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Abstract 

 

Climate change and environmental degradation, in addition to the 

challenges of limited fossil fuel resources, have driven governments 

to pursue creative renewable energy sources. Natural gas and biofuels 

are limitless energy sources produced from both fossil fuels and 

biomass that is renewable. SOFCs (Solid Oxide Fuel Cells) are a type 

of renewable energy system that can convert biofuels into power and 

heat whenever needed. They often operate at high temperatures (> 850 

°C), which allows for fuel flexibility; nevertheless, such high 

temperatures are associated by rapid material deterioration and 

performance loss, usually before 40,000 hours of operation. As a 

result, many recent studies and activities have concentrated on 

lowering the operating temperature of SOFCs. Lowering the 

temperature causes decreased ionic conductivity, decreased catalytic 

activity, and increased carbon deposition on the anode side catalysts. 

This project aimed at developing an innovative cathode-supported 

SOFC to be fed by biofuels and operating at low-intermediate 

temperatures. Colloidal processes and co-sintering were selected to 

fabricate the final SOFC owing to their flexibility in optimizing the 

final desired properties and saving more manufacturing costs.  

The first chapter of this thesis provides an introduction to the 

essential concepts as well as professional specifics and previous work. 

The cell design and component materials are defined, as are additional 

requirements for lowering the operating temperature in SOFCs. 

Commercialization challenges and recommended solutions are also 

discussed, which involve the development of both new anode 

materials and production procedures. The project's goal is detailed at 

the end of Chapter 1, along with the reasons why various approaches 

were chosen. Molybdenum was chosen as a suitable anodic material 

to be doped into LSCF, and tape casting was developed further to 

create the cathode. The cathode support layer should have a consistent 

thickness, balanced flexibility and mechanical strength, and better 

shrinkage qualities. The plasticizer is a high molecular weight 



polyethylene glycol (PEG 4000), which improves these 

characteristics. 

Chapter 2 covers the steps involved in creating the button SOFC, 

starting with powder synthesis and ending with cathode tape casting. 

SOFC performance and anode catalytic activity are investigated to 

assess SOFC durability while fed by biogas. 

In Chapter 3, the findings are presented and explored in various 

contexts. Meanwhile, the anode material performance and cathode 

design and structure receive the greatest attention. Molybdenum was 

doped into LSCF via auto-combustion, yielding a fine and porous 

powder form. X-ray diffraction patterns demonstrated that increasing 

the Mo dopant increases anodic stability. In parallel, flat and crack-

free green cathodes with 47% solid loading can be obtained by 

adjusting the PEG 4000 to binder quantity ratio at 1.00 wt% and drying 

the tapes at 70% relative humidity. The tapes had an excellent 

mechanical strength to flexibility ratio, which allowed them to be 

readily handled and rolled. The tapes benefited from a strong balance 

of flexibility and mechanical strength, allowing them to be easily 

handled and rolled while also exhibiting very low residual stresses 

during subsequent lamination and co-sintering procedures. The final 

manufactured SOFC revealed a porous anode structure and a less 

porous cathode layer using electron microscopy. Whereas the 

electrolyte was dense enough to ensure gas tightness. There was no 

delamination throughout the cell. The cells were then 

electrochemically measured, and the reactivity of LSCFMo to various 

fuels and temperatures was investigated. LSCFMo performed best 

when fed by methanol at 700 °C, leaving no carbon traces after 

operation. The very low ohmic resistance of the electrodes indicates a 

very good design and manufacture technique. 

A conclusion is presented in the final section of this thesis to 

highlight the most significant achievements of this research. 
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CHAPTER 1 

Introduction 

 

1.1 Renewable Energy Systems 

Concerning population and economic growth, in parallel with 

advancing technology, the global demand for energy production is 

increasing each year by 1.3%. Although fossil fuels are the primary 

source that fulfils up to 85% of the world energy demand now [1], the 

amount of CO2 emission by their consumption and the subsequent 

climate change issues besides the fact it is a finite source that is going 

to be depleted within 50 years at current use level [2], has prompted 

the governments to seek for alternative renewable energy sources. 

Renewable energies (RE) are infinite primary energy resources on 

the earth such as solar radiation, wind, water energy, geothermal heat 

or biomass that can be captured and converted into final heat and 

electricity. The systems that run this conversion from mentioned 

energy carriers to consumable energies are called “renewable energy 

systems (RES)” [3]. The main RES are wind turbines, photovoltaic 

solar panels, hydropower plants and fuel cells. Although the annual 

energy production by RES can be much greater than the global energy 

demands each year, RE sources availability fluctuates. For example, 

when it is cloudy, solar panels cannot produce energy efficiently while 

on sunny days, there is no wind. Additionally, oversizing RES to 

supply the energy demand is costly. The solution is to provide a large-

scale storage system or to develop hybrid RES which is still under 

development in sense of market, policy, and technical approaches. 

Thus, the priority is on extracting, transporting and converting fossil 

fuels [4], [5] that not only can be consumed by RES but also can be 

substituted by similar RE sources in future. 

Natural gas and biofuels are such kinds of energy sources that can 

be derived from both fossil fuels and renewable biomass. They can be 

converted into electricity through hydrogen, as an energy carrier, and 

with the help of fuel cells operating as RES (Figure 1.1). 
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Figure 1.1 Carbon emissions in g/kWh from a fossil fuel and an RES plant 

 

1.2 Advanced Systems for Energy Production 

Advanced RES are needed to guarantee energy sustainability in 

future by producing energy more efficiently and significant savings. 

Thus, such systems are required to work independently by RE sources 

and be available where and when needed [6]. 

Hydrogen is a synthetic fuel that can be stored and converted to 

electricity in place and at the time there is a need. Hydrogen is not an 

energy source itself but can carry energy from one form into another 

[7]. For example, in wind and solar RES, the excess produced 

electricity can be used to electrolyze the water to obtain hydrogen [8]. 

Biomass is another type of RE, made of wood and agricultural 

residues, food crops and municipal-industrial organic wastes. It can be 

converted into biofuels and hydrogen by pyrolysis or gasification 

conversion processes [9], and then the hydrogen can be fed into fuel 

cells to generate electricity. Conversion means when the primary 

energy is processed and turns into other forms of energy [10]. 

However, it is accompanied by losses in efficiency which leads to a 

low power yield at the end [11]. Advanced RES are made to reduce 

the conversion efficiency loss as much as possible like solid oxide fuel 

cells (SOFC).  

SOFC is a developed version of fuel cells that can be fed directly by 

biofuels and light hydrocarbons, with no need for pretreatment of 

fuels. Additionally, because the chemical reactions in SOFCs are not 

limited to the same as in combustion engines and Carnot cycles, 

SOFCs are accompanied by the highest energy conversion efficiency 

of up to 80% [12]. 
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1.3 Low/Intermediate-Temperature Solid Oxide Fuel Cell 

(LT/IT-SOFC) 

It was first in the late 1930s that a Swiss scientist, Emil Baur and 

his colleague Hans Preis started to experiment with the first fuel cell 

(Figure 1.2) with a solid electrolyte made of ceramics: 15 wt% Yttria 

and 85 wt% Zirconia (Nernst Mass), in National Energy Technology 

laboratory [13].  

 

 

Figure 1.2 1.5-meter SOFC bundle, Westinghouse 

SOFC is a fuel cell that converts chemical energy directly into 

electricity and heat, out of conversion of biofuels and without any 

combustion. As shown in Figure 1.3, SOFC is made of main 

components such as anode, electrolyte, and cathode layers, contact 

materials, interconnects, and sealants. On the anode side, fuels and 

hydrogen are oxidized using catalysts to produce electrons. Electrons 

run through an external circuit towards the cathode. In the cathode, 

oxygen reacts with entering electrons and is reduced to produce 

oxygen ions which then pass through a dense ion-conductive 

electrolyte towards the anode. At the anode/electrolyte interface, ions 

react with hydrogen to produce water and release electrons. Assuming 

that the electrodes are constantly supplied with fuel and oxygen, this 

cycle is repeated and the electricity is generated continuously [14]. 
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Figure 1.3 Schematic of an SOFC 

SOFCs usually work at high temperatures and due to this, there are 

more advantages to using them than other types of fuel cells. Fuel 

flexibility, faster electrode electrocatalytic activity and the possibility 

to be integrated with other power generation systems (due to the 

significant amount of waste heat) are the most important advantages 

of high-temperature SOFCs (HT-SOFC). Since SOFCs are one of the 

most important technologies for energy conversion with the most 

development focus on stationary applications, one critical factor in 

their commercialization is the long-term durability and the capability 

to store or reverse the produced electrical energy [15]. However, high 

temperatures can lead to deterioration of both SOFC and balance of 

plant (BOP) materials which increases the costs of maintenance. 

Long-term start-up and performance degradation, usually before 

reaching a lifetime of 40,000 h, are other factors which strongly call 

into question the viability of commercializing biogas SOFC that can 

limit the life of the system at high temperatures [16].  

To address such issue, the research is prompted towards the 

development of low/intermediate temperature SOFCs (LT/IT-SOFC) 

operating in the range 500–600°C for LT and 600–800°C for IT, which 

offers many advantages such as faster start-up and shutdown, slower 

corrosion of interconnect or sealant materials, improved cell durability 

and, therefore, cost savings [17]. Owing to these advantages, the goal 

of many SOFC-manufacturing companies is to reach LT/IT-SOFCs 

into the mass market so that they not only can be applied to a wider 
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variety of industries but also can be used for portable and more 

interesting than that, for transportation section of industry [18]. The 

downside of operating at low temperatures, though, is the lower ionic 

conductivity and higher electrical polarization [19] which both limit 

the fed flexibility and decrease the power output at low temperatures.  

To pass these limitations, LT/IT-SOFC must be re-designed and 

optimized in terms of main trends: 

▪ fuel type,  

▪ cell design,  

▪ component materials, 

▪ and the specific operating temperature,  

thus the highest possible power output can be obtained [20]. 

 

1.4 Fuel Type 

There are different types of fuels for SOFCs, from the simplest 

which is hydrogen to complex hydrocarbons like gasoline, jet fuels 

and biogas. SOFCs can be fed by heavy fuels as well as light ones and 

reformed into hydrogen and CO2/CO. Biogas plays an important role 

in the global energy transition from fossil fuel-based plants to 

renewable power generation systems. It can be produced from 

renewable biomass sources locally, does not face the challenges of 

storage and does not contribute to the annual growth cycle of carbon 

dioxide emissions. Thus, it emerges as the most promising alternative 

to fossil fuels for a sustainable energy system in future. It generally 

contains 30-70% methane and 30-50% carbon dioxide, with little 

amount of hydrogen [21]. 

 

Reforming Reactions 

There are two forms of reforming: external and internal. Heavy 

fuels are reformed externally into hydrogen and CO2 usually before 

entering the SOFC. In internal reforming, light fuels can be reformed 

inside the SOFC system in steam, partial oxidation or dry mode, while 
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electrochemical reactions take place simultaneously on the anode side 

[22]. HT-SOFCs can perform internal reforming of even heavy fuels, 

due to the high catalytic activity of catalysts at high temperatures, 

whereas LT/IT-SOFCs can be fed only by light hydrocarbons. 

Although biogas is considered a heavy fuel, it can be fed directly into 

LT/IT-SOFCs and be dry reformed internally, with the help of the high 

amount of carbon dioxide that it contains. However, the possibility of 

coking and carbon deposition must be considered in this situation due 

to the high CO2 amount [21]. In the end, the power density obtained 

from a biogas-fed SOFC is lower than the pure hydrogen-fed SOFC 

due to both efficiency loss in biogas reforming reactions, and the 

carbon formation. Thus, it is important to increase the efficiency of 

biogas reforming by engineering anode materials and designing 

suitable catalysts [23].  

Because methane conversion in biogas reforming is much slower 

than CO and hydrogen oxidation, the dry reforming of methane is 

considered, and its reforming reaction is given by 

𝐶𝑂2 + 𝐶𝐻4  ⇌  2𝐻2 + 2𝐶𝑂          Δ𝐻298
° = 247.3 𝑘𝐽 𝑚𝑜𝑙⁄           (1.1) 

𝐻2 + 𝐶𝑂2 ⇌ 𝐶𝑂 + 𝐻2𝑂          Δ𝐻298
° = 41.1 𝑘𝐽 𝑚𝑜𝑙⁄           (1.2) 

which are high endothermic reactions. Thus, for a complete reforming 

reaction, either the operating temperature should be high enough (800-

1000 °C) or at low-intermediate temperatures (< 800 °C), CO2 must 

be supplied by another additional source [24]. 

 

1.5 Cell Design 

As mentioned before, lowering the operating temperature can 

affect the ionic conductivity, polarization, and chemical compatibility 

of the materials in SOFC components. Accordingly, the structure of a 

SOFC should be designed to compensate for the negative effects of 

low temperature and to obtain the highest possible open-circuit 

voltage (OCV) out of the cell. The final actual OCV of a SOFC is 

given by 
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𝐸𝑐𝑒𝑙𝑙 = 𝐸𝑁𝑒𝑟𝑛𝑠𝑡 − 𝜂𝑜ℎ𝑚 − 𝜂𝑎𝑐𝑡 − 𝜂𝑐𝑜𝑛𝑐 − 𝜂𝑓.𝑐𝑟 − 𝜂𝑖𝑛.𝑐𝑢𝑟𝑟           (1.3) 

where Enernst is the ideal cell OCV, ηohm the ohmic polarization, ηact the 

activation polarization, ηconc the concentration polarization, ηf.cr the 

loss due to fuel diffusion into the electrolyte and ηin.curr the loss due to 

short-circuit of the electrolyte [25]. HT-SOFCs can be supported by 

their thick dense electrolyte layer. Due to the greater thickness of the 

electrolyte, larger ohmic polarization resulted, which can be reduced 

at high temperatures [26]. However, dealing with this issue at low 

temperatures is possible either by decreasing the electrolyte thickness 

or by increasing its ionic conductivity [17]. As the electrolyte gets 

thinner, more attention must be paid to its tightness and gas 

impermeability, besides the fact that during sintering, the electrolyte 

layer can penetrate electrodes. 

Lowering the temperature can also affect the oxygen reduction 

reaction (ORR) on the cathode side and slows it down. This causes a 

high concentration polarization due to the accumulation of electrons 

inside the cathode and high current density at the surface of the 

electrode. To solve this issue at lower temperatures, the cathode 

composition and microstructure should be well-designed and should 

benefit from enough porosity to facilitate the rapid transfer of O2 to 

active sites [19]. 

Thinner anode layers in a cathode-supported SOFC are preferred 

at lower temperatures, thus preventing carbon build-up from working 

with biogas and reducing the polarization resistance. Figure 1.4 

illustrates the schematic of a cathode-supported LT-SOFC. The 

porosity of the anode should meet a range within the limitations not 

too large to create high ηf.cr and not too small to hamper the effective 

electrocatalytic activity of catalysts [27]. 

Button-cell design is a recent novel approach in fabricating SOFCs, 

in a thin, small circular shape with a diameter of 1–3 cm. Button-cell 

design is proposed to improve materials selection, achieve better-

controlled microstructure and processing, and easier evaluation, 

characterization and performance configuration of final samples [28]. 
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Figure 1.4 Schematic of a cathode-supported LT-SOFC 

To fulfil the microstructure and design requirements, component 

materials should be selected with high precision and based on their 

chemical and thermal compatibility with other materials in the 

neighbour components. 

 

1.6 Component Materials 

The materials selection for SOFC should be made based on the 

functionality of the component and the operating temperature of the 

SOFC. The main factors to be considered during the material 

engineering of electrodes and the electrolyte in LT/IT-SOFCs are 

thermal expansion coefficient (TEC), phase and composition stability, 

electronic and ionic conductivity, electrocatalytic activity and final 

desired microstructure.  

 

1.6.1 Cathode 

The electrochemical (Kröger-Vink) reaction at the cathode side of 

a biogas-fed SOFC is given by [29] 

(3𝑛 + 1)

2
𝑂2 + (6𝑛 + 2)𝑒− + (3𝑛 + 1)𝑉𝑂

.. ⟶ (3𝑛 + 1)𝑂𝑂
𝑥  ;          (1.4)   

therefore, a good cathode should satisfy the following requirements 

[30]: 

▪ High catalytic activity towards ORR 

▪ High mixed ionic and electronic conductivity (MIEC) 
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▪ Adequate porosity 

▪ Matching TEC with electrolyte and other components 

▪ In the case of cathode-supported cells, a high mechanical 

strength 

Perovskites are one kind of MIEC materials that are proposed as 

the best materials for cathodes with the general formula ABO3 

containing an alkaline/rare-earth metal cation in A-site and a transition 

metal (M) cation with smaller radii in B-site. Perovskites are generally 

divided into four main groups: single, double, layered and exsolved. 

Thanks to high flexibility in substituting A and B cations, the final 

desired feature of a material can be achieved [31]. 

La1-xSrxFeO3-δ (LSF) and La1-xSrxCoO3-δ (LSC) are the most 

common conventional cathode materials in SOFCs, regardless of the 

operating temperature in addition to La1-xSrxCoyFe1-yO3-δ (LSCF), La1-

xSrxMn1-yCoyO3-δ (LSCM) and Ba1-xSrxFe1-yCoyO3-δ (BSCF) with 

higher surface exchange and diffusion rate [32]. Although cobalt-

containing oxides (e.g. LSCF) possess higher electroconductivity (≈ 

1000 S cm−1 at 800 °C), they show large TEC as well with respect to 

non-cobaltite perovskites (e.g. LSF) [33]. Insufficient chemical 

compatibility, high cost, easy evaporation and weak chemical stability 

have been considered recently as discouraging factors in using cobalt-

containing cathodes [34]. Another disadvantage of using cobaltite is 

that it can easily react with Cr-containing contact layers and get 

chromium poisoned. 

In this regard, and considering the high TEC of LSCF, the residual 

stresses during cathode-electrolyte lamination and further co-sintering 

are reduced using LSF. 

 

1.6.2 Electrolyte 

The requirements which make a good electrolyte out of a material 

are as follows: 

▪ Full density 

▪ Pure ionic conductivity 
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▪ Engineered vacancy in lattice structure. 

Since the vacancy mechanism is activated by thermal energy, the 

electrolyte is the main part of a cell that determines the final operating 

temperature. To prevent the formation of any local hot spot inside the 

electrolyte, it must be free of any hole or porosity. These two together 

indicate the importance of the choice of material and fabrication 

method for the electrolyte [35]. 

Yttria-stabilized zirconia (ZrO2.Y2O3: YSZ) is the conventional 

electrolyte material in SOFCs but with vacancy activation only at high 

temperatures like in HT-SOFCs. Zr in YSZ also reacts with Sr in the 

LSF cathode and forms an insulated ZrSrO3 phase which degrades the 

cell performance [36]. To have an efficient electrolyte for LT/IT-

SOFCs, either the thickness of YSZ should be decreased or another 

promising material with a higher ionic conductivity must be selected, 

like gadolinium-doped ceria (GdxCe1−xO2−(x/2): GDC) [37]. GDC is 

preferred over YSZ due to its higher ionic conductivity below 800°C, 

which becomes more evident even at lower temperatures and because 

it does not react with Sr in the cathode material [38]. 

 

1.6.3 Anode 

Working with biogas-fed LT-SOFC, an anode is considered the 

most important component. Reforming of hydrocarbons, their 

electrochemical oxidation, conducting the electrons and at the same 

time, the oxygen ions, should be carried out simultaneously by the 

anode at low temperatures where catalytic and electrochemical 

activities are significantly low. Thus, the anode material selection and 

its engineering demand good reliability. 

Ni-YSZ represents the traditional cermet anode material, which is 

still widely used in industry. It is cost-effective, easy to fabricate, has 

excellent electronic conduction due to Ni particles and an excellent 

ionic conductivity owing to YSZ [39]. Additionally, Ni catalytic 

activity at high temperatures (850–1000 °C) is sufficient enough that 

there is no need for precious metals [40]. Despite all these merits, it 

cannot guarantee the sustainability of LT-SOFCs due to serious 
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drawbacks. Electrochemical (Kröger-Vink) reactions at the anode side 

are given by [29], [41] 

𝐶𝑛𝐻2𝑛+2 + (3𝑛 + 1)𝑂𝑂
𝑥

⟶ (3𝑛 + 1)𝑉𝑂
.. + 𝑛𝐶𝑂2 + (𝑛 + 1)𝐻2𝑂 + (6𝑛 + 2)𝑒−  (1.5) 

𝑂𝑂
𝑥 + 𝐻2 ⟶ 𝑉𝑂

.. + 2𝑒− + 𝐻2𝑂           (1.6) 

𝑂𝑂
𝑥 + 𝐶𝑂 ⟶ 𝑉𝑂

.. + 2𝑒− + 𝐶𝑂2           (1.7) 

Methane oxidation and oxygen ion pathway towards the anode 

surface is shown in Figure 1.5. 

 

 

Figure 1.5 Methane Oxidation at the Ni-YSZ surface 

Thus, a good anode electrode should fulfil the following 

requirements [42]: 

▪ matching TEC with the electrolyte and other components, 

▪ high electroconductivity, 

▪ capability to dodge the coke, 

▪ large porosity (20–40%) to transfer the fuel easily,  

▪ large triple phase boundaries (TPB) to increase 

electrochemical activity, 

▪ high catalytic activity at low temperatures and, 

▪ the high ionic conductivity, 
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from which, some are lacking by Ni-YSZ cermet. Accordingly, there 

is a wealth of literature on investigating Ni-YSZ drawbacks and 

proposing possible solutions.  

 

Drawbacks 

There are major issues caused by Ni particles that have prompted 

the academic and industry research world to seek new alternative 

materials as the anode for SOFCs. Ni-YSZ cermet can be used to 

convert hydrocarbons completely, only in wet mode, where the steam 

is supplied for internal reforming [43]. Low tolerance to coking and 

carbon deposition at low temperatures (<800 °C), vulnerability to 

sulphur poisoning, Ni coarsening and poor redox and volume stability 

during redox cycling in the case of biogas-fed SOFCs, are other 

limitations of Ni-YSZ anodes [44]. 

i. Carbon Deposition 

Carbon deposition is the main issue with the anode, while SOFC is 

fed by hydrocarbons. During hydrocarbon reforming reactions, 

whether at high or low temperatures, solid carbon is formed due to fast 

C–C bond cracks, carbon diffusions and aromatic reactions. Based on 

the operating temperature and the catalyst type, the deposition 

mechanism is different. In the case of Ni catalyst, due to the high 

catalytic activity of Ni, the solid carbon is dissociated from 

hydrocarbons, deposits on top of Ni surface and then diffuses into 

grains and precipitates at the end. This is fatal and compromises the 

cell integrity, which is accompanied by rapid performance degradation 

[45]. At high temperatures, methane thermal cracking can form solid 

carbon in graphitic shape which deposits on and encapsulates 

catalysts, leading to their deactivation. At low temperatures, though, 

solid carbon is formed following the Boudouard reaction, as 

2𝐶𝑂 ⟷ 𝐶𝑂2 + 𝐶           Δ𝐻298
° =  −171 𝑘𝐽 𝑚𝑜𝑙⁄           (1.8)  

or water-gas reverse-shift reaction, which leads to CO reduction, as 

𝐻2 + 𝐶𝑂 ⟷ 𝐻2𝑂 + 𝐶           Δ𝐻298
° = −131 𝑘𝐽 𝑚𝑜𝑙⁄           (1.9) 
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in an amorphous and whisker-deposited form. Due to the growth of 

carbon chains, it diffuses into catalyst grains, deactivates them and 

increases the internal stresses which cause the cell rupture and 

delamination at the anode-electrolyte interface [46]. The carbon 

deposition mechanism is shown in Figure 1.6. By designing an anode 

structure with suitable catalytic activity and good oxygen ionic 

conductivity, carbon deposition can be suppressed.  

 

 

Figure 1.6 Carbon deposition mechanism on Ni catalysts (left) and electron 

micrograph of a whisker deposited carbon on Ni catalyst (right) [47] 

ii. Low Redox Stability 

Taking the redox stability of anodic structure into account is 

important in the choice of anode material. The low redox stability of 

conventional Ni-YSZ cermet has been well investigated. Both 

electrical conductivity and phase volume of Ni-YSZ are affected by 

the reduction temperature and redox cycle. Higher electroconductivity 

is achieved by increasing the reduction temperature while low 

electroconductivity is achieved by being reduced at low temperature 

and is not improved by further heat treatments. This means Ni is 

reduced simultaneously with being sintered, thus an irreversible 

change in grain size is exerted. Additionally, Ni phase volume is 

expanded upon re-oxidation due to NiO formation which is followed 

by simultaneous reduction and sintering. This volume expansion 

reduces available TPB and if exceeds the porosity capacity, not only 

causes fractures in the YSZ substrate but also exerts stresses in the 

electrolyte and finally ruptures the cell [39]. Despite many efforts that 
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have been made to solve this issue [40], Ni-YSZ anodes do not satisfy 

the stability needed in long-term applications. 

Perovskites are proposed as the best alternative for SOFC anodes. 

Due to their high oxygen vacancy, O2− conduction increases which 

ends with faster fuel oxidation at the anode. They can also extend the 

TPB from the anode/electrolyte interface up to the surface of the 

anode; this means more active sites and greater electrochemical 

activity. Nevertheless, still, electronic conductivity, catalytic activity 

and phase stability of perovskites need to be improved to yield a 

performance comparable with conventional anodes [48]. 

 

1.7 Innovative Materials 

To manage the anode issues, numerous studies have suggested 

innovative alternatives to Ni-YSZ, which for their development, the 

ceramics are indispensable, including nanostructured composites, 

multi-metal alloys, single and polycrystals, exsolved perovskites and 

doped-perovskites. Among them, fabricating advanced anodes using 

perovskites is the most reliable and cost-effective approach. Doping 

elements of high coke resistance and phase stability into the A/B-site 

of perovskites can tune the hole and vacancy formation and 

subsequently, optimize their electronic-ionic conductivity [49]. 

 

Coke-Resistant and Redox-Stable Doped-LSCF 

To increase the coke resistance of perovskites, the structure should 

be supplied with adequate oxygen vacancies or high surface exchange 

capability [50]. Doping cations into B-site, with more unoccupied 3d 

orbitals exerts higher catalytic activity, which favours faster oxidation 

of the deposited carbon into CO or CO2, as well as more efficient fuel 

oxidation. Another characteristic in B-site cations that can help 

mitigate carbon deposition is possessing higher oxidation states. Such 

cations are capable of loading and unloading oxygen ions and fast 

switching between their oxidation states, thus helping with faster 

oxidation of the deposited carbon and cleaning TPBs off the diffused 
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carbon. Some other cations like Cu and precious metals are inert in 

carbon absorption [51]. To increase the perovskite's redox stability, B+ 

reduction must be prohibited under reducing conditions and its energy 

either must be increased by altering temperature or pH or must be 

covered by a greater band gap energy belonging to a sacrificing doped-

cation. 

La0.75Sr0.25Cr0.5Mn0.5O3-δ (LSCrM) was the first perovskite anode, 

proposed by Tao et al. [43] in 2003, to address Ni-YSZ issues. Mn 

doping into chromate-based perovskites can increase their phase redox 

stability and Montinaro et al. [52] also realized LSCrM laminates with 

the usage for anode-supported SOFCs. But this material must deal 

with electroconductivity issues. Titanate-based perovskites are also 

another promising anode material with the backbone formula SrTiO3. 

However, they are accompanied by issues of electrochemical and 

catalytical activity [53]. A recent work by Bugra et al. [54] made an 

increased surface catalytic activity of SrTiO3 which is sufficient for 

hydrocarbon conversion, by doping it with La3+ and enrichment of the 

surface by Sr segregation. 

Lanthanum ferrites are another interesting family of perovskites 

with superior advantages over other families and with the general 

formula LaFeO3 (LFO). LSCF has been one of the most widely studied 

cathode materials since the beginning of the '90s till now [55]–[57], 

due to its optimum tolerance factor and high oxygen vacancies for both 

A and B site doped structures, combined with high 

electroconductivity. Doping Sr at the A-site can act as an acceptor and 

Co at B-site binds stronger with Fe relative to oxygen. These two bring 

about an increase in the oxygen permeability of the structure which is 

followed by good catalytic activity towards oxygen reduction reaction 

at the cathode side and an increase in TPB [33]. This is while not much 

attention has been given to possible anode applications.  

Few studies have shown the good possibility of applying LSCF as 

an anode while it can decompose to (La0.38Sr0.62)2FeO4 and La2CoO4 

Ruddlesden-Popper (R.P.) oxides, and CoFe alloy nanoparticles under 

low oxygen partial pressures, accompanied by good catalytic activity 

of CoFe alloys towards hydrocarbons reforming reactions [58]. 

Although R.P. LSCF oxide has shown higher oxygen ion conductivity 
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than normal perovskite, the electronic conductivity is still relatively 

small due to the interrupted transition metal-oxygen-transition metal 

chains [59]. Doped-LSCF can be functionalized with surface 

exsolution as well. Dopants are exsolved towards the surface and then 

socket on top of parent perovskite and form a nanometric single/multi-

metallic alloy on top, usually with high catalytic activity towards 

hydrocarbons reforming and less coke-absorbance. Lo Faro et al. [60] 

have worked on Ni-doped LSCF and investigated its efficiency as an 

anode being fed with different fuels. Such doped-lanthanum ferrites 

show very poor catalytic activity towards the direct oxidation of 

methane. Instead, another mechanism called the “shuttle mechanism” 

is followed which works with fuels other than biogas and methane. 

This mechanism starts with the dehydrogenation of fuels and 

continues with the subsequent oxidation of hydrogen and carbon 

monoxide residues [60]. Whether the perovskite carries out a “shuttle 

mechanism” or direct oxidation of methane, their structural stability 

and low electroconductivity under reducing conditions can still hinder 

their practical applications in industry. 

 

1.8 Molybdenum Doping 

 

Doping elements of higher valence such as Cr, Mo,W, V, Nb, Ti, 

and Zr into B-site of a perovskite structure specifically the ferrites can 

bring great advantages for both anode and cathode applications. This 

will increase their long-term stability as electrode materials under both 

oxidizing and reducing conditions [61], as well as tunning their 

oxygen vacancies. Molybdenum is an element with a higher 

proportion of unoccupied 3d-orbitals, possessing both mixed and 

higher valence states. Mo-based perovskites have been proved in 

different studies to exert amazing properties for the application of 

electrode materials in fuel cells, depending on the parent perovskite 

and the dopant amount.  

B-site doping in LSCF with molybdenum as a high valence 

acceptor dopant can improve redox stability to a great extent. Previous 

studies proved that by doping Mo into Ba0.5Sr0.5Co1-xFexO3-d [62], [63], 
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and La0.5Sr0.5FeO3-δ [64] the reduction stability increased remarkedly. 

At low partial oxygen pressure, molybdenum can moderate further 

reduction of Fe3+/Fe2+ into the metallic phase. This is due to the 

overlap between the redox band of mixed-valent Mo5+/Mo6+ and 

Fe3+/Fe2+ couples in most Mo-doped ferrites [65], which is also proved 

by XPS investigations [66]. As a result, no new metallic alloy or R.P. 

oxides will form under reducing conditions, and the perovskite retains 

its chemical stability. However, under oxidizing conditions, the 

mechanism that Mo increases the phase stability is different. Y. Liu et 

al. [67] doped Mo into LSCF structures as cathode material. XPS 

results showed interestingly that the ratio of Sr segregated on the 

surface to the Sr in the lattice was decreasing by increasing the Mo 

dopant. In other words, Mo could suppress the Sr dissolution. This 

could save the perovskite structure from degradation under oxidizing 

conditions which could bring about a better electrocatalytic activity 

towards oxygen reduction reaction. In another work, Neacsa D. et al. 

[68] showed that doping higher valance elements like Nb5+ with higher 

ionic radius into the B-site of LSCF can afford more accommodation 

for Sr2+ at A-site. As a result, Sr activation might be suppressed, and 

the phase stability increases during sintering. 

Electrocatalytic activity and performance of perovskites is mainly 

dependent on concentration of their oxygen vacancies. Many studies 

have proved that Mo doping into ferrite perovskites enhances the 

oxygen vacancy formation in the structure [66][69][70][71]. Figure 

1.7 shows the results from X-ray photoelectron spectroscopy (XPS) 

which was carried out on the surface of Sr2FeMo0.65Ni0.35O6−δ and 

La0.6Sr0.4Fe1-xMoxO3-d.  

These results have confirmed the co-existence of mixed-valence 

state couples Mo5+/Mo6+ and Fe2+/Fe3+/Fe4+ on the surface of Mo-

doped ferrite perovskites. By increasing Mo dopant, the amount of 

Fe3+ will increase to compensate for the electroneutrality. Fe4+ at the 

center of octahedral takes the electron holes from the neighbor lattice 

oxygen and is reduced to Fe3+, while the lattice oxygen is released. As 

a result, more oxygen vacancies can be formed as [72][70] 

2𝐹𝑒𝐹𝑒
• + 𝑂𝑂

⨯ ⟶ 2𝐹𝑒𝐹𝑒
⨯ + 𝑉𝑂

•• +
1

2
𝑂2          (1.10) 



32 | C H A P T E R 1  

 

 

Figure 1.7 XPS spectra of a) SrFeMoNi [66] and b) LaSrFeMo [69] 

perovskites, Mo 3d and Fe 2p 

When the amount of Mo dopant increases or the perovskite works 

under reducing conditions (when Fe4+/Fe3+ reduction is relieved to 

some extent by the presence of the mixed valence Mo6+/Mo5+), Mo6+ 

reduces partially to Mo5+ to keep up with the electroneutrality in the 

structure, which means even more oxygen vacancy formation, as [73] 

2𝑀𝑜𝑀𝑜
⨯ + 𝑂𝑂

⨯ ⟶ 2𝑀𝑜𝑀𝑜
′ + 𝑉𝑂

•• +
1

2
𝑂2          (1.11) 

More oxygen vacancies benefit more active sites generation and 

thus more electrocatalytic activities. As a result, TPBs are enlarged 

which leads to a better electrocatalytic activity towards hydrocarbon 

reforming reactions. As proved by XPS studies, the peaks of binding 

energy for Mo 3d is observed at around 230 eV, while for Fe 2p, the 

peaks are observed at around 700 eV. Thus, oxygen transferring which 

means the capability to load/unload the oxygen ions is more facilitated 

through Mo cations, thanks to its higher proportion of unoccupied 3d-

orbitals and mixed valence states. As a result, the electrocatalytic 

activity increases as Mo dopant is increasing.  
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These studies have also confirmed that the ratio of adsorbed 

oxygen (Oad) to the lattice oxygen in Mo-based perovskites is 

increasing by an increase in Mo dopant amount. Since at high 

temperatures, Oad can be easily desorbed, the conclusion is that Mo 

could efficiently increase the oxygen vacancies [72][66]. In addition 

to this, Zhang et al. [72] found that doping Mo into the perovskite 

structure Pr0.4Sr0.6Co0.2Fe0.8O3-δ can decrease the surface-phase 

amount, which is in favor of the catalytic reactions. Wang et al. [69] 

doped Mo into La0.6Sr0.4FeO3-δ and achieved higher electrocatalytic 

activity at the surface towards CO2 electrolysis, due to Fe-O-Mo pairs 

which can store higher oxygen ion species. Liu et al. [67] could also 

achieve better electrocatalytic activity towards oxygen reduction 

reaction by doping Mo into LSCF cathodes.  

Furthermore, Mo-doped perovskites have proved to direct good 

electroconductivity due to presenting mixed valence couples and to 

adopt different arrangements of oxygen polyhedral from tetragonal to 

six-fold coordination, which makes it compatible with accepting a 

wide range of oxygen stoichiometries [74]. Hou Y. et al. [75] showed 

that the higher reduction stability can also bring about an increase in 

electroconductivity of Mo-doped La0.6Sr0.4Fe0.9Ni0.1O3-δ, at a wide 

temperature range (500-850 °C). Although higher-order R.P. oxides 

exhibit enhanced electroconductivity [76], first-order newly generated 

R.P. oxides after LSCF reduction, such as (La0.38Sr0.62)2FeO4 and 

La2CoO4, have been shown to have good but lower 

electroconductivity than the parent perovskite. Park et al. [59] and 

Chung et al. [77] attributed the explanation to fewer B-O-B bridges in 

first-order R.P. oxides, which often serve as the electron channel. 

Higher reduction stability can protect the bond bridge Fe3+–O2−–Fe4+ 

in the structure which prevents further increase in the activation 

energy of electron transfer. Thus, higher conductivity can be expected 

relative to pure perovskite [75]. On the other hand, some studies have 

suggested that since Fe4+ amount decreases by Mo doping, and more 

electron holes are converted into oxygen vacancies, thus the final 

electroconductivity of the perovskite is reduced [72]. One can 

conclude that there must be an optimum level of Mo doping which 

neither is too low to not be able to protect B-O-B bridges and not too 

high to reduce all the available possible electron holes. 
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Another insightful advantage of doping Mo is the significant 

boosting in carbon tolerance of perovskite. He et al. [78] highlighted 

the remarkable carbon tolerance of Sr2TiNi0.5Mo0.5O6. In 2012, Li et 

al. [79] postulated that the high carbon tolerance of Mo-included 

oxides like Sr2Fe1.5Mo0.5O6 is due to two main reasons. First, the higher 

structural stability induced by Mo doping prevents further metal 

cluster formations on the surface which hampers enough surface 

provide for carbon deposition. Secondly, the more oxygen vacancies 

exerted by Mo doping in an oxide structure are formed just around the 

active B-site cations like Mo6+. Therefore, the instant formation and 

consumption of activated carbon species increases the tolerance of the 

anode towards carbon adsorption. 

As another advantage, Lu et al. [70] and Zhang et al. [72] found 

that Mo doping into Pr0.6Sr0.4(Fe0.8Ni0.2)1−xMoxO3−δ and 

Pr0.4Sr0.6(Co0.2Fe0.8)1−xMoxO3−δ, respectively, decreased the thermal 

expansion coefficient (TEC) significantly as Mo dopant was 

increased. The presence of a high-valent element like Mo in the 

structure can suppress the reduction in B-site cations (Fe4+, Co3+, Ni4+) 

to their lower valence states (Fe3+, Co2+, Ni3+) and thus, the TEC is 

decreasing. As a result, the compatibility between electrode and 

electrolyte is increased, delaying cracking and failure in the cell during 

heating or redox cycles. 

Despite the sporadically reported benefits of Mo doping into 

different perovskite structures, and even in LSCF, no studies are 

available on possible applications of Mo-doped LSCF as anode 

material in SOFC. It is crucial to note that the advantages of Mo 

doping are also dependent on the cell design, materials, and thickness 

of other cell components, electrode microstructure, and even the 

crystal environment around Mo ions. 

 

1.9 Innovative Processing Methods 

Along with the design and selection of materials, the choice of 

suitable fabricating methods for anode, electrolyte and cathode is 

noticeable as well. As mentioned before, to realize a biogas-fed SOFC 
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working at low-intermediate temperatures, a cathode-supported cell 

with a thin electrolyte and anode layer is preferred. There is a body of 

research investigating the most efficient and cost-effective methods 

for SOFC fabrication towards lowering temperature. 

 

Colloidal Processing and Co-sintering 

A practical movement towards lowering the temperature is to 

develop novel and more efficient methods to fabricate thin-film SOFC 

component layers. Tape casting and screen printing are the simplest 

and most robust thin-film fabrication methods, with the capability to 

produce layers of thickness as low as 5 µm [37]. Many researchers 

have focused on improving the processing and sintering of such thin-

film layers with the approach to LT-SOFC applications. The key to 

understanding ceramic processing is to know the dependency of 

different steps and to figure out the final relationship between them. 

Moreno [80] introduced critical remarks about colloidal processing, 

which is fundamentally the dispersion of powders in a liquid. It plays 

an important role in the manufacturing process, which is even scalable 

to large industrial systems. Colloidal processing can be used from 

powder synthesis to fabrication of thin green tapes. The most 

important aspect to consider in colloidal processing is to retain and 

control the interparticle forces during the process, such that the most 

homogeneity and even microstructure can be achieved.  

Sintering is the last step in processing, which can be done in 

conventional or novel methods: ultrafast high-temperature sintering, 

cold sintering, or flash sintering. Co-sintering is not as novel as the 

mentioned methods, but since it shortens the sintering time and energy 

cost, thus facilitating the fabrication process, has the potential to be 

improved as an innovative sintering method. Co-sintering can be used 

to sinter bi-layers simultaneously on a rigid support. Thus, it is 

important to adjust the sintering heating rate and target temperature, 

the layers thickness and shrinkage differences between two layers 

[81]. Sglavo et al. [82]–[84] have worked for many years on increasing 

the mechanical reliability of thin ceramic layers and investigating the 

residual stresses and fracture toughness as well as their sintering and 
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densification, through controlling the processing steps. Stresses are 

generated upon sintering due to different TEC and sintering kinetics 

which then lead to the formation of flaws, defects, delamination, 

retarded densification, or warping. A curvature is created usually due 

to a mismatch in shrinkages/shrinkage rates. To reduce the developing 

curvature, a dead load is used on top of the bi-layer upon sintering 

[85].  

 

1.10 Tape Casting 

One of the most widely used industrial processes for manufacturing 

large-scale thin ceramic sheets and multilayers is tape casting [86]. 

First, a slurry is prepared from ceramic powders and then it is poured 

into a stationary device made of a reservoir and blades. The blades that 

are called “doctor blades” can control the thickness of the tape. There 

is a moving tape carrier, on which the slurry is deposited from the 

stationary reservoir [87] (Figure 1.8). To attain high-quality tapes, 

industrially validating continuous production, the tape casting process 

should be regulated for the desired final microstructure, in three steps: 

1) slurry preparation, 2) casting conditions and, 3) drying [88]. 

 

Figure 1.8 Tape casting schematic 

 

1.10.1 Slurry Preparation  

Slurry preparation is the most fundamental step. The slurry 

composition and formulation determine the final microstructure and 
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thus, the sintering properties of ceramic tapes. To prepare tape casting 

slurry, the ceramic powder and dispersant are mixed in the solvent in 

the first step, which is followed by the addition of the plasticizer and 

binder in the second step [89]. It is important to adjust solid loading 

concerning the desired thickness of the tape, the intended 

microstructure, and the sintered properties. Another determinant in 

slurry processing is regulating the plasticizer-to-binder ratio.  

i. Solvent 

While using organic solvent-based suspensions is a common 

practice in the industry due to simpler deflocculation, lower latent 

heat, and less energy-intensive drying [90], using water-based tape 

casting can not only significantly reduce the risks to the environment 

and human health [91] but also lower the costs associated with 

installation and the disposal of organic waste [92]. But the biggest 

issues in the industrialization of water-based tape casting are 

constrained rheology, slower drying, larger binder amount for a 

good cohesion and slurry flocculation which make it challenging 

to control the tape thickness, homogeneity, and flexibility 

[93][94].  

ii. Solid Loading 

Having established that better electrocatalytic activity towards the 

ORR can be achieved with a more porous cathodic layer, solid loading 

can be increased up to a point to let enough porosity formation in the 

layer. On the other side, with very low solid loading, attaining thick 

supporting layers is not an easy job [95]. In this study, two different 

solid loadings, 47 wt% and 60 wt% were selected to be examined. 

iii. Plasticizer 

The addition of a plasticizer can reduce the suspension viscosity by 

settling down between the binder polymers and thus, decreasing van 

der Waals forces. Secondly, they can increase flexibility by lowering 

the glass transition temperature after casting. Thirdly, they can reduce 

the shrinkage stresses during drying, which can suppress the cracks 

and defects, which is of importance specifically in the case of aqueous 
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suspensions [96]. The plasticization effect is dependent on the 

plasticizer's molecular weight (MW) and on its functional groups. 

Smaller plasticizers benefit from better mobility inside the suspension 

and thus can induce more flexibility [97]. Slurry preparation is easier 

and less challenging using low MW plasticizers, but the following 

casting and drying steps should be carried out with more prudence. 

Using a low MW plasticizer is accompanied by a high degree of 

plasticization but with very poor mechanical strength in the final green 

tape. However, a high mechanical strength is a requisite in the 

processing and fabrication of multilayer ceramics [98],  like a SOFC. 

To achieve high-quality green tapes with enough flexibility and at the 

same time, with sufficient mechanical strength, there are two 

solutions: the amount of low MW plasticizer should be optimized 

precisely to the binder to attain an optimized Tg, or as another 

solution, a high MW plasticizer could be added that can exert 

mechanical strength as well as flexibility due to its long polymeric 

chains. This results in lower drying shrinkage as well as simpler tape 

removal from the carrier as well. Less volatility and lower migration 

are other advantages of using high MW plasticizers which end with a 

smoother and more even tape surface after drying [99]. In addition to 

that, this helps green tapes by having more open porosities after drying 

and then sintering, which leads to a high specific surface area as well 

[100]. However, high MW plasticizers are less compatible and less 

soluble in binder polymers due to fewer hydrogen bonds that can be 

formed between the plasticizer and binder polymers [101]. Furtherly, 

these two can lead to phase separation, delamination in multilayer 

ceramics or poor processing. 

 

1.10.2 Casting Parameters 

Regardless of the material, casting parameters can affect the 

thixotropic behavior of the slurry and control the final thickness. As 

mentioned before, keeping with a constant thickness during 

continuous industrial casting demands more accuracy in monitoring 
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the process.  The blade gap, the speed of the moving blade and the 

slurry height in the reservoir are the most essential parameters in 

controlling the final thickness of cast tapes [102]. Due to the slurry 

height drop in front of the blade and the resulting decrease in 

hydrostatic pressure for the slurry flow under the blade, the tapes' 

thickness reduces as the blade passes over them [102], even though 

using two parallel blades can reduce the pressure gradient below the 

moving blades. However, still on a laboratory scale, where the 

reservoir is not filled in continuously, two blade gaps should be 

adjusted carefully to reduce the pressure gradient as much as possible 

during casting, to achieve more uniform particle alignment and 

thickness over the tape [103]. The speed of the blade moving over the 

slurry and the blade gap should be adjusted regarding the solid loading 

and the final desired thickness of green tape [104]. 

 

1.10.3 Drying  

The drying process consists of two main stages and its rate is 

regulated by controlling the rate of the following reactions [105]: 

𝐻2𝑂 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑖𝑞𝑢𝑖𝑑)

↔  𝐻2𝑂 (𝑉𝑎𝑝𝑜𝑟) +  𝑣𝑎𝑐𝑎𝑛𝑡 𝑠𝑖𝑡𝑒   (𝑤𝑎𝑡𝑒𝑟 𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛)  (1.12) 

𝐻2𝑂 (𝑏𝑢𝑙𝑘 𝑙𝑖𝑞𝑢𝑖𝑑) +  𝑣𝑎𝑐𝑎𝑛𝑡 𝑠𝑖𝑡𝑒 

→  𝐻2𝑂 (𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑙𝑖𝑞𝑢𝑖𝑑)  (𝑤𝑎𝑡𝑒𝑟 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛)  (1.13) 

i. Constant Rate Period (CRP) 

The first stage in tape drying is called the constant rate period 

(CRP) since the drying rate is independent of time at this stage but is 

predominated by the kinetics of water evaporation at the surface. 

Therefore, the drying rate can be controlled by the relative humidity 

at this stage, but organic additives have little impact [106]. The initial 

reaction rate (R1) is directly related to the flow rate of water vapor (jLV) 

across the boundary layer above the tape and the relationship is given 

by [105] 



40 | C H A P T E R 1  

 

𝑅1 = 𝑘1 [𝐻2𝑂(𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑖𝑞𝑢𝑖𝑑)]      𝑘1 = 
𝑗𝐿𝑉

𝑑[𝐻2𝑂(𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐿𝑖𝑞𝑢𝑖𝑑)]
          (1.14) 

where k1 is the evaporation rate coefficient at a specific temperature. 

Assuming a constant value (H) covering the effects of temperature, 

surface geometry and air velocity above the surface [107],  jLV only 

varies as a function of ΔP as  

𝑗𝐿𝑉 = 𝐻 (𝑃𝑆𝑎𝑡 − 𝑃𝑉)          (1.15) 

where, PV is the partial vapor pressure of ambient air above the 

boundary layer, and PSat is the saturation vapor pressure of the 

boundary layer that is in equilibrium with the top surface of the body. 

The evaporation rate can be controlled by controlling PV since the 

meniscus' radius is fixed in S1 and PSat is constant. 

ii. Falling Rate Period (FRP) 

Approaching the end of CRP, the shrinkage stops, and the water 

meniscus is driven into space between the particles. The capillary 

pressure decreases, and the water flux slows down abruptly. Due to the 

fast fall in the rate of drying, the second stage is named the falling rate 

period (FRP) [108]. In FRP, following the decrease in bulk water, 

solids and polymers get more concentrated. Therefore, the type, length 

and quantity of polymer chains in the plasticizer can be crucial in this 

stage [106]. Any obstruction or hydration in the water pathway to the 

surface impacts the activation energy for water diffusion and its 

coefficient rate (D).  

Figure 1.9 shows how water molecules can be obstructed by ether 

oxygens on PEG chains that tend to establish hydrogen bonds with 

them. In addition to obstruction, the diffusion rate of water molecules 

hydrated to hydroxyl head groups is constrained by the diffusion rate 

of PEG chains. The drying rate in FRP (R2) is proportional to D as 

𝑅2 = 𝑘2 [𝐻2𝑂(𝐵𝑢𝑙𝑘 𝐿𝑖𝑞𝑢𝑖𝑑)] [𝑣𝑎𝑐𝑎𝑛𝑡 𝑠𝑖𝑡𝑒]    𝑘2 = 𝐷       (1.16) 



C H A P T E R  1  | 41 

 

 

Figure 1.9 Water diffusion coefficients in a suspension with PEG polymers 

where D is defined as 

𝐷 = [1 1 + (Ø 2⁄ )⁄ ]  𝐷0 𝑃𝑓 + 𝐷𝑏 𝑃𝑏         (1.17) 

where Ø, Pf and Pb are the fraction of obstructed, free and bounded 

water molecules, respectively, D0 is the self-diffusion coefficient and 

Db is the diffusion coefficient of bounded water which is almost the 

same as the PEG [109]. PEG 4000 long chains can form bigger 

assemblies and larger Ø, besides thicker hydration shells and larger Pb 

as well. Thus, D is more reduced and FRP slows down more by PEG 

4000 than by a low Mw plasticizer. This gives solids and polymers 

adequate time for rearrangement makes the body dry uniformly and 

the particles in the tape settle in a well-packed manner. 

 

1.10.4 Plasticizer to Binder Ratio 

To increase SOFC durability, a careful choice of components for 

electrodes should be made. However, choosing the right component is 

not the only factor. Adjusting the composition during colloidal 

processing is equally important in optimizing the final microstructure 

and fulfilling the desired properties [110] [111]. Adjusting the 
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plasticizer-to-binder ratio is one of the main determinants in tape 

casting processing to achieve high-quality green tapes. Thus, it can 

significantly affect the final microstructure and the redox stability of 

components after sintering. The R-value introduces the ratio of 

compatibility between the plasticizer and the binder, and it is defined 

in terms of weight percentage as 𝑅 =  (𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑧𝑒𝑟/𝑏𝑖𝑛𝑑𝑒𝑟) ×

100% [112]. 

 

i. Plasticizer to Binder Ratio Effect on 

Microstructure 

The final porosity in tapes depends on the packing of solid particles 

inside the matrix of binder and plasticizer [113]. To lessen internal and 

residual stresses in electrodes during lamination and after heat 

treatments, the layers should benefit from more symmetrical 

properties and the in-plane anisotropic shrinkage of green tape needs 

to be constrained as much as feasible [114]. Anisotropic particles or 

polymers can lead to orientated pores after sintering as well as 

anisotropic microstructure [115]. An anisotropic factor K(L, P) can be 

defined by 

𝐾(𝐿,   𝑃) = 100 (1 −
Ɛ𝐿
Ɛ𝑃
)      𝐴𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 𝐹𝑎𝑐𝑡𝑜𝑟      (1.18) 

 

where ƐL and ƐP are the longitudinal and perpendicular shrinkage 

strains in the tape after sintering. This definition states that when there 

is larger longitudinal shrinkage, K(L, P) is negative [116]. 

When the particles are more spherical and isotropic, the molecular 

weight of polymers, the interaction between plasticizer and binder and 

thus, the plasticizer-to-binder ratio can shape the final porosity and 

microstructure, and regulate the anisotropicity [117]. Although 

previous studies showed only a small impact of R-value on packing 

density [118], some recent works proved that the solid density and 

microstructure after sintering are influenced largely by R-value. J. Li 
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et al. [119] confirmed that changing the plasticizer (DBP1) to binder 

(PVB2) ratio can improve the final microstructure and sintering 

performance of a glass-ceramic composite fabricated by tape casting. 

Another work by Y. Duan et al. [120] showed that the density and solid 

packing are influenced by the plasticizer (BBP3) to binder (PVB) ratio 

in tape casting of silicon nitride substrates. Zeng et al. 20 proved that 

increasing R-value in water-based tape casting of B4C, first decreased 

the viscosity and then increased it. The least variation in rheology was 

achieved when R-value was set at 1 wt%. Zhou et al. 21 showed the 

residual porosity in green tapes was affected by R-value, which then 

influenced the microstructure, compressibility and strength. 

 

ii. Plasticizer to Binder Ratio Effect on Redox 

Stability 

As mentioned before, one of the main issues in employing 

lanthanum ferrite as the electrode in SOFC is considering the redox 

stability under reducing and oxidizing conditions. In addition to the 

composition of perovskite, the processing method can have an impact 

on the redox stability, through controlling the final particle size and 

distribution, thus the attained microstructure after sintering [39]. 

Santaya et al. [121] proved that smaller grain size after sintering 

promoted more cation segregation on the surface and as a result, the 

perovskite SrTi0.3Fe0.7O3 was more decomposed.  

 

1.10.5 LSCF Tape Casting 

LSCF is one of the most studied perovskite material to be 

used as a cathode in solid oxide fuel cells (SOFC) or as oxygen 

transport membrane (OTM) in many mass-production 

industries, due to its high mixed ionic and electronic 

 
1 DBP: Di-Butyl Phthalate 
2 PVB: Poly Vinyl Butyral 
3 BBP: Butyl Benzyl Phthalate 
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conductivity, good catalytic activity and high stability towards 

oxidation, even at low-intermediate temperatures (< 800°C) 

[122].  

Fedeli et al.[123] used organics-based tape casting to create 

≈ 700 µm thick LSCF6428 asymmetric membranes. Similar 

LSCF membranes were also examined by Schulze-Kupper et al. 

[124] and Serra et al. [125]. Some other researchers, Nie et al. 

[126] and Liu et al. [127] suggested organics-based tape casting 

to produce graded LSCF6428 cathodes with a thickness ≤ 50 

µm. While using organic solvents in tape casting is a common 

practice in industry due to their lower latent heat and less energy-

intensive drying [90], water-based tape casting can not only 

significantly reduce the risks to the environment and human 

health but also lower the costs associated with the installation 

and disposal of organic waste [91]. Firstly, Middleton et al. [128] 

cast very thin tapes of LSCF (5–10 µm) using water as the 

solvent in 2004. Fernandez-Gonzalez et al. [129] fabricated 

LSCF6428 tapes of 35% solid loading by water-based tape 

casting with the focus on slurry stability and microstructural 

evolution at different sintering temperatures. The tapes showed 

85% relative density at 1200°C. In another work, Junior et al. 

[130] produced LSCF1991 asymmetric membranes of 25% solid 

loading using water as the solvent. 
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Project Aim 

 

This project aimed at developing a cathode-supported SOFC to be 

fed directly by biofuels and thus, innovating a coke-resistant material 

for the anodic catalyst. Two perspectives were considered during cell 

fabrication: the design and the material. 

Concerning the material, the project intends to further develop  

LSCF by doping molybdenum as an acceptor-type dopant into B-site 

with the approach to possible anodic applications. LSCFMo powders 

are going to be produced by the auto-combustion method in this 

project. The combustion method is used because it can offer a way to 

produce fine ceramic powders with a more porous and homogenous 

structure at the end without the requirement for pricy precursors [131]. 

An enhanced combustion method known as an auto-combustion 

process can produce extra heat through an exothermic reaction [132]. 

As a result, the combustion is more complete, and the reaction 

produces a higher yield. 

Regarding the cell design, this study decided on the fabrication of 

a cathode by water-based tape casting which should benefit from 

enough porosity, a good balance between flexibility and mechanical 

strength and a good thickness consistency over the tape. This can 

guarantee a reliable and promising tape casting process not only on a 

lab scale but also for massive and continuous industrial 

manufacturing.  

One of the most used plasticizers in tape casting is polyethylene 

glycol. This study aims at the fabrication of cathode electrodes by 

water-based tape casting, which benefit from enough porosity, a good 

balance between flexibility and mechanical strength and a more 

thickness consistency over the tape which all together can make a 

reliable and promising tape casting process for massive and 

continuous industrial manufacturing. The goal is going to be achieved 

by embedding a high MW polyethylene glycol, PEG 4000 as the 

plasticizer into the water-based suspensions of LSCF or LSF. 
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According to this, the cell diagram follows as LSCFMo|GDC|LSF 

and its schematic is shown in Figure 1.10.  

 

Figure 1.10 Target cell schematic 

The SOFC development project is pursued by three main steps, as 

follows: 

I. The first step concerns the synthesis of powders and their 

characterization. 

II. The second step covers the cathode fabrication by developing the 

tape casting process. 

III. The third step regards fabrication of the button SOFC and its 

characterization, electrochemical impedance, and performance 

evaluation. 
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CHAPTER 2 

Experimental and Methods 

 

2.1 Powders Synthesis and Characterization 

 

2.1.1 Synthesis 

La0.6Sr0.4(Co0.2Fe0.8)1-xMox O3-δ (LSCF (x = 0), LSCFMo5 (x = 

0.05) and LSCFMo10 (x = 0.1)) powders were synthesized using an 

auto-combustion method with an innovative three-fuel system (Figure 

2.1). The stoichiometric amounts of metal salt (CARLO ERBA RPE 

Reagents SRL): lanthanum nitrate hexahydrate (La(NO3)3.6H2O), 

cobalt nitrate hexahydrate (Co(NO3)2.6H2O), ferric nitrate 

nonahydrate (Fe(NO3)3.9H2O), ammonium heptamolybdate 

tetrahydrate ((NH4)6Mo7O24.H2O) and strontium nitrate (Sr(NO3)2, 

Acros Organics) were dissolved and mixed in 250 ml distilled water 

in a beaker using a magnetic stirrer until a clear solution was achieved.  

Ammonium nitrate ((NH4)NO3, CARLO ERBA RPE Reagents SRL) 

was then added to this mixture as an oxidant aid with 14.5:1 molar 

ratio to the total metal cations. The fuel components, 

ethylenediaminetetraacetic acid (EDTA, CARLO ERBA RPE 

Reagents SRL), citric acid (CH3COOH, J.T.Baker) and polyethylene 

glycol (PEG 20000, Alfa Aesar GmbH), were mixed separately in 250 

ml distilled water in a beaker with a 1:2:3 ratio to the total metal 

cations, using the magnetic stirrer. The amount of added ammonium 

hydroxide (NH4(OH)) to the second mixture was adjusted to reach a 

solution with 6 < pH < 8. Both mixtures were merged together in a 

beaker 600 ml, and the new mixture was magnetic stirred at 80 °C on 

a hot plate, for almost 24 h, until a reddish-brown gel structure was 

achieved. The gel was then put in a muffle furnace (Nabertherm, 

Controller P330) pre-heated at 250 °C and a rapid auto-combustion 

reaction took place resulting in a black ash powder, which was further 

calcined at 1000 °C for 4 h. For more safety, the beaker 600 ml was 

put inside an aluminum box in the furnace. 
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Figure 2.1 Schematic of powder synthesis by auto-combustion method 

 

2.1.2 Characterization 

The mineralogical composition of the as-synthesized powder was 

characterized by X-ray diffraction (XRD) performed by an 

Italstructures IPD3000 X-ray diffractometer equipped with cobalt and 

copper anode source; samples are positioned in reflection geometry 

with a 5° angle with respect to the incident beam. Crystal parameters 

refinement was carried out by Maud 2.93 using the reference 

crystallography data files. Powder particle size and morphology were 

assessed by field-emission scanning microscopy (FE-SEM) using 

ZEISS® Supra 40 microscope (Carl Zeiss Microscopy GmbH, Jena, 

Germany). 

Subsequent studies investigated the microstructure and mechanical 

stability of LSCFMo powder under reducing conditions. For these 

studies, green tapes prepared from LSCFMo were sintered at 1225 °C 

for 3 h. Then, they were subjected to 5% H2/Ar gas flow as a reducing 

agent at 900 °C (heating rate = 5 °C/min) for 10 h. The phase stability 

of the tapes was assessed by XRD and the mechanical stability was 
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tested manually. The bulk density of sintered and reduced tapes was 

evaluated by SEM analysis with the aid of image analysis software 

(ImageJ 1.54f). The surface porosity of the tape was assessed by 

proper threshold adjustment of the image and calculating the pixel 

ratio with respect to the total pixels in the image area. 

 

2.2 Cathode Tape Casting and Characterization 

 

2.2.1 Slurry Preparation and Characterization 

The as-synthesized LSCF powder was dry ball-milled for 3 h with 

zirconia spheres. Water-based slurries with different solid loading and 

plasticizer amounts were prepared. LSCF powder of 47.0 wt% and 

60.0 wt% (corresponding to 17.0 vol.% and 18.5 vol.%, respectively), 

was dispersed in distilled water using 0.5 wt% of an ammonium 

polyacrylate dispersant (DARVAN-821A, Mw = 3500, 40 wt% active 

matter). Corn starch (Carlo Erba S.A.S) was also added up to 10% of 

the total suspension weight as a pore former to exert enough porosity. 

The suspensions were mixed using zirconia spheres with the ratio 2:1 

to the total mass of LSCF ceramic powders, for 3 h in a Turbula (T2F, 

WA BACHOFEN AG, CH). Then, the slurry was filtered and de-aired 

by low vacuum pressure to remove entrapped air bubbles. 0.4 wt%, 

0.6 wt% and 0.7 wt% of PEG 4000 solution (20 wt% dry solids) was 

added as plasticizer and an acrylic latex emulsion (Duramax B1000, 

55% active matter, Tg = −26 °C, pH = 9.0–9.8) of 20 wt% and 26 wt% 

was added as the binder. The weight percentages are considered with 

respect to the total suspension weight in each step. The mixture was 

stirred mechanically for 2 h at 150–170 rpm. Table 2.1 lists the 

composition of the different slurries. The R-value introduces the ratio 

of compatibility between the plasticizer and the binder, and it is 

defined in terms of weight percentage as 𝑅 =  (𝑝𝑙𝑎𝑠𝑡𝑖𝑐𝑖𝑧𝑒𝑟/
𝑏𝑖𝑛𝑑𝑒𝑟) × 100% [112]. In this study, two different solid loadings 47 

wt% and 60 wt% (corresponding to 17.0 vol.% and 18.5 vol.%, 

respectively) were investigated, and the binder-to-solid loading ratio 

was kept constant (23.6 ± 0.2 wt%) in all slurries, to eliminate the 

effect of binder-to-solid loading ratio and for better comparing the 
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effect of plasticizer amount. Figure 2.2 shows the schematic of tape 

casting procedure. 

 

Figure 2.2 Schematic of slurry preparation 

The rheology of the slurries was characterized before adding the 

binder through a Brookfield viscometer (Myr rotational viscometer 

VL2, Viscotech Hispania, s.l.). The sample temperature kept constant 

at 21 °C. The viscosity was determined at different shear rates in the 

range of 0.06–2.80 s−1, by increasing the rotation speed from 0.2 rpm 

to 10 rpm. The final values were recorded after around 10 revolutions. 

2.2.2 Casting and Sintering 

In this study, a laboratory-scale tape casting machine was used as 

shown in Figure 2.3. In contrast to industrial-scaled tape casting, a 

moving device, made of a reservoir and two parallel blades, was used 

over a fixed polyethylene terephthalate (PET) tape carrier. 

 

Figure 2.3 Schematic of lab-scaled tape casting machine 

Each prepared slurry was poured into the reservoir and the blade 

gap was adjusted at 900 µm.  The casting was carried out at speed of  

~10 mm/s. The cast layers were dried within the closed chamber for 

48 h at two relative humidities (RH), 35% and 70%. Then, the dried 

green tapes were cut and sintered through a two-stage program in a 

high-temperature furnace (Nabertherm, ProgramController C42), the 
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first up to 380 °C (1 h dwell time, heating rate = 0.5 °C min−1) and the 

second up to 1200 °C (3 h dwell time, heating rate = 3 °C min−1). 

 

2.2.3 Tapes Characterization 

Surface morphology and defect development on green tapes were 

observed using an optical microscope. 

The compromise between the flexibility and mechanical strength 

of the green tapes was determined by the tensile strength test using a 

universal mechanical testing machine Instron 5969 (Instron, 

Norwood, MA), equipped with a 100 N load cell. The test was 

performed on 1BA specimens (Standard ISO 527) ) and the stress-

strain curves were measured according to standard ASTM D 638–08. 

Samples with a gauge length of 40 mm, width of 5 mm and grip width 

of 10 mm were placed under tension using a crosshead speed of 5 

mm/min. The yield strength (σy) was calculated by constructing a 

parallel line offset by 0.2% strain to the linear stress-strain line. The 

ultimate strength (σu) was found as the maximum point in the stress-

strain diagram. The elastic modulus (E) was found by averaging the 

tangents between any two consecutive points in the stress-strain 

diagram, up to σy. The flexibility quality was also judged by the elastic 

modulus and the minimum bending radius of the tapes. A tape with a 

bending radius lower than 3 mm was supposed flexible in this study.  

Eight disk samples taken from various locations on each green tape 

were used to assess the in-plane and thickness shrinkage as well as the 

weight loss during sintering to examine the consistency and 

homogeneity. The relative standard deviations (RSD) were plotted on 

a radar chart using the statistical analysis of these values, and the 

centroids of the curves were computed. The tape consistency was 

evaluated using the centroid's distance from the plot's origin. 

Sintered LSCF tapes at 1200 °C were investigated in terms of 

density and microstructure. Using Archimedes’ approach, the relative 

density and apparent porosity of sintered tapes were calculated using 

the theoretical density of LSCF (6.321 g cm3). The sintered tape 

surface was observed by field emission scanning electron microscopy 
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(FESEM). The green tapes' shrinkage and anisotropicity during 

sintering were measured based on dilatometric measurements. 

The dilatometry analysis was performed on 10 x 20 mm2 rectangular 

bar samples, which were cut off the tapes and rolled along and 

transverse to casting directions, using a 

horizontal alumina dilatometer (Linseis L75, Germany) with a heating 

rate of 3 °C min−1 up to 380 °C and 5 °C min−1 up to 1200 °C. 

The composition of the sintered tapes was determined by XRD 

while they underwent reduction and oxidation cycles to examine their 

phase stability under reducing and oxidizing conditions. Sintered disks 

were heated to 900 °C (heating rate: 3 °C min−1) while being subjected 

to reducing and oxidizing environments for 10 h. As reducing and 

oxidizing agents, 5% H2/Ar and pure air gas were utilized, 

respectively. For safety purposes, N2 and air were purged into the 

furnace for 5 min before each cycle. 

 

2.3 SOFC Fabrication 

 

2.3.1 Half-Cell 

LSF commercial powder (La0.8Sr0.2FeO3-δ: LSF20, BET = 9.7 m2/g, 

NexTech Materials) with spherical particles of   40–500 nm diameter 

(d50 = 250 nm and d90 = 200 nm), was used to fabricate the cathode 

layer. The same tape casting procedure as LSCF was used to prepare 

the LSF tape. LSF ceramic powder was added up to 47 wt% (17.0 

vol.%) solid loading. R-value was optimized at 1.00 wt%, similar to 

the slurry 4706 composition. The LSF casting was carried out with the 

blade gap of 900 µm and casting speed around 10 mm/s. The tape was 

dried at RH = 70% after 48 h. 

GDC commercial powder (Ga0.9Ce0.1O1.95: GDC10, BET = 10–15 

m2/g, d50 = 700 nm, d90 = 60 nm, NexCeris, OH) was used to prepare 

the electrolyte layer, using the same tape casting procedure but with 

different composition and casting parameters. The solid loading of 

GDC ceramic powder was set at 70 wt% (23.5 vol.%). No plasticizer 

was added for electrolyte preparation, but the acrylic latex emulsion 
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(Duramax B1000, 55% active matter, Tg = −26 °C, pH = 9.0–9.8) was 

added as binder at 15 wt% with respect to the total suspension weight.  

Then, GDC slurry was cast on a PET carrier using a blade gap of 80 

μm and with moving speed of around 20 mm/s. The relative humidity 

in the chamber was controlled at 70%. The cast tape was dried after 

24 h. The slurry composition details are shown in Table 2.1 for both 

the cathode and electrolyte layers. 

Then, GDC and LSF green tapes were laminated together by a 

Carver hydraulic thermopress (conditions = 20 MPa/ 75 °C/10 min) to 

produce the GDC|LSF half-cell. 

 

Table 2.1 Water-based slurry composition (wt%) 

Slurry 

label 

Solid 

loading 

wt% 

Plasticizer 

wt% 

Binder 

wt% 

Dispersant 

wt% 

Pore 

former 

wt% 

R-

value 

Binder / 

solid 

loading 

  PEG 4000 Duramax 

B1000 

DARVAN 

821A 

Corn 

starch 

  

LSCF Cathode 

4707 47 0.7 20 0.5 10 1.27 23.4 

4706 0.6 1.09 

6006 60 0.6 26 0.84 23.8 

6004 0.4 0.56 

LSF Cathode 

 47 0.7 26 0.5 10 1.00  

GDC Electrolyte 

 70 – 15 0.8 – –  

 

2.3.2 Anode Coating 

To coat the anode, LSCFMo ink was screen-printed onto the GDC 

side of the half-cell previously realized. To prepare the screen-printing 

ink, a vehicle of 94 wt% α-terpineol as the solvent and 6 wt% ethyl 

cellulose (EC) as the binder was prepared. The synthesized LSCFMox 

(x = 0.05, 0.1) powder was added to the vehicle to reach 27 wt% solid 

loading. The mixture was mechanically stirred for 1 h and then, an 
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octyl phenol polyethoxylate surfactant (Triton-x100, Sigma-Aldrich 

Co., St. Louis, MO, USA) was added up to 7 wt% of the powder. The 

ink was screen printed using a manual screen-printing machine 

(Gabrielli Technology s.r.l.) onto the GDC layer through a circle 

stencil with 10–20 mm diameter and 250 mesh. 

 

2.3.3 Co-Sintering 

Considering the sintering shrinkage of the half-cells disks with a 

diameter of 12–24 mm with printed anode at the center were produced. 

The green button-cells were co-sintered with a two-stage sintering 

program, the first step at 600 °C for 1 h (heating ramp = 0.5 °C/min) 

and the second one at 1225 °C for 3 h (heating ramp = 2 °C/min), while 

a dead load was applied to equalize the warping during sintering. 

 

2.4.1 Cell Characterization 

The microstructure of anode and cathode surfaces and the cross-

section morphology of the cells were observed by SEM. The porosity 

is assessed by ImageJ software (1.54 f).  

Electrochemical measurements including open circuit voltage 

(OCV), polarization curves (current-potential, I-V curves), impedance 

spectroscopy (EIS) and galvanostatic measurements were performed 

in temperature range 600–800 °C, using a BioLogic diagnostic tool 

equipped with a 100 A booster and frequency response analyzer 

module for impedance spectroscopy. Controlling the temperature was 

done using a thermocouple attached to the cathode. The quality of 

outlet gas was verified inside Thermostar® equipment (from 

PFEIFFER Vacuum) capable of measuring masses up to 300 amu. 

To carry out the electrochemical and performance measurements, 

each produced cell was mounted on an alumina tube using a ceramic 

paste (Aremco) for sealing gas fuel on the anodic side. The cathode 

side was exposed to static airflow. Gold wires and paste were applied 

to both electrodes serving as electrical current collectors. SOFC open 
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circuit voltage (OCV) measurements were carried out at 600 °C at a 

total flow rate F = 50 cm3/min in three stages. A pre-treatment of the 

LSCFMo anode was performed using an inert He (50 cm3/min) gas 

flow for the time necessary to ensure that the OCV was stable and to 

clean any organic residue derived from sealing paste or gold 

decomposition off the anodic tube. Then, the cells were fed first by 

dry biogas (30 cm3/min CH4 + 20 cm3/min CO2) and then by pure 

methane (50 cm3/min). The cells were fed by liquid methanol fed using 

a syringe pump and He as a carrier (0.5 cm3/ h CH3OH + 25 cm3/ min 

He) at 600 °C, to understand the mechanism and compare the catalytic 

activity towards the fuel oxidation. To examine the effect of He carrier 

on methanol oxidation, two amounts of He flow rate (10 and 50 cm3/ 

min) were tested. Short-term durability tests were carried out at 600 

°C with methanol and at 700 °C with both H2 (50 cm3/ min) and 

methanol as fuels, under galvanostatic conditions. Electrochemical 

impedance spectroscopy (EIS) measurements and polarization curves 

(current-potential I-V curves) were examined. Carbon presence on the 

anode side was evaluated optically. 

Figure 2.4 illustrates the schematic procedure of realizing the 

whole button-cells in summary. 
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Figure 2.4 Schematic of button-cells fabrication procedure 
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CHAPTER 3 

Results and Discussion 

 

I. STEP 1: Powder Characterization 

3.1 Phase Composition and Morphology 

By using PEG 20000 in addition to EDTA and citric acid as fuel, 

the modified auto-combustion process was effectively used to create 

LSCFMox (x = 0, 0.05 and 0.1) powder. The relatively stable chelation 

of metal cations in solution by EDTA and citric acid is another factor 

contributing to the slow combustion. In the current study, the polymer 

PEG 20000 was used to increase combustion intensity, which resulted 

in pure phase production. This is so that non-chelated cations can be 

trapped inside the shell of a kind of micelle rather than via covalent 

bonding, which is how PEG and other polymeric fuels create 

complexes with them. The metal cations that are so chelated can be 

reduced more quickly due to weak interactions with polymeric chains. 

This will compensate for the less intense combustion of citric acid and 

raise the yield [133], [134].  

Figure 3.1a shows the Rietveld-refined XRD pattern of the 

produced powder and it is verified the phase La0.6Sr0.4Co0.2Fe0.8O3−δ 

formation in excess to 98% purity. The porous network microstructure 

with particle sizes ranging from 150 to 200 nm is shown in Figure 

3.1b. The XRD results in Figure 3.2a show the phase pure 

rhombohedral LSCFMox structure. The peaks shift further towards 

lower angles by increasing the Mo dopant in the B-site. This is because 

of larger ionic radii of Mo6+ (0.59 Ǻ) compared to Fe4+(0.58 Ǻ) and 

Co4+(0.53 Ǻ) and because Fe4+ and Co4+ are partially reduced to Fe3+ 

and Co3+ following Mo doping, to fulfil the electroneutrality in the 

structure  [72]. In LSCFMo10 synthesized powder, 5 wt% SrMoO4 is 

detected as impurity which indicates that Mo could not be entirely 

doped into B-site.  
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Figure 3.1 a) XRD Rietveld refinement, and b) porous microstructure of the 

synthesized LSCF powder 

The real Mo dopant amount in the structure was found to be around 

8% instead of 10%, using peak analysis Maud software. This indicates 

that Mo could not be doped completely into B-site and is assumed to 

be the result of pH variations during powder synthesis. At lower and 

higher pH, cations’ oxidation state changes and this hampers their 

participation in the formation of the desired crystal structure [135]. 

Figure 3.2b, c illustrates the results of an electron microscopy study of 

LSCFMo5, which indicates an extremely porous powder morphology 

with particles ranging in size from 50 to 200 nm. The morphologies of 

LSCF and LSCFMo10 are the same. 

 

Figure 3.2 a) XRD spectrum of as-synthesized LSCFMox (x = 0, 0.05, 0.1) 

powders with the corresponding b, c) FESEM images 
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II. STEP 2: Cathode Tape Casting 

3.2 Slurry Rheology 

The rheological behavior of the slurries prepared with different 

amounts of LSCF powder and plasticizer was investigated. The 

measured viscosity is more precise at high shear rates due to the lower 

full-scale viscosity range for the chosen spindle and increased 

measured torque.  

 

 

Figure 3.3 Rheological behavior of the slurries in a) viscosity-to-shear rate 

and b) shear stress-to-shear rate plots. 

Figure 3.3a shows that the viscosity always increases as the shear 

rate decreases, in a typical shear-thinning behavior which is more 

evident at higher solid loading and plasticizer content. At the highest 

shear rate (2.8 s−1), the viscosity is independent of the polymer 

amount, but the effect of PEG 4000 load on viscosity is only evident 

at a lower shear rate. Figure 3.3b shows the flow curves fitted 

according to viscoplastic models. A high viscosity was observed at low 

shear rates, which follows an exponential growth up to a yield point 

and then, decreased by a shear-thinning behavior. The flow curves of 

the slurries with 47 wt% (17.0 vol.%) solid loading were better fitted 

with the Bingham-Papanastasiou model following the equation: 
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𝜏 =  (𝜇𝐵 +
𝜏𝑦
|𝛾̇ |

[1 − exp(−𝑚|𝛾̇ |)]) 𝛾̇           (3.1) 

where τ is shear stress at a specified ɣ̇ shear rate, τy the yield stress 

and μB the yielding viscosity. After the yield point, the slurries 4706 

and 4707 show Newtonian behavior due to the high amount of water. 

However, the difference between 4706 and 4707 slurries is in the yield 

point above which the viscosity changes from yielding (as a result of 

PEG 4000 agglomerations) to the unyielded one (when PEG 4000 

chains elongation takes place). Due to more PEG 4000 amount and 

larger agglomerations at low shear rates in the slurry 4707, it shows a 

higher yield point before flowing freely. The parameter (m) depends 

on the intrinsic properties of the suspension and has the dimension of 

time, which determines the exponential growth rate of viscosity below 

the yield point. This model applies to all yielded and unyielded regions 

of the slurry. Above the yield point, the slurries with 60 wt% (18.5 

vol.%) solid loading exhibit non-Newtonian behavior. The Herschel-

Bulkley-Papanastasiou model provided a better fit for the slurry 6004 

following the equation: 

𝜏 =  (𝑘|𝛾̇ |𝑛−1 + 
𝜏𝑦
|𝛾̇ |

[1 − exp(−𝑚|𝛾̇ |)]) 𝛾̇           |𝜏| > 𝜏𝑦          (3. 2) 

, where k is consistency, and n is the shear-thinning constant. However, 

the slurry 6006 showed a more gradual transition to the unyielded zone 

and its viscosity better matched the Casson-Papanastasiou model as 

𝜏 =  (√𝜇𝐶𝛾̇ +  √𝜏𝑦[1 − exp(−√𝑚𝛾̇ )])
2
          |𝜏| > 𝜏𝑦          (3. 3) 

, where μC is the yielding viscosity. This model is supported by the 

observation that long polymeric chains, such as PEG 4000 chains, can 

modulate viscosity by varying their elongations in response to applied 

stresses [102]. 

At low shear rates, even a slight increase in the polymer amount, 

particularly those with long polymeric chains like PEG 4000, causes 

the viscosity to rise exponentially. This may explain why the amount 

of long polymeric chains in the slurry has a large impact on the 

parameter (m). As opposed to this, high shear rates cause polymeric 
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chains to lengthen longer which lowers the viscosity and facilitates the 

flow. After tape casting and upon releasing the blade load, the shear 

rate approaches zero, followed by an increase in friction and shear 

stress. This can gradually hamper the mobility and sedimentation of 

ceramic particles. Thus, shear-thinning behaviour favours the 

achievement of homogenous green tapes by preserving the viscosity 

for a longer time and limiting the slurry flow, especially at the edges 

after casting [102]. After drying, tape 6006 shows more homogeneity 

of particle distribution and less sedimentation. 

 

3.3 Defects and Stress Development 

Defective and nearly defect-free green tapes were produced at 

room temperature and relative humidity levels of 35% and 70%, 

respectively. All green tapes were able to attain a total effective area 

of 15 × 25 cm2, and their dried thicknesses were roughly 330 μm for 

60 wt% (18.5 vol.%) solid loading tapes with 63.3 % drying shrinkage, 

and 240 μm for 47 wt% (17.0 vol.%) solid loading tapes with 73.3 % 

drying shrinkage. Based on the observed defects, two significant 

factors influencing the quality of the tapes were determined. First, the 

relative humidity and, second, the compatibility between Duramax 

B1000 (binder) and PEG 4000 (plasticizer).  

 

3.3.1 Effect of Drying Conditions 

At RH = 35%, PV is significantly lower than PSat and, as a result, 

jLV is so rapid that water at the surface evaporates more quickly than it 

diffuses toward the surface. A crust layer forms on the top surface of 

the body. At this moment, PSat is very close to zero thus jLV is rapidly 

decreasing.  The trapped vapour must be squeezed out of this crust 

layer for the water to continue to evaporate. As a result, the surface of 

tapes cast at RH = 35% develops crow's foot cracks (Figure 3.4a). By 

doubling the relative humidity from 35% to 70% within the drying 

chamber, more uniform and crack-free tapes are produced as a result 

of the surface evaporation rate decreasing and approaching the bulk 

water diffusion rate (Figure 3.4b). 
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Figure 3.4 Tapes drying at a) RH = 35% and b) RH = 70% 

 

3.3.2 Effect of Plasticizer to Binder Ratio 

Figure 3.5 shows hydrogen bond interactions between PEG 4000 

and Duramax B1000, but due to PEG 4000's lengthy polymeric chains, 

its compatibility and solubility with Duramax B1000 are constrained.  

 

 
 

Figure 3.5 Duramax B1000- PEG 4000 interaction during mixing 

Figure 3.6 illustrates how different R-values affect the final surface 

morphology of the green tapes. The organic additives, which will be 

removed during the sintering process' de-binding step, reflect the beam 

in the lighter areas. PEG 4000 is added up to 1.09–1.27 wt% of 

Duramax B1000 in tapes 4707 and 4706. Numerous "raindrop" flaws 

can be seen on tape 4706, with more severe flaws of the same kind on 

tape 4707. Because of PEG 4000's lengthy polymeric chains, the 
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excess quantity outside the range of compatibility with Duramax 

B1000, which can even occur at extremely low concentrations (<0.2 

wt%), aggregate and lead to phase separation [136]. Furtherly, PEG 

4000 agglomerations are squeezed out near the conclusion of FRP as 

a result of drying shrinkage, leaving "raindrop" flaws on the surface. 

The holes in tape 4707, which has a higher R-value, are deeper and 

more severe than the tape 4706, expectedly. 

In tape 6004, the PEG 4000 quantity is less than adequate to 

completely cover the gap between Duramax B1000 polymers, with the 

lowest R-value = 0.56 wt%. Duramax B1000 is a low Tg (−26 °C) 

acrylic component that also contributes to the tape's flexibility at 

ambient temperature [137]. Flat, crack-free tapes are produced as a 

result. However, the extra binder and its accumulation on the tape's 

surface, denoted by light areas, leave the tape surface sticky after 

drying [112]. In tape 6006, PEG 4000 is embedded almost entirely 

within Duramax B1000 polymers with R-value = 0.84 wt%, resulting 

in a homogenous tape with evenly dispersed polymers and particles. 

The flexibility induced by a high Mw plasticizer such as PEG 4000 

can counteract shrinkage forces enough, such that limit the 

development of stresses and further fractures. Due to the appropriate 

R-value, after the tape had dried, nothing left of any extra PEG 4000 

or Duramax B1000 can be seen on the surface. The tape 6006 is 

produced flat, with a perfectly smooth and opaque surface that avoids 

any flaws or cracks. 

 

 

Figure 3.6 R-value effect on green tape morphology 
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3.4 Tensile Strength and Flexibility 

The green tape peeling-off force and rolling property rely on the 

balance between flexibility and mechanical strength, as well as 

adhesion between the tape and carrier, which is linked to the R-value. 

To ensure continuous tape removal and rolling in the industry, the 

plasticity in the tapes should be optimized to elasticity  [138]. The 

minimum bending radius for the tapes is shown in Figure 3.7, which 

decreases with R. Two tapes (4707 and 4706) show a higher bending 

radius, while tape 6004 is considered overly flexible. Extra Duramax 

B1000 may also impact the plasticizing effect. The tape 6006 aims for 

perfect flexibility and easy handling, with a minimum bending radius 

of 2.57 mm. 

 

 

Figure 3.7 Minimum bending radius in tapes with different R-values 

The stress-strain curve for tapes under tensile stress is shown 

in Figure 3.8, supporting the findings of bending radius 

measurements. As the R-value drops, yield strength decreases, 

and the plastic deformation range expands. The least plastically 

deformed tapes, 4707 and 4706, only slightly break after yield 

stress. Tape 6004 with the lowest R-value requires more effort 

to remove, resulting in more distortion and stretch. Tape 6006 

demonstrates an excellent balance between mechanical strength 

and flexibility, allowing easy removal and rolling without 

damage. Its elastic modulus, E = 1.1 MPa, indicates a stored 

strain proportionate to the applied stress, ensuring a strain 

capacity that is neither too high to permanently distort the tape 

nor too low to prevent tension release. 
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Figure 3.8 Stress-strain diagram of the green tapes; the elastic modulus, 

yield and ultimate stresses are indicated. 

Optical photographs in Figure 3.9 show the defectless flat structure 

of the tape 6006 with its good handling and rolling capability. 

 

 

Figure 3.9 Optical photographs of the tape 6006 

 

3.5 Homogeneity and Consistency  

Maintaining tape homogeneity and consistency during the 

tape casting process is one of the fundamental issues in the 

industrial use of water as a solvent, which makes it demanding 

to obtain a consistent thickness as well. The homogeneity of 

green tape is largely dependent on the rearrangement of starting 

particles during sintering which is heavily dependent on solid 

packing in the green tape [139]. From the statistical point of 

view, if a tape's weight, in-plane dimension, and thickness 
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alternate proportionately across the tape during sintering, it is 

anticipated that the relative standard deviation (RSD), also 

known as the error (standard deviation (SD)) to mean ratio, will 

be equal for these alternations. Owing to this proportionality, the 

tape can be regarded as homogenous. A polygon will be obtained 

by plotting RSD on a radar chart. The closer the centroid of this 

polygon to the zero point of the plot, the more equal are RSDs 

and thus, the more homogeneous the tape. If RSDs are smaller 

as well, all the better. Since the tape benefits both from a good 

homogeneity and a high consistency as well. 

Figure 3.10 illustrates a comparative radar chart of RSD for 

weight, in-plane, and thickness changes in tapes after sintering. 

The data were gathered from the center, edges, beginning, and 

end of each tape in eight samples as seen in Table 3.1. Every tape 

displayed a significant RSD for thickness shrinkage. Table 3.2 

shows detailed values of these RSD and the centroid to zero 

distance. As solid loading and viscosity decreased, this got 

worse. For 60 wt% solid loading tapes, the polygonal centroid is 

closer to zero, indicating that the tape's weight, in-plane 

dimensions, and thickness all altered proportionally. As a result, 

the 60 wt% solid loading tapes are more homogenous. To be 

clear, the hydrostatic pressure changes during casting or the 

shear stress of the moving blade had the least impact on the 

slurry's composition. High solid loading has a noticeable impact 

on achieving homogenous tapes. Smaller particle spacing and 

less solvent aid in producing a more even distribution of 

particles. The most homogeneity was seen in tape 6006, with the 

most equal RSD. 
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Figure 3.10 Tapes homogeneity based on measured RSD for weight, in-

plane, and thickness alternations after sintering. 

Table 3.1 Thickness shrinkage, in-plane shrinkage and weight loss  

measurements in different spots of the tapes 
 

R-value 

(wt%) 

 Sam

ple 

nr. 

Weight Loss (g) In-plane 

Shrinkage 

(mm)  

Thickness 

Shrinkage 

(µm) 

6004 1.27  1 0.0733 3.46 55 

   2 0.0702 5.28 90 

   3 0.0848 3.80 60 

   4 0.0794 3.20 41 

   5 0.0866 3.93 43 

   6 0.0470 4.22 113 

   7 0.0560 4.20 38 

   8 0.0465 5.26 95 

  Mean  0.06798 4.16820 66.875 

  SD  0.01621 0.76183 28.5729 

  RSD  23.84043 18.2771 42.72583 

6006 1.09  1 0.0584 2.33 110 

   2 0.0742 4.10 49 

   3 0.0645 4.07 30 

   4 0.0656 3.96 87 

   5 0.0611 1.93 60 

   6 0.0540 3.87 80 
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   7 0.0410 3.94 116 

   8 0.0638 2.45 96 

  Mean  0.06033 3.33388 78.5 

  SD  0.00977 0.92018 30.10458 

  RSD  16.18888 27.60083 38.34978 

4706 0.84  1 0.0484 4.23 19 

   2 0.0452 3.97 60 

   3 0.0511 4.04 20 

   4 0.0451 4.02 50 

   5 0.0510 3.98 70 

   6 0.0496 4.10 33 

   7 0.0523 4.13 90 

   8 0.0475 4.20 77 

  Mean  0.04877 4.08375 52.375 

  SD  0.00271 0.09782 26.54881  
 RSD  5.56187 2.39546 50.68985 

4707 0.56  1 0.0546 4.45 27 

   2 0.0503 2.50 50 

   3 0.0521 3.94 84 

   4 0.0504 4.05 40 

   5 0.0561 3.90 84 

   6 0.039 3.79 20 

   7 0.0499 3.93 34 

   8 0.0448 3.92 30 

  Mean  0.04965 3.81016 46.125 

  SD  0.00548 0.56499 25.00536 

  RSD  11.0343 14.82856 54.21216 

 

Table 3.2 RSD measurements in tapes with different R-value 
 

R-

value 

(wt%) 

RSD 

Weight 

Loss 

RSD In-

plane 

Shrinkage 

RSD 

Thickness 

Shrinkage 

RSD 

Error 

Centroid 

to Zero 

Distance 

(Point) 

6004 1.27 23.8 18.3 42.7 ±12.8 9.1 

6006 1.09 16.2 27.6 38.3 ±11.0 7.7 

4706 0.84 5.6 2.4 50.7 ±27.0 22.8 

4707 0.56 11.0 14.8 54.2 ± 23.9 15.8 
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3.6 Plasticizer to Binder Ratio Effect on Sintering 

3.6.1 Density and Porosity 

After sintering, the maximum relative density of 95.5% is achieved 

for tape 6006 in terms of theoretical density (d = 6.321 g cm−3), as 

shown in Figure 3.11, which was validated by Archimedes' density 

analysis. Thus, it has the lowest closed porosity. The proportion of 

closed porosity increases as open-pore channels are more pinched off. 

This leads to reduced density at 47 wt% (17.0 vol.%) of solid loading 

as well as less water absorption. For tapes 6004, 6006, 4706, and 4707, 

the water absorption as a percentage of sample mass is calculated to 

be 8.4, 7.0, 5.9, and 6.2 wt%, respectively. 

 

 

Figure 3.11 Apparent density, porosity, and water absorption of sintered 

tapes 

3.6.2 Microstructure 

All sintered tapes show similar mesoporous structures following 

the heat treatment at 1200 °C. However, among other tapes, tape 6006 

shows fainter grain boundaries, more rounded edges, and densification 

that is greater than grain growth. Figure 3.12 shows the FESEM 

images of the tapes’ 4706 and 6006 surfaces, after sintering at 1200 

°C. 
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Figure 3.12 FESEM images of tapes 4706 and 6006 surfaces sintered at 

1200 °C 

3.6.3 Anisotropicity 

Figures 3.13a and b, respectively, depict dilatometric shrinkages in 

longitudinal and perpendicular to casting directions with varying R-

values. different R-values. Tapes with 47 wt% (17.0 vol.) solid loading 

show lower longitudinal shrinkages but larger perpendicular one than 

the tapes 60 wt% (18.5 vol.%) solid loading. The cross-section SEM 

images after sintering are shown in Figure 3.13c. Significantly, larger 

pore anisotropy is observed at 47 wt% (17.0 vol.%) solid loading, with 

large K(L,P) = 21.6%–29.4%. At low solid loading, the polymeric 

matrix is more dominant in controlling the anisotropic shrinkage. The 

elongation of PEG 4000 polymers beneath the moving blade during 

casting results in elongated pores after sintering, as shown by larger 

shrinkage in the perpendicular direction. When the solid loading is 

increased to 60 wt% (18.5 vol.%), polymer elongation is balanced in 

both directions, and this makes the shrinkage to be more isotropic and 

brings about lower K(L,P) = 4.0% for 6004 and −1.4% for 6006. 

Regardless of the sign, the lowest value was achieved for tape 6006. 

Thus, it is reasonable to conclude that at R-value = 0.84 wt%, 

Duramax B1000 and PEG 4000 polymers form a uniform network 

where the solid particles are oriented in both directions to the same 

extent, resulting in a similar shrinkage percentage in both directions. 
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Figure 3.13 Dilatometric shrinkage in a) longitudinal, and b) perpendicular 

direction to casting. The calculated anisotropic factor K (L, P) is also shown. 

c) Pore anisotropy in tapes of 47 wt% and 60 wt% solid loading 

 

3.7 Plasticizer to Binder Ratio Effect on Redox Stability 

3.7.1 Reducing 

To determine the sintered tapes' stability under redox conditions, 

they were subjected to reduction and oxidation cycles. Figure 3.14 

shows the XRD patterns recorded on the tapes after the reduction step. 

LSCF mainly decomposes to R.P. oxides, largely (La0.38Sr0.62)2FeO4 

and La2CoO4. During reduction, the change in the oxidation state of 

Fe4+ and Co4+ makes their exsolution easier towards the surface, which 
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leads to the formation of CoFe alloy nanoparticles. Lanthanum oxide 

(La2O3) is also formed as secondary phase.  

 

 

Figure 3.14 XRD pattern of sintered tapes after the reduction (H2/Ar) step 

for 10 h at 900 °C. Inset (A): cobalt oxide to ferrite peaks 

Table 3.2 shows the reduction quantitative analysis results, 

performed by the Rietveld refinement. In all tapes, less amount of new 

cobaltite was seen than ferrite, except in tape 6004, with the most 

amount of La2CoO4 (38.9 wt%). However, the smallest amount of 

La2CoO4 was achieved for tape 6006 (9.2 wt%). Inset A in Figure 3.14 

shows a double peak at 2θ ≈ 66° derived from both R.P. oxides. The 

yellow phase shows cobalt oxide, and the pink phase is related to 

ferrite. Moving from 6004 to 6006, the double peak gets sharper and 

more splitted as the contribution of ferrite increases. Tape 6004 shows 

the broadest peaks while the tape 6006 shows the sharpest pattern. 

This alternation trend is followed on surface morphology as well, 

after reduction. This is confirmed by the FESEM image analysis 

shown in Figure 3.15. A study by Park et al. [59] revealed that the 

bulky support phase is related to R.P. oxides which on their surface, 

CoFe nanoparticles are exsolved. The tapes 6004 and 4707 with higher 

amounts of La2CoO4 (Table 3.3) shows a bulkier support phase, due 

to a larger unit cell volume of La2CoO4 (V = 378 Å3) than 

(La0.38Sr0.62)2FeO4 (V = 189 Å3). The semi-sphere shape of CoFe 

nanoparticles (25–50 nm) implies that they are utterly socketed on the 

surface. Owing to the minimized energy barriers for nucleation of Co 

at grain boundaries, reduced Co ions are exsolved from the bulk and 
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diffuse towards the grain boundaries to form nucleation centres 

together with Fe [140]. Thus, CoFe agglomerations are observed along 

the grain boundaries. The tape 6006 maintains its microstructure to the 

maximum extent after reduction, owing to more amount of iron R.P. 

oxide and the proximity of its unit cell volume to the one for LSCF (V 

= 350 Å3). 

 

Figure 3.15 FESEM images of sintered tapes subjected to reducing 

conditions 

Table 3.3 Phase weight fractions (wt%) after reducing cycle 

 6004 6006 4706 4707 Error 

(La0.38Sr0.62)2FeO4 34.8 64.2 49.6 42.5 ±1.5 

La2CoO4 38.9 9.2 23.5 28.4 ±1.8 

La2O3 9.8 8.5 10.4 10.0 ±0.4 

CoFe 16.4 18.0 16.5 19.2 ±0.7 

 

3.7.2 Oxidizing 

The tapes are substantially stable when subjected to the oxidative 

cycle in pure air at 900 °C for 10 h. No trace of any newly formed 

phase or degradation is observed. A little peak shifting is observed. An 

assumption is that the further stress inside the LSCF lattice is likely to 

be relieved by partial strontium migration to the surface, to minimize 

the surface charge and segregate as strontium oxides and hydroxide (≈ 

1 wt%) [141], [142]. Thus, the Sr migration rate might be affected by 

the available surface area and porosity of the samples. Figure 3.16 
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shows XRD patterns recorded on sintered tapes after the oxidation 

step. Inset B shows that the peaks are more shifted towards higher 

angles in two tapes 6006 and 4706, concerning the peaks in Inset A. 

This indicates different changes in LSCF unit cell volume; probably, 

due to different amounts of Sr migration. 

 

 

Figure 3.16 XRD pattern of sintered tapes after the oxidation step for 10 h 

at 900°C. Peak shifting is compared in two insets (A) and (B) 
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III. STEP 3: SOFC Characterization 

3.8 LSCFMo Anodic Stability 

XRD analysis was used to investigate the influence of Mo6+ doping 

and partial replacement for Fe4+ on the phase and microstructural 

stability of LSCF, as shown in Figure 3.17. After the reduction, LSCF 

was entirely dissolved into R.P. oxides and CoFe alloy nanoparticles. 

The phase stability was improved by increasing the Mo dopant 

concentration. LSCFMo5 dissolved into R.P. oxides and CoFe 

nanoparticles but it retained some of its perovskite rhombohedral 

structure. This is in contrast with respect to LSCFMo10, which 

demonstrated excellent phase stability after reduction and could be 

retained up to 60 wt% with just a small quantity of newly produced 

R.P. oxides. After sintering and reduction, the peak intensity for 

SrMoO4 decreased significantly. The reason is assumed to be due to 

reduction of Mo6+ to Mo5+ which partially enters into the LSCF 

structure [71].  

 

Figure 3.17 XRD pattern of LSCF, LSCFMo5 and LSCFMo10 after 

reduction in Ar/H2 at 900°C for 10 h 

The peak ratio between the residual perovskite (green in Fig. 3.17) 

and the newly created R.P. oxides (yellow) after reduction is shown in 

the inset (A) of Figure 3.17. By increasing the Mo dopant, this ratio 

increases. It is thought that under low partial oxygen pressures, an ion 
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with large radius, such as Mo6+ in the B-site, can accommodate Sr3+ in 

the A-site, suppressing Sr activation and dissolution [68]. 

Furthermore, Mo6+ can moderate further reduction of Fe3+/Fe2+ into the 

metallic phase, this preventing the collapse of the perovskite structure. 

This is because the redox bands of mixed-valent Mo5+/Mo6+ and 

Fe3+/Fe2+ couples overlap [65], which has been proved by XPS 

investigations in another study [66]. The main peak for LSCFMo is 

shifted before and after reduction thus pointing out a variation of the 

unit cell volume and parameters induced by the heat treatment but not 

corresponding to some kind of decomposition. 

Figure 3.18 shows the SEM images taken from the surface of as-

sintered and reduced LSCFMo tapes. Along with the results from 

XRD, the tape LSCFMo10 shows the most retained microstructure 

and porosity following reduction. The LSCFMo5 tape shows a larger 

grain size and higher (about 30%) bulk density after reduction. Due to 

the complete decomposition of LSCF after reduction and the larger 

cell volume of R.P. oxides with respect to LSCF, the bulk density is 

increased by about 70%. 

 

Figure 3.18 SEM images from the surface of sintered (top) and reduced 

(bottom) LSCFMox tapes 

 

3.9 Cell Macro/Micro-Structure 

After co-sintering, integrated and flattened button-SOFC with 

good mechanical properties were obtained. Mo5 and Mo10 will now 
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refer to cells with anodes made of LSCFMo5 and LSCFMo10, 

respectively.  

 

Figure 3.19 a) Photograph and 3D schematic of a co-sintered button-cell; 

SEM images of b) cell cross-section, c) anode, cathode and electrolyte 

surface after co-sintering (this latter correspond to non-coated regions on 

the border of the cell). 
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Figure 3.19 shows the final cell design and structure. The cross-

section microstructure of the cells after co-sintering is shown in Figure 

3.19a. The cell consists of LSCFMo porous anode, thick GDC 

electrolyte and LSF cathode. The thickness of the LSF cell's support 

layer is 170 µm; the thickness of the GDC electrolyte is 40 µm. While 

LSF and GDC benefit from a uniform thickness as a result of the tape 

casting process, LSCFMo anode thickness varies in the range of 20–

35 µm after repeated screen-printing. Both the anode and cathode are 

well-attached to the GDC electrolyte and no delamination is observed 

throughout the entire cell. Lu et al. [70] and Zhang et al. [72] found 

that Mo doping into Pr0.6Sr0.4(Fe0.8Ni0.2)1-xMoxO3-δ and 

Pr0.4Sr0.6(Co0.2Fe0.8)1-xMoxO3-δ, respectively, decreased the TEC 

significantly as Mo dopant was increased. The presence of a high-

valent element like Mo in the structure can suppress the reduction of 

B-site cations (Fe4+, Co3+, Ni4+) to their lower valence states (Fe3+, 

Co2+, Ni3+) and thus, the TEC is decreasing. As a result, the 

compatibility between electrode and electrolyte is increased, delaying 

cracking and failure in the cell during heating or redox cycles. The 

surface microstructure of LSCFMo, LSF and GDC is shown in Figure 

3.19b. After co-sintering, a total porosity of 36% for the anode and 

15% for the cathode was determined, these being adequate for fuel and 

oxygen availability at triple phase boundaries (TPBs). A dense GDC 

layer is achieved with only some isolated and small pores. The cross-

section SEM image of GDC shows almost merged grains, yet when 

the surface is examined, grain boundaries can be detected (Figure 

3.19c). 

 

3.10 Electrochemical Performance 

3.10.1 OCV and Durability 

Figure 3.20a shows OCV measurements. During the pre-treatment 

of the anode with He gas at 600 °C, a very low OCV (0.04 V) is 

recorded. When the cell is supplied with biogas (30 cm3/min CH4 + 20 

cm3/min CO2), the potential increases to 0.05 V, which is still lower 

than the practical potential. The cells were then supplied with pure dry 

methane at the following stages. The potential is only marginally 
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enhanced, reaching 0.06 V, as a result of the higher partial pressure of 

CH4. Despite the fact that the potential is steadily independent of fuel 

type, the low OCV shows that LSCFMo has extremely weak 

electrocatalytic activity and acts as an inert for direct methane 

oxidation. 

To investigate the best biofuel and catalytic mechanism for 

LSCFMo, the cell was fed methanol (0.5 cm3/ h CH3OH + 25 cm3/ 

min He) at 600 °C. Figure 3.20b shows the OCV measurements. 

Surprisingly, the cell potential quickly increases. In LSCFMo, which 

works with biofuels other than biogas and methane, the "shuttle 

mechanism" is the main mechanism. Lo Faro et al. [143] proposed the 

shuttle mechanism to occur when dry alcohol fuels are used with 

lanthanum ferrites. Lanthanum ferrites are not powerful enough as 

anodic catalysts to perform direct oxidation of biofuels, while 

methanol is oxidized through several subsequent processes. “Shuttle 

mechanism” begins with the dehydrogenation of methanol and then, 

the oxidation of CO and H2 residues (Figure 3.20c) [23]. It is 

suggested that the methanol dehydrogenation and cracking-free 

reactions are promoted by molybdenum dopant in LSCF, and the 

reactions are given by 

𝐶𝐻3𝑂𝐻 
𝐿𝑆𝐶𝐹𝑀𝑜
→      −𝐶𝐻2𝑂(𝑎𝑑𝑠) + 𝐻2    𝐷𝑒ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑛𝑎𝑡𝑖𝑜𝑛     (3.4) 

𝐻2 + 𝑂2−
𝐿𝑆𝐶𝐹𝑀𝑜
→      𝐻2𝑂 + 2𝑒−           𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛            (3.5) 

−𝐶𝐻2𝑂(𝑎𝑑𝑠) +𝐻2𝑂 
𝐿𝑆𝐶𝐹𝑀𝑜
→      2𝐻2 + 𝐶𝑂2                 (3.6) 

𝐶𝑂2 +𝐻2

𝐿𝑆𝐶𝐹𝑀𝑜
→      𝐶𝑂 + 𝐻2𝑂                          (3.7) 

𝐶𝑂 + 𝑂2−
𝐿𝑆𝐶𝐹𝑀𝑜
→      𝐶𝑂2 + 2𝑒

−            𝑂𝑥𝑖𝑑𝑎𝑡𝑖𝑜𝑛           (3.8) 

 

Although LSCFMo shows good catalytic activity towards 

methanol oxidation, the potential is low, probably because GDC10 

becomes partially electronically conductive. The overall voltage loss 
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after 1.5 h, on the other hand, could be reduced by adjusting the fuel 

flow settings. 

 

Figure 3.20 OCV measurements at 600°C of the cells fed by a) He, biogas, 

and pure methane and b) He and methanol. c) Suggested schematic of 

“shuttle mechanism” in methanol oxidation on Mo-doped LSCF 
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Figure 3.21 shows the short-time durability tests of the cells Mo5 

and Mo10 while being fed by different fuels at 600 °C and 700 °C. In 

line with previous OCV studies, a very low potential is recorded at 

open circuit current when the cells are fed by biogas and methane. The 

potential is boosted to 0.55 V after feeding the cell Mo5 with methanol 

at 600 °C, although the performance diminishes rapidly after 5 h. This 

value is just slightly lower than the average OCV for SOFC with 

GDC10 electrolyte (around 0.60 V [60]). One can see in Figure 3.21b 

that increasing the temperature to 700 °C does not make a big 

difference in OCV, although the performance degrades slower. The 

performance becomes stable when the cell is fed by hydrogen. With 

H2 at 700 °C, an OCV of 0.74 V is recorded, and the potential drops 

down to 0.20 V when the current is loaded. Nevertheless, the 

performance is stable for almost 4 h. Figure 3.21c shows that Mo10 

behaves similarly to Mo5 at 600 °C. Feeding Mo10 with methanol, the 

achieved OCV is 0.47 V but with a rapid decline after loading current. 

Because He may trigger the removal of methanol fuel from the anode's 

active sites, less He was injected into the flow. As a result, the 

performance deterioration rate is minimized. The deterioration rate 

may be improved by adjusting the flow rate and fuel ratio. After that, 

the cell was fed by pure H2 for about 7 h. Although the OCV is a bit 

lower than Mo5, it is assumed to be related to earlier defects developed 

in the cell Mo10 during the tests. Another reason might be related to 

the presence of very low amounts of SrMoO4, as this secondary phase 

is non-conductive and can limit the electroconductivity and OCV 

[144]. Nevertheless, this OCV shows a certain reactivity of LSCFMo 

towards hydrogen and methanol oxidation although it is gradually lost. 
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Figure 3.21 Short-term durability of cells a) Mo5 at 600 °C, b) Mo5 at 

700 °C and c) Mo10 at 600 °C 
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3.10.2 EIS  

Each EIS spectrum contains information concerning the series 

resistance (RS), which is primarily caused by the ionic resistance of 

the electrolyte, and RQ elements in series, which are ascribable to cell 

reaction resistances. Figure 3.22 shows the impedance spectra for 

different fuels at 600 °C. Figure 3.22a shows three RQ elements for 

both Mo5 and Mo10 cells when fed by biogas and methane. The large 

semicircles imply a significant kinetic barrier to direct methane 

oxidation. A smaller semicircle at high frequencies indicates the low 

activation control on the cathode side. It is porous enough and air can 

easily access TPBs. However, the larger semicircles at medium and 

low frequencies are taken as the poor electrocatalytic activity of 

LSCFMo towards the direct methane oxidation and related oxidation 

intermediates. Nevertheless, RS is approximately 0.20 Ω cm2 and does 

not vary significantly with the type of fuel which is seen as a positive 

aspect. 

Figures 3.22b and 3.22c show the EIS spectra from the cells Mo5 

and Mo10, respectively, fed by methanol. The series resistance is as 

low as 0.14 Ω cm2 in Mo10 which indicates the good innovative 

configuration and design of the cell. At least two RQ elements are 

visible in both cells, with additional semicircles in Mo10. The first and 

second RQ are related to the dehydrogenation of methanol, and CO 

and H2 oxidations on the anode side, respectively. It was previously 

confirmed that LSCFMo10 preserves the perovskite structure under 

reducing conditions, while LSCFMo5 is more decomposed to R.P. 

oxides. Figure 3.22d shows LSCFMo and its R.P. oxide structure. 

Higher reduction stability in LSCFMo10 can protect the bond bridge 

Fe3+–O–Fe4+ in the structure which prevents further increase in the 

activation energy of electron transfer [59], [75]. Whereas, in 

LSCFMo5, more activation energy is required to transfer the electron 

due to the gap between layers. As a result, the first semicircle which is 

affected by the activation control of anodic reactions is smaller in 

Mo10 than in Mo5. A similar result in enhancing charge transfer by 

Mo doping into lanthanum ferrites was proved by Hou et al. [75], who 

showed that higher reduction stability can also bring about an increase 

in electroconductivity of Mo-doped La0.6Sr0.4Fe0.9Ni0.1O3-δ, at a wide 
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temperature range (500–850 °C). The additional RQ elements in Mo10 

are related to O2 reduction on the cathode side and the adsorption and 

dissociation of dry organic molecules which gets facilitated as the He 

carrier arises. The total polarization resistance is larger in cell Mo5 

than in Mo10. 
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Figure 3.22 EIS plots of the cells at 600°C when fed by a) H2, biogas and 

methane, b) methanol in cell Mo5, and c) methanol in cell Mo10. d) Charge 

transfer in LSCFMo and its R.P. oxide 

 

3.10.3 I-V Curves 

Figure 3.23 compares the polarization curves of the various tested 

cells. The fast drop in voltage, around 200 mV, indicates an increase 

in activation control in both cells towards methanol oxidation, due to 

overvoltage after loading the current. By increasing the operating 

temperature to 700 °C (Figure 3.23b), the activation control perfectly 

disappears, and the maximum power density is almost doubled. This 

is because at a higher temperature, charge transfer is facilitated, and 

electrochemical activity increases. However, due to low OCV, the 

maximum power density reaches 32 and 38 mW cm−2 for methanol 

and hydrogen fuel, respectively. The practical issue with SOFC while 

being fed by alcohol fuels is usually their low maximum power density 

(MPD) owing to higher anodic activation loss [145]. There are studies 

on alcohol-fueled SOFC that delivered very low MPD (<100 mW 

cm−2) even with noble metal-based anodes [146]. Furthermore, 

although Mo-based perovskites are commonly used as anode in 

SOFCs (due to their high redox stability and good carbon tolerance), 

their MPD is sometimes low even at 800 °C [48]. Similar 

La0.5Sr0.5Fe0.9Mo0.1O3–d and Pr0.6Sr0.4Fe0.7Ni0.2Mo0.1O3-δ delivered 
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MPD of 190 mW cm−2 [147] and 162 mW cm−2 [148], respectively, at 

650 °C in H2. In other studies, Sr2TiNi0.5Mo0.5O6 and 

La0.3Sr0.7Ti0.97Mo0.03O3-d delivered MPD of ~100 mW cm−2 (at 700 °C) 

[78] and 60 mW cm−2 (at 800 °C) [71] in H2, respectively. 

Nevertheless, MPD is always affected not just by the anode 

composition, but also by TPB and microstructure of the anode and can 

be limited by OCV. Here, considering the low operating temperature 

of 600 °C and the dry methanol feed, besides the low achieved OCV, 

the cell delivered MPD of ~35 mW cm−2. The hypothesis is that either 

the LSCFMo composition or the electrode microstructure must be 

optimized to achieve faster electrocatalytic activity and higher power 

density. Still, LSCFMo is a promising anode material in SOFCs to 

process the oxidation of methanol with no carbon deposition. In cell 

Mo10, a similar behavior to Mo5 is observed at 600 °C (Figure 3.23c). 

The performances were improved by decreasing the methanol 

dilution, although the injection of He as carrier is necessary.  
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Figure 3.23 Polarization curves for the cells a, b) Mo5 at 600 °C and 700 

°C, and c) Mo10 at 600 °C 

 

3.10.4 Carbon Deposition 

Interestingly, after the tests, no trace of any carbon was found on 

the anode side nor in the anodic tube although all the fuels were dry. 

Any cracking is excluded from the shuttle mechanism which is a 

positive result and is accompanied by no carbon deposition at the end. 

However, there is a high possibility of Boudouard or water-gas reverse 

reactions occurrence at low temperatures, given respectively by  

2𝐶𝑂 ⟷ 𝐶𝑂2 + 𝐶           Δ𝐻298
° = −171 𝑘𝐽 𝑚𝑜𝑙⁄            (3.9)  

𝐻2 + 𝐶𝑂 ⟷ 𝐻2𝑂 + 𝐶           Δ𝐻298
° = −131 𝑘𝐽 𝑚𝑜𝑙⁄           (3.10) 

However, as previously mentioned (see chapter 1, section 1.8), under 

reducing conditions, Mo6+ is reduced to Mo5+ which brings about more 

oxygen vacancies just around the active B-site cations like Mo6+. 

Therefore, the instant formation and consumption of activated carbon 

species increases the tolerance of the anode towards carbon adsorption 

in the structure. Also, it was mentioned that the higher structural 

stability induced by Mo doping prevents further metal cluster 

formations on the surface which hampers enough surface provide for 

carbon deposition. 
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Conclusion 

 

For an LT/IT-SOFC to work efficiently and with more delayed 

performance degradation, the cell design and materials are required to 

be designed carefully. Here, a molybdenum-doped LSCF was 

designed and synthesized as the anodic alternative material and a 

water-based tape casting procedure was developed to fabricate thick 

cathodes as the support layers of the SOFC, using PEG 4000 as a high 

MW plasticizer instead of common low MW ones. 

Regarding the cathode design, by adjusting the R-value at 0.84 

wt% of PEG 4000 (plasticizer) to Duramax B1000 (binder) during the 

slurry preparation and setting the relative humidity at RH = 70% 

during the drying, thick green cathode layers with E = 1.1 MPa were 

fabricated. The tapes could be rolled down to a minimum bending 

radius of 2.57 mm and benefitted from a high mechanical strength up 

to σu = 4.5 MPa. This could bring about lower residual stresses during 

further lamination and can also promise a continuous casting and 

rolling of tapes in industrial massive production. Another important 

issue was to maintain the thickness constant during casting which 

could result in higher homogeneity over the same tapes. The least 

anisotropicity and the highest density up to 95.5%, after sintering 

could be achieved when the R-value was adjusted to 0.84 wt%. 

As a result, the R-value = 0.84 wt% and RH = 70% could be 

proposed as promising composition and processing parameters for a 

reliable water-based tape casting of lanthanum ferrite cathode layers 

in industrial scale, that are suitable for further lamination or co-

sintering processes. 

Talking about the anodic material, Mo was doped successfully into 

LSCF by the auto-combustion method. An increased phase and 

microstructural stability were observed under reducing conditions by 

increasing the Mo dopant and substituting for Fe and Co in LSCF. 

XRD analysis proved that LSCFMo10 retained the initial perovskite 

structure up to 60 wt% under reducing conditions in H2 at 900 °C. 

Electrochemical measurements showed that biogas and methane are 
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the least reactive fuels. Whereas LSCFMo is capable of oxidizing 

methanol through a “shuttle mechanism”. Since the first reaction is the 

dehydrogenation of methanol and it needs less activation energy with 

respect to methane direct oxidation, the perovskite follows this 

mechanism as proved by OCV and EIS. The very low series resistance 

proved a very good configuration of the realized cells. A 10% Mo 

dopant showed slightly better catalytic activity towards methanol 

oxidation than 5% Mo, and no trace of carbon deposition was found 

on the anode side after feeding the cells with dry biofuels. The 

chemical stability of LSCFMo is preserved after the electrochemical 

tests. Molybdenum’s redox gap overlapping with B-site cations, lower 

TEC, and quick surface exchange make it a suitable choice as a dopant 

in LSCF. As a result, the LSCFMo anode may be offered as an active 

electrocatalyst in IT-SOFCs for methanol oxidation. 

As a result, this project could successfully innovate an IT-SOFC by 

tape casting as a colloidal process, and co-sintering, that can be fed by 

methanol as a biofuel. It is proved that LSCFMo can be used as an 

alternative to the anode material. No carbon deposition was detected 

after the tests. The cell integrity and mechanical strength are preserved 

during the tests. 
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Future Perspectives 

 

To realize effective commercialized SOFCs that can operate above 

40,000 h and to use them practically in industry, novel technologies or 

transport systems, huge gaps need to be filled. Regarding the LT-

SOFC in this project, many options exist which can be considered to 

improve the cell potential or prolong its lifetime. Some more 

important and specific aspects are as follows: 

I. To improve the cell potential, the GDC electrolyte layer 

needs to be modified. The dopant Gd amount can be 

optimized for an optimized sealing. 

II. To improve the catalytic activity and to make the cell fuel 

flexible, the anode perovskite formulation can be modified 

and adjusted based on the final reduced structure of the 

perovskite. 
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Activities 

 

Conferences & Seminars 

▪ 25th European Fuel Cell Forum Conference (EFCF 2021) - 

Low-Temperature Electrolysers, Fuel Cells, and H2 

Processing [29 Jun- 2 Jul 2021] (Lucerne, Switzerland) 

▪ 15th EFCF forum, SOFC & SOE Forum [5-8 Jul. 2022] 

(Lucerne, Switzerland) 

▪ Ceramics in Europe conference [9-14 Jul. 2022] (Krakow, 

Poland) 

▪ PhD DII poster session [13 May 2022] (Trento, Italy) 

▪ 30 years of INSTM Convegno [22-25 Jan. 2023] 

(Bressanone, Italy) 

Schools 

▪ Online summer School on “Electric and Magnetic Field-

assisted Processing of Inorganic Materials” [14-16 Sep. 

2020] 

▪ European School on Ceramics for Energy Conversion and 

Storage (EnergyCeram) [25-27 Nov. 2020] 

▪ Renewable energies, Energy storage and Hydrogen economy 

[23-27 Aug. 2021] (Udine, Italy) 

Workshops 

▪ Workshop on “Women of distinction in materials science” 

▪ Electron Microscopy Perspectives
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Publications 

 

1. Alemayehu A, Biesuz M, Javan KY, et al. Ultrafast high-

temperature sintering of gadolinia-doped ceria. J Eur Ceram 

Soc. 2023;43(11):4837–4843. 

https://doi.org/10.1016/j.jeurceramsoc.2023.04.025 

 

2. Javan KY, Sglavo VM. Influence of drying conditions and 

plasticizer-to-binder ratio on the water-based tape casting of 

La0.6Sr0.4Co0.2Fe0.8O3−δ. Int J Appl Ceram Technol. 

2024. https://doi.org/10.1111/IJAC.14691  

 

3. Javan KY, Lo Faro M, Vecino-Mantilla S, Sglavo VM. Mo-

Doped LSCF as a Novel Coke-Resistant Anode for Biofuel-

Fed SOFC. Materials (Basel). 2024;17(4). 

https://doi.org/10.3390/ma17040869  
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