 

behaviour during the first two cycles, then a continuous decrease in the performances can 

be observed. The cell was still working after the fifteenth cycle but the test was stopped 

because of the low power output measured. The open circuit voltage (OCV) is almost the 

same for all the cycles; this suggesting that no crack has originated or propagated in the 

electrolyte. 
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Fig. 4.4: J-V plot of the Alfa cell (15 cycles). 

 

Figure 4.5 shows the values of OCV and of current density when the potential is 0.7 

V for the Alfa cell after each redox cycle. For comparison the corresponding values for a 

standard cell are also reported. For standard cell, no data are available after the 1st redox 

cycle. It is worth noting that the commercial cell shows better performances but it cannot 

stand redox cycling.  
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Fig. 4.5: Evolution of OCV and current density @ 0.7 V for standard cell and Alfa cell during 
redox cycling test. 
 

 

EIS measurements were performed at OCV (Fig. 4.6) and at 0.5 A (Fig. 4.7). 

At OCV the contribution of activation polarizations are prevalent with respect to other 

losses.  

As it is possible to observe by the impedance plot reported for each cycle, at high 

frequencies the real part of the impedance is almost constant for all the cycles; instead at 

low frequencies it is evident that the activation polarization shows an increasing trend with 

the redox cycles. This means that cycle by cycle a reduction of three-phase boundary 

density occurs, due to changes in Nickel distribution. Moreover, the relaxation frequency, 

i.e. the frequency at which the imaginary part of the impedance reaches its maximum, is 

measured at decreasing frequencies with the progress of the redox cycles. For instance the 

relaxation frequency is 1880 Hz at the first cycle, 976 Hz at eighth cycle and 400 Hz at the 

last cycle (Fig. 4.6). 
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The decrease of the number of TPB during redox cycles was confirmed by the study 

of TPB1 performed on Alfa cells as sintered and after 15 redox cycles. It was determined 

that after the redox cycles the TPB density decrease by 15.6 %. 

The loss of the current density observed with the electrochemical tests is higher in 

comparison with the percentage of TPB losses; this means that many other phenomena of 

degradation occur in the cells during the redox test, as confirmed by EIS analyses.  

 

 

Fig. 4.6: Alfa cell impedance measured at OCV for each cycle, active area 1.96 cm2. 
 

 

Considering the analyses of impedance at 0.5 A reported in Nyquist diagram (Fig. 

4.7), it can be observed that the losses increase after every cycle confirming the trend at 

OCV. The Nyquist plot shows the overlapping of the two circles relative to the anode and 

cathode losses. With the increasing of the redox cycles it is possible to distinguish the 

                                                 
1 The TBP analyses were performed in CIME-EPFL laboratories.  
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circles. Though the two circles are more evident with respect to the OCV measurement, it is 

difficult to differentiate the two contributions. 

 

 

 

Fig. 4.7: Alfa cell EIS curves at 0.5 A and 800°C, active area 1.96 cm2. 
 

 

Microstructural analysis 

The porosity of these cells was measured after sintering and after the first reduction and the 

first re-oxidation resulting 38%, 46% and 34% respectively.  

A comparison between the porosity of standard anode (without addition of pore 

former) and of anodes prepared by adding PEMA-co-MMA (PF), or graphite or Alfa 

powder is reported in Table 4.2. 

By SEM observation of the Alfa cells cross section microstructure, anode shows an 

outstanding porosity homogeneously distributed; it is also possible to observe the good 

adhesion between anode and electrolyte in the as sintered cell. 

The higher value of the initial porosity of the Alfa cells in comparison with the other 

cells produced can explain their enhanced redox behaviour. 
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Table 4.2: Anode porosity (%) comparison between different cells. 

State of the anode STD PF graphite Alfa  

As Sintered 14 14 21 38 
After one Reduction 

25 33 36 46 
After one re-oxidation 

13 12 17 34 
 

 

Changes in the microstructure of the Alfa cell after the 15th redox cycle were 

observed in figure 4.8: growth and coarsening of spongy nickel oxide particles are visible 

and some cracks are observed within YSZ network, as it is underlined by the arrows. 

Moreover a different distribution of the porosity is detected, specifically larger voids are 

present between anode and electrolyte interface. These observations can contribute to 

explain the increase in polarization losses measured by electrochemical test. 

 

 

 

Fig. 4.8: Alfa cell anode cross section after 15 redox cycles. 
 



ANODES AND HALF CELLS PRODUCED BY ADDING CUSTOMISED CERAMIC PARTICLECHAPTER 4 

119 
 

Mechanical testing 

The mechanical characterization was performed on the Alfa and standard half cells 

provided by SOFCpower. The mechanical strength was determined by biaxial flexural test 

using a ring on ring fixture. 30 samples were tested for each kind of cell.  

The average dimensions for standard half cells are: 

diameter:  25.2±0.1 mm  

thickness: 260±20 µm  

Instead the average dimensions for Alfa half cells are: 

diameter:  25.6±0.3mm  

thickness: 230±30 µm  

The collected data were analyzed in order to estimate Weibull distribution 

parameters (Tab. 4.3).  

 

 

Table 4.3: Weibull parameters. 
Half cell σ0 (MPa) m 
Alfa 148 6.1 
standard 540 8.2 

 

 

The linear regression of the experimental data (Fig. 4.9) show the lower value of the 

Weibull characteristic strength and module of the Alfa cells. This is an expected 

consequence of the increase in the porosity achieved by the addition of Alfa powder to the 

anodic slurry. 
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Fig. 4.9: Weibull plot for Alfa and standard half cells. 
 

 

4.4 CONCLUSIONS 

 

 

Alfa cells were produced by substituting a certain amount of 8YSZ powder with a 

ceramic powder of larger aspect ratio to increase porosity of the anode. 

Redox tolerant cells were obtained: after 15 redox cycles the cells did not show cracks 

within the electrolyte. Thanks to the modifications within the anodic microstructure 

obtained by using this powder, it was possible to create a structure with homogeneous high 

porosity and high compliance which allows Ni volume expansion upon re-oxidation 

without generating detrimental stresses. 
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By electrochemical tests, losses in polarization and consequent performances 

decrease were observed due to changes into the anodic microstructure, such as growth and 

coarsening of the Ni particles. Nevertheless, the OCV constant value over every cycle 

demonstrated that the electrolyte did not present significant cracks that can lead to cells 

failure, as it was confirmed by microstructure analysis. 

On the other hand the anode high porosity limit the mechanical strength and a higher 

probability of failure is expected with Alfa than with standard cells. It is necessary then to 

improve cell mechanical reliability and at the same time obtain an increase in 

electrochemical performances. 
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ANODIC POWDERS AND HALF CELLS WITH 
DOPANT ELEMENTS  
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 The addition of selected doping elements in the anode or the electrolyte is known to 

improve cells mechanical properties, electrochemical performances and long-term stability 

[38, 89]. For instance, Al2O3 was reported to act as a sintering aid for cubic YSZ [37, 38], 

and to enhance hardness, fracture toughness and Young’s modulus [36, 39]. Moreover, the 

addition of Al2O3 into the anode increases its sintering rate in order to match the electrolyte 

sintering rate, this allowing to obtain high quality and flat “as sintered” cells [90].

 Dopants such as Cr2O3, MgO, CeO2 were also added to the anode in an attempt to 

increase the resistance to redox cycles [86, 91]. For these reasons, Al2O3 and CeO2 were 

selected as dopant elements. 

In the first paragraph the effect of different amounts of Al2O3 and CeO2 on 

reduction and oxidation kinetics of NiO/YSZ powders was investigated by 

thermogravimetric analysis at 800°C in H2/Ar (reduction) or air (oxidation) atmosphere, 

associated with detailed microstructural investigation of the samples. 

In the second paragraph the behaviour upon redox cycling of Ni/YSZ anodes doped with 

the selected elements is reported. 

 

 

5.1 STUDIES OF THE REDOX K INETIC OF THE DOPED POWDERS 

 

 

5.1.1 EXPERIMENTAL 

 

Both Al- and Ce-doped NiO powders were produced by adding 1 to 10 mol% of 

Al(NO3)3·9H2O (Riedel- De Haen, Germany) or Ce(NO3)3·6H2O (Alfa Aesar, Germany) to 

NiO powders (J. T. Baker, USA) in a plastic jar containing ethanol and zirconia grinding 

media. The suspensions were milled for 24 h and then dried and calcined for 10 h at 900°C. 

Pure NiO powders were also calcined for 10 h at 900°C and used as reference material. 
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After calcination, the dopant elements were present as oxides. These samples were labelled 

considering the dopant element concentration: for example, NiO doped with 3 mol% Al-

nitrate was named 3% Al while NiO indicates the calcined reference. Powders were 

screened through a 100 µm sieve and specific surface area (SSA) was determined. Doped 

and undoped NiO powders were mixed with 8 mol% yttria stabilised zirconia using a 

NiO/YSZ weight ratio equal to 58/42, dispersant and distilled water for 20 h in a rotating 

plastic drum containing zirconia balls. The powders were then dried and ground manually 

in a mortar. Loose powders were finally heat treated at 1450°C for 2 h for promoting 

sintering. The resulting samples were manually ground and the fraction passing through 

100 µm sieve was used for redox tests. 

In analogy with the names assigned to doped NiO powders, doped NiO/YSZ powders 

were indicated as X% M-YSZ where X is the molar fraction of dopant within the NiO 

powder and M = Al or Ce. 

Mass changes during oxidation and reduction cycles were measured by 

thermogravimetric analysis; the test procedure is described in paragraph 2.3. 

The powder morphology before and after redox cycles was characterized by scanning 

electron microscopy. 

 

 

5.1.2 RESULTS AND DISCUSSION 

 

Powder characterisation 

The specific surface area of the as calcined powders is reported in Table 5.1. It can 

be observed that SSA is higher in all the doped samples than in the undoped NiO; in 

particular, in case of Al addition, the higher is the doping level, the higher is the final SSA. 

On the other hand, for powders doped with different amounts of Ce, their SSA seems to be 

rather independent from Ce concentration, ranging from 3.3 (1% Ce) to 4.0 m2/g (3% Ce). 

Considering that as received NiO powder possesses a SSA of 3.3 m2/g and the calcined one 

only 1.0 m2/g, it is evident that the treatment at 900°C accounts for the coarsening of the 
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NiO grains. Therefore, the use of Al- or Ce-nitrate inhibits the coarsening of the NiO upon 

calcination. Such considerations can be supported by the observations of powder 

morphology by SEM (Fig. 5.1a). 

 

 

Table 5.1: Specific Surface Area of the as Calcined NiO Powders. 

Sample NiO 1% Al 3% Al 5% Al 10% Al 

SSA 

(m2/g) 
1.0 3.8 4.3 6.6 15.4 

Sample NiO 1% Ce 3% Ce 5% Ce 10% Ce 

SSA 

(m2/g) 
1.0 3.3 4.0 3.4 3.7 

 

 

For sake of briefness, only the microstructures of the most representative samples are 

reported here. The chosen samples are the reference NiO, 1% Al, 10% Al, 3% Ce and 10% 

Ce. Each NiO powder was analysed (i) as calcined (Fig. 5.1a), (ii) mixed with YSZ and 

sintered (Fig. 5.1b), and (iii) after two redox cycles (Fig. 5.1c). 

As for the as-calcined NiO powder (Fig. 1a), a distinction can be pointed out between 

Al- and Ce-doped samples. All doped powders are finer than the reference one; the powder 

fineness increases with the amount of Al-doping, while it is substantially constant for all 

Ce-doped powders, in agreement with the Nitrogen adsorption data.  

The heat treatment of NiO/YSZ powders for 2 h at 1450°C leads to the formation of 

well developed sintering necks between particles in contact; a YSZ matrix can also be 

pointed out, which exhibits areas with varying densities, clearly depending on the degree of 

agglomeration of the pristine powder (Fig. 5.1b). The comparison of each sample in the as-

sintered state (Fig. 5.1b) and after two redox cycles (Fig. 5.1c) allows to point out 

variations in the microstructure: an increase in porosity, grain coarsening and different 

distribution of NiO. Nickel oxide is finely and uniformly distributed within the YSZ 
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network in the as-sintered samples; conversely, after the two redox cycles, it appears 

coarser and characterized by irregular shape. This can be explained by considering that the 

first reduction of the small and uniformly distributed NiO particles occurs with volume 

reduction and porosity increase. In reducing environment at high temperature Ni can diffuse 

on YSZ surface and agglomerate. The re-oxidation and volumetric increase of such coarsen 

Ni particles can locally lead to intense stresses in the YSZ network [58]. 

It is interesting to observe the presence of some intergranular cracks between 

zirconia grains generated by Ni particles expansion upon oxidation. In some cases 

intragranular cracks were observed as well (sample 10% Ce-YSZ in Figure 5.1c). 

Different portions of the same samples were analysed in order to determine whether 

any differences in the densification of the zirconia matrix has an influence in the coarsening 

of NiO grains and in crack formation. As an example, different portions of 1% Ce-YSZ 

sample after two redox cycles are reported in figure 5.2. 

One can observe that in the zones were more necks are formed between zirconia 

particles and the matrix is denser (Fig. 5.2a), the number of cracks is higher. In such areas, 

the dimensions of the NiO particles are smaller, suggesting that the zirconia skeleton 

inhibits the Ni agglomeration. Nevertheless, when the particles are oxidised, their 

volumetric expansion cannot be accommodated by the porosity and introduces high stresses 

in the structure, with consequent cracks nucleation and propagation (Fig. 5.2a). 

On the other side, where the zirconia matrix is looser (Fig. 5.2b), the coarsen NiO 

particles are bigger. In such zones, the Ni agglomeration is less inhibited by the zirconia 

matrix and cracks formation is less severe, this indicating that even the coarser particles can 

expand freely in the larger voids of the network.  
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a. NiO b. NiO/YSZ c. NiO/YSZ

c.  1% Al-YSZb. 1% Al-YSZa. 1% Al

a. 10% Al b. 10% Al-YSZ c. 10% Al-YSZ

a. 3% Ce b. 3% Ce-YSZ c. 3% Ce-YSZ

a. 10% Ce b. 10% Ce-YSZ c. 10% Ce-YSZ

a. NiO b. NiO/YSZ c. NiO/YSZa. NiOa. NiO b. NiO/YSZb. NiO/YSZ c. NiO/YSZc. NiO/YSZc. NiO/YSZ

c.  1% Al-YSZb. 1% Al-YSZa. 1% Ala. 1% Al

a. 10% Al b. 10% Al-YSZ c. 10% Al-YSZa. 10% Ala. 10% Al b. 10% Al-YSZb. 10% Al-YSZ c. 10% Al-YSZc. 10% Al-YSZ

a. 3% Cea. 3% Ce b. 3% Ce-YSZ c. 3% Ce-YSZ

a. 10% Ce b. 10% Ce-YSZ c. 10% Ce-YSZa. 10% Cea. 10% Ce b. 10% Ce-YSZb. 10% Ce-YSZ c. 10% Ce-YSZc. 10% Ce-YSZ

 

Fig. 5.1: SEM micrographs of selected NiO doped and undoped samples: as calcined NiO 
powder (column a), as sintered NiO/YSZ (column b), NiO/YSZ after two redox cycles (column 
c). The samples are, from the top to the bottom: the reference, 1% Al, 10% Al, 3% Ce and 10% 
Ce. Coarsening of NiO (reference sample in Figure 5.1c), intergranular cracks (sample 1% Al-
YSZ in Figure 5.1c) and intragranular cracks (sample 10% Ce-YSZ in Figure 5.1c) are 
highlighted by arrows. 
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Fig. 5.2: SEM micrographs of two different portions of sample 1% Ce-YSZ, after two redox 
cycles. The arrows indicate: a. intergranular cracks, b. coarsening of NiO. 

 

 

Thermogravimetric analysis 

 

First Reduction. The normalised mass change and mass change rate as function of time 

upon the first reduction are shown in figures 5.3 and 5.4 for Al- and Ce-doped samples, 

respectively. The curve corresponding to undoped NiO/YSZ is reported for comparison. 

The mass change values are normalised with respect to the final weight of the completely 

reduced samples, by the following relation: 
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ft
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mm

−
−

=
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α  (5.1) 

 

where m0 and mf are the initial and the final mass, respectively, and mt is the mass at 

time t. After a reduction time of 180 min all the thermogravimetric curve are constant, 

indicating that the reduction process is complete.  

 

a. b. 
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Concerning the Al-doped samples (Fig. 5.3), it is evident that doped samples reach the 

final reduced state more quickly than the reference powder. After 10 min treatment, the 

reduced fractions for 1% and 10% Al-YSZ are 0.64 and 0.95, respectively (Fig. 5.3a). Such 

results suggest that the higher is the Al doping level, the faster is the reduction process.  

The peaks of the reduction rates range from -1.4 % min-1 for the undoped sample to -1.6 % 

min-1 for the 10% Al-YSZ doped powder (Fig. 5.3b). Such data can be explained by 

observing that the specific surface areas of the samples (Table 5.1) are significantly 

increased by the addiction of the dopant (from 1 to 15 m2/g in the as calcined state). The 

higher surface available for the reduction reaction can be the reason for the observed 

behaviour. It is important to say that the specific surface areas of the same powders mixed 

with YSZ and sintered were not measured, but from the SEM images (Fig. 5.1b) it is clear 

that they possess finer microstructure than NiO/YSZ reference. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ANODIC POWDERS AND HALF CELLS WITH DOPANT ELEMENTS CHAPTER 5 

132 
 

 

(a)(a)

 

(b)(b)

 

Figure 5.3: Normalised mass change (a) and mass loss rate (b) versus time upon first reduction 
for the Al-doped powders. The DTG graph (b) is relative to the time interval where the mass 
change is more significant. 
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The effect of the addiction of Ce on the first reduction cycle is less clear (Fig. 5.4). The 

curves corresponding to limited doping level samples are very close to the reference one, 

while a different behaviour can be appreciated for the 10% Ce-YSZ doped samples. 

Nevertheless, as it was the case for the Al-doped sintered samples, also in this case the 

higher is the doping level, the faster is the reduction process. After a reduction time of 10 

min, the reduced fractions for 1 and 10% Ce-YSZ doped powders are equal to 0.63 and 

0.76, respectively (Fig. 5.4a). Such values are always lower than data obtained for Al-

doped samples. 
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(a)(a)

(b)(b)

 

Fig. 5.4: Normalised mass change (a) and mass change rate (b) versus time upon first reduction 
for the Ce-doped powders. The DTG graph (b) is relative to the time interval where the mass 
change is more significant. 
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First Re-Oxidation. The normalised mass change and mass change rate versus time 

upon the first re-oxidation are shown in figures 5.5 and 5. 6, for the Al-doped samples and 

the Ce-doped samples, respectively. 

The mass change values are normalised with respect to the final weight of the 

completely oxidized samples, by the following relation: 
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Only the data corresponding to first 60 min are reported since the oxidation process is 

very fast and is substantially complete in the first hour. The oxidation process is always 

faster than the reduction one. For the reference powder the maximum reduction rate is -1.4 

% min-1, while the maximum oxidation rate is 4.1 % min-1.  
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Fig. 5.5. Normalised mass change (a) and mass change rate (b) versus time upon first re-
oxidation for the Al-doped powders. The DTG graph (b) reported is relative to the time interval 
where the mass change is more significant. 
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The oxidation rates are faster for both the Al- and the Ce-doped samples with respect to 

pure NiO/YSZ. 

 

 

Fig. 5.6: Normalised mass change (a) and mass change rate (b) versus time upon first re-
oxidation for the Ce-doped powders. The DTG graph reported (b) is relative to the time interval 
where the mass change is more significant. 
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The oxidation maximum rate is observed in the 3% Al-YSZ doped powder (5.5 % min-1, 

Fig. 5.5b). After an oxidation time of 5 min, the oxidized fractions of the reference powder, 

1% and 10% Al-YSZ doped samples are 0.77, 0.87 and 0.87, respectively (Fig. 5.5a).  

For the 1% and 10% Ce-YSZ doped powders, the oxidized fractions are 0.85 and 0.97, 

respectively (Fig. 5.6a). In particular for the Ce-YSZ samples the higher the dopant 

concentration, the faster is the reaction. 

 

 

Second Reduction and Re-Oxidation Cycle. A second redox cycle was performed on 

all samples in order to point out any difference with the first cycle. The related mass change 

and mass change rate diagrams are reported in appendix A. For sake of conciseness, only 

the results of 1%Al-YSZ and the NiO/YSZ reference are shown, the behaviour of such 

samples being common to all the investigated ones. The diagrams corresponding to the 

reduction and oxidations are shown in figures 5.7 and 5.8, respectively. It is evident that the 

second reduction process and the second re-oxidation process are always faster than the 

first one. Comparing the first and the second oxidation, the maximum oxidation rate for 

pure NiO changes from 4.1 to 4.7 % min-1; for 1%Al-YSZ powders it changes from 5.2 to 

5.6 % min-1. The faster second reduction and re-oxidation cycle suggests that the first redox 

cycle is responsible for a modification of the microstructure related to a different pore 

distribution caused by Ni coarsening which allows an easier gas diffusion. The micrographs 

of the selected samples before and after the redox cycles (Fig. 5.1b and 5.1c) show in fact 

that a change in the NiO particle morphology took place. 
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Fig. 5.7: Normalised mass loss versus time upon first and second reduction for NiO and 1% Al 
samples. 
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Fig. 5.8: Normalised mass change versus time upon first and second re-oxidation for NiO and 
1% Al samples. 
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5.1.3 CONCLUSIONS 

 

NiO/YSZ powders with different amount of Al- or Ce-doping elements were tested by 

thermogravimetric analysis to investigate how they modify the reduction and re-oxidation 

kinetics. 

The specific surface area of the calcined NiO powder increases with the amount of Al, 

whereas it is almost independent when Ce is added. 

It was found that both dopant elements increase the reduction and oxidation rates with 

respect to the reference powder. The reduction rate increases monotonically with Al 

amount; on the other hand only when high Ce load is used (10%) the first reduction rate is 

sensibly affected. 

The second reduction and re-oxidation are faster than the first one. The presence of 

coarser NiO particles generated in the first cycle and a consequent porosity modification 

can explain the generalized reaction rate increase. 
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5.2 DEFORMATION OF UNCONSTRAINED HALF CELL WITH 

DOPED ANODE 

 

 

In this paragraph redox behaviour of 1%Al-doped and 5%Ce-doped half cells was analyzed 

by monitoring in-situ the deformation associated to cyclic changes of the operative 

atmosphere. This characterization aimed to be a straightforward way to determine the redox 

stability of anodes with different composition and microstructure. Moreover, it has to be 

underlined that the observation of the unconstrained deformation of the cell during redox 

cycles gives additional and different information with respect to those obtained by 

electrochemical test. 

 

 

5.2.1  EXPERIMENTAL 

 

NiO powders doped with 1 mol% of Al(NO3)3·9H2O or 5 mol% of Ce(NO3)3·6H2O 

or just calcined were prepared as described in paragraph 5.1.1. 

Different half cells were produced by using the obtained NiO powders for the anode, 

with NiO to YSZ ratio of 58 to 42 by weight. Anode and electrolyte were prepared by 

water-based sequential tape casting technique (par. 2.1). Unlike the typical electrolyte 

materials, for the half cells made with NiO calcined anode the electrolyte was produced 

with zirconia FYT13-002H (Unitec, UK). Green bi-layers were sintered at 1450 °C for 2 h. 

Curvature evolution upon redox cycling on the produced half cells was performed 

following the procedure described in the paragraph 2.7. The microstructure of the cells was 

analyzed by scanning electron microscope. 
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5.2.2  RESULTS AND DISCUSSION 

 

 

Deformation during redox cycle 

 

The curvature evolution upon a redox cycle is reported in figures 5.9 and 5.10. As a 

convention we chose to report positive curvature for half cells bent towards the electrolyte 

and negative for those bent towards the anode. 

Figure 5.9 shows the deformation associated to the reduction of the samples. The 

process is very fast, the changes in the sample curvature being observable within the first 

20 min. When the cell bends in the direction of the anode, one can suppose that the anode 

shrinks, while it expands when the cell bends toward the electrolyte. As observed before, 

NiO to Ni reduction is associated with a volume decrease. One may therefore expect that 

the anode shrinks and this in fact happens in the case of 1%Al-doped (anode doped with 

Al(NO3)3·9H2O) and NiO-calcined (reference) cells (negative curvature). 

Conversely, it is very interesting to observe how 5%Ce-doped sample bends towards the 

electrolyte upon reduction; this somehow surprising behaviour can be explained 

considering that ceria is very sensible to the gas atmosphere. In a reducing environment 

Ce4+ can be reduced to Ce3+ and the reduction can be accompanied by volume increase 

[101]. Such volume increase produces an elongation of the anode and the cell assumes a 

positive curvature. 

The curvature upon the re-oxidation is reported in Figure 5.10. The geometrical 

changes associated with re-oxidation occur within the first 40 min; all samples develop a 

positive final curvature. 

The initial curvature at the beginning of the oxidation step corresponds to the curvature at 

the end of reduction step. Consequently, 1%Al-doped and NiO-calcined samples start from 

a negative curvature. Then, a positive curvature is observed, this indicating that samples 

bend toward the electrolyte; this behaviour is caused by the re-oxidation of Ni to NiO with 

a volume increase and consequent anode elongation. The curvature reaches a maximum, 



ANODIC POWDERS AND HALF CELLS WITH DOPANT ELEMENTS CHAPTER 5 

143 
 

which is very large for the 1%Al-doped samples (22.2 m-1), and, then stabilizes to lower 

positive values. 

An analogue inversion in the curvature rate during oxidation (cell bending at first 

towards the electrolyte and then towards the anode), was also previously observed by 

Malzbender et al. [102]. Faes et. al. [103] attributed such curvature inversion to creep 

phenomena occurring in the anode and to movement of the oxidation front. In addition, one 

can also consider that cracks formed during the process can contribute to relax internal 

stresses and reduce the observed curvature. 

It is also worth noting that, analogously to what happens in the reduction process, the 

5%Ce-doped sample in the first 2 min of oxidation shows an opposite behaviour, i.e. a 

negative curvature rate. The initial curvature decrease could be ascribed to the oxidation of 

the Ce3+ to Ce4+ with a volume decrease followed by a re-increase of the curvature due to 

the volumetric expansion of Ni re-oxidation. 

 

 

Fig. 5.9: Curvature evolution upon reduction. 
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The opposite behaviour of Ce3+ and Ni observed during oxidation and reduction 

allows to suppose that the optimization of CeO2 concentration with respect to NiO could 

decrease the half cell deformation and increase redox tolerance. 

 

Fig. 5.10: Curvature evolution upon re-oxidation. 
 

 

Microstructures analysis  

 

Figures 5.11 and 5.12 report the anode microstructure and the electrolyte surface 

before the test, respectively. Nickel oxide particles are evenly distributed in the YSZ matrix. 

One can also observe (Fig. 5.11b) that 1%Al-doped anode shows a denser microstructure. 

The open porosity in the oxidised state, as measured by Archimedes method, is in fact 24%, 

13% and 18% for NiO-calcined, 1%Al-doped and 5%Ce-doped samples, respectively. 
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Fig. 5.11: Cross section of the as produced anode in NiO-calcined (a), 1%Al-doped (b) and 
5%Ce-doped (c) sample. 
 

 

 

 

 

10 μm

(c)

10 μm10 μm

(c)

10 μm

(b)

10 μm10 μm

(b)



ANODIC POWDERS AND HALF CELLS WITH DOPANT ELEMENTS CHAPTER 5 

146 
 

 

 

 

Fig. 5.12: As produced electrolyte surface in NiO-calcined (a), 1%Al-doped (b) and 5%Ce-
doped (c) sample. 
 

 

The electrolyte surface of NiO-calcined, 1%Al-doped and 5%Ce-doped samples after one 

redox cycle is shown in figure 5.13. Cracks are clearly visible in all samples. Density of 

cracks and severity of damages decrease moving from 1%Al-doped to 5%Ce-doped and to 

NiO-calcined sample. In the latter sample the cracks are evident only at high 

magnifications. 
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Fig. 5.13: Electrolyte surface after re-oxidation in NiO-calcined (a), 1%Al-doped (b) and 5%Ce-
doped (c) sample. 
 

 
A larger number of cracks are clearly visible in 1%Al-doped sample. One can 

remind that such sample exhibits the highest curvature during oxidation and the highest 

expansion of the support anode. This behaviour can be explained by considering that the 

anodic microstructure of 1%Al-doped sample is denser if compared to the others. 

The coarsening of Ni particles in the reduced state and their volumetric expansion 

upon oxidation induce higher stresses that account for larger macroscopic expansion. The 

low porosity of the anodic support cannot accommodate the Ni re-oxidation. It was reported 

elsewhere that typical anode strain limit during re-oxidation is in the range 0.1 – 0.2% 

[103]. All samples considered here exceed clearly such limit, as demonstrated by the 

electrolyte failure. 
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The cross section of anode-electrolyte interface after re-oxidation is reported in 

figure 5.14. Redox cycle modifies the anodic microstructure and different distribution and 

coarsening of nickel oxide particles are evident by comparing figures 5.11 and 5.14. The 

higher density of 1%Al-doped sample is clear. Such higher density was expected since it 

was previously observed that alumina acts as sintering aid for Ni/YSZ anode [37, 38]. In 

the cross section of 1%Al-doped sample (Fig. 5.14b) it is also possible to observe cracks 

within the electrolyte and the anode. The higher porosity of NiO-calcined and 5%Ce-doped 

samples can explain the better behaviour with respect to the 1%Al-doped sample, though 

the presence of cracks within the electrolyte (Fig. 5.14c).  

 

 

  

 

Fig. 5.14: Cross section of the anode interface after one re-oxidation: NiO-calcined (a), 1%Al-
doped (b) and 5%Ce-doped (c) sample. Cracks are indicated by arrows. 
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The analysis of the microstructure confirms that the key point to improve redox 

tolerance of anode supported cells is to increase the anode porosity in order to tolerate Ni 

particle expansion during re-oxidation and limit the generation of stress. 

 

 

Stress analysis 

 

The maximum value of the measured curvature was used to estimate the stresses 

which are developed in the half-cell and the theoretical elongation of the anode upon 

oxidation. The strain difference between anode and electrolyte (∆ε) and the maximum 

tensile stress in the electrolyte (σ1
max) depend on the curvature radius according to the 

following equations (rearranged from [104-107]): 
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where r is the curvature radius, E1 and E2 the elastic modulus of the electrolyte and anode, 

respectively, ν the Poisson ratio, m = t1/t2, the thickness ratio and n the modulus ratio, given 

by: 
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If we consider a monolithic electrolyte layer, its dimensions would be constant 

regardless of the atmosphere (oxidizing or reducing): the term ∆ε in Eq. 5.3 is the 

elongation of the anode only. For the calculation we can assume a Poisson ratio of 0.3 and a 

Young’s modulus of 200 GPa and 100 GPa for the electrolyte and the anode, respectively 

[102]. The thickness of each layer was measured by SEM. The maximum anode strain and 

electrolyte tensile stress are reported in Table 5.2. 

 

 

Table 5.2: Maximum anode strain εmax and electrolyte tensile stress σmax (MPa) during the re-
oxidation. 

 NiO-calcined 1% Al-doped 5% Ce-doped 

εmax % 0.26 0.97 0.37 

σmax 650 1949 760 

 

 

The tensile strength of a typical 8YSZ electrolyte ranges between 150 and 250 MPa 

[108, 109]. As shown in Table 5.2 the maximum calculated tensile stress is significantly 

higher than the electrolyte tensile strength and this leads to the formation of cracks that can 

be observed in the electrolyte as shown in figure 5.13. 

1%Al-doped sample is subjected to the maximum tensile stress and anode 

elongation, while both quantities are minimum in the NiO-calcined specimen. Also the 

crack density and width are maximum in the 1%Al-doped sample (Fig. 5.13b). Comparing 

the three samples, one can observe that the trend in electrolyte stress, anode elongation and 

crack density is opposite to the trend in the porosity, being it NiO-calcined > 5%Ce-doped 

> 1%Al-doped. In other words, a higher porosity minimizes the anode elongation, which in 

turn minimizes the stress in the electrolyte. 

It is worth to say that although the performed elastic analysis furnishes an estimation 

of the stresses and can be employed to compare different samples, it is not obviously 
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rigorous. In fact, due to the relatively high temperature (800°C) of the process and to the 

exothermicity of the Ni �NiO reaction, the cell behaviour upon redox cycle may not be 

purely elastic [103]. 

A complete analysis of the stresses should rely on a more complex visco-elastic approach. 

In addition, curvature and elastic modulus, curvature rate, viscosity of the layers, oxidation 

front movement and real sample temperature should be known. Nevertheless, the high 

curvature level reached by 1%Al-doped samples is reflected in the multiple and severe 

cracking of the electrolyte, this confirming that the in situ observation of the curvature is a 

rapid and effective method to test multiple samples for redox tolerance. 

 

 

5.2.3 CONCLUSIONS 

 

Redox behaviour of anode supported half cells doped with Al2O3 and CeO2 was 

investigated by monitoring in-situ the deformation caused by cyclic changes of the 

operative atmosphere. 

During oxidation, 1%Al-doped samples present the highest curvature variations and 

maximum tensile stress, this resulting in higher density of cracks accounted for the limited 

porosity of the anode. Indeed, the denser is the anode, the higher are anode deformation 

upon NiO expansion during re-oxidation and internal stresses with consequent cell failure. 

Samples produced using pure NiO and 5%Ce-doped NiO powder show lower deformations 

due to their larger porosity, though this is not enough to avoid crack generation within the 

electrolyte. The higher density of 1%Al-doped sample in comparison with the other 

samples can be attributed to the sintering aid effect of alumina within Ni/YSZ anode. 

When CeO2 is present as dopant, the volumetric effect associated with Ni oxidation and 

successive reduction is counterbalanced by deformations correlated to CeO2 – Ce2O3 

transformation. 

The obtained results lead to important understanding of the role of doping elements on the 

redox process; limitation of the anode expansion upon re-oxidation appears to be a first 
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approach for increasing redox tolerance of anode supported cells. This can be accomplished 

by considering the addition of a suitable amount of doping elements with an opposite 

volumetric behaviour to NiO (such as CeO2) and/or by increasing the anode porosity to 

tolerate Ni particles re-expansions. 

 



CONCLUSIONS  

153 
 

CONCLUSIONS 

 
 

In the present work important results regarding the redox behaviour of anode supported 

planar SOFCs have been obtained which can be useful for the production of redox tolerant 

devices. 

A strong relation has been pointed out between anode microstructure and redox behaviour. 

Careful and tailored modification of the anode microstructure was adopted as strategy in 

order to overcome such issue and decrease the stresses within the electrolyte and avoid 

consequent crack formation due to NiO expansion during re-oxidation. The influence of 

different modifications produced within the anodic microstructure was considered. For this 

reason different kinds of pore former were added to the anodic slurry.  

PU foam, PEMA-co-MMA, PMMA and graphite flakes were selected as fugitive materials 

to increase anode porosity. It was observed that the amount and morphology of pore former 

play a key role on the final microstructure. 

Anodes produced with addition of PU foam showed high fragility. Despite the open and 

interconnected porosity, they are not suitable for SOFCs pre-pilot and industrial production 

unless their mechanical strength is increased. 

The comparison between anodes having different microstructure but the same amount of 

organic materials allowed to draw some interesting conclusions, comparing the role played 

by each pore former in relation to microstructure and the effect on redox behaviour. 

Actually, the standard anodes and the substrates obtained with the addition of PEMA-co-

MMA beads as fugitive materials, both having an initial porosity of 14%, displayed similar 

behaviour upon redox cycling. The cells failed just upon one redox cycle, showing no 

improvement in support robustness. It was observed that changes associated to different 

pore morphology, while keeping the same porosity, are not sufficient to improve the redox 

tolerance unless also the porosity is increased. Moreover, the open porosity needs to be well 

distributed. Indeed, SEM observation showed that the introduction of PEMA-co-MMA 
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produced some large voids not evenly distributed into the anode. This result was confirmed 

when PMMA beads were introduced into anode slurry. The amount of pore former within 

the anodic slurry needs to be higher and must present mean size as finer as possible in order 

to obtain a well distributed porosity. 

The addition of finer pore former such as graphite flakes within the anodic 

microstructure brought to an improvement towards redox tolerance. The cell tolerated six 

redox cycles before failure, even if already after the first cycle cracks formation is 

evidenced by the OCV drop. The benefit allowed by fine graphite addition is evident, due 

to more homogeneous distribution of fine porosity, though it is not enough to guarantee 

lifetime longer than six redox cycles.  From these observations, anodes with higher and 

finely distributed porosity can likely tolerate more redox cycles. 

An alternative new interesting approach was considered during this research work, 

consisting in modifying the anode microstructure and YSZ backbone by addition of proper 

ceramic powders with high aspect ratio (Alfa powders). The use of Alfa powders in anode 

production allowed to increase the open porosity to 38% in the as sintered component, 

while the usual values are in the range of 25-30%. The porosity increase was not 

detrimental for the mechanical properties, keeping the average flexural strength in the order 

of 150 MPa. 

Redox tolerant cells were therefore produced and tested. The cells did not show relevant 

cracks in the electrolyte up to 15 redox cycles. Thanks to the modifications realised within 

the anodic microstructure by this different powder, it was possible to create a structure with 

a higher and homogeneous porosity, which allowed Ni volume expansion upon re-oxidation 

with low stress generation. 

OCV was quite constant during 15 redox cycles, while a consistent performance 

degradation upon redox cycles was observed, probably caused by changes into the anodic 

microstructure, such as growth and coarsening of the Ni particles, and occasional cracks 

into the anode network (observed by SEM analysis). Nevertheless, the OCV constant value 

over every cycle demonstrated that the electrolyte did not present significant cracks leading 

to cells failure, as it was confirmed by microstructural analysis. However, due to the 
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promising results obtained, such approach for high robust redox cells is under investigation 

for patent application, including materials and processing. 

Even if sufficiently high for 15 redox cycles, the mechanical properties and stability 

of the anode was investigated with the aim to increase cell reliability. In order to achieve 

this goal, Al2O3 and CeO2 were selected as dopants for their well documented properties as 

sintering aid and mixed electronic and ionic conductor respectively. NiO/YSZ powders 

with different amount of Al- or Ce-doping elements were tested in order to investigate how 

they modify the reduction and re-oxidation kinetics in comparison with the standard anodic 

powders.  

Both dopant elements increase the reduction and oxidation rates with respect to the 

reference powder. The reduction rate increased monotonically with Al2O3 amount; on the 

other hand, only when high CeO2 load is used (10%) the first reduction rate was sensibly 

affected. The second reduction and re-oxidation were faster than the first one for both 

dopants. The presence of coarser NiO particles generated in the first cycle and a consequent 

porosity modification can explain the generalized reaction rate increase. 

Interesting information on redox behaviour of anode supported half cells doped with Al2O3 

and CeO2 were obtained by monitoring in-situ the deformation related to cyclic changes of 

the operative atmosphere. During oxidation, the highest curvature variations were observed 

for 1%Al-doped samples, resulting in a higher density of cracks that can be attributed to the 

limited porosity of the anode. Indeed, an increase in anode density leads to larger anode 

deformation upon NiO expansion during re-oxidation; this is responsible for high internal 

stresses and consequent cell failure. Samples produced using pure NiO and 5%Ce-doped 

NiO powder showed lower deformations due to their larger porosity, though this is not 

enough to avoid crack production within the electrolyte. It is interesting to observe that for 

the Ce-doped samples, the volumetric effect associated with Ni oxidation and successive 

reduction is counterbalanced by deformation correlated to CeO2 – Ce2O3 transformation. 

The obtained results lead to important understanding of the role of doping elements on the 

redox process; limitation of the anode expansion upon re-oxidation appears to be a first 

approach for increasing redox tolerance of anode supported cells. 
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A general aim to produce redox tolerant cells regards the reduction of supporting anode 

deformations. The results presented here suggest that this can be accomplished in two 

ways: (i) tailoring of the concentration of doping elements with an opposite volumetric 

behaviour to NiO (such as CeO2) and (ii) increase of the anode porosity to tolerate Ni 

particles re-expansions. In any case the modification realized within anode microstructure 

must take in account the mechanical strength and performance. 
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APPENDIX 

 

 

A. Normalized mass change and mass change rate diagrams for second reduction and re-

oxidation for Al and Ce-doped powders. 

 

 

 

Figure A.1.  Normalised mass change versus time upon second reduction for the Al-doped 
powders. 
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Figure A.2.  Normalised mass change rate versus time upon second reduction for the Al-doped 
powders. The DTG graph is relative to the time interval where the mass change is more 
significant. 
 

 

Figure A.3.  Normalised mass change versus time upon second re-oxidation for the Al-doped 
powders. 
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Figure A.4.  Normalised mass change rate versus time upon second re-oxidation for the Al-
doped powders. The DTG graph is relative to the time interval where the mass change is more 
significant. 
 

 

Figure A.5.  Normalised mass change versus time upon second reduction for the Ce-doped 
powders. 
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Figure A.6.  Normalised mass change rate versus time upon second reduction for the Ce-doped 
powders. The DTG graph is relative to the time interval where the mass change is more 
significant. 

 

 

Figure A.7.  Normalised mass change versus time upon second re-oxidant for the Ce-
doped powders. 
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Figure A.8.. Normalised mass change rate versus time upon second re oxidation for the Ce-
doped powders. The DTG graph is relative to the time interval where the mass change is more 
significant. 
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