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Aims 

 

Solid oxide cells (SOCs) could become the vital technology in transitioning to a net-zero 

economy based on hydrogen due to their significantly high efficiency and ability to work in fuel cell 

and electrolysis mode. However, the high cost and low durability still constrain their full-scale 

commercialisation, and these challenges are tackled in this project. 

The La0.43Ca0.37Ni0.06Ti0.94O3-γ, (LCNT), a perovskite able to exsolve Ni nanoparticles, proved to be 

an excellent fuel electrode in high-temperature solid-oxide fuel cells (SOFC); the material could 

become competitive to a well established Ni/YSZ electrode with many stability issues. Despite 

showing high performance, the demonstration of cells with an alternative fuel electrode is usually 

limited to a laboratory scale. In most publications, the research is based on small, well defined planar 

cells, where the production method involves screen printing of electrodes on YSZ support and 

multiple thermal cycles. Therefore, the applicability of alternative fuel electrodes remains to be 

demonstrated in larger devices. The project aims to develop a relatively simple and easy-to-scale 

manufacturing method for large area SOFC with an LCNT fuel electrode. 

The LCNT fuel electrode was used in SOFCRoll and tubular designs. The benefit of SOFCRoll is its 

very high volumetric surface area, whereas the tubular shape offers a much simpler solution but has 

smaller electrodes. The simple and easy scalable tape casting and co-sintering method were chosen 

as the most attractive manufacturing technique. 

The report aims to deliver the complete procedures behind the manufacturing and testing of 

SOFCRoll and tubular SOFC with an alternative LCNT based fuel electrode; in various 

configurations and assembly. These include the guidelines for material preparation and processing, 

tapes development, analysis of shrinking profile, cell assembly, set up of electrochemical test, data 

interpretation and post mortem analysis. 

  



7 
 

Abstract 

 

The Solid Oxide Fuel Cells (SOFCs) were produced with various geometries by tape casting 

and co-sintering. Tape casting is a cheap and easily scalable method employed on a large scale for 

thin layers preparation. In the project, a sequential casting technique was developed where all the 

function layers in SOFC assembly were cast on each other; co-casting gave a strong interface and 

reduced electrolyte thickness. Co-sintering further simplified cells manufacturing and reduced 

processing time and energy demand, making fuel cells more profitable and suitable for mass 

production. The crucial factor for co-sintering of various-material tapes is to ensure that they have 

close shrinkage profiles during the sintering step, which usually differ due to individual properties of 

ceramic materials and pore former’s concentration in the slurry. The minor differences create stress 

between layers, leading to delamination and cracks in the cell’s structure. By controlling the 

composition of the slurry, particle size distribution and sintering temperature, it was possible to 

produce a cell without any internal structural defects.  

The developed method was used to produce SOFC with alternative SOFCRoll geometry and the small 

tubular cells. SOFCRoll gives the possibility to extend the surface area while keeping the volume low. 

Up to 27.75 cm2 of surface area was incorporated in a spiral structure, with a volume of about 2.5 

cm3, thus giving better applicability where size reduction is required and a more robust structure; 

however, the cell was suffered a performance loss due to complications with the current collection 

and gas distribution. The structure modification and co-sintering of the current collector with high Ni 

content into otherwise unavailable part of the cell allowed for optimal use of 12 cm2 surface area in 

the smaller version of the cell. Tubular cells are known for their high mechanical and thermal 

resistance. Tubular cell's surface area was up to 7 cm2, much lower than in SOFCRoll but more 

accessible for gas and current collector. The combination of a small tubular design with thermally 

and redox stable alternative perovskite fuel electrode gave a highly durable device; without noticeable 

degradation after testing in extreme conditions. 

Through the project, composite electrodes were mainly used, co-cast, and co-sintered with electrolyte 

at 1350 °C. The state-of-art yttria-stabilised zirconia (Zr0.84Y0.16O1.92, YSZ) was used as the 

electrolyte, which offers good performance and commercial availability. The co-sintered active fuel 

electrode contained the nickel-doped lanthanum calcium titanate (La0.43Ca0.37Ni0.06Ti0.94O3-γ, LCNT) 

and YSZ. The co-sintered oxygen electrode was a composite of lanthanum strontium manganate 
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((La0.8Sr0.2)0.95MnO3, LSM) and YSZ. LCNT belongs to the family of new alternative materials 

proposed to replace highly active but prone to degradation state-of-the-art Ni/YSZ composite. Thanks 

to its mixed ionic and electronic properties (MIEC) and the possibility of exsolving nickel 

nanoparticles on its surface, LCNT offers a high activity for hydrogen oxidation whilst possessing 

great thermal shock and redox resistance as a fully ceramic electrode. 

Despite the successful co-sintering of the LCNT/YSZ fuel electrode and LSM/YSZ oxygen electrode 

into a SOFCRoll and tubular structure, due to limitations related to the sintering temperature and 

composition, electrodes showed a significant ohmic and polarisation resistance. 

In the following experiment, the composite electrodes were replaced. For the development of the next 

generation of tubular cells, the active material was impregnated into a co-sintered porous YSZ 

backbone. For impregnated electrodes, LCNT was impregnated on a porous YSZ backbone for the 

fuel hydrogen side, while on the air electrode, a lanthanum strontium ferrite (La0.8Sr0.2FeO3, LSF). 

The impregnated electrodes were sintered at a much lower temperature than in state-of-the-art 

methods, giving more active spatial microstructures with a large surface area. Using this technique in 

co-sintered cells simplified manufacturing and made a broader range of materials available. 

This work contains complete procedures for producing SOFC with various designs, including planar, 

tubular, and SOFCRoll, by the outlined methods. In addition, it seeks to determine a mechanism of 

their functionality based on electrochemical tests and DRT analysis. 
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Legend 

 

List of abbreviations 

 
3PB   triple phase boundary 

AFC   alkaline fuel cell 

BSE   backscattered electrons 

CGO   gaddolinum dopped cerium oxide, (Ce,Gd)O2-δ 

CNLS   complex non-linear least squares 

CPE   constant phase element 

DRT   distribution function of relaxation times 

EIS   impedance spectroscopy 

FE   fuel electrode 

I-V   current-voltage 

LCNT   nickel doped lanthanum calcium titanate, La0.43Ca0.37Ni0.06Ti0.94O3-γ 

LCNT/YSZ50 composite fuel electrode (active layer) developed in this thesis, 

La0.43Ca0.37Ni0.06Ti0.94O3-γ (50% vol.)/ Zr0.84Y0.16O1.92 

LCNT/ P-YSZ impregnated fuel electrode, La0.43Ca0.37Ni0.06Ti0.94O3-γ (50% vol.)/ 

Zr0.84Y0.16O1.92 

LSCF   lanthanum strontium cobalt ferrite, La0.6Sr0.4Co0.8Fe0.2O3-δ 

LSF   lanthanum strontium ferrite, La0.8Sr0.2FeO3 

LSF/ P-YSZ impregnated oxygen electrode developed in this Thesis, 

La0.8Sr0.2FeO3 (30% vol.)/ Zr0.84Y0.16O1.92 

LSM   lanthanum strontium manganate, (La0.8Sr0.2)0.95MnO3 

LSM/YSZ50 composite oxygen electrode (active layer) developed in this thesis, 

(La0.8Sr0.2)0.95MnO3 (50% mass.)/ Zr0.84Y0.16O1.92 

MIEC   material with mixed ionic and electronic conductivity 

Ni/LCNT50 composite fuel electrode (current collector layer) developed in this thesis, Ni 

(50% vol.)/ La0.43Ca0.37Ni0.06Ti0.94O3-γ 

Ni/YSZ  state-of-the-art composite fuel electrode, Ni/ Zr0.84Y0.16O1.92 
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Ni/YSZ10 composite fuel electrode (current collector layer) developed in this thesis, Ni 

(90% mass.)/ Zr0.84Y0.16O1.92 

OCV   open circuit voltage 

OE   oxygen electrode 

PAFC   phosphoric acid fuel cell 

PEM   polymer electrolyte membrane cell 

pO2   oxygen partial pressure 

PSA   particle size analysis 

P-YSZ   porous YSZ backbone developed in this thesis, Zr0.84Y0.16O1.92 

RDS   rate determines step 

Redox reduction-oxidation 

SEI secoundary electron imaging 

SEM scanning electron microscopy 

SOC   solid oxide cell 

SOEC   solid oxide electrolysis cell 

SOFC   solid oxide fuel cell 

TEC   thermal expansion coefficient 

YSZ   in this thesis 8mol.% yttria doped zirconia, Zr0.84Y0.16O1.92 

XRD   X-ray diffraction 
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Notations for SOFCRoll with Ni/YSZ based FE and LSM/YSZ based OE 

 

SRB1-SRB5 the notations for batches of SOFCRoll with Ni/YSZ based fuel electrode 

 

Characteristic of evaluated cells from specified batches: 

SRB1 in a batch, cells were prepared strictly following the original method, slurries 

were tape cast separately and laminated (Figure 4-3 a, Table 4-4). 

SRB3 in a batch, cells were prepared with the modified tape’s dimension and 

assembly (Figure 4-3 b, Table 4-4). 

SRB5 in a batch, cells were prepared by co-casting, all slurries were cast on 

previously cast and dry tapes (Figure 4-3 c, Table 4-4). 

 

Notations for SOFCRoll with LCNT based FE and LSM/YSZ based OE 

 

SRB1P-SRB36P the notations for batches of SOFCRoll with LCNT based fuel electrode 

 

Characteristic of evaluated cells from specified batches: 

SRB25P in a batch, cells were prepared with LCNT/YSZ50 active fuel electrode; and 

LSM/YSZ50 active and LSM current collector oxygen electrode. Cells were 

made with the large electrode tapes of 50 cm2 (Table 5-8), and the co-casting 

method described in Figure 5-15 a-c. 

SRB26P in a batch, cells were prepared with LCNT/YSZ50 active and Ni/LCNT50 

current collector fuel electrode; and LSM/YSZ50 active and LSM current 

collector oxygen electrode. Cells were made with the large electrode tapes of 

50 cm2 (Table 5-8, Figure 5-16 a), and the co-casting method described in 

Figure 5-15 a-c. 

SRB30P1 in a batch, cells were prepared with LCNT/YSZ50 active and Ni/LCNT50 

current collector fuel electrode; and LSM/YSZ50 active oxygen electrode. 

Cells were made with the small electrode tapes of 24 cm2 (Table 5-8, Figure 

5-16 b), and the co-casting method described in Figure 5-15 d-f. 

SRB30P2 in a batch, cells were prepared with LCNT/YSZ50 active and Ni/LCNT50 

current collector fuel electrode; and LSM/YSZ50 active oxygen electrode. 

Additional porous YSZ layer was co-sintered in a spiral part. Cells were made 
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with the small electrode tapes of 24 cm2 (Table 5-8, Figure 5-16 c), and the co-

casting method described in Figure 5-15 d-f. 

SRB36P in a batch, cells were prepared with LCNT/YSZ50 active fuel electrode; and 

LSM/YSZ50 active oxygen electrode. Additional Ni/YSZ10 fuel electrode 

layer was co-sintered in a spiral part. Cells were made with the small electrode 

tapes of 24 cm2 (Table 5-8, Figure 5-16 c), and the co-casting method described 

in Figure 5-15 d-f. 
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1 Literature review 

 

1.1 Introduction 

 

This section aims to introduce the reader to the elemental topics related to Solid 

Oxide Fuel Cells necessary for understanding the experimental part of the report.  

The first section of the chapter specifies Climate Change as an imminent security threat, 

which is the impulse for low carbon energy generation through renewable resources. Next, 

the mechanism behind the hydrogen economy was briefly summarised, and the role of 

fuel/ electrolysis cell technology in the net-zero energy system. 

The basic principles of thermodynamics and electrochemistry are explained next, e.g. 

Gibbs energy, Nernst potential and polarisation. Comprehending these topics is crucial 

for interpreting information from electrochemical analysis, where the main techniques are 

current-voltage characteristic (I-V), impedance analysis (EIS), which are also 

characterised in this part. 

For the SOFC study, it is necessary to understand the functionality of its components, 

which include oxygen ion conductive electrolyte, fuel and oxygen electrode. The 

functionality of materials is outlined by analyzing the state-of-art YSZ electrolyte, 

Ni/YSZ fuel electrode and LSM/YSZ oxygen electrode. Also, special attention was given 

to perovskite and functionality in SOFC technology and possible applications as the fuel 

electrode. 

The most common SOFC geometry was characterised in the last subchapter, including 

planar and tubular construction. Prons and cons of both types were highlighted as 

manufacturing methods. Finally, the functionality and previous development of 

SOFCRoll were discussed. 
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1.2 The energy sector 

 

1.2.1 Climate Change 

 

The expansion of industry and growing population have been requiring increasing 

demand for heat and power. For generations, energy systems have been based on 

stationary power plants and internal combustion engines run on fossil fuels. The 

efficiency of energy production from fossil fuels is limited by thermodynamics and 

technological limitations. As a result, the significant consumption of fossil fuels triggers 

the energy crisis due to the depletion of natural resources. Moreover, highly carbon-

intensive industrial methods affect the natural environment, e.g. contamination of air, 

water, and soil, causing the so-called greenhouse effects that are emerging mainly due to 

the increase in the concentration of carbon dioxide in the atmosphere. The effects are 

related to the absorption of the solar energy by CO2 that reaches its atmosphere, leading 

to rising global temperature (Figure 1-1). 

 

Figure 1-1: The ten-year average temperature anomaly concerning 1951-1980 [1]. 

 

 

Greenhouse gases, primarily CO2 (more than 80%) and methane (more than 10%), in the 

overwhelming majority, come from the burning of fossil fuels, but also other human 
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activities such as industry, agriculture, and deforestation [2]. The level of CO2 in the air 

atmosphere has increased by more than 45% since the mid-1800 [3]. Global warming 

tremendously affects the ecosystem and brings all kinds of natural disasters, including 

storms, floods, droughts, heatwaves, and other weather extremes that directly and 

indirectly harm animals, crops, and people’s communities [4]–[6]. Further increase in 

temperature is expected to bring even more harmful impacts [7], and global action is 

needed to protect humanity against this scenario. 

Currently, the global average temperature is around 1 °C above pre-industrial times [8]. 

Under the Paris Agreement, almost every nation signed a declaration to keep global 

warming well below 2 °C. However, despite these bold declarations, under current actions, 

the Earth is predicted to warm to around 3 °C by 2100 [9], [10]. 

(a) 

 

(b) 

 

Figure 1-2: (a) The annual average of the change in global surface temperature (annual average), observed 
and average [11], [12]. (b) Carbon dioxide emissions by source since 1880 [13], [14]. 

 

On top of the disasters related to global warming, the world faces challenges associated 

with the deterioration of air, water, and soil quality that endangers the ecosystem and 

habitats. Air poisoning is the greatest direct danger to human life. The burning of fossil 

fuels is associated with the emission of particular airborne matter, which has a massive 

contribution to the mortality rate [15]; burning fossil fuels was related to 8.7m deaths in 

2018 only [16]. 

In the approach countries adopt, emission reduction mainly relies on developing and 

implementing low-carbon technologies, e.g., energy generation by renewable resources, 

energy-efficient technologies, carbon sequestration and storage. As a result, there is a 
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trend in the global economy to move into the “green alternative” as an energy source. 

Renewable energy systems are becoming essential parts of the economy with rapid 

growth every year; in 2018, about 63% of newly installed energy capacity was renewable 

[17]. The global share of renewable energy increases every year and has jumped to 28% 

in 2020 [7].  

Renewable energy derives from processes naturally reoccurring in the environment; they 

include wind, solar, wave, tidal, fall of water and bio-gas [18]. As the alternative to fossil 

fuels, their resources renew in the natural processes, practically making them 

inexhaustible. Most importantly, renewables can substantially decrease the emission of 

harmful substances to the environment, such as CO, CO2, VOCs, NOX, SOX gases, dust 

and the generation of various waste products. Renewable energy sources also contribute 

to the diversification of income sources for producers and farmers, regional economic 

development, or national energy security. They create an opportunity to reduce fossil fuel 

imports from politically unstable regions, improve the country’s independence and 

security, achieve progress in the diversification of energy supply, and reduce dependence 

on the growth of oil and gas prices. 
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1.2.2 Hydrogen economy 

 

Renewable energy is more unpredictable in terms of energy supply, as the amount 

of generated power depends on such factors as time of the day/ year and weather. The 

changing world’s energy supply requires storing capacities to buffer their irregular 

productions and demand. The vital strategy to support an energy sector based on carbon-

neutral technologies is to use hydrogen as the energy carrier to connect individual 

consumers. Storing energy in the form of hydrogen or hydrocarbons seems to be a 

desirable option [19]. It doesn’t require a large battery capacity, and green fuels produced 

from hydrogen can be distributed through existing infrastructure, improving the energy 

system’s efficiency and flexibility. Besides the energy storage for electricity generation 

in stationary power plants, hydrogen could also be injected into a gas grid, used to fuel 

vehicles, or as the input for the chemical industry and production of synthetic 

hydrocarbons. Such hydrogen would be “green”, as produced through renewable energy 

from water electrolysis or “blue”, produced by traditional methods supplemented by 

carbon storage [20], [21]. 

For electricity management, the electrolysers could transfer the electricity surplus into H2 

gas and fuel cells to generate electricity when needed. Among various technologies, the 

most mature type are alkaline electrolysers, the cheapest option at the moment, and 

perhaps that is why they dominate the market [22]. The PEM (polymer electrolyte 

membrane) electrolysers are becoming more popular due to their ability to adapt to 

variable conditions and improve efficiency. Still, their electrodes use precious metals to 

catalyse the reaction, which could become a bottleneck to the low-carbon energy 

technologies’ supply chain [23]. Solid Oxide Cells (SOC) only start appearing on the 

market as commercial solutions, but they can offer the highest efficiency and don’t 

require precious metals due to high operating temperature.  

The hydrogen economy to be prosperous must be economically feasible, which, apart 

from the price of technology itself, depends on the cost of energy from renewable 

resources. Currently, hydrogen is mainly used as the feedstock for oil refining and 

chemical industry and, in large part, is produced from fossil fuels, mainly gas and coal. 

The natural gas reforming and coal gasification used for H2 production are carbon-
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intensive but are still the most economical option [22]. The price of hydrogen produced 

from fossil fuels mainly depends on the cost of natural gas and CO2 emission; in Europe, 

it is around 1.5 €/kg, with carbon storage at about 2 €/kg. In comparison, the “green 

hydrogen” prices generated from renewable resources vary between 2.5-5.5 €/kg [22]. 

Thus, for green hydrogen to become more competitive, the consumption of fossil fuels 

must become less profitable. 

On the other hand, the cost of electrolysis has to be reduced through the technology 

development and introduction of system solutions to the energy market. The realisation 

of these postulates largely depends on governments activities, which take the central role 

in developing and widespread low carbon technologies; it must create the right 

environment for future investments through the policy objectives focused on 

decarbonisation. The price of electrolysis has been reduced by 60%, and a further 50% 

cost reduction is anticipated by 2030. However, through traditional methods coupled with 

carbon storage technology, hydrogen production is expected to stay as the main route, 

which finally would become less economically feasible due to an increase in the price of 

CO2 storage [20]. 

Europe alone has adopted a very ambitious strategy, placing hydrogen as one of the pillars 

in the transition to clean energy that assumes the minimum reduction of 50% of 

greenhouse gases emission until 2030 and a carbon-free economy by 2050. Investment in 

hydrogen would contribute to the creation of new jobs and faster economic recovery from 

the Coronavirus crisis, so-called “green recovery” [20], [24]. Similarly, the US [25], 

Canada [26], Australia [27] and East Asia [22] have adopted suitable hydrogen 

implementation strategies.  

The European Strategy is an excellent example of how the hydrogen economy could be 

gradually implemented. In the first phase, electrolysers would produce hydrogen from 

renewable energy, mainly from wind and solar, to meet the demand for hydrogen, which 

today comes primarily from the industry. Ideally, large electrolysers would be installed 

at industrial centres with a need for hydrogen and powered directly by renewable 

resources. In the next phase, the production of green hydrogen is anticipated to become 

more cost-competitive; technology will achieve some maturity. It would play a more 

prominent role in the energy system, e.g. by processing the surplus of electric energy into 



22 
 

hydrogen, or balancing its demand, making it more flexible, e.g. through the possibility 

of hydrogen storage and transport on large distances. Finally, the technology is expected 

to reach maturity and be deployed in all carbon-intensive sectors. It is assumed that a 

quarter of generated renewable energy could be consumed to produce hydrogen [20]. 

Hydrogen also plays an essential part in the UK decarbonisation strategy as the most cost-

effective option [21]. In terms of technology capabilities, the country’s asset mainly lies 

in many patents and high-impact publications, showing the UK Universities’ critical role 

in supporting those innovative technologies  [21]. The UK government aims to increase 

its H2 production capability to 5 GW by 2030, supporting over 9000 jobs and estimates 

to attract over £4 billion in co-investment with the private sector. In other estimation, the 

hydrogen economy could contribute to the creation of 100 000 jobs and generate up to 

£13 billion in revenue by 2050 [28]. 

Scotland independently pursues a net-zero emission by 2045 and a 75% reduction by 

2030 [29]. In its activities, the Scottish government has also issued a policy on hydrogen. 

It ensures that it will become a key element in the decarbonisation of the Scottish 

economy and has set a target of 5 GW of low-carbon hydrogen by 2030 [30]. Hydrogen 

production will primarily be based on renewable energy produced from wind farms. 

Scotland owns about 25% of wind resources in Europe and has 1 GW of installed offshore 

wind farms and plans to expand to 11 GW by 2030; and also has 8.4 GW of onshore wind 

capacity. Besides, the country has a skilled workforce in the Energy sector and has already 

demonstrated several hydrogen projects. In the most ambitious scenario, in addition to 

the use of H2 in the country, the possibility of exporting the superannuation of green 

hydrogen to European countries is envisaged. For research and development purposes, 

the Scottish government intends to allocate 100 million pounds for 2021 – 2026 [30]. 

  



23 
 

1.3 SOFC – working principle and the basics of electrochemical characterisation 

 

1.3.1 Fuel cell technology 

 

The fuel cells are the electrochemical device that converts chemical energy 

embodied in the gas directly into electricity through a redox process [31]. The fuel cell as 

a battery is an electrochemical cell to generate power; however, instead of storing 

chemical energy, they work on a constant fuel supply. The half-cell reactions occur on 

the porous electrodes (separated by the ion conductive membrane), where hydrogen is 

usually the fuel, while oxygen from the air is an oxidising agent. This technology can 

generate an energy current from H2 and even other fuels containing carbon [32] without 

an intermediate step – combustion; bypassing the carbon cycle increases process 

efficiency [33]. Fuel cells with very low CO2 emissions and other harmful substances, 

including NOx and SOx, are more beneficial in converting fossil fuels to electric energy 

than conventional power plants do.  

The electrochemical cells are truly flexible devices which may revolutionise the energy 

sector which we know today. Apart from cleaner and more efficient energy generation, 

they also allow storing of energy through electrolysis when the current is reversed. 

The theoretical functionality of the fuel cells was first introduced by the German chemist 

Friedrich Schonbein in 1838. In 1839, William Grove successfully experimented with 

energy generation from the fuel cell system [34]. Through his experiment with two 

platinum electrodes submerged in diluted sulphur acid and sealed under a hydrogen and 

oxygen atmosphere, the author noticed that connecting the electrodes by voltameter raised 

the liquid level in the hydrogen compartment. In 1942 William Grove developed his first 

working fuel cell that generated energy from H2 oxidation; he also conducted a reversible 

reaction and showed that H2O could be turned into H2 and O2 by providing electrical 

current [35], which today is the basis for energy conversion through water electrolysis. In 

1932, Francis Bacon invented the first alkaline fuel cell (AFC) with the nickel fuel 

electrode; the developed system generated 5 kW of electric power. The AFC were the 

first fuel cells used in the actual application. NASA, since 1960, had successfully 
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incorporated alkaline and polymer membrane fuel cells into the space technology for the 

Apollo and Space Shuttle missions [36], [37]. 

Nowadays, various kinds of fuel cells are exploited; they differ in such characteristics as 

materials, operating conditions and fuel being used to generate the current [38]. The first 

group of fuel cells can operate at relatively low temperatures. Polymer Electrolyte 

Membrane (PEM) Fuel Cell has a polymer electrolyte (e.g. Nafion) that can conduct H+ 

proton and has about 60% efficiency for direct energy generation from H2 [39] and 40% 

efficiency for reformed fuel [40]. PEMs work at low operating temperatures (below 

100 °C); hence they become attractive for transport or portable application to assure quick 

start-up/ turn-off. The low operating temperature also brings fewer problems with 

materials and their selection. However, they use expensive noble metals as catalysts, 

which are not resistant to impurities. AFC uses the porous medium saturated with an 

alkaline solution as the electrolyte, e.g. KOH, where the charge carrier are OH- ions. AFC 

also can operate below 100 °C and has an efficiency of up to 60% [41]. They are popular 

due to the low cost of manufacturing and the wide range of materials. Still, they are 

sensitive to CO2, and there are management problems with the liquid electrolyte. 

Phosphoric Acid Fuel Cell (PAFC) fuel cells use phosphoric acid as the electrolyte where 

the charge carrier is H+ proton; similarly, as in AFC, the liquid electrolyte is introduced 

into porous media or membrane. The range of operating temperature is between 150 °C 

and 200 °C. PAFCs was developed in early 1960, and since then, they have had a long 

history of application, typically for stationary power generation [38]. The platinum 

catalyst in PAFCs is more tolerant to CO2 and CO than in AFCs, due to higher operating 

temperature; therefore, it broadens the choice of fuels. On the other side, they are much 

less sensitive to sulphur than PEM or AFC.  

Molten carbonate fuel cells (MCFC) and SOFC belong to a high-temperature group of 

fuel cells. MCFC uses molten carbonates in porous media such as molten lithium, sodium 

or potassium carbonates. The MCFC usually operates at a temperature between 600 °C 

and 700 °C and could achieve 60% chemical conversion efficiency to electrical. 

In contrast, SOFC uses a solid electrolyte made of ionically conductive ceramics. The 

operation temperature in SOFC is even higher (up to 1000 °C) due to the limitations of 

solid electrolytes at a lower temperature; the efficiency of power generation in SOFC 
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could exceed 60% if generated heat is captured and reused, the actual efficiency could be 

higher. 

 

1.3.2 Principles of operation in SOFC 

 

SOFC comprises three essential ceramic elements, a gas-tight ion-conducting 

electrolyte and two porous electrodes on opposite sides, with electrochemical activity for 

the redox process [42], [43]. In the state of the art devices, the yttria-stabilised zirconia 

(Zr0.84Y0.16O1.92, YSZ) is used as dense oxygen ion conductive electrolyte, Ni/YSZ 

composite as the fuel electrode and LSM/YSZ composite (LaxSr1-xMnO3 - Zr0.84Y0.16O1.92) 

as the oxygen electrode [31], [44]. SOFC has a solid ceramic electrolyte to conduct 

oxygen ions from cathode to anode placed between two porous electrodes. 

(a) 

 

(b) 

 

Figure 1-3: Solid Oxide Cell (SOC) reversible operation. (a) Fuel Cell (FC) mode. (b) Electrolysis Cell 
(EC) mode. 

 

During the fuel cell operation, oxygen ions are generated on an electrochemically active 

oxygen electrode, and travel to the fuel electrode, where they participate in the 

electrochemical oxidation of fuel, which in this example is hydrogen, Figure 1-3 a. 

Electrodes must be porous to allow for a gas transfer and have well developed triple phase 

boundary (3PB) where gas, the ionically conductive media and electric conductor meets 

to fulfil conditions for the electrochemical reaction [44]. If the current is reversed, the cell 

works in electrolysis mode (Solid Oxide Electrolysis Cell, SOEC), and the current is 

being consumed to produce H2 and O2 gas from the H2O splitting reaction Figure 1-3 b. 
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The whole mechanism for SOFC could be reduced to simple reactions: 

� �� ����� + �	
 ↔ ��
   (air side)     Equation 1-1 

���� + ��
 ↔ ����� + �	
 (fuel side)     Equation 1-2 

���� + � �� ����� ↔ �����  (overall reaction)    Equation 1-3 

 

The ceramic electrolytes used in SOC require high temperatures to achieve ionic 

conductivity sufficient for the cell’s operation. The cells with state-of-the-art yttria-

stabilised zirconia (YSZ) electrolyte usually operate in the temperature range between 

700 °C – 1000 °C, depending on the application, microstructure, and other materials being 

used [31]. Such a temperature makes ceramic cells challenging to adapt to specific 

operating conditions, such as small portable or transport applications, and brings several 

issues related to their stability [45]. On the other side, at SOFC operating conditions in a 

high temperature, the activation energy for electrochemical reaction on the electrodes is 

lower; hence, noble metal catalysts are not required, making SOFCs cheaper and more 

resistive to poisoning. The advantage of the oxygen-ion conductive membrane, rather 

than proton conductive, and the higher temperature is the possibility of using a whole 

range of fuels other than hydrogen, including higher hydrocarbons [46], [47], carbon 

oxide [48], and even coal [49]. 

Theoretically, SOFC can achieve more than 60% efficiency in chemical-to-electrical 

conversion in operational conditions, and efficiency is defined as the ratio of Gibbs 

energy and enthalpy for the reaction [50]. Additionally, if the heat from SOFC operation 

is utilised, the theoretical efficiency could increase to 90% [31], [51]. The heat from 

exothermic fuel oxidation can be reused for maintaining the operating temperature of 

SOFC itself, for parallel processes, e.g., the endothermic reforming of hydrocarbons, or 

can be treated as a product from the so-called combined heat and power generating unit 

(CHP) or to power a gas turbine to produce electricity in the hybrid system, [52]. The 

SOFCs have many advantages in comparison to other types of fuel cells. A common 

problem with the fuel cells with the liquid electrolyte is management and corrosion in 

other cell parts. The SOFC is made of solid components which don’t bring such 

difficulties. 
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1.3.3 Thermodynamics of SOFC 

 

The Gibbs free energy, G [53], is the chemical energy of the system available to 

do work. At given conditions, G is the sum of the chemical potential of system 

components, µ, multiplied by their molarity N [54]: 

� = ���� + ���� + ⋯ ����       Equation 1-4 

 

Where µ1, µ2, … µn and N1, N2, …Nn are the chemical potential and number of moles of a 

specific component. The chemical potential of the element determines its 

thermodynamics, e.g. their tendency to change, like stability, reactivity or migration; 

thermodynamically, the Gibbs free energy is defined as: 

� =  − ��         Equation 1-5 

 

T is the temperature of the system, S is entropy, H is enthalpy, defined as: 

 = � + ��         Equation 1-6 

 

Where U stands for the internal energy, p for pressure, v for volume. 

To see how Gibbs free energy changes when the system parameters are changed above 

function could be differentiated [55], and with the use of the first and second laws of 

thermodynamics for an ideal gas, Gibbs free energy under certain conditions could be 

expressed by: 

� = �� + ����� �
���        Equation 1-7 

 

T is the temperature in K, R is the universal gas constant, 8.314J K-1 mol-1, G0 is the Gibbs 

free energy at standard conditions and pressure p0. The standards values are lower 

integration constants; they result from the fact that the system is arbitrary [55]. 

The free energy change ΔG is the difference of free energy between the product of the 

reaction and reactants. If the free energy of the product is lower than that of the reactants, 
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it will become the driving force of the reaction. As an example, the chemical reaction for 

hydrogen oxidation could be considered: 

���� + � �� ����� ↔ �����       Equation 1-8 

 

In standard conditions (25 °C, 1 atm), the free energy both for oxygen and hydrogen is 0, 

while for water is −228.61 kJ mol-1, using the equation  

�� = ��� − �� − ���         Equation 1-9 

 

The free energy change in standard conditions ΔG0 for Eq. 1-9 is −228.61 kJ mol-1; the 

negative sign means that the reaction is spontaneous.  

In SOFC, the oxygen and hydrogen compartments are separated by an oxygen ion 

conductive membrane. Potential E resulting from the chemical potential of species at both 

sides of the cell is defined as the decrease in Gibbs free energy per coulomb of charge 

transfer, which leads to the relationship: 

� = ��

�           Equation 1-10 

 

E is the cell's potential, z is the number of electrons in reaction, F is Faraday’s constant 

96485C mol-1. In general, E represents the reversible work associated with moving 

charged particles from the region at higher pO2 to lower [48] and becomes a driving force 

for the process. 

Equation 1-7 and Equation 1-10 give the so-called Nernst equation, which takes the form: 

� = �� − ��
� ��� �!�"#	

�$!%&"#	�        Equation 1-11 

 

Where panode and pcathode correspond to oxygen activity at both sides of the cell, while E0 

is a potential in standard conditions. 

The introduction of the electrochemical potential �', could explain the flux of the 

carrier j in SOC, which is proportional to the already mentioned chemical potential µ and 
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electrostatic potential of charged particles Φ, z is the charge number and F Farraday 

constant [56], [57]: 

�'( =  �( + � )(         Equation 1-12 

 

At open circuit conditions (open-circuit voltage, OCV), the difference of electrochemical 

potential between electrodes is spatially constant, while the external voltage will result in 

an electrochemical potential gradient *�'  and net flux of charge carriers j will be expected, 

as the system always strives to equilibrium. For steady-state mass flow under an 

electrochemical gradient, the driving force could be either chemical or electric [57], [58]. 

The flux of charged particles will be proportional to the gradient of the electrochemical 

potential in the electrochemical cell and could be expressed by the fundamental transport 

equation [56]: 

+( = ,(
�(�	� -�'          Equation 1-13 

 

Equation 1-13 is derived from the general transport equation and could refer to any 

particles (either neutral or charged) being under a potential gradient. The particular case 

of eq. 1-13 is Ohm’s law when the spatial gradient of chemical potential -� is 0 and Fick’s 

law of diffusion for ./ = 0 [57]. In the equation, z is the charge number, e the elementary 

charge, while ,1 is a total electric conductivity of the material, which is proportional to 

the total concentration of charge carrier c in material and mobility of particles u: 

,1 = |�1|$1	31         Equation 1-14 

 

In solid conductors, the charged particles could be electronic particles (eon) or ionic 

defects (ion); when the transport in solid is considered, one kind of particle is usually 

more mobile, and the partial lattice of immobile species is taken as the reference. For the 

mixed conductors, the electrical conductivity is treated as the sum of both electronic and 

ionic species, transported independently of each other [57], [58]: 

,1 = ,1"� + ,	"�         Equation 1-15 
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1.3.1 Electrode kinetics and impedance analysis 

 

The electrochemical process on the electrode consists series of steps. Usually, 

starting with the diffusion of gases into/from the vicinity of active material, next is 

adsorption/desorption and formation and transport of intermediate species for charge 

transfer reaction. The kinetic of each step partially contributes to the polarisation losses 

of the cell, which mainly depends on operational conditions (e.g. temperature, gas 

atmosphere, pressure, an applied voltage) and the properties and structure of the cell’s 

electrodes (e.g. catalytic activity, the electronic and ionic conductivity of materials, their 

thickness and microstructure). 

The impedance spectroscopy (EIS) is a transient-response technique used to test cells 

electrochemically [59]–[61]. EIS can be used to separate processes occurring at various 

speeds (frequency), giving insight into their kinetics, which is especially important when 

determining the direction of cell optimisation; for example, the rate determines step (RDS) 

and how changing conditions or structure modification will affect it. In the method, a 

small sinusoidal signal, either at known current i(t) or voltage v(t), is imposed on the 

system at fixed bias, e.g. at 0 that is open voltage conditions or any other “operation point” 

( (Ix, Ux) in Figure 1-4 a). A sinusoidal signal is written by the equation: 

3 �%�  =  3 � 41� �5% +  6 �5���       Equation 1-16 

1 �%�  =  1 � 41� �5% �        Equation 1-17 

 

Where u0 and i0 is the amplitude of the applied voltage or current, ω is the angular 

frequency, while φ(ω) is a frequency-dependent face shift between AC voltage and 

current. The excitation signal should trigger a system response without affecting its 

equilibrium or steady state. At specific voltage amplitude u0, the corresponding current 

response, i(t), is recorded, and their ratio is presented as complex impedance Z(ω) is 

expressed as the imaginary zim, and the real zre part on a complex impedance chart called 

Nyquist plot (Figure 1-4 b), (j is an imaginary unit). 

7�5� =  3�%� 1�%�8 = 3��5� 1�8  	(6�5�  =   |7�5�|	(6�5� = �	{7�5�} + (;<{7�5�}  Equation 1-18 
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(a) 

 

(b) 

 

Figure 1-4: Principles of EIS analysis. (a) Position of excitation signal on I-V curve. (b) Illustration of the 
impedance data on the Nyquist plot. 

 

Processes that take part in cell operation have different kinetics, measured by relaxation 

time in a given frequency range, e.g. 1 MHz - 0.1 Hz. The ohmic resistance is at the 

intersection of the impedance curve with the real axis at high frequency. The polarisation 

processes contain both resistive and capacitive parts, the faster processes, as charge 

transfer could be visible at a higher frequency, e.g. Rp1 on Figure 1-4 b, while slower, like 

diffusion or surface reaction, have longer relaxation time and are triggered at a lower 

frequency range, e.g. Rp2 on Figure 1-4 b. Often the magnitude of the capacitance of the 

polarisation process could help to assign it to the region in the sample and recognise the 

involved mechanism [60], e.g. processes on the interface are recognised by the electrical 

double layer capacitance where the typical magnitude of capacitance would be 10-5 

[F/cm2]. For EIS spectra to be valid, the system must meet the conditions of linearity, 

time invariance, causality and finiteness [61]. The linearity requires that the I-V slope at 

the point where the excitation signal is superimposed is linear. The causality means that 

the measured response is closely related to the excitation signal. The time invariance is 

satisfied when the system is in equilibrium during the measurement and does not change 

its spectrum with time. Fitness means that the impedance has finite values for = → 0 and 

= → ∞. 

The behaviour of analysed impedance spectra can be modelled by combining basic 

elements of the electrochemical system, e.g. resistor R, capacitor C and inductance L. 
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Usually, EIS spectra of SOC consist of more complex responses, showing both resistive 

and capacitive nature. They are represented by the semi arcs on the Nyquist plot. The 

ideal semi-arc is modelled by R and C connected in parallel (R/C). For example, it could 

represent dielectric relaxation in the bulk of the electrode, with the “non-blocked bulk 

resistance” and dielectric capacitance [56]. The impedance for the RC element at the 

frequency range is modelled by: 

7�> = �
�+15�>          Equation 1-19 

 

At the lower frequency, diffusion restrictions could prevent the ions from crossing the 

interface; species accumulate at one side of the cell while being used on the other. To 

model processes where charge carrier diffuses through a material, such elements as 

Warburg (W) could be used  [56]. 

It is visible that in the R/C element at = → 0, the effect of capacitive diminishes; hence, 

the impedance approach value of DC resistance. The real part of impedance decreases at 

a higher frequency due to a phase shift between the current going through the resistor and 

the capacitor (displacement current), while the imaginary part increase [57]. The equation 

gives the characteristic frequency where both currents are equal: 

5<!? = �
�>          Equation 1-20 

 

In most cases, due to the un-homogeneity of the electrode, arcs deviate from the ideal 

shape and give a more flattened semi-circle; then, C is replaced by a constant phase 

element (CPE) [62]. The CPE element is used in place of ideal capacitance due to the un-

homogeneity of the system, e.g. rough or porous sample. The impedance of the CPE 

element is expressed by:  

7@ = �
@�15��          Equation 1-21 

where n approaches value 1 for the ideal capacitor, Q is the second fitting parameter. 

The approximate capacitance of the Cole-Element could be calculated from the following:  

> ≈ ���
�@��/�         Equation 1-22 
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 the value of which became more accurate for n → 1 [63].  

(a) 

 

(c) 

 

Figure 1-5: Equivalent circuit fitting and DRT principles. (a) The example of Equivalent Circuit with 2 
and 3 elements (b) DRT superimposed on Bode plot. 

 

EIS presents the kinetic response of processes on both electrodes. They often 

occur on a similar characteristic frequency or processes at the same electrode and overlap. 

In such a case, the equivalent circuit elements could be misinterpreted, and even a 

substantially different system could give a similar response, Figure 1-5 a. The elements 

of the equivalent circuit could be predefined with the use of the distribution function of 

relaxation times (DRT) [64], [65], Figure 1-5 b. The distribution of relaxation times of 

polarisation processes is the fundamental element of interest in EIS analysis. However, 

in SOC analysis of a complex system, an impedance at a given frequency could be 

affected by impedance below and above this point [64]. DRT uses a Fourier 

transformation to deconvolution EIS spectra, providing a higher resolution than the 

Nyquist or Bode plot. The method makes it easier to determine the number of individual 

processes, type, characteristic frequency or resistive contribution. In this way, a whole 

process could be reversed, parameters obtained from DRT can be used for complex non-

linear least squares (CNLS) fits [66] for equivalent circuits or used as the sole 

representation. There is no need for any initial assumption about the character of the 

electrochemical processes or their number. 
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The convolution equation that connects the distribution of relaxation times γ(τ) to 

impedance data Z(ω) was obtained by Fuoss and Kirkwood by integral transforms [64], 

[67]: 

7�5� = �� + 7�"��5� = �4 + ��"� D E�F�
�G(5F #FH

"   

D E�F�#F = �H
�          Equation 1-23 

 

In the equation, R0 is a frequency-independent ohmic resistance, Zpol(ω) is the 

polarisation part of impedance spectra, and Rpol is the polarisation resistance, 5 is the 

angular frequency. In an actual test, the entire spectrum of frequency can not be measured; 

thus, it is impossible to solve equation 1-23 analytically. Schichlein et al., to calculate 

γ(τ), used the extrapolation techniques that artificially compute impedance data at the 

whole frequency range and applied digital filters on the Fourier transform [64]. The 

method is based on the idea that every polarisation impedance can be expressed as the 

sum of infinite numbers of small R/C elements connected in series. Considering first the 

N number R/C element, where Rpol,k is the ohmic resistance of the k element, the relation 

will hold Rpol,k= Rpol γk, where Rpol is the total ohmic resistance of the circuit. The 

impedance will look as follows: 

7�"��5� = ∑ ��"�,K
�G(5FK

�KL� = ��"� ∑ EK
�G(5FK

�KL�   

∑ EK = ��KL�           Equation 1-24 

 

If the infinite number of R/C elements is assumed at a frequency range 0 to ∞ the equation, 

1-24 takes the form of convolution, equation 1-25. In the equation, the expression 

[γ(τ)/1+jωτ]dτ corresponds to the part of the entire polarisation between F and F + #F, 

meaning that the area under peak corresponds to the resistance of the dynamic process 

[64]. Before conducting DRT fitting, the quality of impedance spectra should be 

investigated with Kramers-Kroning (KK) transforms [68], [69]. The good quality data 

shouldn’t show a larger residual than 0.5% [65], [70]. As the real and imaginary parts are 

connected through Kramers-Kroning transformations [71], only the imaginary part of 

impedance could be considered; thus, for the infinite number of R/C elements: 
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1<N7�"��5�O = −��"� D 5F
�G�5F�� E�F�#FH

"       Equation 1-25 

 

The free Matlab-based DRTtool was used in the project, developed by Wan et al. [72]. 

The program uses novel RBFs discretization regularisation for calculating DRT from the 

impedance. According to an equation 1-24, the units of DRT are Z/s; thus, for example, 

in the Schichlein et al. method, the DRT units are [Ω/s]. In Wan et al. method, the authors, 

instead of dimensional values for function describing relaxation characteristic, uses τ/s 

for this function; thus, units of relaxation times are in Ω [73]. The data beyond the 

frequency limits are extrapolated; one should keep in mind that it can lead to spurious or 

shoulders if not carefully regulated [74]; when checking the correctness of DRT 

evaluation, the practical approach is to compare DRT made of imaginary and real parts. 

 

1.3.2 I-V characteristic 

 

According to the Nernst equation, a theoretical voltage Enerst at open-circuit 

voltage conditions (OCV) reaches the maximum for the highest difference in oxygen 

partial pressure (pO2) between electrodes and decreases with an increase in operating 

temperature. For SOFC working conditions, when pure H2 and O2 are used, the maximum 

Enerst is about 1.2V at 800°C. However, open circuit voltage could be lowered due to 

several reasons [70]. For example, if the leaks are present in the cell, either in the 

electrolyte or between electrode and surrounding, the voltage would drop due to the 

decreasing pO2 difference according to the Nernst equation. Another reason could be 

partial electronic conductivity of the electrolyte (for example, observed in GDC 

electrolytes [75]) or low activity of electrodes; thus, the lack of thermodynamic 

equilibrium at half electrodes compartments. 

In a system where external voltage is applied, the current I flowing through a cell will be 

proportional to the value of ohmic resistance of electrolyte Rs and polarisation losses on 

both sides of the cell (ηc, ηa): 

� = ��	P4% − ;�4 − Q$ − Q!        Equation 1-26 
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The ohmic resistance of electrolyte Rs comes from the limitations of charged particles' 

flow in the material. In the state of the art SOC, with very conductive Ni/YSZ and 

LSM/YSZ electrodes, the ohmic resistance is considered to come from the YSZ 

electrolyte only. The ohmic resistance mainly depends on materials properties and 

operation temperature, which high value is essential for the ionically conductive 

electrolytes, as their conduction is thermally activated. 

 

Figure 1-6: The representation of I-V dependency in reversible operation. A – activation region, B – ohmic 
region, C – concentration region. 

 

The polarisation losses on the cathode and anode (ηc, ηa) result from the current flowing 

through an electrochemical process at the electrode characterised in the previous section, 

which is slower than the transport of charged particles [76]. The I-V curve represents the 

current-voltage characteristic; it presents the voltage dependence on the flowing current 

(Figure 1-6). When the system is in equilibrium and no external voltage or current is 

applied, the cell is at OCV conditions, the cell voltage is equal to Enerst, and there is no 

current flowing through a cell. When the cell’s voltage is decreased below Enerst, the cell 

is switched to a fuel cell mode (SOFC), the cell’s fuel electrode will be polarised 

positively (anodic polarisation), resulting in fuel oxidation [70]. The generated current 

will travel to a negatively polarised oxygen electrode (cathodic polarisation) through the 

external circuit to reduce oxygen gas. On the contrary, when the cell’s potential increases 

above OCV conditions, the cell will be switched to electrolysis mode (SOEC). The fuel 
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electrode will be under reducing conditions and the oxygen electrode under oxidising, 

and the current will be used for steam reduction at the fuel electrode. 

The cell’s resistance could depend on the applied voltage making the I-V curve un-linear. 

The resistance could also be different on both sides of the curve, making it asymmetric, 

e.g. due to various catalytic activity of electrode to reduction and oxidation, or various 

concentration losses on both sides due to different concentrations of reactants. The most 

fundamental classification separates three I-V curve polarisation regions: activation, 

ohmic, and concentration. It is accepted that each of them impacts the current-voltage 

characteristic A, B, C regions in Figure 1-6. The activation region often appears when 

switching from OCV to lower potential, and voltage change exponentially with current 

(area A in Figure 1-6); it concerns processes on the electrode surface [77], which is highly 

dependent on its charge transfer, catalytical properties. The exponential growth of 

potential is related to the activation barrier, which needs to be overcome; here, the voltage 

gradient plays a similar role as the temperature gradient in chemical reactions. Activation 

overpotential is related to the electrode’s electrochemical activity; therefore, it mainly 

depends on the electrode materials. Often, the current-voltage relation in the activation 

region could be expressed by the Butler-Volmer equation [77]: 

1 = 1� RSTU VQ!$%,!
W� X − STU VQ!$%,$ 

W� XY       Equation 1-27 

 

Where i is current density, i0 is the exchange current density related to electrode structure, 

temperature and gas concentration, Z1 and Z2 [78] are the thermal coefficients related to 

electrode kinetics, while η is the activation overpotential on electrodes. After the 

activation period, the curve could go into linear behaviour, the so-called ohmic 

polarisation region. Due to linear behaviour, it is difficult to model it by the Butler-

Volmer equation, and the cells’ potential could be described by electrolyte ohmic 

resistance (RE) and zero frequencies anode (RA) and cathode (RC) impedance [76]: 

� = ��	P4% − 1��� + �_ + �>�        Equation 1-28 

 

The concentration losses derive from the inability of a porous electrode network to ensure 

a flow of reactant from its source to interface at specific demand. Concentration losses 
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became visible at higher demand for the reactant (region C in Figure 1-6) and, in addition 

to gases concentration, are mainly dependent on microstructure and thickness of electrode 

but more minor on temperature. The concentration overpotential at the fuel electrode 

during electrochemical oxidation of H2 can be expressed in terms of the gas concentration 

gradient between the gas phase in the bulk of electrode and electrode/ electrolyte interface 

[79]. 

Q$"�$,! = ��
� `a ���

; ���
�����; �         Equation 1-29 

 

Where pI is the partial pressure at the interface. 

 

1.4 Materials and their functionality in SOFC 

 

1.4.1 Electrolyte 

 

The electrolyte has several requirements [32], [37], [75]. It must have sufficiently 

high oxygen ion conductivity to provide oxygen ion exchange between electrodes but no 

electronic conductivity, so there is no short circuit that would reduce the efficiency of the 

redox process. The electrolyte must be a solid impermeable layer to separate the reducing 

atmosphere on the fuel electrode and oxidising on the oxygen electrode. Also, like every 

other component, the electrolyte must be chemically stable in working conditions, which 

for electrolyte means a vast range of pO2. Thermal and mechanical resistance is also 

required, as it allows for more robust and reliable cells. 

A standard electrolyte used in SOFC is fluorite-type yttria-stabilised zirconia 

(Zr0.84Y0.16O2-δ, YSZ), popular due to a relatively high ionic conductivity, excellent 

stability in both reducing and oxidising conditions, high long term stability in operating 

conditions, good availability of raw materials and good mechanical strength [47]. The 

addition of Y2O3 to ZrO2 stabilises the cubic crystal structure and introduces oxygen 

vacancies, enhancing the ionic conductivity; due to the charge compensation formed after 
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the substitute of Zr4+ ions by Y3+, the defect reaction according to Kröger–Vink notation 

could be expressed by [80]: 

b��c
7P��d⎯⎯f �b7Pg + c�"? + h"••       Equation 1-30 

 

It has been reported that the maximum ionic conductivity in YSZ could be achieved by 

dopping with a minimum concentration of Y required to stabilise the cubic crystal 

structure [81], [82]. Therefore, the optimal ionic conductivity in YSZ is observed with an 

addition of 8-11% mol of dopant. At a higher level, Yttrium cations and introduced 

oxygen vacancies could start ordering decreasing ionic conductivity of the material [75]. 

Also, zirconates doped with different cations are known for solid oxide electrolytes 

application, among them doped with divalent (Ca2+, Mg2+) or trivalent cations (Sc3+, Gd3+) 

[83]. The Sc2O3 stabilised zirconia (SSZ) is the most promising as it has a much higher 

conductivity than YSZ. However, they are less practical due to a higher cost and faster 

degradation [84]. 

 

Figure 1-7: Fluorite structure of Yttria-Stabilised Zirconia (YSZ); the image is taken from reference [85]. 

 

The transport of ions is a thermally activated hopping process and follows the Arrhenius 

dependence: 

, = _	?��− �!
K�)         Equation 1-31 

 

A is the pre-exponential factor, R is the universal gas constant, k is the Boltzmann factor, 

and Ea is the activation energy for conductivity. The theoretical activation energy of YSZ 
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conductivity is around 0.9 eV [86], and the value of YSZ conductivity is 0.08 S/cm at 

850 °C [87]. Thermal activation comes from thermal activation of the hopping process 

and the increase of defect concentration with temperature. 

As the SOC technology progresses, alternative materials are being explored to lower 

operating temperature. The use of electrolytes with higher ionic conductivity would allow 

more efficient operation at a temperature below 700 °C; among the proposed materials, 

the ceria-based oxides (CeO2) [88] and La0.85Sr0.15Ga0.9Mg0.1O3-δ (LSGM) [89] are the 

most promising solution [37]. 

 

Figure 1-8: The electronic conductivity of various ionic conductors; the image is taken from reference [85]. 

 

The CeO2, with the adequate quantity of a dopant, shows the excellent value of the ionic 

conductivity, of order 10-1 S/cm at 800 ºC. Among the considered materials are 

Gadolinium-Doped Ceria (GDC) – CexGd1-xO2 and Samaria-Doped Ceria (SDC) - CexSr1-

xO2 [90]. The valuable asset of doped ceria electrolytes is their chemical and thermal 

compatibility with the perovskite structure’s cathode material, and very well-matched 

thermal expansion coefficient (TEC) with the ferritic stainless steel (FSS) used as 

interconnects [91]. The disadvantage of ceria-based electrolytes is the partial electronic 

conductivity at a low partial pressure of oxygen, which in fuel cell operating conditions 

may result in significant performance loss at a temperature above 600 ºC [92]. The 

electrical conductivity of doped ceria materials results from reducing the Ce4+ ions to 

Ce3+. However, research shows that if the temperature is lower than 600 ºC, the effect of 
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ions reduction is negligible [91]–[93]. Therefore, doped ceria materials are more suitable 

as electrolytes when the fuel cell operates at intermediate temperatures (400-600 °C). 

Another solution is using a very thin layer of doped zirconia between the ceria electrolyte 

and fuel electrode. The zirconia coating isolates the electric current and does not 

significantly increase the electrolyte’s internal resistance [94]. 

The LSGM is a promising perovskite material used as an electrolyte in low-temperature 

SOC. Doping of both A and B-sites in LaGaO3 generates many oxygen vacancies, giving 

this material remarkable oxygen ion conductivity of 6.6 x 10-2 S/cm at 1000 K [95], [96]. 

However, the existing limitation of LSGM is its reactivity with Ni; hence traditional 

Ni/YSZ composites are challenging to be implemented [97], [98]. 

 

1.4.2 Fuel electrode for SOFC 

 

For efficient operation, the fuel electrode in SOFC must have specific technical, 

physical and chemical properties. The leading factors in the choice of material are the 

high catalytic activity for electrochemical fuel oxidation, the electronic conductivity to 

conduct electrons from the reaction site at the triple-phase boundary (3PB) to the current 

collector and ionic conductivity at the active region, usually not exceeding 20 μm [99]. 

The fuel electrode should also have sufficient porosity to allow gas transport to 3PB and 

be chemically, mechanically and thermally stable in operational conditions and with the 

adjacent materials. Traditionally the composite made of Ni and YSZ is being used as the 

standard solution (Ni/YSZ) introduced by Spacil [100]. Together with the material’s 

porous structure, Ni/YSZ composite makes a 3PB, where three components of the 

reaction, fuel in the gas phase, oxide ions from YSZ and electrons from Ni, are in 

proximity. YSZ also provides the backbone for Ni and stabilises it against agglomeration. 

Perovskite materials were proposed as the alternative to Ni/YSZ composite. Mixed metal 

oxides would be less prone to carbon deposition and more resistant to sulphur impurities  

[96], [101]. Thanks to their mixed ionic and electronic conductivity (MIEC), and 

catalytical activity, the active region could be maintained by a single-phase material, 

extending the reaction zone to the whole surface [47], [99], [102], [103]. 
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1.4.2.1 Ni/YSZ composite – traditional electrode for SOFC 

 

The high temperature in SOFC operation gives the advantage over the low-

temperature fuel cells as the reaction’s kinetics are improved at a higher temperature so 

that highly active noble metals are not needed and can be replaced by cheaper and often 

more reliable materials. Due to its excellent performance, good mechanical properties and 

relatively low cost, Ni/YSZ is still the most widely used solution [104]. However, despite 

the many advantages, some problems hinder their full commercialisation. The most 

common anode material, Ni/YSZ, loses its long-term operating performance due to Ni 

migration and agglomeration. Also, it has a low tolerance to sulphur poisoning [105] and 

is prone to carbon deposition [106]. Operating on fuels containing carbons requires a 

complex system, narrow temperature regimes, and strict control over operational 

conditions, as Ni enhance a carbon formation that could be destructive to the fuel 

electrode [47], [107], [108].  Moreover, the Ni/YSZ composite is thermally and redox 

unstable; therefore, it could be damaged during changes in operation conditions, e.g. to 

emergency shut-down [37] or too fast start-up and shutdown. 

The content of Ni must be sufficient to provide continuous conductivity through the metal 

face, while its excess could lead to agglomeration, decreasing porosity and reducing the 

length of 3PB [99]. Also, the high Ni content could result in a significant thermal 

expansion coefficient (TEC) difference between the layers, which for pure nickel is 

16.9×10-6/°C [109], while for YSZ, about 10.9×10-6/°C [110]. Studies show that a ratio 

of 40/60 of Ni/YSZ is optimal, assuring high conductivity and low difference in TEC with 

YSZ electrolyte [33]. 

The 30% is the minimum value of porosity that would bring the gaseous fuel to the 

reaction zone and assure proper water discharge outside the anode [104]. A too high 

porosity value could result in poor mechanical strength and low 3PB. The Ni/YSZ fuel 

electrode is usually made from NiO/YSZ composite, which, when under reduction, 

changes to Ni/YSZ. The volume change of about 30% in the NiO phase provides the 

required porosity, which could be supplemented by adding pore-formers, such as carbon 

or starch, that burn during composite sintering. 
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Materials must offer long-lasting and optimal performance for the commercial solution, 

e.g., a slow rate of catalyst deactivation and other characteristics. A stable cell is more 

durable in operating conditions, more flexible in handling and opens the perspective to 

other applications than stationary power units [37]. Many believe that Ni/YSZ fuel 

electrode is the most vulnerable part of SOFC [83], [111]. The SOFC operating conditions 

exert partial water pressure on Ni, leading to volatile Ni(OH)2. The Ni(OH)2 can migrate, 

leading to a change in the electrode’s microstructure due to Ni diminishing or 

agglomeration [112], [113]. Another drawback is mentioned already the varying TEC of 

Ni and YSZ. The Ni/YSZ composite, especially under changing conditions, tends to 

develop micro-cracks between components over time. The effect is strengthened in 

tubular cells due to the large temperature gradient [114]. Moreover, due to significant 

volume change during Ni to NiO conversion, the Ni/YSZ electrode is not redox stable, 

which is even more harmful than rapid temperature changes [115]. The oxidising 

condition at the anode side may result from interruptions in fuel delivery, emergency 

system shutdown and leakage, and re-oxidation during start-up and shutdown [114]. 

Another challenge with Ni-YSZ anodes lies in the drop in cell performance due to nickel 

agglomeration, poor tolerance towards carbon deposition and sulphur poisoning, limiting 

its lifetime and cost-effective exploitation [116]–[118]. In this regard, SOFC technology 

calls for a new alternative anode, which needs to address those issues. 

The hydrogen oxidation process on the nickel/ stabilised zirconia (Ni/SZ) system was 

studied multiple times. The hydrogen oxidation on the electrode was treated as a series of 

elementary steps; there was a debate about the reaction path and the slowest step in the 

process, a rate-determining step (RDS) [119]. RDS controls the electrode’s kinetics, 

assuming that the fast processes are in equilibrium [57]. In Theory, each step could be 

RDS depending on the electrode’s material, microstructure, or testing conditions. 

Mogensen [120] concludes that the H2 dissociation and proton migration to SZ is the most 

probable mechanism, Figure 1-9 [121], [122]. 
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(a) 

 

(b) 

 

Figure 1-9: Mechanism of H2 reduction on Ni/SZ. (a) Mechanism of proton migration for H2O formation. 
(b) Influence of impurities at interfaces [103], [120]. 

 

Such a mechanism would involve the diffusion of H2 gas to the vicinity of the Ni surface 

and its adsorption/dissociation on Ni. In the next step, H+ species migrate to SZ for steam 

formation. Steam could be formed through the hydroxyl ion, e.g., in a two-step process. 

The authors pointed out the importance of acknowledging the impurities forming on SZ 

and Ni surfaces and interfaces, Figure 1-9 b. Most likely, the impurity film covers the 

whole surface of SZ, and the ridge is located at the 3PB. Also, some impurities are situated 

in the Ni/SZ interface and on the Ni surface. Therefore, the reaction must occur either 

through the impurity phase or around it, affecting the specie’s mobility within a system. 

 

1.4.2.2 Materials for perovskite fuel electrode 

 

Aside from efforts to increase the Ni/YSZ lifetime, either through microstructural 

modification [112], the gas pre-treatment [100] or by adjusting the gas composition, e.g., 

adding the steam into the hydrocarbon fuels [108], other candidates for the next 

generation of fuel electrode were proposed. Ideally, the alternative electrodes would be 

single-phase ceramics, which, apart from having a good activity, would exhibit mixed 

ionic and electronic conductivity (MIEC), facilitating the species exchange and stretching 

the reaction zone from 3PB to the whole surface [103]. 
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The rare-earth-doped CeO2 electrodes were proposed as a promising material for SOFC 

anode [43]. Besides catalytical activity, CeO2 is an excellent ionic conductor and has a 

certain level of electronic conductivity at low oxygen partial pressure due to the reduction 

of Ce4+ to Ce3+. Moreover, the performance was considerably improved by adding a low 

concentration of precious metal catalyst [123]. However, due to the low electronic 

conductivity of about 0.08 S/cm at 800 °C [124], the material was not considered suitable 

for practical application [47]. Marina et al. [125] achieved excellent performance from 

gadolinium doped ceria (GDC), comparable to Ni/YSZ in a hydrogen atmosphere and 

good activity for methane oxidation without carbon formation. However, the thickness of 

the electrode was decreased to 10-15 µm while its whole area was covered with the silver-

based current collector, meaning that the activity of the electrode was basically dependent 

on it [47]. Some of the work was focused on Cu/CGO, where cooper would control the 

electrode’s electronic conductivity. This material proved high performance, especially in 

hydrocarbons, but suffered from performance loss due to poor stability related to the low 

melting point of Cu [47]. 

The perovskites have gained attention as the alternative fuel electrode, thanks to their 

thermal, redox and mechanical stability, good chemical and physical compatibility with 

electrolyte, electrochemical activity and MIEC properties [99], [126]–[128]. Those and 

many more useful physical and chemical properties are related to accumulating elements 

with multiple valence states and various defects [128]. For instance, the B-site position 

could be occupied by transition metals, which usually provide catalytical activity to 

perovskite. Simultaneously, pairs of B-site cations on various oxidation states give the 

material’s electronic conductivity and introduce oxygen deficiency responsible for the 

ionic conductivity. Perovskite lanthanum strontium manganate (LSM) is a well-known 

air electrode, mainly due to its p-type conductivity that increases with higher oxygen 

partial pressure. However, a different characteristic is required for the fuel electrode, 

which has to be conductive in reducing conditions; thus, the n-type conductive perovskite 

was proposed as the candidate for a fuel electrode [99], [129], [130]. Many architectures 

for perovskite fuel electrodes were proposed, including one phase perovskite electrodes 

with mixed ionic and electronic conductivity, the composite of ion conductive fluorite 

and perovskite MIEC material, or perovskite MIEC electrodes with deposited catalyst, 

either through infiltration or exsolution [103]. For the fuel electrode application, the 
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perovskite with Fe, Mn, Cr and Ti on the B-site position seems to be a good choice, as it 

can produce some level of electronic conductivity; for which the requirement was set to 

be at least 1 S/cm for relatively thin layers with a good distribution of current collector 

[99]. 

Several early work was concerned with chromites perovskites with lanthanum on A-site 

position [131], well-known as good electronic conductors that are stable in both oxidising 

and reducing conditions; therefore often used for interconnects [31]. However, chromites 

show relatively low catalytical activity for fuel oxidation and p-type conductivity. The 

performance could be improved by doping various transition metals on the B-site position 

(V, Mn, Fe, Co, Ni), presented for methane oxidation [132]. The best performance was 

attained with 10% Ni doping, most likely due to the Ni exsolution [99]. However, there 

were doubts about the stability of exsolved anodes at this point of their development. 

Replacing Cr by Mn in La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM) fuel electrode gave an excellent 

performance, comparable to Ni/YSZ composite for wet H2 and good performance for CH4 

oxidation [130]. The low performance of chromium-based electrodes was related to the 

strong affinity of Cr to hold six-fold coordination; thus, difficulties with introducing 

oxygen vacancies and the associated oxygen ion conductivity. The addition of transition 

metals cations, such as Mn, Fe, Co, Ni, and Cu, which can hold various valences, could 

create a path for oxygen ion conduction. Perhaps the major limitation of LSCM is its p-

type conductivity which decreases below 1 S/cm at reducing conditions. 

Among the others, perovskites containing Ti have attracted attention due to the ability of 

Ti cations to remain mixed valent in a reducing atmosphere (Ti4+/Ti3+). The redox couple 

is stable to accept electrons from dissociative adsorption of hydrogen or hydrocarbons, 

and Ti4+ takes a 5-fold coordination number to allow the removal of oxygen ions from 

the lattice [133]. These electrodes show sufficient electronic conductivity, good chemical 

and physical compatibility with YSZ, redox stability and good resistance to sulfur 

poisoning [134]–[137]. Nevertheless, titanates have relatively low oxygen ion 

conductivity, as Ti cations prefer octahedral coordination in bulk. The introduction of 

cations stable at lower coordination with oxygen (Mn2+, Ga3+) facilitated the vacancy 

diffusion [138], [139]. 
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Despite promising, the oxide electrodes often have too low electrochemical activity to be 

proposed as a good candidate for fuel electrodes. The research community suggested a 

slow adsorption/dissociation process as RDS in various oxide fuel electrodes, either in- 

perovskites or ceria based electrodes [139]–[142]. Often, metal catalysts have been added 

to improve the H2 absorption/dissociation process on oxide electrodes [141]. Usually, the 

metal catalyst is infiltrated through precursor solution and fired. Cations became metallic 

particles after reducing at a high temperature [102]. These electrodes show high activity; 

however, due to the weak interaction of metallic particles with the substrate, they tend to 

move and agglomerate, which reduces their surface area, thus, activity [103]. 

First proposed by Daihatsu and Toyota [143], the exsolution of nanoparticles on 

perovskite surface has been found to be an elegant way of metallic catalyst preparation. 

In recent years, the exsolved material found interest as the fuel electrodes for SOC due to 

their excellent activity and stability of metal catalyst [144]–[151]. The strong interaction 

of exsolved metal nanoparticles with oxide surface is advantageous, giving those 

materials better stability and coking resistance [149], [152]. The process involves doping 

of transition metal to be exsolved into B-site position. Such cations are randomly 

distributed in a lattice and tend to be released as metal on the surface of perovskite. 

In developing exsolved La0.43Ca0.37Ni0.06Ti0.94O3-γ (LCNT) fuel electrode, Myung et al. 

used a high potential in electrolysis mode to produce a network of nickel nanoparticles 

on the surface. The process has been termed “switching” and proved to be much more 

efficient and faster than gas-driven exsolution [153]. The LCNT predecessor 

La0.4Ca0.4TiO3 (LCT) was proposed by Vashook et al. as an alternative fuel electrode for 

SOFC [136], [137]. Besides n-type conductivity, LCT has no visible short or long-range 

ordering; hence, the material could be advantageous in using the in-situ exsolution 

method. The smaller Ca2+ ions potentially have less tendency to segregate to the surface 

in A-site rich layers than, for example, bigger Sr2+. It is well known that the reconstruction 

of native perovskite surfaces can hinder exsolution due to A-site rich surfaces [149]. 
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1.4.2.3 Perovskite structure and properties 

 

It is impossible to understand the principle of perovskite electrodes without 

familiarising with the fundamentals of these materials. Therefore, perovskite’s crystal 

structure and properties will be briefly characterised, with a particular focus on its 

functionality in SOC electrodes. Perovskites took their name from the mineral perovskite 

with stoichiometry CaTiO3; they have a general formula, ABX3. Usually, the A-site 

cation holds a 12-fold coordination number connected with four BX6 octahedral, where 

X2- ions occupy a face-centred position with the B-site cation in the centre [128]. To 

achieve electroneutrality, the total charge of A and B cation in the ABX3 structure is 6. 

The perovskite oxides with general stoichiometry ABO3 are the largest group, but 

fluorides (e.g. CaRbF3) and sulfides (e.g. BaTiS3) are also known [128]. 

 

 

Figure 1-10: The perovskite lattice structure (ABX3); the image taken from reference [154]. 

 

Due to the high lattice energy, perovskite oxides can accept some level of A or O side 

deficiency; B-site deficiency is also possible [155] but less likely due to strong bonding 

with oxygen ions. Deficient perovskite adopts general stoichiometry: A1−αBO3, ABO3−γ, 

where α stands for A-site deficiency while γ for O-site deficiency. The compounds with 

A or O site excess are also possible, characterised as A1+αBO3, ABO3+γ, while the creation 

of perovskites with deficiency on one site and excess on the other is somewhat 

unfavourable [156]. Deficiency is accumulated by vacancies in perovskite lattice, while 

http://www.google.co.uk/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi0ktDpvZ7PAhWBshQKHeU5D4EQjRwIBw&url=http://www.solarchoice.net.au/blog/news/perovskites-the-next-solar-pv-revolution-240714&psig=AFQjCNHihJ0O4b-aL1WnRXLjwzqe8wavmw&ust=1474479341702638
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excess by intergrowths. Deficiency, excess and cation substitution, depending on doping 

level, often determines perovskite’s functionality, such as catalytical activity or MIEC 

properties. Therefore, perovskites properties could be tailored by their stoichiometry (or 

nonstoichiometric), which could be controlled either during formulation or by different 

conditions (e.g. reduction at high temperature) [156]. 

The ABO3 perovskites can also adopt a wide range of elements on either A or B positions. 

The larger, lower valency cation occupies the A-site position and the smaller cation B-

site position; usually, a transition metal is known for its catalytical activity [157]. The 

perovskites could accept more than one element on either site, as long as cations are 

similar in size and their preferred coordination number allows this. The substituted cation 

often has different valency; therefore, the perovskite attains nonstoichiometric through a 

charge compensation mechanism to maintain its electroneutrality [96]. For instance, 

replacing A-site cation with the higher charge cation, depending on the used method, 

could lead to oxygen excess (j1kGlj2m
kGn opnGk/l�, A-site deficiency (j1kGlj2m
nk/lGn opn�, 

or partial reduction of B-site cations (j1kGlj2m
kGn okGnom
kGq pn�. Whereas, dopping the B-

site with a higher valency cation could be compensated by oxygen excess 

(jo1kGqo2m
kGr pnGk/l�, oxygen deficiency (jo1kGqo2m
kGn pn
k/l� or mixed valency on A-site. 

The ideal perovskite oxides adopt cubic symmetry as SrTiO3, but due to distortion of the 

crystal lattice, they can accept lower symmetry, e.g. tetragonal, orthorhombic, or even 

rhombohedral. These often arise from differences between the radii of cations and O2- 

ions expressed through the so-called tolerance factor τ [128]. It has been agreed that 

perovskites can hold their structure as long the parameter τ is between 0.8 and 1.1. The 

lattice approaches a cubic system for τ closer to one. 

F = �P_GP��
√��PtGP��          Equation 1-32 

 

Where rA, rO and rB are ionic radii of individual elements that could be calculated from 

an X-ray pattern [158], the average size is taken if multiple cations occupy the site. 

Deficiency in perovskite also affects the perovskite lattice symmetry. A defect could be 

treated as doping on a particular position, which has its specific radii and can be included 

in an equation 1-32 [156]. The distortion in perovskite leading to the tilting of BO6 

https://en.wikipedia.org/wiki/Strontium_titanate
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octahedra, often changing its properties, can result in ferromagnetism or ferroelectricity. 

The tilting of BO6 octahedral in perovskite is the reason behind their substantial flexibility 

and ability to adopt various cation substitutions. However, due to the significant 

differences in cation size, their different chemical nature, or accumulation of vacant sides, 

instead of random positions, the cations and vacancies may start ordering, creating so-

called superstructures in perovskites lattice [128]. There are known cases in which many 

A-site vacancies lead to alternately arranged cation rich and cation deficient layers. The 

ordering could lead to a change in material properties, which in the case of SOFC 

electrodes, may reduce their performance, like lower catalytical activity or conductivity 

[128]. 

 

One of the factors perovskite owes its wide range of applications is mixed ionic 

and electronic conductivity (MIEC), characterised by relatively high conductivity for 

both electronic and ionic defects [159]. 

A basis for electronic conductivity in ABO3 is the ability of B-site cation to hold various 

oxidation states. Electron holes or electrons result from perovskites nonstochiometry and 

can cause either p-type or n-type conduction [160]—the charge transfer occurs through 

defects associated with B-site cation in adjacent octahedra (BO6). It is generally agreed 

that in the oxide n-type conductors, the conduction occurs by small polaron transfer [90], 

[161], [162]. The polaron is a defect created when the electron (or hole) is trapped at a 

given site due to the dislocation of neighbouring atoms or ions. According to Kröger-

Vink notation, the small polaron could be identified as B-site with associated electron 

ttg  , or electronic hole ttu. 

Polaron migration is a thermally activated hopping process [90], [162]. For perovskite n-

type conductors, the electronic conductivity will depend on the concentration of 

negatively charged B-site cation [tt′ ], the charge of electron e [As] and the mobility u 

[cm2×V×s-1]]. 

,� = [tt
′ ] × 	 × 3        Equation 1-33 
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The mobility is thermally activated and takes the form: 

3 = �t
��	?��− �

K�)        Equation 1-34 

where EH is the activation energy for polaron hopping, and B is a constant [90], [162]. 

 

Hence, the dependence on conductivity takes the form: 

,� = �_
��	?��− �

K�)        Equation 1-35 

where A is a constant. 

 

The n-type conductivity increase in a more reducing environment, whereas p-type 

conductivity increase in more oxidising conditions; this dependence could be expressed 

by eq. 1-36 and 1-37, where n is a natural number and ,�� and ,�� are constants [163], 

[160]. 

,� = ,�� STU �z��
−�/��         Equation 1-36 

,� = ,��STU �z��
�/��         Equation 1-37 

 

The dependency of p-type and n-type conductors from pO2 is associated with the defect 

equilibrium of material. Low pO2 reduces neutral oxygen in the perovskite lattice (��u) 

leading to the release of molecular oxygen and the formation of oxygen vacancies; for the 

charge compensation in n-type conductors, the electrons will be produced, equation 1-38. 

In p-type conductors, the holes will be produced from doping of molecular oxygen in 

vacant oxygen sites at oxidising conditions, equation 1-39. Therefore, n-type conductivity 

is preferred for the fuel cell side, as both ionic and electronic conduction improves in the 

fuel atmosphere, whereas the natural choice for p-type conductors would be the oxygen 

side.  

��u ↔ �
� �� + h�∙∙ + �	
        Equation 1-38 

��u + �&∙ ↔ h�∙∙ + �
� ��        Equation 1-39 
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The ionic conduction takes place via oxygen vacancies by hoping process; therefore, 

perovskites with a high concentration of h�∙∙  are desirable, both in the case of oxygen and 

fuel electrodes. For oxygen ions to migrate through perovskite lattice, they must be first 

incorporated from the gas phase via the surface, which is highly dependent on the 

concentration of oxygen vacant sites on the surface. The ability of the perovskite surface 

to incorporate molecular oxygen is expressed by the surface exchange coefficient k, while 

the diffusivity by diffusion coefficient D. Diffusion and surface exchange coefficients 

usually are measurable by tracer exchange experiments (D* and k*) [57]. The method 

examines the gradient in the concentration of chemically identical tracer atoms, O17 or 

O18 [164]. For the known D*, the ion conductivity could be calculated from the Nernst-

Einstein equation [165], where q is the charge, f* is the tracer correlation factor 

representing the deviation of the atomic jumps and perovskite structure: 

,1"� = |}�~��? ��∗
�∗K�          Equation 1-40 

 

The transport of oxide ions in perovskite lattice is a thermally activated process, and the 

concentration of mobile vacancies has a dominant effect [164], [166]. Similarly to 

stabilised zirconates, the oxide ions can migrate through oxygen vacancies if energy for 

oxygen to jump to the adjacent vacant site is provided to the system [160]. The activation 

energy for oxygen ion migration could be separated on the enthalpy of vacancy migration, 

formation and association  [156], [166]: 

�! = ∆� + ∆< + ∆!        Equation 1-41 

 

The enthalpy of vacancy formation (∆�) is related to the energy needed to break up the 

B-O bond and decrease the coordination number of B-site cation. The energy required for 

this step is relatively high for a large part of perovskites due to the preferable 6-fold 

coordination in most B-site cations and the high strength of the B-O bond [167]. Therefore, 

the perovskite with B-site cations stable in a coordination number lower than 6, such as 

Mn, Co or Ga, could attain a higher level of conductivity [96], [130], [168]. The enthalpy 

of oxygen ion migration (∆<) is strongly dependent on the size and electronic structure 

of A-site cation as the distance of the migration is controlled by their position in relation 
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to each other [167]. Also, ∆< is affected by the lattice; it has been reported that the 

oxygen ion mobility improves in components with higher symmetry [169]. ∆! is an 

enthalpy related to the vacancy trapping in perovskite lattice, which results from the 

association of the same site or various sites vacancies [156]. The trapped vacancies would 

not participate in the diffusion process, considerably diminishing the ionic conductivity 

of the material. In A-site doped perovskite, with a significant size mismatch of the dopant 

and the host cation, the trapping energy is related to a large elastic contribution in those 

compounds [169]. 

 

1.4.2.4 Exsolution of metal nano-catalyst in perovskite 

 

The exsolution involves doping metal into an oxide lattice and exsolving it on the 

surface in the form of metallic nanoparticles [143], [170]–[175]. The perovskites offer 

great flexibility to accommodate transition metals and hold a stable structure after 

exsolution, which often gives them new, unique functionalities to use in various 

applications, e.g. SOFC [146], [150], [173], or SOEC [175], [176], and catalysis 

application [149]. The extensive research in this area showed the possibility of releasing 

various transition metals such as Pd, Pt, Rh, Ru, Ni from many types of perovskites, 

among others, from the titanates, chromites and chromites manganites [103]. 

Perhaps, the most significant advantage of these materials when used as the fuel electrode 

is their remarkable stability and resistance to coking reaction. The research has shown 

that these features result from the strong interaction of nanoparticles with the perovskite 

surface, forming a “particle-in-a-pit” structure [149], [175], [177]. During the formation 

of carbon fibres on the nickel catalyst, carbon chemisorbs on the nickel surface and 

dissolves in bulk. After that, carbon precipitates from one of the nickel planes [178]. 

Without the strong Ni anchoring, carbon nanofibers grow from their bottom, lifting it (the 

tip-growth of carbon nanofibers) [179]. The submerging of exsolved particles could be 

about 30% of the perovskite surface (Figure 1-11), preventing them from uplifting. The 

anchoring changes the nature of carbon formation to base growth. The fibres are released 

from the side of the particle; without tip-growth, the fibre’s size significantly decreases 

[149]. 
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Figure 1-11: The anchoring of exsolved particles into oxide surface; the image is taken from the reference 
[149]. 

 

The driving force for exsolution is the difference in pO2 between bulk and surface, leading 

to the reduction of perovskite lattice [147], [149], [174]. In the chemical exsolution 

process, pO2 is controlled by gas composition and temperature. The exsolution could also 

be triggered electrochemically by applying a high cathodic polarisation to the fuel 

electrode [148], [153], [180]–[183]. The method has been proved to be much more 

efficient than gas reduction, being much faster and giving a larger population of 

nanoparticles. According to Myung et al. [153], the same physicochemical laws control 

both methods; in both cases, the driving force of exsolution is the oxygen partial pressure. 

According to the Nernst equation, the partial pressure of oxygen in the gas-induced 

exsolution was 10-19 while for exsolution in potential pO2 was equal to 10-35, therefore 

higher efficiency of the method. The low pO2 applied on the perovskite surface results in 

the desorption of molecular oxygen and the creation of oxygen vacancies and electrons. 

The generated electron would change the oxidation state of B-site cations. Ni and Ti 

cations would be reduced for nickel doped titanates, and oxygen vacancies would be 

generated [147], [153]. 

The formation of nanoparticles is likely to begin at the surface as the nucleation barrier is 

lower than in bulk [103], [149], [174]. Next, reduced cation diffuses to the surface and 

supports particle growth due to the compositional gradient. There are reports about larger 

particles in the bulk of perovskite [152], [184], demonstrating that reduced metal atoms 

could also start to connect and grow in bulk. 
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The defect chemistry of perovskite oxides controls the exsolution of transition metals. 

The perovskites with A-site deficiency have higher exsolution than their stoichiometric 

counterparts [147], [149]. There are two explanations for this phenomenon. Firstly, the 

A-site vacancies facilitate the diffusion of metal particles through perovskite bulk. The 

second is that A-site deficiency causes the stoichiometric excess of B-site ions. The 

system attempts to achieve equilibrium and releases this excess from the lattice as 

exsolved nanoparticles [147], [149]. 

Another functional property of the exolusion is its reversibility; it was proposed that 

redissolving exsolved particles into the crystal lattice can be a way to regenerate the 

material [143]. However, some evidence has shown that process is not entirely reversible 

[172]. New research suggests that re-exsolution is affected just as in the case of the 

exsolution itself, which is very much controlled by the defect chemistry [185]. 

In conclusion, the exsolution sets a new path in preparing ceramic catalysts with metallic 

nanoparticles. The agglomeration of metallic catalyst and carbon formation is suppressed 

in the exsolved system. The exsolution is an in-situ method that could be faster, cheaper 

and gives better access to unreachable locations than conventional methods. Moreover, 

the method provides better control over the amount and distribution of deposited particles. 

 

1.4.3 Perovskite air electrode 

 

Perovskites have been successfully implemented as the standard solution on the oxygen 

side, such as popular strontium doped lanthanum manganese (LSM), La1-xSrxMnO3, 

usually with x in a range of 0.15-0.2 [44]. Dopping Sr2+ into an A-site occupied by La3+ 

requires a charge compensation that could lead to partial oxidation of Mn3+ to Mn4+ or 

formation of oxygen vacancies, depending on temperature and pO2 [186]–[188]. In the 

oxygen electrodes atmosphere, the oxidation of B-site cation is predominant, the 

formation of oxygen vacancies is possible at very low pO2 below 10-12 bar [187], [188]. 

Due to the existence of the Mn redox couple, LSM has a very high p-type electronic 

conductivity, approaching 100 S/cm, at 800 °C in the air [186], [189], but relatively low 

ionic conductivity, below 10-6 S/cm and oxygen exchange coefficient (k*) as low as 10-

8 cm/s, [165]. Therefore, in most cases, LSM is used with YSZ as a composite layer 
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(LSM/YSZ), where the reaction occurs at 3PB [190]. Usually, about 30% vol. of LSM to 

YSZ gives the optimal length of 3PB [86]; it is also a minimum to achieve LSM 

percolation, thus electronic conductivity path through the bulk of electrode [191]. The 

lanthanum manganate-based oxygen electrodes have a tolerable TEC of 11×10-6 [192], 

[193] and are stable with YSZ at operational temperature. However, LSM and YSZ could 

react at higher temperatures to form poorly conductive pyrochlore phases, LZO (La2Zr2O) 

and SZO (SrZrO3) [194]–[197]; therefore, the preferable sintering temperature is below 

1200 °C. The amount of produced LZO increases with time and sintering temperature and 

decreases with lower A-site content [195]. Mori et al. suggested that the formation of 

LZO may be related to the difference in solubility limit of Mn and La in doped zirconia 

[196] and excess of La react immediately with zirconia; therefore, to suppress the creation 

of zirconates A-site deficient LSM is being used. 

The perovskite La0.6Sr0.4Co0.8Fe0.2O3-δ (LSCF) [92] [198] is the most studied composition 

in the family of  La1-xSrxCo1-yFeyO3-δ used as oxygen electrode in SOFC; it gives superior 

performance compared to the classic LSM/YSZ oxygen electrode. Very high electronic 

conductivity has been reported, up to 1500 S/cm in Co rich stoichiometries [199], [200]; 

which decrease with the Fe doping and achieve 100-300 S/cm conductivity for widely 

used Fe rich compounds [201], [202]. LSCF has a very high oxygen ionic conductivity; 

a value of 0.1 S/cm has been reported in the air at 800 °C [203], which increases with Co 

and even more with Sr content. The oxygen exchange coefficient (k*) is much higher 

than for LSM, as high as 1.5 × 10-6 [204], giving LSCF excellent activity for oxygen 

reduction. The drawback of LSCF is its reactivity with YSZ at a temperature much lower 

than LSM, which makes it challenging to produce a good interface between YSZ and 

LSCF without having the insulating zirconates (LZO, SZO) that substantially decrease 

the performance of the cell [205], [206]. In most applications, to prevent reaction between 

those components, the additional barrier layers of doped ceria are used [207]. Doped ceria 

oxides can provide high ionic conductivity and do not react with LSCF. Another issue is 

a large TEC of LSCF, 19.5 × 10-6 K-1, between 500 and 900 °C. TEC is usually related to 

the change of perovskite lattice parameter and is associated with defect chemistry, where 

the oxygen vacancies take a significant part [208]. 

The lanthanum strontium ferrite electrode (LSF) is also most often used with 20% of Sr 

doping La0.8Sr0.2FeO3. The advantage of the electrode compared to LSCF is lower 
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reactivity with YSZ; thus, the CGO layer is not required and avoids the carcinogenic 

cobalt. The disadvantage is much lower electronic conductivity than LSM or LSCF, about 

0.75 S/cm for LSF with 20% Sr doping [208], but still sufficient for SOFC electrode 

purpose [37] if the thin layer is used. However, LSF has a significantly higher oxygen ion 

conductivity and the oxygen exchange coefficient of its surface than LSM, giving this 

material a great activity. LSF in the range of 15-25% strontium doping has TEC between 

12.8 - 15.2 (10-6K-1), which is lower than for LSCF, but still may bring some long-term 

degradation [208]. Due to a charge compensation mechanism, the electronic and ionic 

conductivity of LSF increases with higher Sr2+ doping, which is the case up to a certain 

level, as Sr2+ cation could start ordering at high levels. Ordering of Sr2+ cation and oxide 

ion vacancies on the surface may reduce the degree of coverage by B site ions and changes 

in their position in relation to oxide vacancies, which may also play a role in the oxygen 

reduction mechanism  [208]. 

 

Air electrode takes part in oxygen reduction reaction (ORR) in fuel cell mode. 

Similarly, as on the fuel electrode, the series of electrochemical steps on the oxygen 

counterpart may include gas-phase transport, adsorption, dissociation, transport species 

along with the electrode and charge transfer reaction [193]. The oxygen gas diffusion into 

the vicinity of the cathode surface depends on the porosity of the electrode and pO2, which, 

if too low, may lead to a limitation at high current density. Usually, 40% of porosity offers 

the best compromise between gas flow and the size of the surface area/length of 3PB 

[209]. In most applications, atmospheric air is used as the source of O2, where pO2 is 

equal to 0.21. Two possible paths are considered for oxygen gas reduction, surface and 

bulk path, depending on the material activity and oxygen ion conductivity [193]. In the 

surface path, oxygen species would be transported to 3PB and incorporated in electrolyte 

oxygen vacancies (steps 1-2-3-4 in Figure 1-12). Such a mechanism is proposed for 

LSM/YSZ electrode, where LSM is considered purely electronically conductive. The 

predominance of the surface path in LSM/YSZ is related to faster exchange kinetics on 

the surface of LSM than bulk diffusion [191]. 
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Figure 1-12: Possible mechanism of O2 reduction on the oxygen electrode (OE) and YSZ electrolyte. 

 

In contrast, the bulk path is suggested for materials with higher oxygen incorporation 

efficiency and oxygen ion conductivity (as LSF or LSCF), where oxygen will be 

incorporated in the bulk of perovskite and transported to the electrolyte as oxygen ions 

(steps 1-2-5-6 in Figure 1-12). The incorporation of oxygen ions is not restricted to the 

electrolyte/electrode interface but could be stretched to the perovskite surface. Both 

surface and bulk processes could run parallel; however, the surface path is negligible for 

good ionic conductors [57]. The primary condition that perovskite must fulfil to attain 

large ionic conductivity is the high concentration of the oxygen vacancies, through which 

oxygen transport is performed. There is evidence of a correlation between surface and 

bulk transport, indicating the involvement of oxygen vacancies in surface diffusion of 

oxygen species; hence, higher value of surface kinetics for good ionic conductors [57], 

[164], [210]. Another factor determining electrode activity to oxygen reduction is the type 

and concentration of B-site cation on the perovskite surface and perhaps their position 

against oxygen vacancies [208]. 
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1.5 The geometry of SOFC 

 

The fundamental requirement for the construction of SOFC is to assure that the 

fragile, thin ceramic layers will not crack during production, handling of the system and 

long term operation. Better cell strength could be achieved by transferring all mechanical 

load on one of its elements, leaving the other complying with electrochemical functions. 

Traditionally, cells were supported by a thick electrolyte, bringing significant ohmic 

resistance [211]. In the electrolyte supported cell, the supporting layer is usually between 

150 -300 µm thick [212]. In the next generation of SOFC, the drive to decrease operating 

temperature required using of electrolytes with higher ionic conductivity, such as Sc2O3 

stabilised zirconia (SSZ) [213] or lowering the thickness of the electrolyte and the transfer 

of the mechanical load on the thick electrode, making the latter fully responsible for the 

strength of the cell [92]. The benefit of lowering the operating temperature in a cell’s 

operation is the reduction of thermomechanical stress and the reactivity between 

components [99], [214], [215]. 

Consequently, electrolyte supported cells became the least desirable solution, and the 

most common are electrode supported, while other solutions rely on inert ceramic or 

metal supported [31], [37], [216]. Due to relatively high strength and electronic 

conductivity in the state-of-art cells, the Ni/YSZ support is the most common. Usually, 

the electrode supported cells are 250-1000 µm [212]. However, thick Ni/YSZ support 

makes the cells less resistant to rapid temperature changes or re-oxidation [217] and 

brings a significant mismatch of TEC between the fuel electrode and electrolyte [218]; 

also, it could affect gas diffusion; therefore, usually, its thickness is reduced to the 

required minimum. 

The use of the oxygen electrode as the load-bearing was also investigated, with some pros 

and cons. For example, LSM/YSZ oxygen electrode has lower mechanical strength than 

Ni/YSZ and lower electronic conductivity but is more resistant to redox cycles and 

temperature changes. The ceramic support is another emerging design, perhaps the 

cheapest solution but has the highest ohmic resistance [219]. 

Due to its price, strength, and high conductivity, metal-supported cells [94], [220], [221] 

could be an ideal design; however, there are problems with their manufacturing. The 
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material proposed for metallic support in SOFC is ferritic stainless steel (FSS). The 

stainless-steel supported cells have a much higher resistance to multiple thermal and 

reduction-oxidation cycles. Furthermore, the steel is much cheaper than ceramics used in 

SOC; replacing a large part of them reduces the cost of the cell [221]. Usually, the ceramic 

cells are sintered in the oxygen atmosphere at temperatures up to 1500 °C, required for 

densification of an electrolyte; for metal-supported cells, sintering requires a protective 

atmosphere, which may be pure hydrogen or its mixture with argon. Also, there is a risk 

of inter diffusion of Ni/YSZ fuel electrode with the support material and blocking of the 

reaction zone by chromium [222]. 

The choice of support may be driven by production method or stack construction. For 

instance, electrolyte and Ni/YSZ are often co-sintered for large planar cells due to similar, 

preferable sintering temperatures, followed by printing of LSM/YSZ oxygen electrode 

and sintering. During a process, the cell must have adequate strength to not break during 

further processing; therefore, the anode support seems to be an obvious choice [219]. On 

the other hand, the choice of the cathode support could be dictated by the stack design, as 

in Siemens/ Westinghouse tubular cells. The use of oxygen electrode support produced a 

more reliable connection between the cells, requiring a high amount of noble metals, such 

as silver [52], [223]. 

 

There are several different types of SOC geometries. The most common type used 

by the vast majority of research is the planar construction, Figure 1-13 a. Most of the 

manufacturing practices of these cells are traditional methods of ceramic materials 

preparation, such as film casting or screen printing [219], [224], [225]. These methods 

allow the production of planar cells on an industrial scale. The SOFC with the planar 

construction is known for their high achievable power density (up to 2 W/cm2) and 

relatively simple configuration [216]. In this type, the additional elements called 

interconnects in the form of bipolar plates join adjacent cells. Interconnects have special 

channels for the inlet of reagents (to the oxygen from one side and fuel on the other) and 

provide electrical connections between the single cells. As for other materials used in 

SOFC, there are several requirements for interconnects/ bipolar plates. They must have 

high thermal and electrical conductivity, be gas-tight, have chemical, thermal and 
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mechanical stability in cells set-up and operating conditions and preferably have a low 

cost. Often, conductive ceramics are being used for this application; the most common 

are the chromium and lanthanum perovskite oxides doped with strontium or calcium (Ln1-

xMx)CrO3-y where M is Sr or Ca [96]. However, planar stacks are difficult to seal due to 

the high temperature and large perimeter between the electrolyte and electrode interface. 

High operating temperature requires thermally resistant sealing materials compatible with 

other cell elements [219]. The low mechanical strength and thermal shock resistance 

make them difficult to be used in portable or transport applications, where the fuel cells 

are exposed to vibrations and mechanical stress or abrupt temperature changes [45]. 

(a) 

 

(b) 

 

Figure 1-13: The SOFC types by geometry, a) The planar system. b) The tubular cell. Images were taken 
from ref. [219], [226]. 

 

The interest in tubular geometry started from the well-known early design of Siemens 

Westinghouse tubes, which developed several working systems between 0.4-200 kW, and 

demonstrated high efficiency during many years of operation [219]. A tubular 

configuration has much better thermal and mechanical capabilities than planar cells, 

making SOFC promising to be used in more flexible operating conditions [37]. The 

tubular geometry introduces more straightforward and more reliable sealing solutions, 

where an open outlet could be used to burn out unused fuel mixture [51], or the sealing is 

outside the hot zone of the system [227]. The Micro Tubular Solid Oxide Fuel Cells 

(mSOFC) were proposed as the alternative, which due to a small diameter, exhibited 

excellent thermal shock resistance and much higher volumetric power density [45]. The 

ability to adapt to temperature changes was identified as the most crucial benefit of 

mSOFC. The small tubular cells have been proposed to be used in different applications 
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than the stationary power unit, as auxiliary power units (APU), including transport 

applications, typically inaccessible for SOFC [45], [228], [229]. 

 

The SOFCRoll design, developed at St Andrew's University, is investigated in 

this research as alternative geometry. SOFCRoll could be produced entirely by tape 

casting and co-sintering, methods usually reserved for making planar cells, combining 

the advantages of thick film manufacturing techniques of the planar system and the high 

area and robustness of the tubular design [230]. 

(a) 

 

(b) 

 

Figure 1-14: The SOFCRoll cell developed at St Andrew's University. (a) Schematic image of the 
SOFCRoll. (b) A montage image of the overall cell’s crosssection. Images are taken from reference [231]. 

 

The work on the SOFCRoll dates back to 2000 when Fran Jones, in her PhD, has 

developed the manufacturing method, produced the first cells and analysed their 

microstructure and electrochemical performance [232]. The process was based on tape 

casting, where all tapes were cast separately, next, hand-laminated rolled and co-sintering 

in a single thermal step. Most of the active area in SOFCRoll is sandwiched between other 

layers in a spiral part, thus not available for the external current collector. Therefore, the 

current collection layers with a high Ni and LSM content were used on top of the standard 

Ni/YSZ and LSM/YSZ active electrodes. The maximum power generated from cells was 

about 0.6 W at 925 °C, and the maximum OCV was close to 1 but below the theoretical 

value [230]. 

A number of the projects followed the SOFCRoll concept [231]. In his PhD Tesfai [233] 

produced a bundle with 30 SOFCRoll cells, with the maximum generated power reaching 
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6 W at 800 °C. Because of the inconsistent cell performance at this time, the quality 

control test was required to separate cells with comparable performance and gas flow, 

making them suitable to be used in a bundle. The quality control consisted of three stages: 

measurement of gas leakage, cathode resistance, and back pressure difference. The 

average power output from the single cell was 0.5 W, and OCV of 0.935 V. Apart from 

tape casting, which is a primary method of SOFCRoll manufacturing, screen printing was 

considered for producing a thinner YSZ electrolyte [234]. The produced layer had a 

thickness below 10 µm, substantially decreasing the ohmic resistance enabling the cell to 

work at lowered temperature, down to 700 °C. The total resistance decreased to 0.34 Ω 

at 700 °C and 0.22 Ω at 800 °C. However, this modification caused many issues, e.g. 

absorption of the solvent from screen-printed to tape cast layers. The printed layers 

required longer drying times at a higher temperature (80-100 °C), and they were less 

flexible and prone to cracking [231]. Attempts were also made to improve the gas flow 

by introducing channels or chevron patterns in a spiral part of the cell [234], [235], aiming 

to get more even gas flow in the cell, thereby better gas distribution within a whole 

SOFCRoll bundle. The chevron patterns were printed on current collector layers, burning 

off. The new design faced several problems, including the weak bonding and 

delamination resulting from overlaying YSZ and graphite patterns and handling the tapes 

due to their rheology [231]. Finally, the concept was simplified and replaced by a tape 

cast single porous separator YSZ mounted on the cell outlet [236], [237]. Also, co-casting 

was investigated in SOFCRoll preparation [231]; however, the research did not produce 

satisfying results. The scope of the proceedings covered the casting of the thin layer of 

electrolyte on the previously cast electrode and the simultaneous casting of all layers on 

one tape. The challenges that hindered the realisation of this assignment were mainly 

issues related to the casting of the tapes with different widths [231]. Nevertheless, 

progression was to co-cast of dense YSZ layer and porous YSZ layers on both sides. The 

application of such a construction was the ceramic scaffold for impregnation with active 

materials on electrode sides. However, due to low porosity, the material concentration 

inside the porous scaffold was too low to obtain acceptable performance [238], [239]. 

Consequently, the following projects focused on developing porosity within those layers 

and aqueous tape casting methods [240]–[242].alternately with solid YSZ and graphite 

inks, producing YSZ chevron channels after  
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2 Experimental techniques 

 

2.1 Introduction 

 

Firstly, the chapter summarises experimental materials preparation techniques, 

processing, and characterisation. The procedures behind those methods have been 

described in detail. The solid-state synthesis was chosen for LCNT synthesis, while the 

materials for YSZ electrolyte and LSM-YSZ oxygen electrolyte were purchased. For the 

tapes preparation and co-sintering purpose, input ceramics were often pre-sintered or/and 

ball-milled. For slurry formulation, an analysis of the size of ceramic particles was 

necessary; this was done through PSA analysis.  

Next, the techniques for the analysis of the cells were described. Electrochemical 

measurements and scanning energy microscopy (SEM) were the basis of the conducted 

characteristics. The SEM technique was employed to identify the microstructure of 

produced layers and the cell's macrostructure. The last section concerning the 

electrochemical method clarifies the cell's testing set-up and conditions. 

 

2.2 Material preparation and characteristic 

 

2.2.1 Solid-state synthesis for LCNT preparation 

 

The La0.43Ca0.37Ni0.06Ti0.94O3-γ (LCNT) perovskite was prepared using modified 

solid-state synthesis [156]. The precursors were dried overnight, La2O3 (Pi-Kem, 

>99.99%) at 800 °C for water evaporation and CO2 desorption, while CaCO3 (Alfa Aesar, 

>99.5%), and TiO2 (Alfa Aesar, >99.6%), at 300 °C. For the preparation of 10 g of LCNT, 

the precursors were weighted while hot (300 °C) and mixed with Ni(NO3)2*6H2O (Acros, 

>99%) in an 80 mL beaker. The mixture was homogenized with acetone (20 mL) and 

non-aqueous Hypermer KD-1 dispersant (0.05 wt. %) for 30 min in an ultrasonic probe 

Hielscher UP200S, operated at 60% of wave frequency and amplitude. After acetone 

evaporation, the powder was transferred into a crucible and calcinated at 1000 °C for 12 
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h; at this stage, calcium carbonate and nickel salt decompose to oxides, and materials start 

to form the perovskite phase. Calcinated material was deagglomerated with isopropanol 

with a planetary mill operating at 350 rpm for 1 h. After evaporation of isopropanol, the 

material was pressed into 20 mm pellets and sintered at 1400 °C for 12 h.  

 

2.2.2 Preparation of pre-sintered materials 

 

To prepare 10g of (La0.8Sr0.2)0.95MnO3 - Zr0.84Y0.16O2-δ (LSM/YSZ) composite, 

the 5g of LSM (Pi-Kem) powder was mixed with 5g of YSZ ( Pi-Kem) in an 80 mL beaker 

with acetone (20 mL) and non-aqueous Hypermer KD-1 (0.05 wt. %) dispersant. The 

mixture was homogenized in an ultrasonic probe Hielscher UP200S operated at 60% of 

wave frequency and amplitude for 10 min. After evaporation of acetone, the material was 

pressed into 20 mm pellets and sintered at 1200 °C for 5 h. 

The YSZ with a large particle size for porous layer manufacturing was produced by 

sintering YSZ pellets. In the method, 5g of the commercial YSZ powder was pressed into 

20 mm pellets and sintered at 1350 °C for 5 h. After sintering, pellets were crushed to 

homogeneous powder in a mortar, and the material was ball milled for the required time 

to produce a homogenous powder with a specified size of particles. 

The YSZ or LSM powder was placed in the crucible and pre-sintered at the required 

temperature and time for powder agglomeration to prepare the pre-sintered material. 

Where required, pre-sintered material was deagglomerated by ball milling in a roller mill 

overnight at 160 rpm in deionised water. 

 

2.2.3 Ball milling and particle size analysis (PSA) 

 

The sintered pellets were crushed with a stainless-steel mortar and ball milled in 

a planetary mill at the required speed with the addition of isopropanol for the required 

time to produce a homogenous powder with a specified size of particles. 

The size of such prepared powders was analysed with a laser diffraction-based method, 

in isopropanol, following the breaking of the agglomerates in the ultrasonic bath. Laser 
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diffraction is a standard method for particle size measurement, and Malvern Instruments 

Mastersizer 2000 PSA analyser was used for analysis. Two essential elements are 

included in the measuring unit, optical batch and sample dispersion unit [243]. When the 

laser beam passes particles suspended in the carrier in the optical bench, it scatters, and 

the intensity of the reflection is analysed by a series of detectors for both red and blue 

wave lights and a wide measuring angle. The sample is dispersed mechanically and by 

ultrasonic waves in a dispersion unit containing appropriate suspension, e.g. isopropanol 

or deionised water. 

 

2.3 Scanning electron microscopy (SEM) 

 

SEM microscope produces the sample image by scanning it with the electron 

beam. The electrons interact with the sample at a certain depth producing signals that 

reveal the sample image and information about its topography and composition [244]. 

Scattered electrons could produce various signals, including secondary electrons (SEI), 

backscattered electrons (BSE), Auger electrons, X-rays, scattered electrons, diffracted 

electrons, and transmitted electrons [245]. 

 

Figure 2-1: Diagram of Scanning Electron Microscope. The image is taken from reference [246]. 
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The SEI and BSE methods were used to acquire images of analysed samples through the 

project. SEI  detects atoms excited by an electron beam; secondary electrons have 

relatively low energy; hence, they can escape from only a few nanometers of the sample’s 

surface. The secondary electrons are highly localised on the measured point (point of 

contact with an electron beam), giving the high resolution and magnification image. The 

backscattered electrons are reflected from the sample via elastic scattering. With higher 

energy than secondary electrons, they emerge from a deeper location, and as their 

intensity is dependent on the material’s atomic number, they could give information about 

the distribution of various materials within the analysed sample [245].  

The images were acquired with FEI Scios, JEOL JSM 6700 and JEOL JSM 5600 electron 

microscopes. The high-magnification SEI analysis was used to obtain information about 

the morphology; the sample was mounted on the holder with carbon tape and a silver 

current collector. Gold or carbon coating is often used on poorly conductive ceramics to 

prevent electrostatic charge accumulation and obtain a better quality image with higher 

magnification. Many of the analysed samples were tested without any coating, as the 

method could give false information about some of the sample properties, e.g. size and 

geometry of metallic particles or surface morphology. When ceramic material has low 

conductivity, analysis at low voltage gives the best image quality. The electron 

microscopy using the BSE imagining gave information about the cell structure, such as 

the thickness of ceramic layers, the microstructure, and defects. BSE method is 

advantageous, where a high contrast between the materials is required, e.g. for the 

porosity analysis. For the analysis sample to be placed in the resin and polished, the 

contrast between resin and ceramic gave information about the material structure. 

 

2.4 Conductivity measurement 

 

For the conductivity measurement, the rectangular pellets were pressed and sintered 

at 1350 °C for 5 h. The samples were 5 x 15 mm in area and 5 mm in thickness. The 

golden wires were attached to four locations on the sample and consolidated with golden 

paste and ceramic sealant.  
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Figure 2-2: Diagram of the four-probe method for conductivity measurement [247]. 

 

The conductivity was measured with the four-probe method. Two outer probes were 

connected to the current source, and a digital voltmeter measured the voltage across the 

inner probes [247]. The conductivity of the sample was calculated from the equation: 

, = ;
h × �

_  [S/cm]        Equation 2-1 

 

Where I is the current at outer probes, V is the voltage measured on the inner probes, A 

is the sample’s cross-section, and S is the distance between two inner probes. 

 

2.5 X-ray diffraction (XRD) 

 

The XRD analysis was carried out with PAN analytical X-ray diffractometer with 

CuKα1 radiation (λ = 1.54056Å) in the range 2θ = 20-100. 

The XRD method uses the intensity of the scattered X-Ray beam from the sample as a 

function of the angle. XRD is a primary method to study the crystal structure of the 

materials, lattice cell parameters, the presence of a secondary phase. 
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2.6 Electrochemical testing 

 

The silver paste was used as the current collector for all cells, and, depending on 

the type, the cell was mounted on the appropriate rig and sealed with Ceramic cement 

(Ceramabond 552, Aremco). The lead wires attached to the steel tubes were connected to 

the testing station Solartron 1287 Electrochemical Interface and CorrWare v3.2c software 

(Scribner Associates). 

(a)  

 

(b) 

 

Figure 2-3: SOFCRoll principle of operation. (a) Cell’s set-up and diffusion path. (b) Front view and 
diffusion path. 

 

In the SOFCRoll, the layers were laminated together and rolled in a spiral shape 

consisting of two main inlet channels for the air and hydrogen-based fuel. The silver paste 

was used as a current collector to improve connectivity between a cell and stainless-steel 

tubes inserted into cell channels. The silver paste was applied pointwise to connect the 

steel tube with the current collector layer in the original design. The role of the steel tubes 

was to supply the reaction gases and collect the current. Ceramic sealant was used 

between the steel tubes and the cell. During the operation, gases travelled from the tubes 

to the cell’s inlet channels and through the porous network of electrodes along the spirals 

to the outlet along the cell’s length, Figure 2-3.  
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(a) 

 

(b) 

 

 

Figure 2-4: The testing set-up of the tubular cell. (a) Schematic image of tubular cell mounted on the testing 
rig with the gas flow. (b) Image of tubular cell mounted on the testing rig. 

 

The central channel of the tubular cell is a fuel chamber, while the outer layer makes the 

cell’s oxygen electrode, Figure 2-4. Fuel goes in by a stainless-steel tube to the main 

compartment during the operation. Unreacted gas is discharged outside through the outlet 

at the bottom or top of the cell and burned off. For the electrochemical tests, the entire 

surface of the electrodes was covered with the silver paste used as a current collector. The 

top part of the stainless steel tube used as the fuel inlet and connected with the measuring 

equipment was inserted into the cells channel and sealed. The oxygen electrode was in 

contact via the silver wire with measuring equipment. The cell was sealed with the 

ceramic sealant applied among the steel tube and gas outlet; and at the top of the cell. A 

K-type thermocouple placed next to the cell at its half-width monitored the temperature 

inside the tubular furnace.  

Figure 2-5 illustrates a schematic graph of the symmetrical sample and the configuration 

of the testing rig. Before the electrochemical test, a silver current collector paste was 

painted to cover all electrode surface and connected through silver wires with testing 

equipment (Figure 2-5 b). The planar cells were attached to the alumina tube of the rig. 

The cell was fully sealed for testing the planar fuel cell, and H2 gas was directed through 
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the ceramic tube to the cell fuel electrode; for the measurement of symmetrical cells with 

oxygen electrodes, the samples were not fully sealed to test in the air atmosphere.  

(a) (b) 

Figure 2-5: The testing set-up of the planar cell. (a) Schematic image of symmetrical LSM/YSZ planar cell 
mounted on the testing rig. (b) Image of YSZ planar cell with the silver current collector. 

 

Standard measurement was carried out at a temperature between 700 °C and 800 °C. 

Usually, wet hydrogen (3% H2O/H2) was used for a fuel cell operation as the fuel (dry H2 

was directed through a bubbler at room temperature) and air for the oxygen electrode. 

The electrochemical impedance spectroscopy (EIS), the current-voltage (I-V) and the 

potentiostatic measurements were carried out with the use of Solartron 1255 Frequency 

Response Analyser, Solartron 1287 Electrochemical Interface, CorrWare v3.2c and ZPlot 

v3.2c software (Scribner Associates). For a standard measurement, the impedance spectra 

were taken in 100000 Hz – 0.1 Hz frequency range, with 10 or 7 points per decade and 

the excitation voltage amplitude equal to 20mV. 

The inductance and resistance of the silver wires were determined from the measurement 

of short-circuit analysis. The modelled data of planar cells were corrected by the 

inductance value equal to 8.11x10-7 and the rig’s resistance of 0.24 Ω. While SOFCRoll 

and tubular cells by the inductance equal to 5.2x10-7 and the ohmic resistance of rig equal 

to 0.1 Ω. 

The impedance spectra were fitted using Z-view software to the equivalent circuit made 

by model elements of individual processes, which uses complex nonlinear least-squares 

(CNLS) approximation [66]. 
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3 Manufacturing techniques  

 

3.1 Introduction 

 

The main objective of this work is to produce an operative SOFC using the chosen 

methods and techniques; therefore, a separate chapter is devoted to manufacturing 

methods employed in the project. 

The first part concerns the theory behind tape casting and its applications for thick film 

processing in SOC manufacturing; it gives an overview of the various materials used for 

slurry preparation and describes the preparation of the tape casting set-up and its control 

during the casting. The slurry preparation for organic tape casting consists of multiple 

steps, and they are fully characterised by the details of materials, equipment and working 

conditions. The primary way of cell assembly is described next; with the development of 

cells, the method has been improved, and all details are described in the following 

chapters. 

Cell preparation is based on the co-sintering of multiple layers in a single thermal step. 

Following the original method, the technique was characterised. Crucial for the method 

is to control the shrinking profile of individual layers while optimising their 

microstructure; those parameters were controlled by particle size and slurry composition. 

The new technique was developed for shrinking profile analysis, based on in-situ analysis 

of the tape placed in a tubular furnace and photographed during thermal treatment. This 

chapter provides details on setting up the experiment and how to analyse the data. 

The chapter also includes a description and guidelines for the impregnation to produce 

the fuel cell's electrode, investigated in the final part of the project. 
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3.2 Tape casting method for SOFC preparation 

 

For the production of SOFC, thick film processing, usually, tape casting and screen 

printing, are the method of choice. The popularity of tape casting and screen printing for 

SOFC preparation comes from their widespread use and commercial availability in other 

industries, such as paper, plastic, paint and electric boards [248], [249]. Those two 

techniques allow producing a wide range of materials with porous or dense microstructure 

and a broad range of thicknesses. The produced layers are primarily deposited on the 

planar, smooth surfaces and could be easily adapted to produce a planar type of SOFC. 

For the fabrication of curved and uneven surfaces in tubular cells, other technics based 

on slurry deposition are preferable [212], including extrusion, jet printing, dip coating, 

spraying and spin coating [207], [220], [250]–[252]. 

Screen printing involves the ink deposition through the fine mesh to fill the pattern, and 

the printing machine distributes the ink over the entire surface of the screen [225]. The 

ink contains the organic carrier and material to be deposited. The material is pressed 

through the mesh directly onto the substrate; therefore, screen printing can not be used 

independently, for example, for a supporting layer in cell assembly. The thin layers down 

to 5 µm could be produced [212]; the multiple printing steps are being used for thicker 

layers, which, when finished, are being sintered. 

Tape casting allows producing thin and uniform layers with a large surface area by a 

simple and easily scalable methodology. An extensive review of the technique and 

methodology of producing ceramic layers could be found in the well-known study by 

Missler [248]. Figure 3-1 shows the basic principle for tape manufacturing on the 

laboratory scale, reflecting the tape casting method used in many industrial processes, 

with the most characteristic elements being a stationary doctor blade, moving carrier and 

drying chamber. 

 

Figure 3-1: The principle of tape casting. 
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The recommended thickness of the green tapes is between 0.025 and 1 mm [248], but 

even thinner tapes have been reported, down to 10 µm [212], [253], [254]. Such thin tapes 

are difficult to handle and easily crack if, after sintering, they are subjected to other 

deposition methods like screen printing; therefore, they must be cast or laminated on 

another green tape and co-sintered. 

Multiple ceramics could be mixed in the slurry to produce either one-phase or composite 

layers. The type of ceramic particles used for slurry preparation determines the 

functionality of the layer. Distribution of the ceramic particle’s size and shape and used 

pore-former, tailor the microstructure of ceramic layers, like the length of 3PB or porosity. 

The size and shape of ceramic particles determine their position and thus the length of 

adjacent surfaces and the free spaces between them. Small particles with high surface area 

and wide particle size distribution are preferable to produce a densely packed bed, as 

adjacent surfaces are prone to sintering, and small particles fill space between larger 

pieces [248], [255]. With a more regular shape, the larger particles produce a higher 

porosity. The addition of pore formers could additionally tailor the microstructure of 

ceramic layers, e.g. graphite or starch, which burns out, producing additional space 

between particles. 

Besides solid components, the slurry contains organic ingredients, such as solvent, binder, 

plasticizers and dispersant, which function is to obtain castable slip that holds ceramic 

particles together, which after drying will produce the strong, homogeneous and elastic 

tape [248], [255]. The solvent distributes the slurry ingredients homogeneously and gives 

a “fluidity” to the solution [256]. There are two fundamental techniques in tape casting, 

depending on the chosen solvent, which could be organic or water-based. The solvent 

selection determines other components of the green body of the tapes; and often the type 

of pore former. The water-based slurries are less harmful, but organic-based solutions are 

more popular because of green tape’s quick evaporation and better physical properties 

[212]. The binary solvent is often used for slip formulation for organic tape casting due 

to its better ability to dissolve the individual compounds [257]. The binary solvents also 

give better control over the drying rate of the tape. In the mixture of MEK and ethanol 

used here, the ethanol increases the drying rate, allowing effective handling of the slurry 

and reducing the formulation of a “skin” on the top of the slurry reservoir [258]. The 

binder's role is to hold the solid particles in the slurry together in a polymer matrix. The 
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binder determines a green tape's physical properties, such as its strength, elasticity or 

smoothness. Butvar B-98 (Sigma Aldrich) is a tradename of polyvinyl butyral (PVB), the 

most popular binder used in the field [248]. Plasticisers in the slurry enhance tape 

characteristics, making them more flexible or plastic, enabling them to bend and making 

them less prone to cracking [248], [259]. The first type of plasticiser, so-called “Type 1”, 

dissolves in a binder and chemically softens polymer chains of the binder, allowing them 

to stretch. Whereas “Type 2” plasticisers physically affect polymer chains between 

particles, it works as a “lubricant” that allows the reversible deformation of the matrix. 

For the slurry formulation PEG was used as Type 1 and DBP as the Type 2 plasticiser. 

For YSZ electrolyte slurry, a dispersing agent was used to prevent their agglomeration 

due to the very high surface area of YSZ ceramic particles (Triton). Thus they can be 

evenly coated by other slurry ingredients, offering a lower viscosity and generally better 

quality of electrolyte. Besides organic polymer and solid particles, a third primary phase 

in the tape is porosity formed due to the solvent's evaporation. Some porosity is reduced 

during the drying process and almost entirely disappears when organic compounds are 

burned [248]. 

 

3.3 Slurry formulation and tape casting 

 

All cells were fabricated by the organic tape casting technique used by Fran Jones 

in her PhD thesis [260]. For the slurry preparation, the mixture of Methyl ethyl ketone (2-

butanone) (MEK, Fisher) and Ethanol was used as the organic solvent (3:2 by weight). 

The fine ceramic powders were mixed with a solvent, pore former, graphite or its mixture 

with starch for the electrode slurries. The mixture was homogenised with 30 zirconia balls 

in the 125ml Nalgene bottle in a roller mill at 160 rpm for a minimum of 18 h. In the 

second step, the mixture was ball milled for 4 h at 100 rpm with plasticisers, the 

Polyethylene glycol (PEG, Sigma-Aldrich) and Dibutyl phthalate (DBP, Sigma Aldrich) 

binder Butvar B-98(Sigma Aldrich). This step is to mix the organic components and 

dissolve the binder thoroughly. The electrode layer could be cast after the second stage 

of mixing. For the YSZ electrolyte preparation at the first stage, the dispersant Triton Q-

44 (Sigma Aldrich) was added, but not pore former. All mixing steps were the same as 
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for electrode slurry, but after the second step of mixing, the slurry was kept for 24 h at 10 

rpm to break possible air bubbles. 

A slurry is poured into a reservoir adjacent to a doctor blade, placed on a moving carrier, 

or previously cast and dry tape on the carrier for co-casting. The polymer film (MylarTM 

foil) is used as the carrier, on one side covered with an agent allowing the separation of 

produced tape. The carrier's speed and viscosity of the slurry should be maintained to 

ensure the even distribution of the liquid. The size of the casting gap, slurries viscosity 

and carrier’s speed are the main factors maintaining the thickness of produced tapes. 

 

3.4 Cells assembly 

 

Tapes either were laminated or cast successively in required order on each other, 

with different arrangements described further in the experimental chapter for cell 

preparation. 

Symmetrical planar cells were prepared by lamination. Tapes were cut into a circular 

shape with a diameter of 2.5 cm for electrolyte and smaller size, 2 cm or 1cm electrodes 

and co-sintered at standard conditions used in the project. The cell was assembled so that 

electrode was in the centre of the electrolyte. Assembly had two electrolyte layers and a 

cathode layer on each side of the cell. 

The small tubular cells were rolled on an 8 mm stainless steel tube and reinforced with 

0.5 x 10cm electrolyte stripes. Similarly, SOFCRoll, but two tubes were used, and tapes 

were rolled in between them into a double-circle/ spiral shape. Various method of 

assembly was investigated, characterised in the following chapters. 
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3.5 Co-sintering for cell manufacturing 

 

Due to the sintering temperature of YSZ, the conventional planar SOFC is usually 

produced with at least two thermal steps, where the sintering of YSZ electrolyte and 

Ni/YSZ fuel electrode is followed by applying and sintering of LSM/YSZ oxygen 

electrode [261], [262]. The YSZ starts to densify above 1200 °C and creates a fully dense 

layer at a temperature above 1400 °C; the exact temperature depends on the dwelling time 

and size, and surface area of YSZ powder. In contrast, LSM based oxygen electrodes are 

typically fired at temperatures 1200 °C and below, primarily due to LZO and SZO 

creation at higher temperatures [194]–[197] also LSM sintered at a higher temperature 

decreasing the length of 3PB. Wang et al. [263] reported much higher polarisation in cells 

with co-sintered LSM/YSZ than in the cells where LSM/YSZ was sintered in a separate 

step at 1200 °C. Even without detection of LZO or SZO, the co-sintered cell had about 

30% lower performance than one sintered in a multiple-step. The co-sintered oxygen 

electrode had a substantial contribution at the low frequency, which was argued to be 

related to the reduction of 3PB. 

Following the Jones method, Ni/YSZ fuel electrode was co-sintered with LSM/YSZ 

oxygen electrode and YSZ electrolyte. Next, the Ni/YSZ fuel electrode was replaced with 

LCNT based fuel electrode. All layers were co-sintered at 1350 °C [260]. The chosen 

temperature was a compromise to achieve a sufficiently dense electrolyte. In the last 

investigated design, the composite electrodes were replaced with porous YSZ backbone 

and impregnated afterwards, eliminating problems related to co-sintering and allowing to 

attain the better activity of electrodes. As only YSZ electrolyte and porous YSZ backbone 

were co-sintered, the temperature was increased to 1450 °C, ensuring much better 

densification of electrolyte material. 

Co-sintering is the method of choice for SOFCRoll preparation, as due to quite elaborated 

structure, the individual layers cannot be deposited separately and sintered in the lower 

temperature. However, for the preparation of tubular cells, co-sintering of tapes is also an 

attractive alternative [49], [264]. The standard way to produce a tubular cell is to extrude 

tubular support first and dip-coating to deposit other layers, which could be sintered in 

the following step [252]. The drawbacks of extrusion are the long drying time of extruded 
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tubes and the high capital cost. In contrast, co-sintering of tapes brings several benefits, 

such as improvement of interface between materials, simplification of the manufacturing 

process and cost reduction [107], [221], [265]. Soydan et al. [266] analysed the production 

costs of microtubular cells and reported that sintering is the most expensive parameter to 

consider after material cost. By decreasing three thermal steps to two, production costs 

dropped by 9%. The drawback of the method is the possibility of mentioned earlier 

reaction between materials and development of defects, for instance, wrapping, 

delamination and cracks, if co-sintering is not well controlled. The co-sintering method 

requires controlling the sintering rate of individual materials; otherwise, stress is built in 

the cell’s structure [267]. The rate of densification could be controlled by the size of 

ceramic particles and slurry composition. 

(a)  

 

(b) 

 

Figure 3-2: Heating profile for fabrication of the cells. (a) Calcination step. (b) Sintering step. 

 

The heating profile includes two thermal steps; at the first step, cells were heated up to 

1000 °C at a prolonged rate (Figure 3-2 a) to burn off organics and pore-formers and 

densify ceramic particles to produce a structure that is possible to handle. To prevent 

flattening, at this stage, both tubular and SOFCRoll cells were sintered horizontally, with 

their channels placed on thin alumina tubes, while the planar cells were sintered under 

the alumina plate to prevent bending and produce flatter surfaces. After dwelling for 5 h, 

cells were cooled down to room temperature with 3 °C/min cooling rate. At the next stage, 

the cells were sintered at 1350 °C for 5 h, Figure 3-2 b. 
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3.6 Analysis of shrinking profile 

 

During thermal treatment, tapes change their volume due to the burning of organic 

ingredients and the densification of ceramic materials. Due to their composition and 

properties of ceramic material, the tapes included in the cell's assembly shrink at different 

rates and degrees, leading to structural defects. The previous work on SOFCRoll revealed 

that it feasible is to control the shrinkage profile, so the volume change of materials is as 

close as possible [230], [232].  

At the first stage of the heating process, up to 300 °C, the first change of size occurs due 

to the burning of the organic compounds (binder and plasticisers), which holds the tape’s 

green body in solid colloidal suspension. Between 1000-1350 °C, depending on the 

material, comes to a further reduction in volume resulting from material densification. 

Consequently, in the first stage, the main feature affecting the volume change of the green 

tapes is the quantity of individual organic ingredients, while in the second stage, the 

amount, size and type of ceramics powders and pore formers in the slurry. 

The primary technique to characterize the shrinking profile of tapes used for SOFCRoll 

preparation depends on measuring the tape’s dimension at increasing temperature steps 

when placed in the muffle furnace and cut into rectangles [232]. The tape rectangles were 

heated up to the specific temperature step, cooled down and measured when removed 

from the furnace. The method let many samples be measured at once, and good 

reproducibility was achieved [232]. However, the technique was rather long and had a 

high energy requirement; also, it was not entirely accurate. Tapes may interact with the 

surface on which they are located (in this case, the alumina plate), which distorts their 

shrinking profile; the tape could also bend or change its shape. Dilatometry is another 

way to measure material volume changes during thermal treatment. In the method, 

constant pressure is applied to the sample through a pushrod. A change of its position 

shows shrinkage of the material [268]. However, dilatometry also brings difficulties in 

determining the shrinking profile of tapes [260]. A few percent errors could be produced, 

mainly due to the sample curling and low thickness. Other errors are also possible, such 

as adhesion of the tapes to the spacers when organics burn off and sintering the material 

to the spacers, artificially increasing shrinking. 
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Therefore, more accurate for dilatometry is the testing of shrinkage of ceramics only, 

using dense pellets, which is not correct compared to the shrinkage of the tape. The 

shrinking of the electrode tape will differ from dense pellets due to using a pore-former. 

While in the case of tapes of dense material, e.g. YSZ electrolyte tape, dilatometry and 

tapes analysis gives similar final shrinking, but its profile is unlike, likely due to using an 

organic carrier and due to different alignment of particles to each other in both cases 

(Figure 3-3). 

 

Figure 3-3: Comparison of measurement of YSZ particles in tapes and with dilatometry. 

 

In the presented research, to analyse the shrinking, a new method was developed based 

on the rectangle’s measurement but allowed for continuous in-situ analysis without 

interacting with the measured sample. The sample tape was attached to the sample holder 

and placed in the centre of the tube furnace, Figure 3-4 a. Next, the furnace was heated 

under a set profile, and the sample was photographed during the whole process by the 

digital camera. The heating rate was 1 or 2 °C, depending on the adopted method; the 

image was taken every 25 minutes, up to 1350 °C and dwelled for 5 h. The low-

temperature heating profile differed significantly from the one in which the cells were 

sintered. Primary this difference was related to the limitations of the tube furnace 

controller, where 1 ° C/min was a minimum heating rate. However, as experience showed, 

the faster heating rate was sufficient to visualize the behaviour of tapes when heated to 

prevent defects; and significantly reduced the time of the experiment. 



81 
 

(a) 

 

 

(b) 

 

(c) 

 

(d) 

 

Figure 3-4: The shrinkage measurement with the use of ImageJ software. (a) Sample holder and test set-
up for high-temperature tube furnace shrinking measurements. (b) Measurement of reference size at the 
constant threshold. (c) Image with 8-bit grayscale and under the applied threshold. (d) Closed-up of 
reference hole. 

 

Afterwards, the tape’s size was analysed on the successive photos with ImageJ software 

[269] to calculate the dimension change. The shrinkage profile comes from measuring 

the size of the hole in the centre of the sample. In the method, the 1×1.5 cm square of 4 

layers of laminated tape of analysed material was hung on the alumina bar in the sample 

holder, next to the ceramic square of already sintered tape, which is a reference in the 

experiment. The reference is required, as during the heating up, changing light intensity 

interferes with the experiment by artificially changing the size of measured holes; as in 

Figure 3-4 b, at a constant threshold and changing temperature, the measurement shows 

the 6% shrinking of reference size, but the size of reference sample does not change. 

With the use of ImageJ, the size of the hole could be measured. First, the image was 

converted to the 8-bit grayscale. In an 8-bit grayscale, a picture has an assigned 0 - 256 
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scale, corresponding to the different intensities of grey [270]. The intensity 0 makes the 

pixel black, while 256 represents white. Next, a threshold is applied to the picture (Figure 

3-4 c), which divides an image into separate classes of pixels, usually called “foreground” 

and “background” [271]. Threshold separates the pixels with the desired intensity from 

the background, and it becomes possible to measure the number of pixels in the area of 

interest (Figure 3-4 d). As the intensity of light changed during the heating up of the 

sample, the amount of the measured pixels changed. Therefore, the threshold is adjusted 

at every step regarding the number of pixels from the reference. After the whole area is 

measured, its diameter is calculated, change in the diameter shows the shrinkage 

behaviour of the tape. 

(a) (b) (c) 

Figure 3-5: The reference sample at various temperatures. (a) 700 °C, (b) 800 °C, (c) 900 °C. 

 

The advantage of the method over the measurement of rectangles is the ability to conduct 

it in-situ without interacting with the sample, not exposing it to damage. Also, as the 

sample is suspended on an alumina bar, the main body does not interact with other 

material, changing its shrinking profile and obstructing its movement. The sample did not 

bend, which brought the highest error in other methods [232]. Moreover, many readings 

could be attained; the rectangles measurement gave a small number of measured points, 

as more points would require many thermal cycles. The drawback of the method is the 

possibility of measuring only one sample at a time due to the tube’s size in the furnace. 

Another problem is a significant error in the range of temperature 700 °C – 1000 °C. Due 

to the change of light source of the picture, from external light to the internal light from 

the sample, sample holder and the tube, when it starts to shine due to the high temperature. 

Generally, even when comparing already sintered tape, the expansion of the ceramic is 

visible (compare the change of the sample size in relation to the orange rectangle in Figure 
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3-5); such a dimensional change is not possible for the reference; the sample also does 

not bend. After reaching a temperature of 1000 °C, the measurement stabilises. Therefore, 

the measurement using this method was divided into two temperature ranges: one for the 

low-temperature measurement between 0 – 600 °C, and the second for the range 1000-

1350 °C and higher. 

 

3.7 Impregnation 

 

The 0.5M solution of La0.43Ca0.37Ni0.06Ti0.94O3-γ was prepared by dissolving high 

purity precursors La(NO3)2•6H2O (Alfa Aesar, >99.9%), Ca(NO3)2•4H2O (Alfa 

Aesar, >99.0%), Ni(NO3)2•6H2O (Acros, >99%) and C6H18N2O8Ti (Alfa Aesar, 50% w/w 

aq. soln.) into deionized water according to stoichiometric proportions. Similarly, for 

preparation of 0.5M La0.8Sr0.2FeO3 solution, La(NO3)2•6H2O (Alfa Aesar, >99.9%), 

Sr(NO3)2 (Merck, >99.0%), and Fe(NO3)2•9H2O (Merck, >98.0%) precursors were 

dissolved in deionized water. 

The solutions were placed on the magnetic stirrer to accelerate the dissolution of salt and 

for homogenisation. The porous YSZ backbone with porosity exceeding 80% has been 

co-sintered on a dense YSZ electrolyte layer and impregnated with a nitrate solution by 

micropipette or painting with the brush. Beforehand, another cell side was painted with a 

viscous liquid, e.g. glycol or nail polish, to prevent possible leaking of the solution 

through micro-cracks or pinholes in the electrolyte. After every impregnation, the 

material was calcinated at 700 °C and sintered in the last step (850 °C for LSF and 1100 

or 1200 °C for LCNT). The sample was weighted to determine the amount of impregnated 

material, and multiple cycles were conducted to acquire the required volume 

concentration. The amount of impregnated solutions was measured by the weighting of 

the sample after the sintering step. The aimed amount of impregnated LSF was 30% by 

vol., while for LCNT, 50% by vol. 
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4 SOFCRoll with Ni/YSZ based electrode 

 

4.1 Introduction 

 

The chapter concerns the research done on SOFCRoll with a Ni/YSZ based fuel 

electrode. In those early trials, the cells were produced with an original method and had 

up to six ceramic layers made of state-of-art materials stacked together and laminated. 

The original production method was described, and such cells were produced. Next, the 

modifications of the assembly method were proposed, starting from the alternative cell's 

assemblage by lamination ending with the first attempt to co-cast all layers. 

The cell's structure was investigated using SEM analysis, which exposed the changes in 

the structure with the modifications in the production method. The defects that arose 

during the cell's co-sintering were revealed. Also, the shrinking profile of produced tapes 

was analysed with the previously presented method. 

The cell's performance was characterised by I-V and EIS analysis, and various batches 

were compared; in addition, the DRT was employed to make it easier to determine the 

number of individual processes, type, characteristic frequency or resistive contribution. 

 

4.2 Slurries preparation for SOFCRoll with Ni/YSZ based electrode 

 

The large part of the SOFCRoll electrodes is sandwiched between other layers 

and is not physically available, making it unfeasible to apply the current collector mesh 

or silver paste on the whole surface area of electrodes. Therefore, co-sintering of the 

highly conductive current collector layers on the active layers was proposed [232]. 

SOFCRoll based on a Ni/YSZ fuel electrode was assembled with standard YSZ 

electrolyte, Ni/YSZ fuel electrode and LSM/YSZ oxygen electrode. Every electrode had 

two layers in the investigated design, the current collector and the active layer.  
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The electrolyte had one or two of the same layers laminated together; the cell had up to 

six layers. 

Table 4-1: Concentration [% vol.] of materials in the solid part of slurry for original SOFCRoll with 
Ni/YSZ electrode [232]. 

Material 
Electrolyte 

(YSZ) 
Active OE 

(LSM/YSZ50) 

Current 
Coll. OE 
(LSM) 

Active FE 
(Ni/YSZ60) 

Current 
Coll. FE 

(Ni/YSZ20) 

Graphite - 62.16 63.94 40.5 50.5 

YSZ 100 19.75 - 27.9 6.35 

NiO - - - 31.6 43.16 

LSM - 18.07 36.06 - - 

 

The concentration of the solid particles in the original slurries for preparing SOFCRoll 

with conventional Ni/YSZ electrode gives Table 4-1 [232]. The YSZ electrolyte slurry 

was made with YSZ powder only. The slurries for electrodes were made from a mixture 

of YSZ, the relevant active materials and graphite as the pore former. In the sintered 

LSM/YSZ active oxygen electrode, the volume concentration of LSM was 47.3%, the 

mixture of two components was used to maximize the length of the triple-phase boundary 

(3PB) [209]. Only LSM was used to attain better electronic conductivity for the current 

collector. The composition of the fuel electrode tapes followed the same principle. The 

current collector layer had a high concentration of NiO, with a small amount of YSZ to 

improve its sintering capabilities with the active layer, which had an optimal NiO to YSZ 

ratio. NiO concentration in the active layer gave 40% of Ni by volume concentration after 

gas reduction, while in the current collector layer, 80% of Ni. The pore former 

concentration in the fuel electrode layer was lower than in the oxygen electrode, as 

additional porosity is created after NiO reduction. Pore former concentration for active 

layer was increased to improve gas diffusion through the SOFCRoll spiral part [232]. 

The concentration of ingredients in the organic medium of the slurry stayed unchanged 

for most of the slurries developed in the project, Table 4-2 [232]; such concentration 

ensures that all components are correctly dissolved in the organic body of the tape. In 

general, the solvent dissolves other organic ingredients; hence its concentration must be 

sufficient, but slight modifications were possible (e.g. +/- 10%) to adjust the slurry’s 

viscosity. 
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Table 4-2: Concentration [% mass] of ingredients in the organic medium of the original slurries [232]. 

Ingredient Electrolyte Electrode 

MEK/ E-OH 65.78 66.52 

Triton Q-44 1.12 - 

PEG 10.08 10.19 

DBP 9.07 9.17 

Butvar 13.96 14.11 

 

In the original slurries, the volume ratio of organic medium (Table 4-2) to solids (ceramics 

and pore formers) was 4.7 for electrodes and 5.16 for electrolyte slurry, which produced 

accurate slurries consistency. The powders with the particles made of a higher surface 

area give a more viscous slurry; therefore, this ratio was adjusted to formulate the new 

slurries for new materials used in the project (Chapter 5). 

The slurry formulation procedure, already described in the manufacturing section 

(Chapter 3.3), remained unchanged. The SOFCRoll with Ni/YSZ fuel electrode were 

prepared with the ceramic materials “as provided” without any structural modification 

(Figure 4-1). 

Graphite has the largest particles and form of flakes; the size of graphite particles is much 

larger than the size of ceramic particles; the PSA measurement shows an average of 12.59 

µm (Table 4-3). The Graphite particles are reduced during the slurry preparation as the 

soft material becomes fragmented by milling balls [232]. The increase of the surface area 

of graphite is indicated by the change of the electrode slurries viscosities after 1st stage of 

milling; it becomes more viscous due to fragmentation of pore former. As further analysis 

shows, the graphite particles tend to stack horizontally due to their shape, creating 

longitudinal pores along with the layer, which could be unbeneficial for gas exchange. 

The YSZ particles are small and regular in shape (Figure 4-1 d), ideal for preparing the 

electrolyte layer, offering a good densification rate due to the high surface area [248]. The 

SEM analysis reveals the grain size of around 0.2 µm, while the average particles from 

the PSA analysis are around 1 µm. Most likely, the small nano-size grains create larger 

agglomerates. The average size of LSM particles is 1.451 µm. They are quite irregular in 

distribution (Figure 4-1 b), containing a significant fraction of nano-particles with the 
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maximum at 0.1 µm and large agglomerates up to 10 µm; overall, they also have a quite 

low surface area. The NiO also has a wide distribution in size, indicated by PSA analysis. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4-1:The SEM (SEI) analysis of ceramic particles and graphite pore former used for slurries 
preparation. (a) Graphite (-325 flakes, Alfa Aesar, >99.8%). (b) 5% A-site def. LSM (Pi-Kem). (c) NiO (Pi-
Kem). (d) YSZ (Pi-Kem). Note the various magnitude. 

 

 

Figure 4-2: The PSA analysis of the materials used for slurry preparation in SOFCRoll with Ni/YSZ FE. 
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Table 4-3: The PSA analysis of the materials used for slurry preparation in SOFCRoll with Ni/YSZ FE. 

Material D10/µm D50/µm D90/µm SSA/m2g 

LSM 0.104 1.451 6.014 2.76 

NiO 0.399 1.434 5.849 6.39 

YSZ 0.337 1.109 2.482 10.2 

Graphite 4.183 12.590 28.113 0.695 

 

All slurries were cast separately and laminated at the initial phase, strictly following 

Jones’s method (SRB1, Figure 4-3 a) [232]. Next, the technique was modified in terms 

of tape dimension and assembly (SRB3, Figure 4-3 b), and finally, the co-casting 

technique was used, and slurries were cast on previously cast and dry tapes (SRB5, Figure 

4-3 c). Modifications resulted in simplification of the process and better quality of cells 

with more consistent performance. 

After the assembly, green tapes were rolled into a spiral SOFCRoll shape (Figure 4-4), 

reinforced on the edges with the electrolyte stripes and sealed with the YSZ slurry at one 

end, keeping another end unsealed for the stainless tubes gas inlets at the last stage cells 

were co-sintered during the thermal stage (Chapter 3.5). 

(a) 

 

(b) 

 

(c) 

 

 

Figure 4-3: Assembly of the layers in particular batches of SOFCRoll with Ni/YSZ anode. (a) Original 
method (SRB1). (b) Alternative cell assembly method by lamination (SRB3). (c) Co-casting method 
(SRB5). 
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Table 4-4: Dimension of green tapes used to assemble SOFCRoll with Ni/YSZ fuel electrode. 

Cell Electrodes Electrolyte 

SRB1 5 x 9 cm 6 x 10 cm 

SRB3 4 x 9 cm 4 x 9 cm 

SRB5 4 x 8 cm 5 x 9 cm 

 

For SRB1 and SRB3, all tapes were cast separately with the same doctor blade gap of 12 

thou (304.8 µm). Dry tapes were laminated while placed between protective MylarTM film. 

In the SRB1, between an edge of electrodes and electrolyte was about 0.5 cm space to 

prevent possible contact between both sides and silver current collector crossover, leading 

to short-circuit (Figure 4-3 a). Tapes were handled manually and precisely assembled 

before lamination in the original method. The technique was slow, and large pieces of 

tape often bent and stuck to each other. As a result, it was difficult to laminate two tapes 

without forming imperfections or air bubbles. Even from the same batch, material and 

preparation method, the cell's performance often varied. In the SRB3, the design was 

simplified; all layers had the same dimension. Instead of cutting tapes into small pieces, 

large layers were laminated and cut afterwards, which simplified their preparation (Figure 

4-3 b, Table 4-4). A problem occurred with the current collector, which was applied from 

one side of the cell on metal tubes, in some cases resulting in a short circuit, as both 

channels were separated only by the thickness of the layered assembly. 

 

Figure 4-4: The original method of SOFCRoll preparation [232]. 
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Eventually, the first attempt to use the co-casting method was made in SRB5, where 

slurries were cast over the previously cast, dry tapes. As the co-cast tapes do not need to 

be laminated, the acquired material should have fewer defects, often emerging at this 

stage, and better bonding between the layers [272]–[275]. First, the current collector and 

active oxygen electrode were cast over masked Mylar film. Next, the mask was removed. 

Two electrolyte layers were cast over the oxygen electrode and masked again to cast fuel 

electrode slurries with the same dimension as the oxygen electrode. After removing the 

mask, the co-cast tape was cut into single cells. 

 

4.3 Shrinking/ sintering analysis of tapes used for the production of SOFCRoll 

with Ni/YSZ based fuel electrode 

 

In the SRB3 batch, there was an attempt to control the slurry’s shrinking profile at 

low temperature (up to about 300 °C when the organic ingredients burns). When the green 

body of the tape burns away, the tape is at a very fragile stage, as particles did not 

agglomerate yet [212]. Potentially differences between shrinking of individual layers at 

this stage could create defects; therefore, the slurries recipes were modified. The 

shrinking profile at a low-temperature step was controlled by slurry composition, more 

precisely by changing the ratio of organic compounds of the slurry to the concentration 

of the solid particles. The change in organics quantity must be carefully controlled as the 

modification of the ratio between organic ingredients could result in low quality of the 

green tape, or even un-castable slurry, due to wrong viscosity. Therefore, the 

concentration of individual organic compounds in the organic medium remained 

unchanged for most of the slurries developed in this work (Table 4-2). For example, in 

the method, the concentration of solvent, binder and plasticisers was increased by 10%, 

leaving a concentration of solids (ceramic particles and pore formers) unchanged; such 

adjustment results in modification of shrinking at the lower temperature but no structural 

changes in the sintered tape. The modification would also affect slurry viscosity and 

eventually a final product thickness; a higher ratio of organics (binder + plasticisers)/ 

solvent gives a more runny slurry, producing thinner green tapes that shrink more. The 

changing of plasticisers or binder concentration only is not recommended; the wrong ratio 
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of binder/ to plasticisers could create binder agglomerates or too plastic tapes, difficult to 

cast and sticky when handling. The change of solvent concentration only leads to a change 

in the slurry viscosity; more runny tapes would be produced with a higher amount of 

solvent; the produced tape also would be thinner. If considered, the change of solvent 

concentration must be reasonable, e.g. +/- 10%, regarding the original recipe, as it could 

lead to wrong viscosity or, if too low other compounds could not be dissolved. Such 

modification also could bring some changes in the structure of sintered tape, as a higher 

concentration of binder/ in the slurry would increase the space between solid particles in 

the green body of the tape [276], [277]. However, the microstructure change would be 

only noticeable in tapes with a significant adjustment in the binder/plasticiser 

concentration [232]. Jones reported that a 50% increase in binder content in a mixture of 

YSZ with Graphite gave a 5% increase in shrinking and about 10% in porosity. 

In the SRB3, the organics/ solid ratio in the original electrodes recipes was altered to the 

point equal to 5.16, the same as in YSZ electrolyte slurry. 

(a) 

 

(b) 

 

Figure 4-5:The low-temperature shrinkage profile (up to 600 °C). (a) The basic slurries (SRB1). (b) The 
slurries with modified content of organics (SRB3). 

 

The comparison of shrinking profiles analysed with the described method (Chapter 3.6) 

shows in Figure 4-5. Both sets of tapes were analysed under different temperature profiles 

(as the method was still under development) with a 2 °C/min rate for SRB1 (Figure 4-5a) 

and 5 °C/min for SRB3 (Figure 4-5 b). Therefore it was only possible to construct the 



92 
 

dependency of shrinking from temperature to compare those tapes. The slurry 

modification increased the shrinking of all the electrodes (Figure 4-5 b) and gave more 

minor differences between them, while the electrolyte slurry remained unmodified. 

Electrode tapes were made of the larger, more irregular particles and very high pore 

former concentration; thus, they shrink more, and their shrinking profile seems to be close 

at the same organic content; while electrolyte slurry with very small YSZ particles is more 

"packed"; hence, shrinking was lower (Figure 4-1). It could be concluded that the 

shrinking profile at the low temperature largely depends on the organic concentration in 

slurry, but also on the solid’s size and shape, which affect the distance between them in 

the body of the green tape. 

The high temperature’s shrinking profile was analysed for tapes in batch SRB1 and SRB3 

(Figure 4-6). As the variation of organic content at such low concentration seems not to 

affect the shrinking profile at the high temperature, also confirmed in further research, 

the comparison shows the behaviour of tapes when subjected to various heating rates. 

The current collector LSM and LSM/YSZ active layers start shrinking first, already at 

1000 °C. The LSM/YSZ layer is shrinking the most and almost the same as the pure LSM, 

indicating a high sintering rate between LSM particles and between LSM and YSZ. The 

heating rate does not much influence the shrinking of those layers. The LSM current 

collector, when heated to 1300 °C for 150 min, shrinks by 13.8% in SRB1 tapes, while 

when heated to the same temperature for 60 min in SRB3 shrink by 14%. The shrinking 

rates of those layers are very high at the 1000 – 1300 °C temperature range and are almost 

linear; most of the shrinking comes from this range; the rate increase between 1300 and 

1350 °C. When samples are dwelled at 1350 °C, shrinking continue with a lower late, and 

not much volume change is noticed after about 2 h of dwelling; the maximum shrinking 

for those layers is about 23%. The LSM based tapes heated with a higher rate shrink to a 

slightly greater extent. Those measurements clearly show that LSM based layers could 

bring the highest stress in co-sintered cell assembly, especially at a temperature between 

1000 and 1200 °C when they already shrink by about 10%, whereas other layers show 

volume change around 1200 °C. At this stage, variation in shrinking could be most 

damaging for the cell’s structure; the assembly is fragile, as other particles are not firmly 

connected. 
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(a) 

 

(c) 

 
(b) 

 

(d) 

 
Figure 4-6: The high-temperature shrinkage profile of the slurries used for the SOFCRoll preparation.  
(a)-(b) Shrinking/Time and Shrinking/Temperature dependence of tapes for SRB1. (c)-(d) Shrinking/Time 
and Shrinking/Temperature dependence of tapes for SRB3. 

 

Ni/YSZ60 active layer has a lower shrinking, up to about 14% when sintered at 2 °C/min 

rate and similarly for 5 °C/min heating rate. Again, the shrinking rate seems to increase 

with a faster heating rate. Ni/YSZ20 current collector, when sintered at 2 °C/min heating 

rate, has a similar shrinking profile but, when dwelled, achieves a lower maximum 

shrinking of about 10%. When sintered at a higher rate, it started to agglomerate quite 

late at 1300 °C and agglomerated the most during a dwelling step; those differences likely 

are due to errors in the experiment or different “local” composition in the sample, e.g. 

some agglomeration of material. At 2 °C/min, Ni-based layers have quite close shrinking 
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to YSZ electrolyte, the start to agglomerate to a small extent already at about 1100 °C, 

while YSZ does not show much volume change below 1200 °C. Above 1300 °C, the 

sintering rate of YSZ increases, and YSZ shrinks most during a dwelling step, which 

could bring stress between the electrolyte and assembled electrodes. 

 

The tapes shrinking at high temperature is due to the sintering of ceramic material; 

when sintered, the compacted powder (green body) agglomerates at the elevated 

temperature, creating a denser structure [278]–[281]. As a result, the material changes its 

mechanical and physical properties at a macroscopic level, e.g. more compact ceramic 

regains certain strength, hardness, elastic or thermal characteristics [278], [279]. The 

typical sintering temperature is below the material’s melting point (about 2/3), making it 

suitable for consolidation materials with a very high melting point [280]. An example 

could be the sintering of YSZ particles, where under the sintering process at 1450 °C, the 

~ 1µm YSZ particles form a dense body of YSZ electrolyte, Figure 4-7. 

(a) 

 

(b) 

 

Figure 4-7: The sintering of YSZ. (a) Loose YSZ particles. (b) YSZ sintered at 1450 °C. 

 

In general, there are two stages, including the formation of the neck and material 

contraction in the further stage of the thermal process; these are the basis of early physical 

models [279], [282]–[284] that define the interactions between discrete particles, based 

on which the behaviour of continuous medium is modelled [285]. It is accepted that at the 

first stage, the particles bond locally, forming a neck, it grows, and mass diffusion 

eventually leads to filling the “open space” between particles (pores) and at the second 
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stage, the pores are rounded and start to shrink. The models are primarily developed for 

viscous sintering, the simplest representation of single-phase sintering [278]. The 

characterisation of the sintering behaviour of ceramic particles adds complexity to the 

system due to anisotropies of surface energies and the formation of thermal groves, which 

is due to the non-spherical shape of ceramic particles [278]. 

On a macroscale, the driving force for strain-free grain sintering is the reduction of excess 

surface energy per unit volume. The excess surface energy E�  is proportional to total 

surface energy γ and inversely proportional to particle radius r and material density ρ 

[278]: 

E� = cE
P�           Equation 4-1 

 

In the first stage of sintering, a neck is formed on particles contact, which takes ~0.2 of 

the cross-sectional area of the particle [279], [283]. The stage is accompanied by several 

percent of shrinkage and a slight increase in bulk density of the compact body [282], 

[283]. The neck is characterised by radii of the curvature x, the neck diameter, and 

minimum radii of curvature of the neck surface ρ [284], Figure 4-8 a. 

At the microscopic level, the driving force for mass transport during sintering is the 

capillary pressure formed at the neck due to surface curvature. The capillary pressure 

gives the sintering pressure, which typically is between 0.1-1 MPa [278]: 

∆z = E��
� + �

?�         Equation 4-2 

 

At an atomic scale, the driving force for sintering is a gradient of atoms (or defects) 

between the concave and convex surfaces, effectively increasing their energy and 

mobility. In the mechanism, the surface acts as the source while the bridge is the sink of 

the material [286]. 
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(a) 

 

(b) 

 

Figure 4-8 (a) Neck formed during sintering of particles and mass transport mechanisms, Table 4-5. (b) 
Dependencies of diffusion coefficients on temperature. Taken from ref. [278]. 

 

A characteristic of the kinetics of the sintering process of ceramic material could be found 

in the book by Chiang, Birnie and Kingery [278]. Several mechanisms could compete for 

mass transport during the first stage of sintering, where vapour, lattice, surface, or 

boundary diffusion are most influential; those could lead to densification or particle 

coarsening. 

Table 4-5: Transport mechanism for sintering and particle agglomeration in Figure 4-8 a [278], [279]. 

No. Mechanism Path Material Source Process 

1 Surface Surface Coarsening 

2 Lattice Surface Coarsening 

3 Vapour Surface Coarsening 

4 Grain Boundary Grain Boundary Densification 

5 Lattice Grain Boundary Densification 

6 Lattice Lattice Densification 

 

The coarsening involves increasing the neck’s surface by decreasing the particle surface 

without shrinking the material. During the coarsening, the paths for mass transport are 

surface diffusion and evaporation-condensation. In this mechanism, the excess surface 
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energy is reduced by moving material from the surface to the neck, and those do not 

shrink as material on the particle's interface is not transferred. The vapour pressure 

increases exponentially with temperature, thus, strong temperature dependence. During 

the densification at the first sintering stage, the material shrinks as particles move towards 

each other. The material is transported from the grain boundary to the neck, along the 

grain boundary, or through the lattice (lattice or grain-boundary diffusion, Figure 4-8 a). 

The driving force for mass transport is the tensile pressure caused by the neck's curvature. 

Tensile stress causes a vacancy gradient between the neck and grain boundary, causing 

vacancy to diffuse from the neck, which involves the diffusion of atoms from the grain 

boundary to the neck [278]. 

After the neck curvature becomes blunted, the driving force for the neck growth decreases, 

and grain growth becomes possible [283]; the grain growth is considered to terminate 

neck growth [287].  

 

In the second stage, material densification is governed by the migration of atoms from 

grain boundaries and intra-granular defects [286]. The driving force for mass transport 

would be similar to the first stage; at the microscopic level, the curvature, while the 

differences in surface energy on the global level  [286]. At this stage of sintering, the 

diffusion of the ions is assumed to occur by the reverse flux of lattice vacancies [283]. 

The intermediate step leads to a change in the dimensions of the pores in the continuous 

metastable porous matrix of the green body, where grain boundaries intersect all pores. 

The pore formed between particles could be approximated by a continuous cylinder, 

which shrinks during this stage [283]. 

Coble [283] distinguishes two different final stages of sintering. In the first one, closed 

pores are located on four-grain corners, and such pores shrink evenly and, in time, are 

reduced to zero. The alternative path is related to discontinued grain growth [288], where 

the pores are isolated from the grain boundaries; they are rounded, closed and do not 

interact with the grain boundaries, such as in Figure 4-7 b. 

Diffusion of crystal solids during the sintering process could be described as a thermally 

activated mechanism, where atoms move either on interstitial or vacancy positions [281]. 
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In such a mechanism, a temperature dependence would be associated with the diffusion 

coefficient, illustrated by the equation: 

� = ��	?� � @
Kt��         Equation 4-3 

 

D is the diffusion coefficient, T is the absolute temperature in K, and kB is the Boltzmann 

factor; D0 is constant; Q is the activation energy of the elementary jump. Diffusion 

coefficient D would be different for various mechanisms discussed previously; their 

activation energy Q could be measured experimentally [286]. 

The activation energy is usually the highest for grain boundary diffusion and the lowest 

for the surface mechanism, Figure 4-8 b; as dependence is steeper for lattice and grain 

boundary diffusion, densification dominates at elevated temperature, whereas the surface 

process leads to coarsening, dominate at a lower temperature [278]. Consequently, 

materials are usually fired at a higher temperature to acquire a dense microstructure, while 

firing at a lower temperature leads to coarsening, producing more porous layers. Possible 

are exemptions to this dependability, e.g. the system has high activation energy for 

surface processes; hence, it coarse at elevated temperature. The fast-firing technique is 

another consequence of the dependencies of diffusion coefficients on temperature [289], 

pointed out in Figure 4-8 b, where material densification could be promoted, bypassing 

coarsening step [278]. Such a mechanism could explain a higher shrinking of analysed 

material for SOFCRoll production when heated at a higher rate, Figure 4-6. 
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4.4 Microstructure analysis 

 

(a)

 

(b)

 

(c) 

 

(d) 

 

Figure 4-9: (a) – (d) SEM analysis from SRB1 batch of SOFCRoll at various areas in the cell. 

 

The sample made by the primary method using the original slurry recipes (SRB1) has 

multiple internal defects, Figure 4-9. In some areas, cells show extensive cracking along 

the electrolyte. Cracks along with the electrolyte would block the flow of oxygen ions, 

making the area completely inactive; while the cracks across the electrolyte can cause the 

flux of gases between the chambers; such defects reduce the oxygen’s partial pressure 

difference on both electrodes and thus reduce the OCV according to the Nernst equation. 

Gas cross-over also could result in lower system performance by changing the material 

properties, e.g. a drop in LSM conductivity due to reduction; or a drop in fuel electrode 

activity due to Ni oxidation. Delamination between two electrolyte layers and other active 

layers is present in several places. Delamination between active layers will result in the 
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blocking of the flow of charged species across a cell. Apart from the shrinking profile, 

delamination could come from the weak adhesion of tapes during lamination, while 

cracks most likely are related to internal stress induced during co-sintering. 

YSZ electrolyte cracks and delaminates in the middle through its length, indicating a 

weak point in its structure, where two YSZ tapes were laminated; often, those cracks 

extend through the large part of the YSZ electrolyte close to the interface with electrodes. 

Delamination of YSZ through the middle seems to be more pronounced in the inner part 

of the cell (especially at the inlet from the cell’s main channels to the spiral part), and 

cracks dominate at the outer part, either in the channel or closer to the outer layer of the 

LSM oxygen electrode. The electrode layers seem not to crack much, crack is visible in 

Figure 4-9 d, but this seems to be caused by the resin. The electrode layers seem not to 

crack to a large extent also do not delaminate much; in some areas, slight delamination 

from YSZ electrolyte is visible, indicating that the interface is not very strong. 

The Back Scattering Electron probe (BSE) was used for the porosity measurement to 

acquire the images with high contrast between the resin and ceramic (Figure 4-10). 

Next, the image was converted to the 8-bit grayscale and a threshold was applied to the 

picture (Figure 4-10 b) with ImageJ software [269]. Threshold separated the ceramic 

pixels (white) and the resin (black), and the area filled by the resin was measured. Figure 

4-10 a & c compare the porosity of the same LSM current collector layer, sintered within 

SOFCRoll and separately. There are significant differences between the porosity of active 

layers, even for the same slurries, when sintered in various arrangements, indicating that 

porosity is not controlled only by the slurry composition but also by the layer location as 

other layers may limit the movement of material during sintering. Also, there are 

differences in stress in various cell areas, which would affect porosity (Figure 5-22 in 

Chapter 5). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 4-10: Porosity measurement of the LSM layer sintered at 1350°C. SEM (BSE) image and after 
conversion to a binary scale of the LSM current collector. (a)-(b) Sintered within the SOFCRoll structure. 
(c)-(d) Sintered separately. 

 

Figure 4-11 shows the microstructure analysis of SOFCRoll produced in the SRB1 batch. 

The LSM current collector layer had porosity up to 70%, while the value of LSM/YSZ50 

porosity was 46%. Pores in the active layer are long and are arranged along with the 

electrolyte, likely caused by the shape of graphite particles (Figure 4-1 a). Such a structure 

may be unbeneficial for layer functionality, as pores are not well connected. The current 

collector layer produces a better structure (Figure 4-11 a). 

Both Ni/YSZ based fuel electrodes, after reduction, had a porosity of about  58%. Such a 

high value was anticipated to limit diffusion losses through the long spiral of the cell. The 

porosity distribution was relatively uniform, and pores seem to be well connected (Figure 
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4-11 b). On the fuel electrode images, the large agglomerates represent Ni, while the small 

grains YSZ. 

(c)  

 

(d)  

 

Figure 4-11: SEM analysis from SRB1 batch of SOFCRoll. (a) Image of the oxygen electrode (OE). (b) 
Image of the fuel electrode (FE). 

 

Although all tapes were cast with the same doctor blade gap, images showed significant 

differences in their thickness, especially in the oxygen electrode, which is much thinner 

than other layers. Those variations are likely the result of the difference in viscosity of 

slurries and the shrinking profile. The more shrinkable LSM slurries produced a thinner 

tape while fuel electrode layers, where shrinking was lower, were thicker. The average 

thickness of the LSM/YSZ50 electrode was 30 µm, while the thickness of the LSM 

current collector was 40 µm. The thickness of fuel electrodes was also similar, 60 μm in 

Ni/YSZ60 and 55 µm in Ni/YSZ20. The total thickness of electrolyte in the measured 

location was between 90 - 110µm (the YSZ was made of two tape layers). 

Figure 4-12 shows the microstructure analysis of SOFCRoll produced in the SRB3 batch. 

Some areas have no cracks or delamination (Figure 4-12 a), but the structural defects are 

present in other regions. 
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LSM/YSZ50 
Ni/YSZ20 

Ni/YSZ60 
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(a)  

 

(b)  

 

(c)  

 

(d)  

 

Figure 4-12: SEM analysis of SOFCRoll made in SRB3 batch. (a) SEM (SEI) Image of cell’s cross-section. 
(b)-(d) SEM (BSE) Image of cell’s cross-section at various cell areas. 

 

The primary weakness is delamination; the oxygen electrode delaminates the most at the 

main channel, from the inlet to the spiral (layered part) (Figure 4-12 c). The fuel electrode 

cracked in many locations at the interface with the YSZ electrolyte (Figure 4-12 b & c). 

The YSZ developed cracks through its length closer to the fuel electrode side; those 

cracks coincide with cracks on the fuel electrode interface, revealing stress created in the 

cell. Also, some cracks are visible across all layers (Figure 4-12 d). However, SRB3 cells 

have fewer defects overall, and the electrochemical test shows improved performance 

(Chapter 4.5). Most likely, progress is due to a new preparation method, which simplified 

the cell’s assembly and produced fewer defects during lamination. 
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The LSM current collector layer had porosity up to 41.5 %, much lower than in the SRB1 

batch, where the high porosity value in the OE current collector most likely comes from 

various stress at a given location. The value of LSM/YSZ50 porosity was 45%. Both 

Ni/YSZ based fuel electrodes, after reduction, had a porosity of about 50%. 

Measurements gave a slightly lower value than SRB1; the porosity may also be different 

due to layer location. However, in both cases structure is very similar (Figure 4-13). 

(c)  

 

(d)  

 

Figure 4-13: SEM analysis from SRB3 batch of SOFCRoll. (a) Image of the oxygen electrode (OE). (b) 
Image of the fuel electrode (FE). 

 

The co-cast cells (SRB5) had much fewer defects than cells prepared by hand lamination 

(Figure 4-14) and showed much better performance (Chapter 4.5). The delamination is 

present between the layers; in some cases, there is substantial delamination of oxygen 

electrode layers, especially where layers connect at the cell’s central channel (Figure 4-14 

b). The layers are much thicker than in previously described cells, as different gap 

adjustments methods were used; such a high variation comes from the additional layer of 

sticky tape applied between the slurry reservoir and Mylar film to assure that it will not 

damage the produced ceramic tapes. At the initial phase of the co-casting method 

development, the control over the thickness of cast layers was poor but improved during 

the project, where electrolyte as thin as 20 µm was co-cast (Chapter 6.4). The 

LSM/YSZ50 layer had 60 μm, LSM current collector 50 µm; the fuel electrodes about 

150 µm each and YSZ electrolyte 250 µm. 

The analysis of co-cast structures shows a much lower porosity of the oxygen electrode 

layers than in previous examples (only about 30%). The cathode layers were cast first, 

LSM/YSZ50 

LSM 

Ni/YSZ50 
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and then all other layers above it. Perhaps other layers' weight leads to the flattening of 

LSM based oxygen active and current collector electrodes. 

(a)

 

(b)

 

(c)  

 

(d)  

 

Figure 4-14: SEM analysis of SOFCRoll made with SRB5 method (co-cast). (a)–(b) SEM (SEI) Images at 
various magnification. (c) SEM (BSE) image of the oxygen electrode. (d) SEM (BSE) image of the fuel 
electrode. 
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4.5 Electrochemical test of Ni/YSZ SOFCRoll Cells 

 

The dimension of electrode layers, length of diffusion, and current collector path 

could be seen in Figure 4-15 b for “unfolded” electrodes, assuming that tapes shrunk by 

25% after sintering. For the original SOFCRoll design (SRB1), the total surface area of 

the fuel electrode was 25.3 cm2, which includes 5.6 cm2 in the “Channel” (hatched area) 

and 19.7 cm2 in the spiral part of the fuel electrode. 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Figure 4-15: Mechanism on SOFCRoll (Original design). (a) Model of cell’s functionality at FE side. (b) 
Electrodes dimension and length of gas and current collector paths. (c) Diffusion paths, in red – H2, in blue 
– O2. (d) Current collector position. In green – current collector fuel electrode layer (FE), in black – current 
collector oxygen electrode layer (OE), in yellow – silver current collector. 

 

Figure 4-15 shows the mechanism of SOFCRoll functionality on the fuel electrode side. 

The model cell is divided into two electrochemically active regions, the “Channel” and 

the “Spiral”. The H2 gas is provided to the channel (1). At the channel, H2 gas diffuses 

through the thickness of the current collector (2) and active layer (3), which are around 
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50µm each. The electrochemical oxidation of H2 takes place on an active electrode 

interface with electrolyte (4). Electrons from this area are conducted through a thickness 

of electrodes (plus distance in the channel) to a silver contact. In the spiral part (5), the 

H2 gas must diffuse through the Ni/YSZ current collector layer distance (6), up to 3.375 

cm, plus the thickness of the electrodes to the reaction site. The electrons from the reaction 

would be conducted through the current collector layer for the same distance to silver 

contact. Water from the reaction in both areas would be discharged through the current 

collector layer outside the cell; thus, its porosity must be sufficient to assure the exchange 

of reactive gases. A similar mechanism holds for the oxygen electrode, which has the 

exact dimension of “Channel”, but “Spiral” is shorter, as the outer layer of the electrode 

is open to atmospheric air. Hence, the “Spiral” is 1.5 cm, which is the length of maximum 

diffusion distance in the oxygen electrode. Whereas, due to the position of the current 

collector point (in yellow in Figure 4-15 b & d), the maximum current collector distance 

is 4.5cm, which is even longer than in FE. 

According to the model, gas conditions at “Channel” and “Spiral” are different, and the 

activity in the “Spiral” will decrease in the x-axis direction, depending on the diffusivity 

and conductivity of the current collector layer. If those parameters are not sufficient to 

manage the required distance, or/and the cell has internal defects, the cell’s active area in 

the spiral could decrease due to: 

(1) Too low conductivity to transfer electrons through the spiral to silver contact. 

(2) Gases are not diffusing or diffusing unevenly through the cell’s spiral. 

(3) At some point in the spiral, gases mix and burn due to cracks. 

(4) Delamination of ceramic layers. 

Processes (2) and (3), besides fuel draining, would create unfavourable gas conditions on 

both electrodes, thus, decreasing their functionality. 
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For discussion of cell performance, the best working cells with specific 

characteristics were chosen. However, one should remember that their unstable operation 

brings errors during the analysis. Cracks and defects change the gas conditions on 

electrodes, which is manifested by lower than theoretical OCV value and SEM images, 

apart from changing the concentration and pressure of gases on both electrodes, also 

changing the oxidation state of materials, decreasing their activity. Moreover, the gas 

distribution in the cell’s spiral may be disturbed due to gas crossover or diffusion losses. 

Many cells could not achieve a high enough OCV value to be tested in those trials. 

However, OCV improved with the development of the production method. 

Most likely, the area between channels is the most active region. The region is nearest to 

the silver contact, and gas diffusion is only restricted by the thickness of the electrodes; 

if the cracks are present, a large part of the spiral could be entirely inactive. 

According to the Nernst equation, a theoretical OCV for a cell operating at 800 °C with 

air and pure hydrogen should be above 1.1 V. SOFCRoll cells with Ni/YSZ electrode had 

a much lower value of OCV than theoretical (best cells between 0.8-0.95 V), which was 

considered as the effect of cracks, causing gas to leak between the chambers. The OCV 

decreases with increasing temperature, with a much higher rate than the Nernst equation 

indicates. Likely, the loss of potential was related to the change of kinetic energy of gas 

particles, which will increase linearly with the temperature at constant volume and 

pressure. The higher kinetic energy will cause more gas to diffuse through a crack. 

If the spiral is inert due to lack of conductivity, OCV measurement would only be related 

to the active area inside the channels, which would explain a relatively high OCV value, 

even though most cells could be under low pO2 difference. 

Some measurement has been done on the shorter cells, and not much more current was 

generated; the performance of cells with 3 cm length was close to those with 5 cm length. 

Overall, the generated power is low in all tested cells when considering the large area of 

layers used for cell preparation. 
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(a)

 

(b)

 

(c) 

 

(d) 

 

Figure 4-16: The electrochemical performance of the SRB1 SOFCRoll in the temperature range 700-
850 °C and the 100 ml/min 5% H2/N2 in FE and 100 ml/min of air in OE. (a) I-V curve of cell operating in 
fuel cell mode. (b) Arrhenius plot of ohmic and polarisation resistance. (c) – (d) EIS and DRT analysis of 
impedance data at OCV conditions. 

 

The SRB1 SOFCRoll cell has been tested on the 100 ml/min 5% H2/N2 in FE and 100 

ml/min of air in OE. The small amount of the silver current collector was painted on 1 cm 

in the metal tube’s length. At this point, silver paint was intended to enhance the 

connection between stainless steel tubes and Ni/YSZ20 current collector layer, not to 

distribute current through the cell’s channel; the Ni/YSZ20 layer with a high content of 

Ni metal should have provided this (Figure 4-15 d). Figure 4-16 shows the I-V and 

impedance characteristics of the cell. The EIS and I-V data were not normalised to the 

surface area, as it is unknown how much surface area is being used; the performance is 

“per cell”. 
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The recorded OCV for unmodified SOFCRoll cells (SRB1) tested with 5% H2/N2 was 

0.928V at 700 °C and decreased to 0.856V at 850 °C. The I-V characteristics were taken 

every 50 °C at 700 – 850 °C; further analysis shows that power gain is lower when heating 

to 850 °C. In many cases, the power generated at 800 and 850°C was almost the same 

(Figure 4-19). Such an apparent drop in performance was attributed to the deterioration 

of the silver current collector at a temperature above 800 °C. The melting point of silver 

is about 900 °C; thus, silver should not melt; however, a local rise in temperature could 

be possible, e.g. due to the burning of H2. The maximum power generated at 850 °C was 

58 mW for the 100 ml/min gas flow, giving 8.1% fuel utilisation. The fuel utilisation was 

calculated from the equation: 

� = ;
�× ×� × ���%         Equation 4-4 

 

Where I is the generated current in A, F is Faraday constant 96485C mol-1, n is 2 for H2 

and gas flow v is in mol/s. 

Not much power was obtained when testing at pure H2, a maximum of 71 mW (test not 

shown). 

EIS spectra of all presented cells show two main arcs developed at high and low 

frequencies. They are the sum of several processes from both electrodes that merged into 

single semicircles due to quite close frequencies. To evaluate their number, contribution 

and type, a DRT was constructed from impedance data (Figure 4-16 d), which clearly 

shows up to five peaks. In the usual approach to identifying to which electrode and 

process the peaks on DRT correspond to, their dependency on various conditions could 

be measured, e.g. by changing one parameter like pO2 on fuel or oxygen electrode [65]. 

Theoretically, the parameters could be identified by the value of their characteristic 

frequencies, capacitance and activation energy. 

With the number of elements known, the equivalent circuit was constructed [66], 

consisting of ohmic resistance (Rs) and five semi-circles (Figure 4-17 d); the inductance 

(5.2x10-7) was calculated from short-circuit analysis and extracted from the data. The 

intersection point of EIS spectra with the x-axis at high frequency indicates the cell’s Rs, 

which comes from the ohmic resistance of rig (~0.1 Ω), electrolyte and electrodes. The 
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polarisation processes (frequency-dependent) occur in the upper part of the Nyquist plot 

above the x-axis. The semi-circles were modelled by resistance, and constant phase 

elements (CPE) connected parallel (R/CPE). R represents the polarisation process's 

resistance, while CPE represents its capacitive behaviour and is modelled by two 

parameters. 

(a) 

 

(b)  

 

(c)  

 

(d)  

 

Figure 4-17: Development of Equivalent Circuit for impedance analysis in SOFCRoll with Ni/YSZ based 
fuel electrode. (a) Gaussian fit to DRT of impedance data at 700°C [290]. (b) DRT data is constructed with 
various values of regularisation parameter λ (between 0.1 – 10-7). (c) The area is calculated under the 
individual peaks of DRT. (d) Equivalent Circuit with five processes. 

 

The fitting of such a large number of elements in poorly separated impedance spectra 

requires some parameters “fixed”. For this purpose, the resistances of polarisation 

processes were calculated from DRT, as the area under the peak corresponds to the ohmic 

resistance of the dynamic process [64]; this could be done either by determining the 

integral under the peak area (Figure 4-17 c) or fitting Gaussian peaks into DRT (Figure 

4-17 a). The fitting of Gaussian peaks was made with Matlab based free program, a 

peakfit [290]. 
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Both methods give close values; however, both require good peaks separation. The 

separation between peaks improves with lowering the regularisation parameter λ of the 

DRT [291]. The regularisation aims to prevent overfitting by incorporating additional 

information into the problem under consideration [292]—the method smoothes the data 

by introducing the additional term to the usual least square regression. The optimal λ 

would smooth the peaks to the point that they are not oscillating but producing the closest 

possible DRT to the original DRT. Figure 4-17 b shows the DRT of the impedance data 

from 0.1 (in blue) to 10-7 (in pink) regularisation parameter. A lower value gives better 

separation and divides single peaks; the area under both peaks still would give the 

resistive value of the single process, but they do not correctly reflect the system's 

behaviour. Also, peaks change their frequency; therefore, the characteristic frequency 

read from DRT with not optimised λ could not be correct. There are methods to calculate 

the optimal value of this parameter [292]. Due to this problem, the area under the peaks 

(thus resistance) was chosen as the “fixed” term for EIS fitting, as it does not change to a 

large extent with chosen λ. While such parameters as capacitance or characteristic 

frequency were obtained from the equivalent circuit. Another approach was to “fix” 

resistance first at one of the temperatures (or other conditions) and find the approximate 

value of “n” in the constant phase element (CPE), which determines the shape of the 

semicircle. Assuming that shape of the semi-circuits would not change at the whole tested 

range, an equivalent circuit with constant “n” could be used for all conditions. 

Table 4-6: The overview of processes assigned to the impedance of SOFCRoll with Ni/YSZ FE. 

No. Description 
Char. Freq./ Hz 

at 700°C 

Ea/ eV 

700 - 850°C 

Capacitance/ F 

at 700°C 

Rs The ohmic resistance of the cell - 0.37 - 

P1 Transport of O2- at OE/YSZ interface 17766 0.37 1.3×10-5 

P2 Charge transfer at FE 1867 1.6 1.9×10-4 

P3 Diffusion process at OE or FE 268 0.1 4.8×10-3 

P4 Diffusion process at OE or FE 1.8 0.18 1.3×10-1 

P5 Diss./ adsorption and transport at OE 0.15 2 1.7 

 

The cell’s polarisation and ohmic resistance after extraction of ohmic resistance (0.1Ω) 

of stainless steel tubes was plotted on the Arrhenius dependence (Figure 4-16 b). In the 

fitting, besides polarisation resistance, all other elements were “un-fixed” this determined 
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the values of R and CPE elements which gave the value of capacitance (equation 1-22) 

and characteristic frequency (equation 1-20). The value of capacitance and characteristic 

frequencies of polarisation processes and possible interpretation gives in Table 4-6. 

The theoretical activation energy of the YSZ electrolyte is 0.9 eV, and the conductivity 

of 0.08 S/cm at 850 °C [87]; for a 100 µm thick electrolyte, this should give about 0.2 Ω 

per 1 cm2. The ohmic resistance of the tested cell was in the range of 2.4 -1.34 Ω and had 

an activation energy of 0.4 eV between 700-850 °C. Such a large ohmic resistance value 

could indicate lower electrolyte conductivity due to sintering at 1350 °C or migration of 

Mn ions into YSZ electrolyte [293] and low active area utilisation. Moreover, in the 

following measurements, a higher amount of silver was applied to contact between the 

stainless tube and electrodes to decrease all the resistive contributions, indicating that 

poor contact between the stainless steel tube and electrodes also affected total resistance. 

Numerous processes have been reported on LSM/YSZ oxygen electrodes [190], [294], 

[295]; which include the transport of oxygen ions through the LSM/YSZ interfaces and 

the YSZ at high frequency, oxygen incorporation and its transport to interface with the 

YSZ electrolyte at a medium to low frequency and contribution related to gas diffusion 

at a very low frequency. The value of capacitance and characteristic frequency of P1 

corresponds to the high-frequency process related to oxygen ion transport [294]. Also, 

the arc does not change when the cell is tested on a different fuel, further supporting the 

assignment of P1 to the oxygen electrode. The activation energy is much lower than the 

reported 1 eV, likely due to defects in the tested cell. Another process, likely coming from 

an oxygen electrode, is P5; the polarisation comes from the dissociative adsorption of 

oxygen and the transport of intermediates to 3PB. The large value of activation energy 

points to this conclusion [294]. Also, tests made on symmetrical cells (Chapter 5.5.3.2) 

confirm the existence of a low-frequency arc at a very low frequency. In LSM/YSZ based 

materials, the oxygen reduction occurs on 3PB with YSZ, and transportation of oxygen 

species mainly follows the surface path. In literature, the process associated with 

dissociative adsorption and transport of oxygen at LSM/YSZ usually is found at a middle 

frequency, e.g. 150 Hz at 700 °C [296]. Here the drift to a very low frequency is probably 

due to the high sintering temperature of LSM, as shown in [263]. 
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One or two arcs are reported on Ni/YSZ fuel electrode [113], [296], [297]. The primary 

response is at a high frequency, usually between 1 and 10 kHz. The process is dependent 

on the microstructure of the electrode and is associated with the charge transfer between 

YSZ and Ni. For a “good” fuel electrode, the activation energy would be around 0.8 eV 

[296]. The charge transfer at the fuel electrode was ascribed to the P2 process with a 

characteristic frequency and value of capacitance corresponding to theoretical values. 

Interestingly, in all analysed cells with Ni/YSZ electrodes, P2 seems to deteriorate at 

700 °C. Perhaps, due to gas crossover, Ni starts to oxidise when temperature decreases. 

The process also seems not to be further activated at a temperature above 800°C, which 

could be due to the enlargement of cracks or increase in the diffusion of gases through 

them; hence lower partial pressure difference between gas compartments. P3 and P4 show 

a very low dependence from temperature, indicating that they are related to concentration 

losses. Usually, the concentration polarisation on Ni/YSZ electrode is found at a 

frequency below 100 Hz [125], [296], [298]. 

(a) 

 

 

(b) 

 

 

Figure 4-18: The electrochemical performance of the SRB3 SOFCRoll in the temperature range 700-
850 °C and the 100 ml/min 5% H2/N2 in FE and 100 ml/min of air in OE. (a) I-V curve of cell operating in 
fuel cell mode. (b) EIS and DRT analysis of impedance data at OCV conditions. 
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For the manufacturing of SRB3, the long tapes were laminated then cut instead of 

laminating all layers separately. Performance increased as cells had fewer internal defects 

(Figure 4-18). Those cells had matched the shrinking profile at a lower temperature (up 

to 300 °C) due to modification of organic slurry content (Figure 4-5), which may have 

reduced defects. However, the leading cause can be seen in the new assembly method. It 

removes the need to apply every single layer separately, which introduces many structural 

defects into a cell. The electrochemical test of the SRB3 cells had much lower resistance 

and higher OCV value than SRB1, increasing the amount of generated power up to 190 

mW at 850 °C when operating at 5% H2. Cell achieved one of the highest performances 

among SOFCRoll with Ni/YSZ based fuel electrode developed in this study, with the fuel 

utilisation equal to 26.5% at 100 ml/min flow of 5% H2 in FE. 

The ohmic resistance of the cell was between 0.65 Ω at 700 °C and 0.3 Ω at 850 °C. The 

presented cell had one layer of YSZ electrolyte instead of two, likely decreasing the ohmic 

resistance per active surface area due to the thinner electrolyte. Moreover, the 

microstructure analysis showed the possibility of delamination when two YSZ tapes were 

laminated for cell preparation (Figure 4-9). Such defects entirely blocked the flow of 

oxygen ions through an electrolyte, effectively decreasing the cell’s surface area. 

Also, the influence of a higher amount of silver paste on cell performance was 

investigated. Instead of painting the thin layer of silver on stainless steel tubes, a thick 

layer of silver was applied. The higher amount of silver decreased the cell resistance more 

than two times. The paste was still applied pointwise, so the drop of resistance was not 

coming from an expansion of surface area only from the more reliable connection 

between the metal tube and the surface of the electrode. 

The DRT analysis gave a similar distribution of arcs as previously; however, P4 showed 

higher activation energy. Both P1 and P2 seem to be much smaller when compared to all 

other cells, and their activation energy decreased. Also, in this case, at 700 °C, the P2 

process substantially increased. 

Finally, the performance of co-cast cells was studied. As previously, the amount of the 

silver current collector on the contact was increased. One test was conducted with the 

additional stripe of silver painted through the whole channel; however, it did not improve 

the performance, indicating sufficient conductivity of current collector layers (at least in 
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the channel). The presented cell was tested with 100 ml/min of 5% H2/N2. The value of 

OCV was almost 0.9V at 800 °C. The SEM analysis confirms some internal cracks; 

however, delamination is the dominant defect. The ohmic resistance of the cell was 

between 1.11 Ω at 700 °C and 0.8 Ω at 850 °C. Due to poor control of the casting gap in 

the co-cast cell, the acquired electrolyte thickness was about 250 µm, much higher than 

in cells where electrolyte was cast separately. 

(a) 

 

 

(b) 

 

 

Figure 4-19:The electrochemical performance of the SRB5 SOFCRoll tested in the temperature range 700-
850 °C and 100 ml/min 5% H2/N2 in FE and 100 ml/min of air in OE. (a) I-V curve of cell operating in fuel 
cell mode. (b) EIS and DRT analysis of impedance data at OCV conditions. 

 

(a) (b) 

Figure 4-20: The comparison of impedance data of SRB5 tested at the 700°C and with 100 ml/min 5% 
H2/N2 and 20 ml/min of dry H2 in FE, both tested with 100 ml/min of air in OE. 
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The DRT is similar to other cells with five polarisation processes and similar behaviour. 

P2 increased a lot at 700 °C, but at other ranges has low activation energy, similar to in 

SRB3. P4 shows moderate activation energy, while P5 has a significant temperature 

dependency. The test on pure H2 was conducted on a different cell; therefore, it could 

bring some errors in comparison; it is also possible that cells produced by hand gave a 

slightly different performance. Cell with H2 required a much lower flow to achieve 

satisfying OCV, around 20 ml/min; the higher flow resulted in a drop in OCV. A 150 mW 

of power was generated at 850 °C, about 25% more than in 5% H2/N2, which worked the 

best at the higher flow. Cells tested at pure H2 had lower ohmic resistance and 

contribution from P2, the prominent peak in the fuel electrode. It is unclear why P5, 

ascribed to the oxygen electrode, was affected. Perhaps using H2 decreased pO2 at the 

oxygen electrode to a greater extent due to cracks. 

 

4.6 Summary 

 

The initial research on SOFCRoll quickly revealed the challenges with their 

manufacturing, particularly difficulties with tape assembly, often leading to defects. 

Moreover, the shrinking analysis of electrodes and an electrolyte indicated the significant 

differences in its profile during temperature treatment that causes considerable stress 

inside a cell, forming delamination and cracking. 

Employed modifications made the whole process easier and improved the cell's quality. 

The SEM analysis showed a reduction in the number of defects, even without controlling 

the shrinking profile. Notably, the co-casting was encouraging; casting tapes directly on 

each other eliminated the need for lamination and produced a more robust connection 

between layers. 

The electrochemical analysis also showed the better performance of the subsequent 

batches. Nevertheless, the maximum power was up to 0.2 W, which with such a large 

area of electrodes, was a poor result, indicating that only a small part of the cell was active. 

The main factors behind inadequate performance were internal defects, poor current 

collecting, and diffusion problems. 
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5 SOFCRoll with LCNT based electrodes 

 

5.1 Introduction 

 

Eventually, attempts were made of replacing Ni/YSZ electrodes with LCNT based 

material. Subsequently, the shrinking analysis of the electrode layers was controlled to 

diminish the defects occurring during the co-sintering process. 

Due to the delamination of the pure LCNT layer when co-sinter onto YSZ electrolyte, the 

LCNT-YSZ composite with an equal volume ratio of materials was used as the active fuel 

electrode (LCNT/YSZ50). Two different solutions were proposed for the current 

collector layer: Ni/LCNT50 composite sintered on the whole area of the active electrode 

and Ni/YSZ10 sintered just in the spiral part of the cell. Thanks to the pre-sintering of the 

LSM-YSZ composite, the oxygen electrode's shrinking profile has also been matched. 

The tape casting and cell assembly method were further modified. Both sides of the cells 

were co-cast separately and then laminated, giving better control over the experiment 

while obtaining a well-developed interface. Also, the multiple cell designs were 

investigated, varying in size, gas exhaust and, as already mentioned, with different current 

collector layers. 

As previously, the performance of SOFCRoll was investigated with I-V and EIS analysis, 

and various types were compared. In addition, the set of planar cells was developed and 

tested based on materials used for SOFCRoll to separate polarisation from both electrodes 

and investigate their functionality in a more homogeneous system. Also, a simple 

mechanism of H2 oxidation/ H2O electrolysis on the fuel electrode was proposed. 
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5.2 Development of LCNT/YSZ50 active fuel electrode 

 

The next step was the implementation of LCNT based anode into the SOFCRoll 

structure. The LCNT powder was prepared using modified solid-state synthesis (Chapter 

2.2.1). Also, trials have been carried out to control the shrinking profile of electrode layers; 

through a modification of slurry composition and ceramic material used for its preparation, 

the YSZ electrolyte slurry has not been changed throughout the whole project. A 

shrinking profile of LCNT based fuel electrodes was regulated by the slurry composition 

and size of ceramic particles. The collected analyses of LCNT particle size are given in 

Table 5-1 and Figure 5-1. Besides the milling time and size of milling balls, the rotational 

speed, the volume of ball milling containers, and the amount of material affecting particle 

size distribution.  

Table 5-1: The analysis of LCNT particle size, ball-milled for various times and milling balls size. 

Milling balls size Time/h D10/µm D50/µm D90/µm SSA/m2g 

Large, 10 mm 2 0.552 4.606 11.819 0.908 

Large, 10 mm 3 0.540 3.445 12.380 0.986 

Large, 10 mm 6 0.426 2.289 5.902 1.32 

Large, 10 mm 9 0.373 1.408 3.962 1.7 

Large, 10 mm 12 0.383 1.128 3.102 1.83 

Large, 10 mm 16 0.323 1.058 4.307 2.03 

Mixed, 10, 3, 1 mm 3.25 0.236 1.672 3.994 1.45 

Mixed, 10, 3, 1 mm 7 0.222 0.798 2.804 2.86 

Mixed, 10, 3, 1 mm 10 0.168 0.531 2.561 3.87 

Mixed, 10, 3, 1 mm 14 0.169 0.516 2.094 3.93 

2 stage, 3 mm 2.5 0.366 2.387 8.648 1.45 

2 stage, 3 mm 7.5 0.167 0.788 2.554 3.46 

2 stage, 3 mm 10 0.165 0.641 2.167 3.7 

 

For the cell’s development, the required small size of LCNT particles was produced either 

by ball milling with mixed-size balls or two-stage ball milling with smaller balls at the 

second stage. The particle’s size had to be reduced below 0.8 µm to obtain a shrinking of 

LCNT/YSZ50 composite matching the YSZ electrolyte; however, milling balls with a 

given size could only reduce particles below a specific value, depending on the material 

hardness (Figure 5-1 d). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-1: Particle size analysis of LCNT powder ball-milled for indicated times at 400 rpm. (a) Ball 
milled with 10 mm milling balls. (b) 1-3 ball-milled with 7 x 10 mm balls, then changed to 20g of 3 mm 
balls. (c) Ball milled with mixed balls 4 x 10 mm; 12 x 3 mm; 10 x 1mm balls. (d) Size dependence for 
various times and milling balls size. 

 

The size reduction rate slows down during the ball milling until it almost entirely levelling 

off. Milling LCNT material at 400 rpm with 10 mm milling balls had the fastest rate at 

the initial 2 h and reduced particle size to the 3-4 µm range. Afterwards, even 15 h milling 

time was insufficient to reduce it below 1 µm. The finest powder could be produced with 

the small milling balls, but they do not have enough force to break larger particles. To 

reduce particle size from the initial, grounded material, a mixture of different milling balls 

may be used or a two-step process, where smaller ones in the second step replace the large 

milling balls. The first method required 6.5 h ball milling at 400 rpm. No additional peaks 

were visible on the LCNT pattern after milling with mixed balls, but when such prepared 

LCNT powder was co-sintered with YSZ, additional peaks were observed near stabilised 
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zirconia peaks in the XRD pattern at 31.6, 34.6, 35.2, 35.53° (Figure 5-2). These peaks 

correspond to the monoclinic ZrO2 [299], most likely, coming from zirconia produced 

from the grinding of zirconia milling balls and walls of containers. The milling procedure 

was changed to a less intensive, with two stages, where after initial milling, balls were 

replaced to a smaller size. After 2 h of ball milling at 400 rpm, 10 mm milling balls were 

changed to 3 mm balls and milled for a further 7.5 h at 400 rpm. 

(a) 

 

 (b) 

 

(c) 

 

 (d) 

 

Figure 5-2: XRD analysis. (a) - (b) LCNT ball-milled with various methods. (c) - (d) LCNT/YSZ50 powder 
prepared with LCNT powder ball-milled with various methods. 

 

The average size of ceramic particles produced by 2-stage milling was about 0.8 µm, and 

no visible traces of monoclinic zirconia were detected on the XRD pattern of ball-milled 

LCNT or sintered LCNT/YSZ composite. The process is long and energy-demanding; 

there was an attempt to reduce the processing time using high-speed ball-milling. The 

procedure was shortened to 1 h 20 min, with two stages, the first 20 min with large milling 
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balls at 400 rpm and 1 h at 800 rpm with smaller balls (10 mm and 3 mm). However, the 

produced powder had the most significant ZrO2 contamination among all methods, visible 

already on the XRD pattern of LCNT. The size distribution of ceramic particles prepared 

with various methods is slightly different, but both show the average particle size of 0.8 

µm, and the produced LCNT/YSZ50 electrodes shrink similarly. The fine powder 

produced with mixed balls does not have any large fraction above 6 µm, while produced 

with the 2-stage method has 1.4% in total, which is not significant and did not influence 

the quality of produced electrode. The powder produced with the 2-stage method has two 

peaks, one at 0.18 µm and the second at 1.2 µm, while the distribution of particles milled 

with mixed milling balls is more levelled. 

At the initial phase of LCNT implementation, a pure LCNT layer was considered to be 

used as the active fuel electrode. However, the layer tended to delaminate from the YSZ 

electrolyte, even when shrinking was matched, Figure 5-3 a - b. The attempt was also 

made to produce an LCNT active layer with a small amount of YSZ ( e.g. 10% by vol.); 

however, it decreased a shrinking significantly (to about 2% with the addition of 10% 

YSZ by volume), Figure 5-3 c-d; this behaviour was unexpected as shrinking of "pure" 

LCNT with the same LCNT particle size was about 18%. This behaviour suggests that 

the sintering of LCNT and YSZ is rather governed by coarsening than densification. 

When LCNT pure layer is co-sintered on YSZ, the neck formed between materials is 

believed to come from the particle’s surface, and as the material is not transported 

between the lattice and grain boundaries, the strength of the interface is poor. For the 

material with the addition of 10% YSZ, presumably, the YSZ and LCNT form a 

homogeneous mixture, where YSZ surrounds LCNT particles. During the thermal 

treatment, sintering is governed by the surface mechanism between YSZ and LCNT, 

leading to coarsening, hence low shrinking. 

Due to difficulties implementing those layers, the composite electrode with a 50/50 

volume ratio between LCNT and YSZ was used. The more significant relative 

concentration of both materials increases the volume of LCNT and YSZ phases within a 

composite, and the noticeable shrinking presumably comes from the densification of 

separate phases. At the same time, the sintering between LCNT and YSZ phases is still 

believed to be governed by the surface process. 
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(a) 

 

(c) 

 

(b) 

 

(d) 

 

Figure 5-3: (a)-(b) Shrinking profile and SEM Image of LCNT layer co-sintered on YSZ electrolyte in 
SOFCRoll. (c)-(d) Shrinking profile and SEM Image of LCNT layer with 10% by vol. YSZ content co-
sintered on YSZ electrolyte in SOFCRoll. 

 

The YSZ is a pure ionic conductor (IC), where oxygen ions are transferred through 

oxygen vacancies in its cubic fluorite structure [300]. Presumably, in LCNT/YSZ 

composite, the activity of metallic particles and MIEC properties of LCNT could be 

supported by ionic transport in YSZ, and the layer would produce a better interface with 

the electrolyte. Much better performance was observed with the addition of pure ionic 

conductors like CeO2 or YSZ into the perovskite-based fuel electrode [301], [302]. 
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The development of the electrodes layers for co-sintering purposes is not a trivial 

task. Changing the shrinking profile with particle size will also change the microstructure 

of the electrode. At the same time, variation in pore-former concentration will change 

porosity and affect shrinking. Moreover, the slurry viscosity will be affected by pore 

former concentration and surface area of ceramic material. These parameters must be 

controlled simultaneously to produce castable slurries that produce cells without defects 

and the required microstructure and thickness of ceramic layers. 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Figure 5-4: Porosity and shrinking measurements of LCNT/YSZ50 with the average size of LCNT particles 
4 µm and various pore former concentrations by volume. (a) Shrinking measurement; SEM (BSE) image 
of the electrode with (b) 0%, c) 30%, d) 60% pore-former concentration. 
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Table 5-2: The characteristic of the LCNT/YSZ50 layer with various pore former concentrations by volume 
at constant particle size (4 µm). 

Pore Former [%] Porosity [%] Max. Shrin. [%] 

0 0 10.16 

30 39 11.88 

60 79 12.9 

 

The study of shrinking and porosity of the ceramic layer at constant particle size reveals 

the influence of pore former concentration on the shrinking profile and final porosity 

(Figure 5-4). The layer without pore former is almost entirely agglomerated and shrinks 

less than samples with pore formers. After adding 30% vol. of pore former, shrinking 

increase at the full profile and sample develop a porous network. With 60% vol. pore 

former concentration porous network continues to develop, but the final shrinking profile 

has only ~ 1% difference compared to slurry with 30% vol. pore former concentration. 

The possible explanation for this phenomenon could be as follows. The ceramic particles 

are irregular; however, for simplification, it could be assumed that they are spherical, as 

shown in Figure 4-8 a. When the particles are arranged into a bulk, there is space between 

them; the shrinking of the ceramic layer without pore former is related to the reduction of 

this “open space” by the transport of the material between the adjacent particles. The 

maximum distance for the diffusion of the material is limited by the size of those pores 

and material properties at a specific temperature, e.g. their diffusion coefficients. After 

adding pore former, more “open space” is created in the bulk of the green body. Thus, the 

distance of particle bulk movement would not be limited (or limited less) by available 

space; hence, the shrinking increase. The porosity would be created when material 

properties limit movement at specific coordinates. More space is created at specific 

coordinates with the higher pore former addition, which increases shrinking if it is limited 

by “open space” availability. Perhaps beyond a specific limit of pore former concentration, 

a diffusion of material is not limited by available space; therefore, shrinking is not 

increasing, only the porosity. 

The study of shrinking and porosity of the ceramic layer at constant pore former 

concentration reveals the influence of particle size on the shrinking profile and final 

porosity (Figure 5-5); shrinking increases with smaller particle size, while porosity is 
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reduced. Such behaviour is related to the larger surface area of small particles, and higher 

bulk density, more surfaces of particles are in contact; hence they agglomerate more. With 

a larger particle size, fewer surfaces would be adjacent, and the distance between particles 

would be higher; hence, the porosity increase while shrinking decreases. On the 

macroscale, the strong dependence of shrinking on particle size is related to the total 

surface area per volume, decreasing with larger particle size and more equilibrium particle 

shape (Wulff shape) [286]. 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

Figure 5-5: Porosity and shrinking measurements of LCNT/YSZ50 active anode with 60% vol. of pore 
former made with the various average size of particles. (a) Shrinking measurement; SEM (BSE) images of 
the electrode with (b) 6.645µm, c) 4µm, d) 0.798 µm, LCNT/YSZ particle size. 
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Table 5-3: The characteristic of LCNT/YSZ50 layer with various particle sizes at constant pore former 
concentration (60% by vol.). 

Particle size [µm] Porosity [%] Max. Shrin. [%] 

6.6 79 11.4 

4 69 12.95 

0.8 48 18.46 

 

The investigation of how the particle size and pore former concentration affect the slurry 

properties and microstructure of sintered materials helped to develop a procedure for 

formulation of a castable electrode slurry with set porosity and shrinking profile for the 

co-sintering purpose, which contains the following steps: 

1. Mixing ceramic particles (grounded and pre-milled, e.g. 1 h ball-milling) with the 

pore former in a 40/60 volume ratio. 

2. Addition of the solvent in the amount that mixture forms a dense liquid ( visual 

investigation or viscosity measurement). 

3. At the second stage of slurry preparation (Chapter 3.3), add plasticizers and binder 

in concentration at standard binder plus plasticisers/ solvent ratio (Table 4-2). 

4. Cast tape, investigate the shrinking profile (Chapter 3.6). 

5. Formulate the following slurry, adjust the shrinking profile by changing the size 

of ceramic particles, keep the same pore-former concentration as in step 1 for 

slurry formulation. Adjust organic ratio as in steps 2 and 3. 

6. Repeat step 5 until the required shrinking profile is attained. 

7. For the next slurry, use particle size, which gives the required shrinking profile 

and adjusts the pore-former concentration to tailor porosity, as explained before, 

changing the pore former concentration in a range of 30%-60% (investigated for 

LCNT/YSZ50 only) of its total concentration does not significantly affect 

shrinking profile, (Figure 5-5). Adjust organic ratio as in steps 2 and 3. 

8. Double-check the shrinking profile and porosity modify the slurry if required. 
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5.3 Development of LSM/YSZ oxygen electrode 

 

(a) 

 

(b) 

 

Figure 5-6: Shrinking analysis of oxygen electrode with various particle sizes made by coarsening (Table 
5-3). (a) Shrinking analysis of LSM/YSZ50 active layer made of LSM and YSZ powders mixed in the 
slurry. (b) Shrinking analysis of LSM current collector layer. 

 

Table 5-4: Specification of ceramic particles for LSM/YSZ50 and LSM tapes preparation in Figure 5-6. 

Tape No. LSM YSZ Pore Former/ % by vol. Por./ % 

LSM/YSZ50 SRB1 As provided, B1, 1.45μm As provided, 1.1μm Graphite, 60% 47 

LSM/YSZ50 SRB2P Pre-sint., 1000°C, 3.5 m As provided, 1.1μm Graph. & Starch, 60% 56 

LSM/YSZ50 SRB6P As provided, B2, 2.03 As provided, 1.1μm Graph. & Starch, 60% 37 

LSM/YSZ50 SRB8P As provided, B1, 1.45μm p.s. 1200°C, 1.2 μm Graph. & Starch, 60% 43 

LSM/YSZ50 SRB9P Pre-sint., 1050°C, 3.3μm As provided, 1.1μm Graph. & Starch, 50% 42.6 

LSM/YSZ50 SRB1P Pre-sint., 1200°C, 5.1μm 

and 1000°C, 3.5μm (1:1) 

As provided, 1.1μm Graph. & Starch, 50% 83 

YSZ  - As provided, 1.1μm - 2 

LSM SRB1 As provided, B1, 1.45μm - Graphite, 60% 36 

LSM SRB6P As prov., B2, 2.03 μm - Graph. & Starch, 60% 54 

LSM SRB2P As provided, B1, 1.45μm 

And 1200°C, 5.1μm 

- Graph. & Starch, 60% 57 

 

As indicated in Chapter 4.3, the unmodified LSM and YSZ used directly in the slurry 

started to sinter already at a temperature below 1000 °C with a very high rate afterwards, 

significantly deviating from the profile of the YSZ electrolyte, SRB1 in Figure 5-6. The 

first attempts to modify the shrinking profile of the LSM/YSZ electrode depend on 
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coarsening either LSM or YSZ (increasing particle’s size under heat treatment), but the 

method did not give the desired results. 

(a) 

 

(b) 

 
(c)  

 

(d)  

 
(e) 

 

(f) 

 
Figure 5-7: SEM (BSE) images of active oxygen electrode LSM/YSZ50 from various batches (Table 5-4). 
(a) SR1B (b) SRB2P (c) SRB6P (d) SRB9P (e) SRB8P (f) SRB1P. 

 

Pre-sintering of LSM at 1000 °C for 2.5 h almost doubled the size of particles (from 1.4 

to 2.8 μm of D50), further thermal treatment at the same temperature (up to 10 h) 

LSM/YSZ50 

LSM/YSZ50 
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increased their size only slightly up to 3.3 μm of D50 (Table 5-4). The pre-sintered LSM 

at these conditions led to an increased layer’s porosity (SR2B in Table 5-4 ), while the 

shrinking profile was almost unaffected, SRB2P in Figure 5-6. Another layer was 

produced from pre-sintered LSM at 1050°C; however, neither PSA analysis (Table 5-4) 

nor shrinking profile showed much difference, SRB9P in Figure 5-6. Similar behaviour 

was shown in layer SRB6P produced with unmodified LSM but larger particle size (the 

new batch of LSM, B2, had the bigger particles). To summarise, SRB1, SRB2P, SRB6P, 

and SRB9P produced a different particle size of LSM, between 1.45 and 3.5 μm and 

various pore former concentrations between 50-60% by volume, giving almost the same 

shrinking but diverse porosity, which means that there is a low dependence of shrinking 

of LSM/YSZ50 composite on LSM particle size (at least for this range of particle size). 

Table 5-5: The LSM and YSZ particle size analysis pre-sintered at various temperatures and times. LSM 
comes from two different batches, B1 and B2. 

Material Temperature/°C Time/h D10/µm D50/µm D90/µm SSA/m2g 

LSM B1 As provided - 0.104 1.451 6.014 2.76 

LSM B1 1000 2.5 1.260 2.886 11.893 0.363 

LSM B1 1000 5 1.237 3.306 22.975 0.338 

LSM B1 1000 10 1.284 3.576 18.649 0.324 

LSM B1 1050 5 1.853 3.298 5.730 0.305 

LSM B1 1100 2.5 1.228 3.369 14.158 0.342 

LSM B1 1200 2.5 1.935 5.096 16.325 0.228 

LSM B1 1250 2.5 1.961 6.531 28.665 0.201 

LSM B2 As provided - 1.108 2.036 4.674 0.483 

YSZ As provided - 0.337 1.109 2.482 10.2 

YSZ 1200 5 0.472 1.151 3.394 6.43 

YSZ 1300 5 0.694 2.545 10.608 3.67 

 

There were trials to increase the size of LSM by pre-sintering them at a higher temperature, 

at 1000 – 1250 °C for 2.5 h (Table 5-5). The produced size of LSM particles was up to 

6.5 μm of D50 at 1250 °C. However, higher temperatures led to their agglomeration, and 

material had to be sieved to separate larger agglomerates. Screening increased the 

workload, and the method was not ideal, as large agglomerates still could be visible in 

the sintered layer, SRB1P, in Figure 5-7. Using higher pre-sintering temperature for LSM 

decreased the shrinking of the produced layer but was problematic in terms of material 
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pretreatment, and produced layer had low homogeneity. Also, it is not desirable to use 

coarse powder as an active layer because the surface area decreases [212]. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 
Figure 5-8: The PSA analysis of pre-sintered LSM powder for oxygen electrode preparation. (a) Pre-
sintered LSM at 1000 °C at various times. (b) Pre-sintered LSM for 2.5 h at various temperatures. (c) 
Analysis of untreated LSM from batches B1 and B2. (d) Pre-sintered YSZ for 5 h at various temperatures. 

 

The SRB8P layer was prepared with pre-sintered YSZ at 1200°C (Table 5-4); PSA 

analysis did not show much difference in particle size or distribution compared to 

untreated powder (Table 5-5). However, the measured surface area decreased from about 

10 m2/g to about 6 m2/g, suggesting that YSZ particle changed their shape during pre-

sintering under those conditions and became more regular. The SEM analysis of pre-

sintered powder may better characterise changes in the size of YSZ particles. Pre-sintered 

YSZ did not decrease shrinking; it showed the opposite behaviour - shrinking increased, 

and produced layer had the lower porosity; the shrinking profile is close to the pure LSM 

layer (Figure 5-6). Meaning that shrinking between YSZ and LSM particles limits the 

layer's shrinking behaviour; by increasing the size (or changing the shape) of YSZ 

particles, fewer surfaces between LSM and YSZ are in contact; hence shrinking increases. 
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There is a higher dependence of shrinking on particle size for the pure LSM layer. The 

SRB1 produced from LSM with 1.45 μm particles has much higher shrinking than SRB2P 

produced from LSM with 2.03 μm particle size. Dependence became less determining for 

bigger particles. Measurement showed that the layer produced from the mixture of course 

powder SRB2P is close to that produced from untreated powder (SRBP6 ), Figure 5-6 b. 

(a) 

 

(b) 

 

Figure 5-9: SEM (BSE) images of current collector oxygen electrode (LSM). (a) Batch no. SRB1.  
(b) Batch no. SRBP2. 

 

(a) 

 

(b) 

 

Figure 5-10: (a) Shrinking analysis of LSM/YSZ50 tapes made of LSM/YSZ50 composite, made with 
various ceramic particle sizes (Table 5-5). (b) Shrinking profile of LSM/YSZ10 current collector layer 
made of LSM/YSZ10 composite powder with 3-7 μm particle size. 

  



133 
 

(a)  

 

(b)  

 

(c)  

 

(d)  

 

(e)  

 

(f)  

 

Figure 5-11: SEM (BSE) images of the oxygen electrode (Table 5-5). (a) SRB14. (b) SRBP15. (c) SRBP16. 
(d) SRBP18. (e) SRB19P. (f) SRB20P. 

 

The turning point was the usage of recycled material. The previously prepared 

LSM/YSZ50 tapes were collected and sintered at 1200 °C. Next, the formed LSM/YSZ50 
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composite was ball milled to the ~4 µm of particle size. It was noticed that the shrinkage 

of the tape produced from composite particles is much lower than when mixing LSM and 

YSZ particles in the slurry. The pre-sintered LSM/YSZ50 composite reduced the 

shrinkage of the tape (Figure 5-10) and produced a well dispersed and homogenized 

composite. In fact, produced shrinking was much lower than electrolyte shrinkage. 

Table 5-6: The characterisation of LSM/YSZ50 pre-sintered composite used for tapes production, milled 
with LB – large balls, MB –mixed balls; and maximum shrinking and porosity of selected tapes. For the 
production of the tapes, 60% of pore-former by volume was added. 

Material Tape no. Milling time/ h D50/ µm Max Shr./ % Porosity/ % 

LSM/YSZ50 SRB14P 2 (LB) 4.084 9.32 75 

LSM/YSZ50 SRB15P 3 (LB) 3.267 15.28 56 

LSM/YSZ50 SRB16P 4.5 (LB) 2 16.56 47 

LSM/YSZ50 SRB18P 2 (MB) 1.42 17.3 59 

LSM/YSZ50 SRB19P 3.45 (MB) 1.13 18.9 42 

LSM/YSZ10 SRB20P 0.75 (LB) 3.7 20.4 44 

 

Table 5-7: The LSM/YSZ50 composite particle size analysis, ball-milled for various times and ball size. 

Material Milling balls Time/min D10/µm D50/µm D90/µm SSA/m2g 

LSM-YSZ large 25 2.413 6.490 15.544 0.187 

LSM-YSZ large 90 0.91 4.121 10.325 0.988 

LSM-YSZ large 120 0.392 4.084 10.621 1.03 

LSM-YSZ large 180 0.354 3.267 9.553 1.12 

LSM-YSZ mixed 30 1.820 5.088 12.129 0.241 

LSM-YSZ mixed 90 1.356 2.691 5.825 0.382 

LSM-YSZ mixed 120 0.178 1.790 4.555 1.54 

LSM-YSZ mixed 180 0.150 1.573 3.811 1.83 

LSM-YSZ mixed 225 0.110 1.160 2.858 2.7 

 

The matched shrinking with YSZ with ~1 µm particle size, Figure 5-10. Smaller particles 

of LSM/YSZ50 increased shrinking and reduced porosity, Table 5-6.  

The LSM/YSZ50 is much harder than LSM material, thus requiring much longer milling 

times. The 4.5 h hours of ball milling with large milling balls could not reduce particle 

size below 2 μm; thus, the particles were changed to mixed size. Finally, the sintering 

behaviour close to the electrolyte was achieved with the average 1.15 µm particle size of 

the LSM/YSZ50 composite. The same technique was used for the current collector layer 
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following the active oxygen electrode development. The LSM based current collector 

layer was first pre-sintered with 10% YSZ by vol. and milled for 45 minutes with large 

milling balls; LSM/ YSZ10 composite particle size was 3.7 μm. 

(a) 

 

(b) 

 
Figure 5-12: The PSA analysis of pre-sintered LSM/YSZ50 composite at 1200° and ball-milled various 
times. (a) Using large milling balls. (b) using mixed milling balls. 

 

The XRD measurement made on LSM/YSZ50 active cathode material, sintered at 1350°C, 

showed almost no traces of LZO in the analysed active cathode; in several measurements, 

a small peak is visible at 28°, which response to the position of LZO, but its concentration 

is low and should not affect the functionality of electrode. 

(a) 

 

(b) 

 

Figure 5-13: XRD pattern of LSM/YSZ50 composite. (a) In the 20-80° range of 2θ. (b) In the 20-40° 
range of 2θ. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-14: (a) – (d) SEM (SEI) of LSM/YSZ50 layer made of pre-sintered LSM/YSZ50 powder with 
~1µm LSM/YSZ50 particle size. 
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5.4 The manufacturing and design of SOFCRoll with the LCNT based fuel 

electrode. 

 

(a) 

 

 

(d) 

 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

 

Figure 5-15: Two methods for tapes assembly for SOFCRoll with LCNT based FE. (a) - (c) Active 
electrode co-cast on YSZ electrolyte and current collector layer laminated afterwards. (d) – (f) YSZ co-cast 
on laminated electrodes. 
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Due to difficulties with handling up to 6-layers co-cast into one tape, problematic control 

of tapes thickness, defects created due to evaporation of the organic solvent, and cracking 

of very thick green layers when rolled, the co-casting method for SOFCRoll preparation 

was modified. Instead of casting all layers into one tape, the electrodes for both sides were 

co-cast with electrolyte separately and laminated afterwards from the electrolyte side. 

In the first method (Figure 5-15 a-c), the YSZ electrolyte tape was cast first with a gap 

equal to 300 µm and dried. Next, the YSZ tape was masked with a Mylar mask with 

rectangular holes to attain the electrode’s shape, Figure 5-15 a. Next, fuel and oxygen 

active layers were cast over the separate electrolyte tapes, Figure 5-15 b. The tape was 

laminated on co-cast tapes if the current collector was used. Finally, the oxygen and fuel 

parts were laminated together from the YSZ side to assemble a complete cell, Figure 5-15 

c. The additional YSZ stripes were laminated on both sides of assembly edges to reinforce 

the whole structure. After the tape’s assembly, the green tapes were rolled in a spiral 

SOFCRoll shape over metal tubes with a diameter of 8mm and reinforced on the ends by 

2 of the 0.7x10 cm electrolyte stripes. The size of metal tubes for SOFCRoll rolling was 

increased at this point; therefore, the cell had larger channels and lower distance in the 

“spiral”; thus, the available active area for fuel oxidation was enlarged. The cell was 

sintered in the standard conditions used for all cells, described in Chapter 3.5. 

The method was modified in further experiments (Figure 5-15 d-f), and instead of 

electrode slurry cast on electrolyte, the order was changed, and YSZ electrolyte was cast 

over previously laminated active electrode rectangles, Figure 5-15 e. The slurry container 

and doctor blade were elevated with additional layers of Mylar film to protect the tape 

running underneath, Figure 5-15 d. Such modification removed the need for a mask, 

which provided better controls of cast tape thickness and simplified the entire process. In 

addition, the co-cast tape’s sides were much thicker, as the YSZ slurry filled the space 

between the electrode tape and tape’s edges; hence, the assembly did not require 

additional YSZ stripes on the sides, further simplifying the process. Also, it improved the 

handling of co-cast electrode counterparts, as the exposed side of the electrolyte was less 

sticky than one when in contact with the Mylar film. Sticky surfaces made it challenging 

to distribute tapes evenly and, consequently, form imperfections and air bubbles between 

them. On the other hand, the adhesion between YSZ tapes got worse; hence more prone 

to delamination; if, for example, tapes were old and lost most of their adhesive properties 
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or were not carefully hot laminated. The SRB25P and SRB26P SOFCRoll cells described 

next were produced with the first method, whereas SRB30P and SRB36P were produced 

with the second approach. 

Table 5-8: Dimension of green tapes used to assemble SOFCRoll with LCNT based FE (Figure 5-16). All 
dimensions are in cm. 

Cell Active OE CC OE Active FE CC FE Porous YSZ Electrolyte 

SRB25P 5 x 10 5 x 10 5 x 10 - - 5.5 x 10.5 

SRB26P 5 x 10 5 x 10 5 x 10 5 x 10 - 5.5 x 10.5 

SRB30P1 4 x 5 - 4 x 5 4 x 5 - 4.5 x 6.5 

SRB30P2 4 x 5 - 4 x 5 4 x 5 4 x 2.5 4.5 x 6.5 

SRB36P 4 x 5 - 4 x 5 4 x 2.5 - 4.5 x 6.5 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-16: Assembly of the layers in various batches of SOFCRoll with LCNT based FE. (a) The large 
cells with Ni/LCNT50 current collector (SRB26P). (b) The small cell with open OE (SRB30P1). (c) The 
small cell with open OE and porous YSZ layer (SRB30P2). (d) The small cell with open OE and Ni/YSZ10 
current collector (SRB36P). 

 

The SOFCRoll SRB25P and SRB26P had the same size of electrode tapes (Table 5-8), 

and both were produced with the first described method. The SRB25P had only 

LCNT/YSZ50 active anode, while SRB26P had LCNT/YSZ50 active anode and 

Ni/LCNT50 current collector fuel electrode layer. Both types had LSM/YSZ50 and 
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LSM/YSZ10 oxygen electrode layers; the electrode’s shrinking and microstructure were 

tailored using the explained method. 

(a)  

 

(b)  

 

(c)  

 

(d)  

 

Figure 5-17: SEM (BSE) analysis of cell’s fuel electrode with LCNT/YSZ50 active layer (SRB25P).  
(a) – (b) Active and current collector LSM\YSZ oxygen electrode. (c) Cell’s full cross-section. (d) Active 
LCNT/YSZ50 fuel electrode. 

 

Contrary to SOFCRoll with Ni/YSZ based electrode, where the silver current collector 

was applied locally, the whole surface area of inlet channels was covered with silver paste. 

The SRB25P had almost no internal defects in its structure; the fuel electrode did not have 

any cracks, the oxygen electrode showed minor local delamination in the analysed cell, 

Figure 5-17 b. The LCNT/YSZ50 active fuel electrode porosity was about 56% in the 

measured region between the channels. The porosity of LSM/YSZ50 was about 30%, and 

the porosity of the current collector LSM/YSZ10 layer was 58%. All electrodes had a 

thickness close to 40 µm, while the YSZ electrolyte was around 180 µm, slightly larger 
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than the usual 110 µm, due to a higher casting gap. The porosity and thickness of 

individual layers may vary, depending on location, as explained in the following example. 

(a) 

 

(b) 

 

Figure 5-18: Conductivity measurement on solid bars at 5% H2/N2 of (a) LCNT/YSZ active FE. 
(b) Ni/LCNT50 current collector FE. 

 

The LCNT/YSZ50 composite does not have large electronic conductivity (Figure 5-18 a); 

thus, the current collector layers for a fuel electrode have been developed to extend the 

active area to the “Spiral” region in the SOFCRoll where silver paste can not be applied. 

First Ni or Ni/YSZ layer with high Ni content has been considered; however, due to 

difficulties with the implementation of those layers (significant delamination), 

NiO/LCNT composite, with a 1/1 volume ratio (NiO/LCNT50), was used at this stage of 

the project. Ni/LCNT50 achieved almost 400 S/cm of electronic conductivity when 

reduced in a gas atmosphere; this value dropped quickly below 300, possibly due to 

changes in microstructure, Figure 5-20. The conductivity test was done on solid bars due 

to difficulties with the preparation of porous samples made from tapes. The actual 

conductivity of the materials would be lower than solid bars due to porosity. As explained 

already, the sintering of the tapes separately significantly reduces their porosity; therefore, 

they would not reflect the microstructure of layers in the cell. Moreover, the tapes must 

be laminated to achieve the required thickness for the measurement. The lamination of 

such a large amount of tapes almost always resulted in delamination. 
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(a) 

 

 

(b) 

 

Figure 5-19: (a) PSA analysis of pre-sintered NiO/LCNT50 composite and ball-milled at different times 
with mixed-size milling balls. (b) Shrinking profile of NiO/LCNT50 tape made of mixed ceramic and pre-
sintered composite. 

 

For the preparation of Ni/LCNT50 current collector layer, two different methods were 

investigated; in the first approach, LCNT was mixed with NiO particles in the slurry; in 

the second, following the approach taken for the preparation of oxygen electrode, LCNT 

and NiO were co-sintered first at 1350°C for 5 h to produce NiO/LCNT50 composite and 

ball-milled to specific particle size. The shrinking of the first tape exceeded 30% (Figure 

5-19 b) already with relatively large particle size; therefore, this method was rejected in 

advance. A more favourable shrinking profile was obtained with the second method. 

Analysis showed that shrinking close to YSZ could be produced with an average 

NiO/LCNT50 particle size of 3.16 µm. The pure material has a large conductivity, and 

the cell showed much higher performance; thus, at least partially, the layer fulfils its 

purpose. Unlike Ni/YSZ based current collector layers (as shown next), Ni/LCNT50 does 

not delaminate and gives a good interface with the active electrode. However, the 

composite shows a rather peculiar structure. After reduction, gaps appear between LCNT 

and Ni, while Ni has many small holes created during the release of oxygen. Such a layer 

has low mechanical strength after reduction and crumbles when touched; thus, special 

care was needed with the cell’s handling. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 5-20: SEM analysis of SOFCRoll SRB26P with Ni/LCNT50 current collector and LCNT/YSZ50 
active layer. (a) - (d) SEM (SEI) images in various magnifications of the fuel electrode after the test. (e) 
BSE image of cell’s cross-section. (f) BSE image of fuel electrode. 

 

Figure 5-21 a shows a cross-section of the whole SRB26P cell. Cells did not deform 

during the sintering step and kept the “SOFCRoll shape”. The cell showed high OCV, 

demonstrating a good tightness; however, the defects were still present in the cell’s 

structure (in red in Figure). The delamination primarily developed at the Ni/LCNT50 
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interface; some cracks also were present in the YSZ electrolyte. The most affected regions 

are at the end of the main channels, Figure 5-21 b & c. Based on the porosity analysis, 

Figure 5-22, those parts seem to be under the highest stress, as the inner part of the cell is 

affected by shrinking the outer layers. In those regions, the cell’s structure consists of 

only a single-layered assembly, not supported by the second one, as in the “Spiral” part, 

where the number of defects is low; therefore, there are more prone to crack. Also, tapes 

at the end of the channels are rolled to a higher degree, perhaps bringing additional stress 

that affects their mechanical strength. 

(a)  

 

(b)  

 
(c) 

 
Figure 5-21: SEM (BSE) analysis of cell with Ni/LCNT50 current collector and LCNT/YSZ50 active layer 
(B26P). (a) The cross-section of the whole cell (defects in red). (b) – (c) Images of the cell’s cross-section 
at indicated locations. 

 

The thickness of the layers and porosity varied across the cell. The active electrodes have 

a thickness of between 30 and 40 µm, while the YSZ thickness electrolyte was between 

120 and 140 µm. The thickness of the current collector layers varies between 50 and 60 

μm on both sides. The thickness of the green tape from the one casting may change; the 

amount of slurry in the container decreases during tape casting, extracting lower pressure 

on the doctor blade gap; thus, the tape becomes thinner. However, differences in the 

thickness of the given layer are expected between various cells than in the single one. 

The variations in the thickness are likely related to changes in stress distribution at various 

locations in the cell, which better illustrates the porosity measurement Figure 5-22. 

(b) 
(c) 
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Higher stress causes a decrease in the porosity and thickness of sintered layers. The 

porosity of the LSM/YSZ10 current collector OE varied between 45% and 72%; the 27% 

difference is very high for homogeneous tape, illustrating significant variation in stress/ 

shrinking across the cell, Figure 5-22 a. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-22: The porosity measurement at various locations in SOFCRoll SRB26P. (a) The current 
collector OE, LSM/YSZ10. (b) The active OE, LSM/YSZ50. (c) The current collector FE, Ni/LCNT50. (d) 
The active FE, LCNT/YSZ50.  

 

The differences in porosity in LSM/YSZ10 are the highest among all tapes, supposedly 

because it is the softest material; however, the other tapes also show significant variations 

exceeding 20%. At the outer layer, on top of the cell, where the cell’s structure is made 
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of two adjacent layered assemblies, the porosity is the highest for all tapes, except 

Ni/LCNT50 current collector FE; which likely is because Ni/LCNT50 is sandwiched 

from both sides by other layers. The lowest porosity values were measured at the main 

channels, especially where channels go into a spiral; the measurement coincides with the 

location of the cracks, which are more likely to be present where the cell is subjected to 

higher stress. 

 

Figure 5-23: The SEM (BSE) images of small cells with Ni/LCNT50 current collector and LCNT/YSZ 
active (SRB30P) fuel electrode (FE) layers; and LSM/YSZ50 active oxygen electrode (OE). 

 

Next, the tapes were shortened (Table 5-8), and the small cells were manufactured, Figure 

5-23; such modification was aimed to decrease the size of the “Spiral” part. The area of 

tapes used for small cell preparation was reduced by more than double, but it allowed for 

more effective surface area utilisation, and stress in the cell was significantly reduced. 

The small SOFCRoll cells had an “exposed oxygen electrode” design; tapes were 

shortened to the point that the whole surface area of the oxygen electrode was exposed to 

the atmospheric air. Therefore, the current collector layer made of pure LSM was not 

needed; only LSM/YSZ50 active electrode was used, which was entirely covered with 

the silver paste, to fully utilise its surface area. The stress was reduced as the fewer layers 

were co-sintered; the LSM layer shrank the most in the previous design, putting the 

highest pressure on other layers. Also, before the cell interior was entirely encircled by a 

spiral, which resulted in higher stress on the inner part, Figure 5-22.  

OE 

OE FE 

FE 
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Two types of SRB30P cells were produced (SRB30P1 and SRB30P2). The active fuel 

electrode LCNT/YSZ50 was used with a Ni/LCNT50 current collector layer, the same as 

in SRB26P. The spiral part on the fuel side was lowered to 1 cm, reducing the current 

collector and diffusion path for H2. The SRB30P1 was a smaller analogue of SRB26P, 

whereas, in the B30P2 type, the additional porous YSZ layer (P-YSZ) with 90% porosity 

was used in the spiral part of the fuel electrode to study if the cell could achieve better 

and more stable performance when decreasing diffusion losses at the fuel electrode side 

in the spiral. 

(a)  

 

(b)  

 

Figure 5-24: BSE analysis of B30P’s cross-section (x350 mag). (a) The B30P1 cell. (b) The B30P2 cell 
with porous YSZ layer (P-YSZ). 

 

No single crack or delamination was discovered in the first type of the cell without porous 

YSZ; in the second type, some small cracks were found in the middle part of the 

electrolyte. Likely, the porous YSZ layer added more internal stress during sintering, and 

the electrolyte cracked in its weakest part (at the area between the two electrolyte layers). 

 

Due to the weak mechanical properties of Ni/LCNT50, the pure Ni or high Ni 

content (up to 90% by vol. in Ni/YSZ composite) layers were revised to use as the fuel 

electrode’s current collector. Those would have much better mechanical properties, be 

cheaper, and have much better conductivity. However, it was challenging to use it with 

LCNT/YSZ50 active FE, as layers showed significant delamination that eventually 

destroyed the cell's interior, Figure 5-25 a & b.  
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(a)  

 

(b)  

 

(c) 

 

(d) 

 
Figure 5-25: Development of Ni-based current collector layers. (a) – (b) The SOFCRoll with Ni current 
collector on LCNT/YSZ50 active FE. (c) Shrinking profile of Ni current collector layers. (d) Shrinking 
profile of Ni/YSZ10 current collector layers. 

 

First, the pure NiO layer was considered. The shrinking profile of two NiO layers was 

tested with 1.43 and 0.64 μm particle size; both had the same pore former concentration 

of 50% by volume. The measurement showed almost no dependence on particle size and 

very low shrinking in general. Such behaviour suggests rather coarsening than 

densification, where evaporation-condensation and surface diffusion are the two most 

frequent mechanisms [278]. Therefore, the layer NiO was unsuitable due to the significant 

differences in shrinking between active and current collector layers. Next, the 

NiO/YSZ10 composite was investigated for the current collector purpose; the material 

was pre-sintered first then ball milled to the required size. The addition of YSZ did not 

modify the shrinking profiles. The Ni/YSZ10 layer with a similar particle size to the Ni 

layer had almost the same shrinking; the layer had 10% more pore formers by volume, 
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OE 
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but as explained already, the addition of pore former at this concentration has a low 

dependency on shrinking. 

Table 5-9: The characteristic of NiO and NiO/YSZ10 pre-sintered composite used for tapes production, 
milled with LB – large balls (at 400 rpm), SB –small balls (at 800 rpm); and maximum shrinking and 
porosity of selected tapes. 

Material Tape no. 

 

Milling time/ 

 h 

D50/ 

µm 

Max Shr./ 

%  

Pore former./ 

%  

Porosity/ 

% 

NiO SRB35P 3 0 1.434 10.07 50 Not used 

NiO SRB35P 5 4 (LB) 0.64 10.06 50 35% 

NiO/YSZ10 SRB35P 1 0.5 (LB); 0.1 (SB) 2.3 4 50 Not used 

NiO/YSZ10 SRB35P 6 1 (LB); 1 (SB) 0.614 10.29 60 42% 

NiO/YSZ10 SRB35P 7 1 (LB); 1 (SB) 0.614 16.88 70 32% 

 

(a) 

 

(b) 

 
Figure 5-26: The PSA analysis of NiO and NiO/YSZ10 pre-sintered composite used for tapes production, 
milled with LB – large balls (at 400 rpm), SB –small balls (at 800 rpm); 

 

The layer caused significant damage to the cell’s structure, but a valuable detail was 

noticed. The layers delaminated to a lesser extent in the spiral part when sandwiched 

between other layers than in the main channel, red circle in Figure 5-25 a. Thus, the 

sandwiched layers form a more compact structure, with much lower deformation of 

adjacent layers. This behaviour has been exploited in further experiments. The idea was 

to sinter Ni-based current collector just in the spiral part; as in the channel, this function 

is met by the silver current collector. Moreover, such a solution further decreases the 

amount of used material for cell preparation, reducing its cost and weight. 
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(a)  

 

 

(b)  

 

(c)  

 

(d)

 

Figure 5-27: SOFCRoll with Ni/YSZ10 current collector on LCNT/YSZ50 active FE in the spiral part of 
SOFCRoll. (a) – (b) SRB35P 6, with 60% of pore-former by volume. (c) – (d) SRB35P 7, with 70% pore 
former by volume. 

 

Even with the low shrinking of around 10% placed in the spiral part, the current collector 

Ni/YSZ10 did not delaminate when in contact with other layers on both sides, Figure 5-27 

a; but, in areas where the layers were not in contact, they still seem to separate, Figure 

5-27 b. The Ni/YSZ10 layer was further modified, very high concentration of pore 

formers was added, up to 70%, Table 5-9. Such a significant addition of pore-former 

increased the shrinking and perhaps made layer more flexible, and finally, no 

delamination of the Ni-based current collector layer was detected in the spiral part, either 

where layers were touching each other or in areas where they were not in contact, Figure 

5-27 c & d. 
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5.5 Electrochemical performance of SOFCRoll with LCNT/YSZ50 active fuel 

electrode 

 

5.5.1 Model for H2 oxidation on perovskite surface 

 

The oxidation of H2 to water on the perovskite surface can be clarified on the basis 

of the model proposed on the Ni/YSZ fuel electrode [119], except that H2 would 

dissociate and absorb directly on the perovskite surface instead of on the nickel [142]. 

Assuming that perovskite has sufficient oxygen ion conductivity, such a mechanism 

would involve H2 gas, lattice oxygen (O�� ) and B-site cation (B��). The products of the 

reaction are H2O, oxygen vacancies (V�∙∙) and electrons associated with B-site cation (B�g �, 

the reaction can be written in Kröger-Vink notation: 

����� + ��� + ���� = ������ + ��.. + ���g       Equation 5-1 

 

 

Figure 5-28: The H2 oxidation/ H2O reduction mechanism on LCNT surface. 

 

This reaction will not proceed instantly but consists of multiple steps, starting with the 

diffusion of gases into the vicinity of active material, followed by the dissociative 

adsorption and transport of intermediate species for charge transfer reaction [142]. 

Each of these steps has its own kinetic, which, apart from operational conditions (e.g. 

temperature, type and concentration of reactants, pressure, overpotential), also depends 

on the properties and structure of the ceramic layers used in the cell (e.g. catalytic activity 

of electrodes, the electronic and ionic conductivity of materials, their thickness and 

microstructure), [57]. The absorption/dissociation process is often considered the slowest 
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step on oxide fuel electrodes (RDS) [142] by many authors working both on perovskites 

[139], [140], [303], and doped ceria electrodes [304]. 

Before exsolution, only the MIEC surface takes part in the adsorption (step 1 in Figure 

5-28). Hydrogen would chemisorb on the MIEC absorption vacant site, which depends 

on the concentration of oxygen-terminated surface sites, as during chemisorption, 

hydrogen bonds with oxygen [142], [305]. Likely, the process involves the two-step 

oxidative hydrogen dissociation to surface hydroxyl [142], [183], [306], [307]. And water 

formation and desorption in the last step (3 in Figure 5-28) [308]. Assuming that only Ti 

cation takes part in charge transfer reaction; the elementary steps on perovskite surface, 

without metal catalyst, would look as follows: 

����� + ��� + ����� = ���· + ��������� + ����g       Equation 5-2 

��������� + ��� + ����� = ���· + ����g        Equation 5-3 

����· = ��� + ������ + ��..         Equation 5-4 

 

The perovskite, particularly oxygen-deficient and with low ionic conductivity, may have 

low availability of sites for reaction; hence step one could become RDS. Electrodes with 

Ni catalyst on the surface show improved performance, most likely due to Ni activity 

towards H2 adsorption and dissociation [141]. In such a system, hydrogen will also absorb 

and dissociate to hydrogen species on the Ni and diffuse to the LCNT surface, bypassing 

the step described by Equation 5-2 (1 in Figure 5-28) [183], [309], [310].  

����� = ��������        Equation 5-5 

 

For the titanates perovskite, oxygen ion conductivity may be too low to supply oxygen 

ions from the bulk of the material to the reaction site, either to equation 5-2 or 5-3 [311]. 

Therefore, the surface path should be considered in the composite LCNT/YSZ electrode 

(in Figure 5-28 for simplicity, only the bulk path is presented). YSZ would improve 

material functionality in such a system by providing a conduction path for oxygen ions. 

The oxygen ions could diffuse through the surface to the vacant site on MIEC or/ and H 

species to the oxygen site on 3PB. In such a mechanism, the reaction would occur in the 

vicinity of 3PB; therefore, it should be optimized for best performance.  
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5.5.2 Exsolution and LCNT defect chemistry 

 

Defect stoichiometry in the La0.43Ca0.37Ni0.06Ti0.94O3-γ (LCNT) fuel electrode 

plays an essential role in its activity and should be considered when investigating its 

kinetics during SOC operation. For the electrode functionality, the charge 

disproportionation reaction (eq. 5-6) is in equilibrium with the partial pressure of oxygen, 

pO2, and affects the concentration of Ti4+/Ti3+ and the number of oxygen vacancies. The 

doping of higher valency La3+ into a Ca2+ position introduces A-site vacancies for charge 

neutrality. The large number of A-site vacancies pushing eq. 5-7 left and reducing the 

number of V�••, for a given pO2 to opposite the change eq. 5-6 shifts right, generating V�•• 
and Ti3+ [96]. The oxygen vacancies make a diffusion path for oxygen ions, thus 

increasing oxygen ion conductivity in the material, while the generation of Ti3+ increases 

its electronic conductivity. 

��x + �����x ↔ ��••+�����' + �
� ��        Equation 5-6 

��x + |����x + ����c ↔ ��•• + |��� + ����'' +�����T     Equation 5-7 

 

Assuming that only oxygen vacancies concentration contributes to charge carrier 

concentration, the concentration of Ti3+ is equal [311]: 

[ttg ] = �[��••]          Equation 5-8 

 

According to eq. 1-33, the conductivity of LCNT, besides [��g ] will depend only on 

charge carrier mobility, which is temperature-dependent. 

The mass-action law for the eq. 5-6 can be written as: 

[��••][ttg ]�������/� = ���••���       Equation 5-9 

 

Where ���••��� is a temperature-dependent constant related to the formation of oxygen 

vacancies, the concentration of oxygen sites [��x ] is large; thus assumed to be constant. 
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Therefore, according to the equation, conductivity should have a �����
�/| dependence 

for bulk governed mechanism [311]. 

 

The partial substitution of Ti4+ by Ni2+ increases the concentration of oxygen ion 

vacancies, eq. 5-10; hence, B-site doping is expected to facilitate the oxygen ion 

conduction. 

��x + ����x + ��� ↔ ��••+����'' + ����      Equation 5-10 

 

In reducing atmosphere, either driven by gas or applied overpotential, the Ni cations 

would be released on the perovskite surface, eq. 5-11. The process would be facilitated in 

A-site deficient electrodes [147]–[149], where deficiency may minimize the formulation 

of A-site rich islands on the surface, which is known to suppress exsolution [149]. 

Moreover, A-site deficiency could enhance a B-site cation diffusion in perovskite bulk 

by lowering the activation energy of the migration process, which is likely to occur 

between B-sites along a curved trajectory in the (110) planes [149], [312]. 

��x + ����'' ↔ ��••+���'''' + +���ST� + �
� ��      Equation 5-11 

 

The driving force for exsolution is the difference in oxygen chemical potential between 

bulk and surface, leading to the reduction of perovskite lattice [147], [149], [174]. In the 

chemical exsolution process, pO2 is controlled by gas composition and temperature. 

During switching, the process is triggered by applying a high cathodic polarisation to the 

fuel electrode in electrolysis mode [148], [153], [182]. The low value of pO2 at electrode 

moves eq. 5-6 and 5-11 to the right. In the first reaction, oxygen is stripped from the 

perovskite lattice, leaving oxygen vacancies and reduced Ti cations (Ti3+). In the second 

reaction, the Ni2+ is reduced to metal and stripped together with oxygen from the 

perovskite lattice, leaving oxygen vacancies and an empty B-site. The Ni metal diffuses 

to the surface due to the elastic energy of the system [177]. In exsolution triggered by 

applied potential, the driving force for the reaction is overpotential on the fuel electrode 

(working electrode), ηWE, which causes defect chemical polarisation of the perovskite 
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phase [183]. The ηWE is proportional to the applied voltage UDC, generated current IDC 

and resistance from electrolyte and equipment and overpotential on a counter electrode: 

��� =  ¡� − ¢¡�£¤¥�� + ¤¦§¨© − ���      Equation 5-12 

 

The overpotential at the electrode changes the chemical oxygen potential in the bulk of 

the electrode, eq. 5-13. The higher overpotential in EC mode ( ηWE takes a negative value) 

lowers the effective pO2 at the fuel electrode, (pO2)FE, from the pO2 induced by the gas 

atmosphere, (pO2)atm. The (pO2)atm could be calculated from the Nernst equation for a 

specific OCV value. 

��� = ��
� `a � ����� �

�����!%<�        Equation 5-13 

 

The capability of the cation to be reduced depends on its Gibbs energy for the reaction: 

ªT�« = Tª + «
� ��        Equation 5-14 

 

The low value of Gibbs free energy for reaction leads to Ni reduction and exsolution [171], 

[173], [147], [313]. On the other side, the stability of the LCNT/YSZ electrode in 

operating conditions and during switching comes from the large value of Gibbs free 

energy for other cations (Table 5-10). 

Table 5-10: The change of Gibbs free energy for M/MO reaction at 800°C [55], [314]. 

M/MO La/La2O3 Ca/CaO Ni/NiO Ti/TiO2 Zr/ZrO2 Y/Y2O3 
ΔG [kJ/mol] -887.1 -1038.4 -286.507 -750.45 -894.938 -1063.546 

 

The pO2 at which the metal cations, M, in the perovskite lattice will be reduced, among 

others [313], depends on the equilibrium partial pressure of oxygen (pO2)Eq, for the eq. 

5-16. Both (pO2)Eq and ΔG could be deducted from the Ellingham diagram [314], which 

shows their change with temperature. The pO2 and ΔG are connected through the equation: 

∆¬ = ¤�`a�U���� �         Equation 5-15 

The equilibrium overpotential for eq. 5-14, ηM/MO, could be calculated from eq. 5-16 for 

all metal cations in LCNT/YSZ electrode (Table 5-11). 
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aª/ª� = ¤�
a `a � U�����®

U�����¯°�        Equation 5-16 

 

Table 5-11: The equilibrium overpotential for M/MO reaction at 1.0867 V open-circuit voltage. The minus 
sign is related to cathodic polarisation. 

M/MO La/La2O3 Ca/CaO Ni/NiO Ti/TiO2 ZrO2 Y/Y2O3 

ηEQ [V] -1.53 -1.55 0.375 -1.2 -1.27 -1.14 

 

After electrochemical switching, when voltage is lowered for the cell operation, the 

potential change will affect both the defect chemistry of LCNT and the oxidation state of 

exsolved Ni. The generation of Ti3+ cations will be partially reversible, as the lower 

overpotential will shift eq. 5-6 to the left, thus lowering conductivity. At standard fuel 

cell operating conditions, pO2 is below (pO2)Eq for Ni oxidation; Ni will retain on the 

perovskite surface in reduced form. 

  



157 
 

5.5.3 Electrochemical testing of planar cells 

 

The SOFCRoll is an inhomogeneous system, and it is challenging to recognise 

what processes affect their performance; therefore, a set of planar cells with known 

surface area and more homogeneous gas conditions was tested to better understand their 

functionality. 

 

5.5.3.1 YSZ sample and silver electrode 

 

To investigate the ohmic contribution from YSZ electrolyte sintered at 1350 °C 

planar YSZ sample was tested. For the sample preparation, two layers of YSZ electrolyte 

tapes were laminated and cut into a circular shape with a diameter of 2.5 cm and sintered 

under 1350 °C for 5 h. The electrolyte sample was produced with a diameter of 1.85 cm 

(Figure 5-29 a) and an average thickness of 110 µm. The tape was sintered sandwiched 

between two porous alumina plates; the porosity of the alumina plates ensured that gas 

from the burning of organics would be released, while its weight prevented the sample 

from bending during the heat treatment. The produced sample had a slightly irregular 

surface; the higher weight could improve the cell's regularity; however, the excessive 

weight would prevent micromovements of material during sintering, thus could cause the 

formation of cracks. Also, a higher weight makes the sample thinner; hence, more fragile 

and more difficult to handle. The silver paste used for the current collector was painted 

directly on the YSZ electrolyte and took the function of symmetrical silver electrodes. 

The surface area of 1.4 cm2 was normalised to 1 cm2. The YSZ sample was heated with 

a 1 °C/min rate, and an impedance test was made at the temperature range 700-800 °C at 

50 °C temperature step, in a frequency range of 0.1 MHz – 0.5 Hz and the amplitude of 

excitation voltage 20 mV under atmospheric air.  

The EIS measurement shows a semi-circle shape, which illustrates the polarisation 

resistance of the silver electrode, which is relatively low, as silver is known to have high 

activity for oxygen incorporation/ evolution reaction [57]. After extracting the inductance 

and rig's ohmic resistance (Rs) values, the Rs of YSZ were calculated. From Rs of YSZ, 
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the conductivity and activation energy which is 0.023 S/cm at 800 °C and 0.7 eV, 

respectively, were determined; as shown on the Arrhenius graph, Figure 5-29 d, the slope 

and conductivity of experimentally measured YSZ electrolyte is lower than the expected 

theoretical value [86], [87]. Performance loss may be due to the lower sintering 

temperature of the prepared electrolyte and different dwelling times. 

(a) 

 

(b) 

 

 

 

(c) 

 

 

(d) 

 

Figure 5-29: Impedance test of YSZ electrolyte with silver electrodes in the temperature range 700-800 °C 
and atmospheric air. (a) A testing set-up and YSZ sample. (b) Rig’s EIS at short circuit. (c) EIS of YSZ 
electrolyte with silver electrodes in air. (d) Theoretical and experimental conductivity of YSZ [87]. 
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5.5.3.2 LSM/YSZ50 Composite 

 

(a) 

 

(b) 

(c) 

 
 

 

Figure 5-30: LSM/YSZ50 symmetrical cell. (a) SEM  (SEI) of the co-sintered electrode. (b) SEM (BSE) 
of electrode and interface with electrolyte. (c) Image of planar LSM/YSZ50 symmetrical cell. 

 

The symmetrical planar cell with LSM/YSZ50 composite electrode was tested to 

investigate polarisation's characteristic frequency and behaviour from the oxygen 

electrode. LSM/YSZ50 composite cells were prepared with two single LSM/YSZ50 

electrode layers on both sides and a double YSZ electrode tape. The SEM image of 

produced composite LSM/YSZ50 oxygen electrode shows in Figure 5-30. The analysis 

of the BSE image gives 75 µm of electrodes and 40% porosity, and 110 µm electrolyte; 

no delamination or cracks were detected. The co-sintered cell shows the change in the 

colour of the YSZ electrolyte on the cell’s edges (Figure 5-30 c), indicating possible 

diffusion of Mn ions into the YSZ electrolyte [293]. 
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(a) 

 

(b)  

 

 

Figure 5-31: Impedance analysis of planar, symmetrical, co-sintered cells with LSM/YSZ50 oxygen 
electrode in the temperature range 700-800 °C and atmospheric air. (a) Arrhenius plot of ohmic and 
polarisation resistance of the LSM/YSZ50 (one layer). (b) EIS of the symmetrical cell and DRT of the 
single LSM/YSZ50 layer. 

 

The DRT, constructed for a single LSM/YSZ50 layer, reveals at least three polarisation 

processes, with the most significant process at low frequency (P3). The initial resistance 

of the P1, P2, P3 processes was found through the method shown in Figure 4-17. The 

equivalent circuit was made of ohmic resistance (Rs), and three semicircles made of 

resistance (R) and contact phase element (CPE) connected parallel (R/CPE). In the first 

stage of equivalent circuit development, the calculated resistance from DRT at 700 °C 

was “fixed” while other parameters were “open”. The fitting with such a circuit gave the 

parameters of the constant phase elements. In the second fitting, the calculated “n” of 

CPE elements (defining the shape of semicircles) calculated in the first fitting (n1 = 0.85 

for P1, n2 = 0.7 for P2) were fixed, while all other parameters were open. The calculated 

polarisation resistance (which in this case was an “open” parameter) was close to the 

value calculated from the DRT pattern, proving the accuracy of the circuit. A developed 

equivalent circuit with n-parameters fixed was used for the whole temperature range. 

The surface area of the symmetrical cell, 1.4 cm2, was normalised to 1 cm2. Figure 5-31 

a shows the Arrhenius Plot of ohmic and polarisation resistance of a single LSM/YSZ50 

composite layer, calculated from the equivalent circuit. All elements follow Arrhenius 

P1 P2 

P3 
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dependence, meaning they are thermally activated; thus, the activation energy Ea could 

be calculated from the slope of the lines. The total polarisation resistance of the single 75 

µm LSM/YSZ50 layer was between 14 – 1.35 Ω/cm2 at 700-800°C under atmospheric 

air. The Rs of the YSZ electrolyte (calculated in 5.5.3.1) were extracted from the data. 

The ohmic resistance of the LSM/YSZ50 layer was between 1 – 0.4 Ω/cm2 at 700-800°C 

and had an Ea of 0.9 eV. The activation energy of 0.9 eV is much higher than LSM, 

which is about 0.1 eV [191]. Also, the values of resistance were close to the resistance of 

75 μm YSZ layer in this temperature range when calculated from data obtained for YSZ 

conductivity; indicating that the YSZ phase could control the conductivity of the electrode; 

therefore, there could be no sufficient percolation in the LSM/YSZ50 composite between 

LSM grains. 

Table 5-12: The overview of processes delivered from symmetrical LSM/YSZ50 cell impedance. 

No. 
Char. Freq./ Hz 

at 700-800°C 

Ea/ eV 

700 - 800°C 

Capacitance/ F 

at 700-800°C 

Rs - 0.93 - 

P1 22500 - 17500 0.95 1×10-7 – 3×10-5 

P2 900 - 500 0.7 4×10-4 – 1×10-3 

P3 0.15 – 2.4 2.25 5×10-2 – 7×10-2 

 

The recognised polarisation processes correspond to one in SOFCRoll with a Ni/YSZ 

based electrode (Table 4-6). Measurement, in addition, made visible a small polarisation 

process at medium frequency P2, which previously merged with the more extensive 

charge transfer process from Ni/YSZ fuel electrode. Characteristic frequencies of the 

primary peak P3, 0.15 – 1.5 Hz at the 700-800°C temperature range, were designated 

from the equivalent circuit. As explained already, the process could be associated with 

oxygen adsorption/ dissociation and transport of intermediates to 3PB [294]. The process 

was found to be a rate-limiting in LSM/YSZ composite [295] and shows pO2 dependency. 

As in this case, the process is known to have large activation energy, and its maximum 

frequency decreases at a lower temperature [294], [296]. The P1 and P2 processes are 

known to be linked to oxygen ion transport through the interface and the YSZ of the 

composite. The value of activation energy of P1 corresponds to the reported 1 eV value 

[294], [296]. 
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5.5.3.3 LCNT/YSZ50 sample 

 

The impedance of planar cell with silver oxygen electrode and LCNT/YSZ50 fuel 

electrode was tested after gas reduction and electrochemical switching at 2.1V for 2 min. 

The produced impedance spectra were used to determine polarisation on LCNT/YSZ50 

fuel electrode, thanks to the low contribution of the silver electrode. After applying high 

potential, there were concerns about silver instability, which could bring significant error 

into impedance analysis after switching. Therefore the polarisation of symmetrical cells 

with silver electrodes (the same design as the cell discussed in Chapter 5.5.3.1) was tested 

before and after applying 1V of overpotential in the air atmosphere (Figure 5-32). 

(a) 

 

(b) 

 

Figure 5-32: The impedance analysis of symmetrical cells with silver electrodes before and after applying 
1V of overpotential in an air atmosphere at 800 °C. (a) EIS. (b) DRT is calculated from impedance data. 

 

Impedance measurement shows the impedance of the single layer of the silver electrode 

after extraction of the ohmic resistance. After applying overpotential, the polarisation 

resistance increased two times; however, in both cases, polarisation is relatively small 

and would not bring a significant error to the measurement; especially since the size of 

the active area of the silver electrode was enlarged in relation to the surface area of the 

fuel electrode, which was 2.4 cm2 for the silver electrode and 1.4 cm2 for LCNT/YSZ50, 

which after normalisation to 1cm2 would give about 0.12 Ω before and 0.24 Ω after poling 

with voltage at 800 °C. The DRT shows two peaks; the high-frequency peak is most likely 

related to the charge transfer process with a characteristic frequency of ~ 8 kHz before 

and ~ 7 kHz after applying voltage; it does not significantly change. The low-frequency 
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peak is related to the surface process, and its frequency decreased from ~ 200 Hz to ~ 20 

Hz; its enlargement is the reason for the increase of resistance after applying voltage. 

 

Figure 5-33 shows impedance analysis of the LCNT/YSZ50 electrode at 700-

800 °C temperature range, under the 50 ml/min of wet H2 in FE and atmospheric air in 

OE. The total polarisation resistance of the 50 µm LCNT/YSZ50 electrode was between 

29.6 - 9.4 Ω/ cm2 before switching and 16.6  - 5 Ω/ cm2 after switching at 800 °C. The 

ohmic resistance of a single layer before switching was between 2.5 – 1.4 Ω/ cm2 and 1.7 

– 0.65 Ω/ cm2 after switching. 

(a) 

 

(c) 

 

(b) 

 

(d) 

 

Figure 5-33: Impedance analysis of planar cell, with co-sintered LCNT/YSZ50 fuel electrode tested at the 
700-800 °C and the 50 ml/min of wet H2 in FE and atmospheric air in OE. (a)-(b) After reduction with H2. 
(c)-(d) After switching at 2.1V for 2 min. 

 

The DRT analysis of the LCNT/YSZ50 sample reveals at least four processes with the 

highest contribution at the medium frequency. As in an oxygen electrode, two high-

frequency P1 and P2 processes are likely related to the charge transfer and transfer of 

oxygen ions through an interface, similar to the perovskite oxygen electrode; they give 

P1 P2 

P3 P4 

P2 P2 

P3 

P4 
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two separate arcs with different capacitance ranges and characteristic frequencies. Here 

they are modelled by R and CPE connected parallel. One of the processes could represent 

the oxygen ion transfer at YSZ/LCNT interface, and the second could be related to charge 

transfer at the grain boundaries or through the MIEC. However, with those data is not 

possible to assign them precisely. They could depend on either oxygen ion conduction or 

electronic conductivity; therefore, they will be proportional to the concentration of 

Ti4+/Ti3+ and oxygen vacancies. 

(c) 

 

(c) 

 

Figure 5-34: Impedance analysis of planar cell, with co-sintered LCNT/YSZ50 fuel electrode, tested in the 
700-800 °C and the 50 ml/min of wet H2 in FE and atmospheric air in OE. EIS, DRT and Arrhenius plot of 
ohmic and polarisation resistance from the equivalent circuit. (a)-(c) After reduction with H2. (d)-(f) After 
switching at 2.1V for 2 min. 

 

Table 5-13: The overview of processes delivered from LCNT/YSZ50 fuel electrode impedance before (R) 
and after electrochemical switching (S). 

No. 
Reduced/ 

Switched 

Char. Freq./ Hz 

at 700-800°C 

Ea/ eV 

700 - 800°C 

Capacitance/ F 

at 700-800°C 

Rs 
R/ 

S - 

0.6/ 

0.9 
- 

P1 
R/ 

S 
103300 - 88700/ 

40000 - 50000 

0.84/ 

0.95 

1×10-6 - 3×10-6/ 

8×10-6 - 2×10-5/ 

P2 
R/ 

S 

6622 - 2387/ 

900 - 1000 

1.1/ 

1.1 

2×10-5 - 2×10-4/ 

2×10-4 - 5×10-4 

P3 
R/ 

S 

0.21 - 3.66/ 

~0.05 

1/ 

1 

5×10-2 - 6×10-3/ 

3×10-3 - 7×10-3 

P4 
R/ 

S 

0.65 - 1.73/ 

~0.05 

1.1/ 

2 

5×10-2 - 7×10-2/ 

4×10-2 - 6×10-2 
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Both EIS and DRT spectra indicate a non-standard shape of the spectra of the P3 process 

at low frequency, and DRT shows a minor P4 process at ultra-low frequency. As 

mentioned already, the interpretation of processes on very high and low frequency (border 

processes) by DRT could have an error as function estimates data beyond the measuring 

range; however, further tests on the very high overpotential made on tubular cells reveal 

the presence of the P4 process (Chapter 6.5.2.2), which can not be ignored. Several 

processes could be related to the low-frequency spectra, including dissociative adsorption 

of H2/ H2O, surface transport of hydrogen species and the reaction of adsorbed species 

with lattice oxygen either on perovskite surface or 3PB, diffusion/ transport of oxygen 

ion to the reaction site (either through the bulk or surface).  

Due to the non-standard shape of P3, the process is considered to be coupled with 

chemical diffusion, which could be modelled either by finite-length Warburg (FWL) or  

Gerischer element, most likely in its fractal form due to the complexity of porous MIEC 

electrode. The use of the fractal element could be compared to the using constant phase 

element instead of capacitance in the Cole element [315], [316]. 

Boukamp [315] used the expression of the Finite Length Warburg (FLW) to model 

oxygen ion diffusion (or the diffusion of mobile cation) through the mixed electronic 

conductor (MIEC), assuming that electronic conduction is sufficiently large to be ignored. 

Both FWL and Gerischer are derived from Fick’s laws of diffusion, but Gerischer 

includes the reaction term, which changes the activity of these species [317]. 

A good fit was produced for impedance at 700 °C with the use of the fractal FLW (f-

FLW) with n equal to 0.4; unfortunately, Z-View software used for evaluation of 

impedance data does not offer fitting with fractal Gerischer. Therefore, due to challenges 

to fit impedance on the whole temperature range, the simplified equivalent circuit of 

semicircles was used to calculate resistance and activation energy (Figure 5-34). The 

equivalent circuit consisting of the Gerischer element was used in the further part of the 

project to analyse the impedance of tubular cells. Moreover, as in the cells with composite 

electrodes, the impedance of the oxygen electrode merges with the impedance of the fuel 

electrode almost at the whole frequency range; in those cells, fitting with R/CPE is more 

sensible Gerisher would not present any specific process, which involves diffusion. 
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Therefore, composite fuel cells and planar symmetrical cells were fitted with simple 

semicircles to compare the cell’s performance.  

The resistance was calculated directly from DRT (Figure 4-17) and fitted to a simplified 

equivalent circuit, where a semi-circle modelled the P3 process with n equal to 0.5; the 

CPE with n=0.5 is considered to be a special type of Warburg [318]. The dispersion with 

n between 0.5 and 1 is mainly capacitive; below this value, the process is related to 

distributed diffusion [318], [319]. Calculated resistance was plotted on the Arrhenius 

plots, which were used to calculate the activation energy of the individual processes, 

which are summarised in Table 5-13.  

The P4 process could be linked to the dissociative/ adsorption of H2 (concentration 

polarisation), which appears at a low frequency in oxide-based fuel electrodes [318], [319], 

n for the P4 process approach “1”, indicating distributive capacitive behaviour. 

On the MIEC electrodes, the so-called chemical capacitance should also be considered, 

which influences impedance on low frequency [142], [319]–[321]. The chemical 

capacitance is related to the bulk process, which expresses the capability of the material 

(MX) to store chemical energy, e.g. change of chemical potential of X species due to 

variation in stoichiometry [322]. Such capacitance could approach the value of many 

Farads, where the large area of the electrode is active. The bulk properties of perovskite, 

such as the concentration of oxygen vacancies, will be directly related to pO2, either 

controlled by the gas atmosphere or applied potential. Also, concentration polarisation 

will be sensitive to the gas concentration.  

The measurement on tubular cells (Chapter 6.5.2.2), when tested on the wide 

overpotential range between electrolysis and fuel cell mode, showed that P1, P2 and P3 

increase their kinetics at higher cathodic polarisation. In light of the above consideration, 

the improvement could be explained by an increase in the concentration of oxygen 

vacancies in the material; hence oxygen ion transfer either through the interface or bulk 

of the electrode improve. The P4 process significantly decreased at a higher overpotential 

when tested in fuel cell mode, which could be related to improved kinetics for the H2 

adsorption/ dissociation process, due to the generation of adsorption sides at a higher 

anodic overpotential. The process also improved its kinetics after switching, which could 

be related either to the generation of Ni or adsorption sides directly on the perovskite 
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surface, which would take part in the adsorption/ dissociation process as explained in 

Chapter 5.5.1. 

 

5.5.3.4 Planar fuel cell with composite electrodes 

 

Co-sintered planar fuel cells were made with standard single layer LCNT/YSZ50 

and LSM/YSZ/50 composite active layers. Figure 5-35 shows the SEM image of the cell‘s 

cross-section. No delamination or cracks were visible; the electrode has a well-sintered 

interface with electrolyte layers. The electrolyte thickness was 113 µm, while the 

thickness of both electrodes was about 50 µm. The YSZ electrolyte is nearly dense with 

a small fraction of closed porosity, while the microstructure of electrodes is porous to 

assure gases exchange with the active region. 

(a) (b) 

Figure 5-35: The SEM image of the planar fuel cell (a)-(b) cross-section, from left to right LCNT/YSZ50 

active anode, YSZ electrolyte, LSM/YSZ50 cathode. 

 

Due to the very high convergence of the characteristic frequency of LSM/YSZ50 and 

LCNT/YSZ50 composite electrodes, the separation of individual contributions either 

through DRT or equivalent circuit analysis was not possible. Therefore, the equivalent 

was made of four elements representing processes on a specific frequency range from 

both electrodes. The DRT spectra show a dominant process at low-frequency P3 and a 

smaller peak at low-frequency P4; both coincide with the LCNT/YSZ50 fuel electrode 

peaks discussed in the previous chapter; however, they are most likely affected by the 
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low polarisation process at LSM/YSZ50 electrode. Also, P1 and P2 processes on both 

electrodes are located at a close frequency range and merge into single arcs in the Nyquist 

plot. In general, the LSM/YSZ50 has lower polarisation but much higher activation 

energy than the reduced fuel electrode. Therefore more significant contribution from 

LSM/YSZ50 could be expected at 700 °C, which basing on the analysis of cells with a 

single type of electrodes, is around half of the LCNT/YSZ50. Whereas at 800 °C, the 

polarisation resistance of LCNT/YSZ50 is about seven times larger. 

(a) 

 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-36: The electrochemical performance of the planar fuel cell before switching tested in the 700-
800 °C and the 50 ml/min of wet H2 in FE and atmospheric air in OE. (a) I-V curve of cell operating in fuel 
cell mode. (b) Arrhenius plot of ohmic and polarisation resistance. (c) – (d) EIS and DRT analysis of 
impedance data at OCV conditions. 

 

The test was done at 700-800 °C, and the 50 ml/min of wet H2 in FE and atmospheric air 

in OE. The cell’s total polarisation resistance after gas reduction, which includes 

polarisation from both electrodes, is between 20.6 – 6 Ω/cm2 at 700 – 800 °C, and the 

P1 
P2 

P3 

P4 
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total ohmic resistance is between 3.8 – 2 Ω/cm2. The polarisation resistance is lower than 

expected based on the analysis of symmetrical LSM/YSZ50 symmetrical cell and cell 

with LCNT/YSZ50, indicating that direct comparison with the previous measurement 

where the electrodes were measured separately is not entirely possible.  

 

Table 5-14: The overview of processes delivered from the impedance of planar fuel cell with LCNT/YSZ50 
FE and LSM/YSZ50 OE after 2 h of gas reduction in H2. 

No. 
Char. Freq./ Hz 

at 700-800°C 

Ea/ eV 

700 - 800°C 

Capacitance/ F 

at 700-800°C 

Rs - 0.5 - 

P1 17000 - 13000 1 8×10-6 – 3×10-5 

P2 200 0.9 5×10-4 – 1×10-3 

P3 0.4 – 2 1 5×10-2– 3×10-2 

P4 ~ 0.08 1.4 5×10-2– 1×10-1 

 

The calculated activation energy of dominant process P3 is 1 eV in the measured 

temperature range (Table 5-14); the activation energy, peak position and shape is similar 

to that detected on LCNT/YSZ50 electrode. The modelling of the P4 process with 

equivalent circuits gave slightly higher magnitude and activation energy values than DRT 

indicated. DRT could bring errors at a very high and very low frequency as this data is 

extrapolated. The activation energy is higher than in the LCNT/YSZ50 composite, which 

could be due to the polarisation of the LSM/YSZ50 electrode. 

(a) 

 

(b) 

 
Figure 5-37: Impedance analysis of planar fuel cell, before and after switching at 2.1V for 2 min at 800 °C 
and the 50 ml/min of wet H2 in FE and atmospheric air in OE. (a) EIS at the OCV. (b) DRT calculated from 
impedance data. 

 

P1 P2 
P3 P4 
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The cell was heated up to 800 °C and reduced for 2 hours in 50 ml/min of 3% H2O/H2 

and atmospheric air. Next, the switching was performed by applying 2.1V in the 

electrolysis mode. After electrochemical switching, all processes seem to be reduced. The 

reduction of ohmic resistance is due to an increase in electrodes conductivity. Assuming 

that the electronic path is dominant, this will be due to the generation of Ti3+ on the fuel 

electrode; similarly, on the oxygen site, processes could be improved. LSM/YSZ is a p-

type conductor; high anodic polarisation has likely doped holes into locations associated 

with the B-site improving its electronic conductivity. P1 and P2 attributed to charge 

transfer and oxygen ion transfer on an interface could be reduced on the fuel electrode 

side due to the generation of oxygen vacancies and Ti3+ in MIEC, increasing both ionic 

and electronic conductivity, which would improve the kinetics of these processes. The 

kinetics of P3 and P4 improve after switching in most cases; however, improvement 

seems not to be significant in this particular example. As explained already, improvement 

of P3 and P4 process on fuel electrode side after switching is expected due to generation 

of vacancies, which would increase oxygen ion diffusion, but also the generation of 

mobile oxygen sites for H2 adsorption on perovskite surface and exsolution of Ni, which 

would support H2 oxidation according to explain the mechanism in Chapter 5.5.1. 

Moreover, if the electronic conductivity is rate-determining, e.g. for H2 dissociation, 

electronic conductivity improvement will also affect low polarisation processes. Also, 

low-frequency polarisation on the LSM/YSZ50 would be reduced after the switching 

procedure. It is well known that LSM could become activated by a high anodic 

polarisation, and its performance could improve [57], [44], [301]. As the LSM/YSZ50 

significantly contributes to composite-based cell ohmic and polarisation resistance, such 

activation undoubtedly changes the cell’s performance after switching. 

Figure 5-38 shows SEM (SEI) of LCNT/YSZ50 electrode before and after 

electrochemical switching. The co-sintered electrode, before reduction, shows the well-

homogenised structure of LCNT and YSZ grains; LCNT could be easily distinguished 

due to the terrace-like structure. Upon switching, the perovskite structure become rougher, 

and terraces fade. Also, some porosity developed in the perovskite material, visible in 

Figure 5-38 d. Exsolved metallic particles have various sizes between several and dozen 

nanometres. Besides metallic particles, larger islands exsolved from the perovskite, which 



171 
 

are believed to be TiO2, observed already after reduction in A-site deficient titanates [156]; 

in many locations, islands are located under exsolved metallic particles. 

 

(a) (b) 

(c) (d) 

(e) 

 

(f) 

Figure 5-38: SEM (SEI) of LCNT/YSZ50 layer in a planar cell at various magnifications. (a)-(b) 
Unreduced. (c)-(f) After electrochemical switching at 2.1V for 2 min. at 800 °C 
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5.5.4 The large SOFCRoll with LCNT based fuel electrode (SRB25P & SRB26P) 

 

(a) 

 

(c) 

 

(b) 

 

(d) 

 

Figure 5-39: The length of current and diffusion paths in various regions of SOFCRoll. (a) – (b) The 
original design, with silver paste applied on the whole channel area. (c) – (d) SRB25P & SRB26P with 
LCNT based FE and enlarged inlet channels; Yellow – silver CC, Green – conductivity path FE, Purple - 
conductivity path OE. Red – diffusion path FE. Blue – diffusion path OE. 

 

In LCNT based SOFCRoll, the whole area in the “Channel” was covered with 

silver paste to amplify the efficiency of current collecting in this region, Figure 5-39 c. 

Moreover, the structure of SOFCRoll was modified due to the concerns about the 

insufficient conductivity of the LSM current collector and developed Ni/LCNT50 current 

collector on the fuel side to conduct electrons through the whole “Spiral” and about 

diffusion losses on both sides. Figure 5-39 shows the various areas of activity for 

SOFCRolls cells made of 5 x 9 cm electrode green tapes, with various size of inlet 

channels. In the SRB25P and SRB26P cells, stainless steel tubes with a higher diameter 

were used to roll the green tapes. The “Channel” area was enlarged, and the length of the 

“Spiral” was reduced; therefore, both diffusion and current collector distance decreased. 

After sintering, the total surface area of the fuel electrode was about 27.75 cm2; however, 
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gas conditions and the current collector efficiency vary between parts of the cell; hence, 

not the same level of activity could be expected at the whole interface (Table 5-15). 

Table 5-15: Dimensions and maximum diffusion and current collector distance in various activity regions 
in SOFCRoll SRB25P and SRB26P (Figure 5-37). L is the thickness of the electrode  

Region no. 1 2 3 4 5 

Surface area [cm2] 9.375 5.25 3.75 5.25 3.75 

Diffusion distance H2 [cm] 2.5 + L L L 1.4 + L 2.5 + L 

Diffusion distance O2 [cm] L 1 + L L L 1 + L 

Current distance FE [cm] 2.5 + L L L 1.4 + L 2.5 + L 

Current distance OE [cm] 4 1.4 + L L L 1 + L 

 

The most active region in SOFCRoll is between the main channels in the cell centre, (3) 

in Figure 5-39. The gases from both sides can freely diffuse to this region; hence, the 

diffusion distance to the interface is limited only by the thickness of the electrodes; it is 

also entirely covered with silver paste. Region (2) is located in the main channels on the 

FE side, covered with silver and available for H2 gas; on the OE side, the gas 

concentration will be limited by diffusion in the OE spiral (the short part is open to the 

atmospheric air, which is omitted here for simplicity), while the charge transfer by the 

conductivity of LSM layer. Whereas region (4) is located in the main channels on the OE 

side, covered with silver and available for O2 gas; but on the FE side, the gas 

concentration will be limited by diffusion of fuel in the FE spiral, while the charge transfer 

by its conductivity. Region (1) is inside the spiral at the FE side, limited by its 

conductivity and gas diffusion. Whereas the OE side is the outer layer of the cell exposed 

to atmospheric air; thus, diffusion distance is limited only by the electrode thickness, but 

the current collector path is long as the charge must travel through the whole length of an 

outer layer and the spiral part to silver current inside a cell. Region (5) has the highest 

limitation for both sides, as both gases and charge transfer are provided through the spirals. 

If the conductivity and porosity in the “Spiral” are insufficient to manage the required gas 

exchange and charge transfer, the cell’s activity in the specific areas will decrease with a 

higher distance. 

The SRB25P and SRB26P were the first SOFCRoll with LCNT based fuel electrodes 

with high OCV and stable operation. Better performance partially resulted from the fully 
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matched shrinking profiles between all layers and the co-casting method detailed in the 

previous section; since not many defects were present in their structure. 

(a) 

 

(b) 

 

Figure 5-40: Principle of SOFCRoll operation, (a) with a central outlet at the cell’s side (b) with outlets on 
the bottom. 

 

Another reason was the application of the gas outlet at the bottom of the cell. In the 

original design, the gases were introduced through the “Channel” and diffused through 

the “Spiral” outside to the outlet alongside the cell, Figure 5-40 a. The modified cells had 

the outlets at the bottom (basically cell was not entirely sealed) (Figure 5-40 b). Such 

alteration stabilised OCV and allowed it to operate on higher gas flow (before voltage 

decreased with the higher flow of H2). In the new design, excess gases do not diffuse 

through the whole spiral outside to the large outlet on the side of the cell; instead, they 

diffuse to the spiral part as much as diffusion restriction allows for that, but the gas excess 

is discharged from the bottom. The drop in OCV was considered to originate from the 

microcracks in the spiral part. However, a further evaluation showed that the OCV also 

was stabilised by decreasing the size of the outlet alongside the cell, indicating that the 

counter diffusion of the air into a fuel outlet could be responsible. 

Cells with LCNT/YSZ50 active electrode primary were tested with the wet H2. Often 

cells could not achieve sufficient OCV when reduced with 5% H2 (either SOFCRoll or 

further developed tubular cells with composite FE), implying that the activity of the 

electrode under those conditions could be not sufficient to achieve potential differences 

with the other side of the cell. Another reason could be the low value of oxygen partial 

pressure for bulk reduction of the LCNT/YSZ50; usually, the 5% H2 is sufficient to reduce 
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perovskite material. Perhaps, gases still counter diffuse from the outlet; for a pure H2 at a 

low extent of counter diffusion, this may not have a significant impact, but for 5% H2/N2, 

it could affect pO2 to a much larger degree. 

 

5.5.4.1 The SRB25P SOFCRoll with LCNT/YSZ50 electrode 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-41: The electrochemical performance of the SRB25P SOFCRoll cell before switching in the 700-
800 °C and the 50 ml/min of wet H2 in FE and 100 ml/min of air in OE. (a) I-V curve of cell operating in 
fuel cell mode. (b) Arrhenius plot of ohmic and polarisation resistance. (c) – (d) EIS and DRT analysis of 
impedance data at OCV conditions.  

 

The SRB25P was tested with 50 ml/min of wet H2 in FE and 100 ml/min of air in 

OE. The open-circuit voltage was above 1.09 V at a temperature range from 700 – 800 °C 

and increased slightly to 1.1 V after applying the switching method at 2.3 V for 10 min 

at 800 °C. The high OCV value confirms that the YSZ is dense, and the cell was 
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uncracked during testing. Before switching, the cell’s maximum power density was equal 

to 33.8, 68 and 121.5 mW at 700, 750, 800°C, respectively. 

The DRT was created from the imaginatory part of impedance (Figure 5-41 d), indicating 

at least four processes. The equivalent circuit was constructed with the number of 

elements known, consisting of ohmic resistance (Rs) and four semi-circles. The initial 

resistance of the P1, P2, P3, P4 processes was found through the method shown in Figure 

4-17, which were 0.26, 0.26, 1.6, 6.65 Ω at 700 °C, respectively. In the first fitting, the 

calculated resistance from DRT for P1, P2, and P4 was “fixed” while other parameters 

were “open”. The fitting with such a circuit gave the parameters of CPE. In the second 

fitting, the approximated “n” of CPE elements calculated in the first fitting (n1 = 0.85 for 

P1, n2 = 0.7 for P2, n3 = 0.62 for P3, n4 = 0.82) were fixed, while all other parameters 

were open. Such an equivalent circuit was stable and could be used for the whole 

temperature range. The resistance of the P1, P2, P3, P4 processes calculated at the 

“second run” were 0.21, 0.27, 1.7, 6.7 Ω at 700 °C, respectively. The calculated 

polarisation resistance (which in this case was an “open” parameter) was close to the 

values calculated from the DRT pattern at the whole temperature range, proving the 

accuracy of the circuit.  

(a) 

 

(b)  

 

Figure 5-42: The comparison of the planar cell and SOFCRoll B25P  (normalised to cm2) at 800 °C and 
50 ml/min of wet H2 in FE and air in OE (a) EIS analysis. (b) DRT calculated from impedance data. 

 

The ohmic and polarisation resistance should scale with the utilised surface area in the 

homogeneous system; however, comparing the SOFCRoll with other configurations 

could be challenging due to changing conditions inside a cell and differences in the 
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microstructure. The DRT analysis shows that the polarisation process of SRB25P does 

not scale proportionally to the planar configuration, implying the influence of 

microstructure, design and gas condition on the cell’s operation (Figure 5-42 b). The 

comparison shows an enlargement of P4 while the other contribution decreased 

considerably; especially P1 and P2 decreased, which are known to be highly dependent 

on microstructure. The polarisation distribution is different from the planar cell, where 

P4 was relatively small and P3 was dominant. As explained, the P4 process is sensitive 

to gas concentration; likely, the process is enlarged in the SOFCRoll configuration due to 

more significant diffusion losses on one of the electrodes. 

The current generated from SRB25P indicates that not much more than 4 cm2 of the 

electrode’s surface area is utilised effectively. Comparing the SRB25P cell directly to the 

planar cell, at 0.7 V at 800 °C before switching, about three times more current was 

generated in SOFCRoll, which was 0.15A and 0.055 A/ cm2, respectively; the increase is 

low, taking into account the size of SOFCRoll electrodes. The ohmic resistance was 

reduced about four times (2 Ω in planar cell and 0.5 Ω in SRB25P) while total polarisation 

resistance by a factor of two (5.9 Ω in planar cell and 2.8 Ω in SRB25P).  

The total surface area of the electrodes was 27.75 cm2, consisting of the spiral part, about 

18.75 cm2, and the channel region of about 9 cm2, which was entirely covered with silver 

paste (Figure 5-39). The SRB25P cell was produced with LCNT/YSZ50 only. This 

configuration most likely did not give an optimal use of cells surface area, as the 25 mm 

in the distance of LCNT/YSZ50 sandwiched between other layers does not have any 

current collector, and as indicated (Figure 5-18 a) and in the analysis of planar cell 

(Chapter 5.5.3.3), the conductivity of the LCNT/YSZ50 material is low. In the best case, 

assuming that LSM current collector can conduct electrons for a distance of 10 mm, the 

cell’s active area would be equal to the area of the fuel channel, which is about 9 cm2. 

However, as already explained, the most active region is where the cell is covered with 

silver from both sides, between the oxygen and fuel channels, region (3) in Figure 5-39, 

which is 3.75 cm2. Region (3) also has the lowest diffusion losses. The remaining area of 

the channel at the FE side (5.25 cm2), region (2), is covered with silver; however, on the 

OE side, the area is inside the channel; therefore, the current distribution is dependent on 

LSM current collector layer, and the concentration of oxygen gas will be lower further 

into a spiral due to diffusion loses. The impedance in SOFCRoll will be affected by the 
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inhomogeneity of the system, e.g. local impedance at region (3) will be different from the 

region (2), which will be more altered by oxygen diffusion and lower efficiency of current 

collecting. 

a) 

 

(c) 

 

(b)  

 

Figure 5-43: Electrochemical analysis of SRB25P, before and after switching at 2.3V for 10 min at 800 °C 
and 50 ml/min of wet H2 in FE and 100 ml/min of air in OE (a) EIS at the OCV. (b) DRT calculated from 
impedance data. (c) IV characteristic. 

 

Figure 5-43 a-b shows the impedance analysis at OCV of the cell before and after the 

switching procedure; all resistive contribution seems to be reduced and moved to the 

lower frequency; the equivalent circuit indicates an increase of their capacitance. The 

behaviour is different from planar cells, where all processes move to a higher frequency. 

Also, in SRB25P, the P4 process seems to be reduced to a much greater extent than any 

previously described process in planar cells. 

Figure 5-43 c shows the I-V characteristic of the cell after the gas reduction and switching 

procedure, tested at 700-800 °C and 50 ml/min of wet H2 in FE and 100 ml/min of air in 

OE. After applying electrochemical poling at 2.3V for 10 min, the power density 

increased from 121.5 mW to 195 mW at 800 °C. The linear slope of I-V curves changes 

below 0.75V, indicating concentration losses at a higher current or decrease of electrode 
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activity, e.g. due to higher oxygen partial pressure. The switching potential was changed 

from 2.3V to 2.1V in the following tests, as SEM analysis indicated possible 

decomposition of material under high overpotential and mentioned the already “rough”  

surface of perovskite, which may be detrimental to the electrode’s functionality (Figure 

5-44). Initially, the switching procedure was changed from 2.3V for 10 min to 2.1V; then 

switching time was further reduced to 2 min. Some tests were conducted to compare those 

conditions, and not much difference in performance was observed. The cells switched at 

2.3V had slightly higher performance, caused by a higher reduction of ohmic resistance. 

(a) 

 

(b) 

 

Figure 5-44: (a)-(b) SEM (SEI) of LCNT/YSZ50 layer in a SOFCRoll SRB25P after electrochemical 
switching at 2.3V for 10 min at 800 °C. 

 

5.5.4.2 The SRB26P SOFCRoll with Ni/LCNT50 fuel electrode current collector. 

 

SOFCRoll SRB26P was made with the same tapes and dimensions, but 

additionally, a current collector Ni/LCNT50 layer was sintered on top of the fuel electrode; 

also, SRB26P had a thinner electrolyte (140 against 180 µm). 

The use of Ni/LCNT50 current collector layer on top of LCNT/YSZ50 aimed to increase 

the working cells are to the spiral region of the cell, e.g. regions (1), (4) and (5) in Figures 

5-39 c-d. It is commonly considered that the active cell area does not exceed 20 µm from 

YSZ/electrode interface [99]. However, the possibility that the performance of the active 

electrode would be affected by co-sintering with a layer of high Ni content cannot be 

ruled out [323]; this could be related to the diffusion of Ni from the current collector layer 

to the active region. 
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The SRB26P was tested at 700-800 °C and 50 ml/min of wet H2 in FE and 100 ml/min of 

air in OE. After gas reduction, the cell generated 0.36 A at 0.7 V at 800°C, more than six 

times more than the planar cell (0.055A/ cm2) and two times more than the SOFCRoll 

SRB25P (0.15A).  

As previously, the total surface area of the electrodes was 27.75 cm2, consisting of the 

spiral part, about 18.75 cm2, and the channel region of about 9 cm2, which was entirely 

covered with silver paste (Figure 5-39). The SRB26P cell was produced with 

Ni/LCNT/50 current collector layer where the 25 mm in its distance was sandwiched 

between other layers; it is the maximum distance for gas diffusion and conductivity at the 

fuel electrode side. The oxygen site has the same configuration as in SRB25P, with the 

LSM current collector layers in (1), (2), (5) and additionally covered with silver paste in 

the region (3) and (4). As previously, region (3) with a surface area of 3.75 cm2 is 

considered the most active and, according to the model cell, has the same activity level 

as SRB25P. Similarly, region (2) with 5.25 cm2 will have the same activity level, as in 

both cases, this part of the cell was covered with a current collector on the fuel site and 

had LSM current collector on the OE side. The activity region will likely be extended into 

the area (4), which also has 5.25 cm2; in SRB25P, due to the lack of a current collector 

on the FE side, the region was considered entirely inactive even though the OE side is 

covered with silver paste. The regions (1) and (5) could also become active; however, as 

already explained, even if the cell did not have any internal defects, the long diffusion 

and current collector paths can significantly affect their performance. 

Figure 5-45 a-b shows the impedance analysis at OCV of the cell before and after the 

switching procedure; as previously, all resistive contribution seems to be reduced. Before 

switching, the maximum power density of SRB26P at 800 °C was equal to 290 mW at 

800 °C and increased to 450 mW after applying the switching method at 2.1V for 10 min. 

In the first experiment, SRB26P was switched at 2.3V for 10 min as SRB25P; however, 

subsequent tests with tubular cells and other tests made on SRB26P showed no higher 

performance gain when switching at 2.3V compared to 2.1V. Therefore, the switching 

voltage was decreased as it could be less damaging to the cell structure. The SEM analysis 

of the LCNT/YSZ50 layer in SRB26P after electrochemical switching shows in Figure 

5-46. The perovskite seems to retain its terrace-like microstructure, and metallic particles 

are more homogeneous in shape and size; however, there are areas on LCNT/YSZ50 on 
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which the particles have not emerged; likely indicating the various distribution of 

overpotential within the fuel electrode; which is considered to be a driving force for 

exsolution. 

(a) 

 

(c) 

 

(b)  

 

Figure 5-45: Impedance analysis of SRB26P, before and after switching at 2.1V for 10 min at 800 °C and 
50 ml/min of wet H2 in FE and 100 ml/min of air in OE. (a) EIS at the OCV. (b) DRT calculated from 
impedance data. (c) IV characteristic. 

 

(a) 

 

(b) 

 

Figure 5-46: (a)-(b) SEM (SEI) of LCNT/YSZ50 layer in a SOFCRoll SRB26P after electrochemical 
switching at 2.1V for 10 min. 
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Figure 5-47 shows a comparison between a planar cell (normalised to cm2) and both 

discussed types of SOFCRoll after gas reduction. Compared to the planar cell, the ohmic 

resistance in SRB26P was reduced 4.3 times, while the polarisation resistance 12.7. 

Comparing the SRB26P and a planar cell, the P4 is enlarged in relation to P3, similarly 

like in SRB25P; however, not to such an extent. 

(a) 

 

 

(b)  

 

Figure 5-47: The comparison of the planar cell, SOFCRoll SRB25P and SRB26P (normalised to cm2), at 
800 °C and 50 ml/min of wet H2 in FE and air in OE. (a) EIS. (b) DRT calculated from impedance data. 

 

Figure 5-48 shows the electrochemical performance of the SRB26P SOFCRoll cell at a 

temperature range from 700 – 800 °C and 50 ml/min of wet H2 in FE and 100 ml/min of 

air in OE; after switching at 2.1V for 10 min at 800 °C. The open-circuit voltage of 

SRB26P was above 1V at the whole temperature range, confirming a good tightness. 

After switching, the cell’s maximum power density was equal to 208, 302 and 450 mW 

at 700, 750, 800 °C, respectively. 

The DRT was constructed from imaginatory part of impedance (Figure 5-48 d), where all 

four processes are indicated. A similar equivalent circuit was used as in SRB25P, but P1 

and P2 were fitted as a single semicircle; they were too small to fit separately. The 

accuracy of the fitting was confirmed by calculating the resistance of polarisation 

processes directly from DRT. Figure 5-48 b shows the Arrhenius Plot of ohmic resistance 

of cell’s polarisation resistance, calculated from the equivalent circuit. After the rig’s 

resistance was extracted, the cell’s ohmic resistance was in the range of 0.15 - 0.31 at 800 
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– 700 °C. The total polarisation resistance at OCV increases from 0.39 Ω at 800 °C to 

0.88 Ω at 700 °C. P3 and P4 contribute similarly to the polarisation resistance with a very 

close value of about 0.15 Ω each at 800 °C and activation energy of 0.7 eV. The activation 

of the P3 and P4 processes seems to be lower than in the planar cell, while the activation 

energy of ohmic resistance slightly increased. 

(a) 

 

(b) 

 

(c) 

 

(d)  

 

Figure 5-48: The electrochemical performance of the SRB26P SOFCRoll cell at a temperature range from 
700 – 800 °C and 50 ml/min of wet H2 in FE and 100 ml/min of air in OE; after switching at 2.1V for 10 
min at 800 °C. (a) I-V curve of cell operating in fuel cell mode. (b) Arrhenius plot of ohmic and polarisation 
resistance. (c) – (d) EIS and DRT analysis of impedance data at OCV conditions. 
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5.5.5 The small SOFCRoll with LCNT based fuel electrode (SRB30P & SRB36P) 

 

5.5.5.1 The small SRB30P SOFCRoll with implemented Ni/LCNT50 current collector. 

 

(a) 

 

(b) 

 

(c) 

 

Figure 5-49: Small SOFCRoll cell (a) – (b) The current and diffusion paths in small SOFCRoll; Yellow – 
silver CC, Green – conductivity path FE, Red – diffusion path FE. Blue – diffusion path OE. (c) Electrode 
dimension, diffusion and charge paths and location of the silver current collector in small cells. 

 

In the SRB30P cell, the total surface area of the electrodes is 12 cm2, about 2.3 times 

lower than in SRB25P and SRB26P. The small SOFCRoll cells had an “exposed oxygen 

electrode” design; tapes were shortened to the point that the whole surface area of the 

oxygen electrode was exposed to the atmospheric air. Therefore, the current collector 

layer made of pure LSM was not needed; only LSM/YSZ50 active electrode was used, 

which was entirely covered with the silver paste, allowing for full utilisation of its surface 

area. The whole area of the LSM/YSZ50 was exposed to atmospheric air, which was used 

for the cell operation; additionally, the air was blown through the main channel from the 

bottom of the cell to assure faster oxygen exchange with the atmosphere, the main channel 

at the OE side was not sealed; hence the pumped air outlet was on the top of the cell 

(Figure 5-50 a & c). SRB30P cell had the active fuel electrode LCNT/YSZ50 and a 

Ni/LCNT50 current collector layer, the same as in SRB26P. The spiral part on the fuel 

side was lowered to 1 cm; hence, it reduced the current collector distance. The diffusion 

path of H2 through the porous layer of the current collector was even lower than 1 cm as 

electrode layers are not adjacent near the outlet (Figure 5-49 a). The area of the “Spiral” 

was about 6 cm2, and an equal area was in the “Channel.” SRB30P had almost the same 

electrolyte thickness as SRB26P (between 130 and 140 µm). 
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As mentioned earlier, cell performance and OCV were improved when tested with 

channels at the bottom; this issue was further investigated. The comparison of SRB30P 

cells with various configurations of the outlet channel illustrate in the figure below. 

(a) 

 

(c) 

 

(b) 

 

(d) 

 

Figure 5-50: (a)-(b) Principle of operation and image of the cell with the large gas outlet. (c)-(d) Principle 
of operation and image of the cell with the small outlet. 

 

The cell’s performance with the large outlet at the side, where the H2 gas was directed to 

the spiral part and outside through the outlet at the middle cell’s area (“B30 – large 

channel” in Figure 5-51 a), was multiple times lower than when channels were at the 

bottom (“B30 – bottom channels” in Figure 5-51 a) or when the size of the channel was 

decreased (“B30 – small channel” in Figure 5-51 a). 

Also, when testing the cell with a large channel at higher H2 flow, the cell’s OCV 

decreased; in the shown case (Figure 5-51 b), the highest OCV was achieved for an H2 

flow rate much below 50 ml/min in FE. First, the drop in OCV originated from the 
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microcracks in the spiral part. Therefore, a tentative explanation for higher OCV at lower 

flow was that the spiral part is “less pressurised” by the gasses; hence they do not leak 

via the microcracks. Similarly, the performance improvement could be explained in the 

bottom channel design; the spiral part is under lower gas pressure hence does not leak.  

(a) 

 

(b) 

 

Figure 5-51: (a) Comparison of SRB30P cells I-V with the various design of the gas outlet. (b) OCV of 
cell with the large gas outlet at the cell’s central area at the various flow of wet H2 in FE and atmospheric 
air in OE. 

 

However, in the SRB30P cells, not many defects were detected; therefore, this 

explanation did not entirely work out. A breakthrough has come with using a smaller gas 

outlet at the cell’s outer area (most of the outlet was sealed, as shown in Figure 5-50 d). 

By decreasing its size, a much higher OCV value was achieved with a higher flow of H2, 

and the amount of generated current increased several times (“B30 – small channel” in 

Figure 5-51 a). The improved performance suggests that not only the internal defects were 

responsible for lower performance but also the size of the outlet, indicating that the 

counter diffusion of the air into a cell through an outlet channel may be a reason. 

Further on, the possibility of co-sintering the outlet channel into the cell’s structure was 

studied (Figure 5-52). The outlet channel made of YSZ tape was successfully 

implemented into the design. For the preparation, a piece of YSZ tape was rolled into a 

small tube and sealed with a YSZ slurry on the end of the cell’s spiral; the outlet along 

the cell was entirely sealed. The presented cell successfully operated at high OCV (1V at 

800°C) and high H2 flow up to 40 ml/min. The maximum power at 800°C was 0.26W. 
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However, the part of the tested cell seems to show a similar problem as in the original 

design. Most likely, the size of the co-sintered outlet channel was too large; hence 

diffusion from outside still was an issue. 

(a) 

 

(b) 

 
(c) 

 
Figure 5-52: Cell design with co-sintered outlet channel. (a) Cross-section of the cell. (b) Cell’s Image. 
(c) The image of the cell’s operation. 

 

In Figure 5-52 c, it could be seen that all exhausted gasses are directed outside through a 

co-sintered outlet, actually providing the first proof ever that gases in SOFCRoll could 

diffuse through a spiral to the outlet. Perhaps such a design opens a new possibility of 

using SOFCRoll cells, e.g., in an application where gas collection is required, like an 

electrolysis cell. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-53: Comparison of cells performance, with and without porous (P-YSZ) layer at 800 °C and 25 
ml/min of wet H2 in FE and atmospheric air in OE; after switching at 2.1V for 10 min at 800 °C. (a) I-V 
characteristic. (b) EIS analysis. Patch for gas/ charge transfer (c) in the cell without a porous layer. (d) in 
the cell with a porous layer.  

 

Two types of SRB30P cells were produced (SRB30P1 and SRB30P2). In the SRB30P2, 

the additional porous YSZ layer (P-YSZ) with 90% porosity was used in the spiral part 

of the fuel electrode to study if the cell could achieve better and more stable performance 

when decreasing diffusion losses at the fuel electrode side in the spiral. Both cells were 

sealed at the bottom and had a small outlet at the central part (Figure 5-50 d). 
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The addition of a porous layer did not improve the cell’s functionality; in fact, the cell 

with P-YSZ had about 30% lower maximum power (0.39W in SRB30P1 and 0.26W in 

SRB30P2) at 800°C and 25 ml/min of wet H2 in FE and atmospheric air in OE; after 

switching at 2.1V for 10 min at 800 °C. The I-V curve of SRB30P2 seems to have a 

slightly higher slope than SRB30P1, indicating higher ASR. Also, SRB30P2 had a lower 

OCV value; this may be due to cracks inside a cell, which are more likely to form in the 

cell with P-YSZ due to higher stress (Chapter 5.4). The lower value of OCV could also 

result from a variation in the size of the outlet, made by ceramic sealant applied by hand. 

The I-V curve of SRB30P2 also shows some possible concentration losses at higher 

potential, contrary o expectations as the porous layer should improve gas diffusion into a 

spiral. Possibly P-YSZ worsened diffusion to the active layer or due to the cracks gases 

from both compartments mixed hence lower concentration. The EIS curves are very 

similar in shape and magnitude at OCV. The impedance was fitted with an equivalent 

circuit made of three semicircles. A closer investigation reveals the increase of all 

polarisation processes in SRB30P2, indicating that the leading cause of the lower 

performance in this cell is the reduction of utilized surface area. Perhaps, a crack in the 

cell or counter diffusion of air made a small part of the cell inactive. 

(a) 

 

(b) 

 
Figure 5-54: Comparison of cells performance from the bath SRB26P (the large cell) and SRB30P (the 
small cell) at 800°C after electrochemical switching (SRB26P at 2.1V for 10min, SRB30P at 2.1V for 2.5 
min), tested with wet H2 in FE and air in OE. (a) EIS. (b) DRT from impedance data. 

 

Figure 5-54 compares the electrochemical measurements of the SRB30P1 and previously 

described SRB26P. The SRB30P1 did not have an additional porous layer, and essentially 

it is the smaller version of SRB26P. The cell was switched at the same potential, 2.1V, 

but for a shorter time – only 2.5 min. Conducted analysis on the same cells indicated 
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almost no difference in performance when switching for 2.5 min or 10 min at the same 

voltage and temperature; thus, conditions were changed.  

After switching, the maximum generated power at 800 °C was 0.35W for SRB30P and 

0.45 W for SRB26P. The relatively low difference in generated power reveals that a large 

part of SRB26P had a low activity or was not active at all ( the total surface area was 

27.75 cm2 in SRB26P and 12 cm2 in SRB30P). Following the previous consideration, the 

most likely is that regions (2), (3), (4) which would give 14.25 cm2 of surface area, are 

the most active regions in SRB26P, and the most of outer regions are not active; from the 

other side, this assessment indicates that most of the small cell’s surface area is 

electrochemically active. 

Comparison of impedance data reveals the same processes in both cells varying in 

magnitude. The ohmic resistance of the SRB30P was 0.24 Ω against 0.15 Ω in SRB26P 

(after extraction of 0.1 Ω of rig’s resistance), which gives a ratio of about 1.6. The total 

polarisation resistance of the SRB30P was 0.4 Ω against 0.3 Ω in SRB26P, which gives 

a ratio of about 1.3. 

The temperature dependence of the SRB30P1 shows in Figure 5-55. The cell was tested 

with 25 ml/min of gas flow with wet H2. The open-circuit voltage was around 1V at a 

temperature range from 700 – 800 °C. Before switching, the cell’s power density was 

equal to 150 mW at 800 °C and increased to 340 mW after applying the switching method 

at 2.1V for 2.5 min. The same equivalent circuit was used as four SRB26P, with P1 and 

P2 fitted as the single semicircle. Figure 5-55 b shows the Arrhenius Plot of ohmic 

resistance of cell’s polarisation resistance, calculated from the equivalent circuit. After 

extraction of the rig’s resistance, the cell’s ohmic resistance was 0.24 - 0.46 Ω at 800 – 

700 °C, while the total polarisation resistance at OCV was between 0.42 and 1.11 Ω. The 

P3 had an activation energy of 0.95 eV, slightly larger than 0.73 eV in SRB26P, the 

characteristic frequency of the process was 2.75 Hz at 800 °C in both cells. The P4 has 

an activation energy of 0.65 eV and a characteristic frequency of 0.15 Hz at 800 °C. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5-55: The electrochemical performance of the SRB30P1 SOFCRoll cell at a temperature range from 
700 – 800 °C and 25 ml/min of wet H2 in FE and atmospheric air in OE; after switching at 2.1V for 2.5 min 
at 800 °C.. (a) I-V curve of cell operating in fuel cell mode. (b) Arrhenius plot of ohmic and polarisation 
resistance. (c) – (d) EIS and DRT analysis of impedance data at OCV conditions. 

 

Figure 5-56 shows SEM (SEI) of LCNT/YSZ50 electrode after electrochemical switching. 

The co-sintered electrode robustly interfaces with the YSZ electrolyte without cracks or 

delamination, Figure 5-56 a. The lower magnification (Figure 5-56 b) reveals a structure 

made of particles with a large size distribution, where very small LCNT particles could 

be visible, produced with long ball-milling times. Exsolved metallic particles have are 

between several and few nanometres; very small particles could be visible in Figure 5-56 

c. As previously mentioned, larger islands exsolved from the perovskite in some locations, 

which are believed to be TiO2 (Figure 5-56 d). 
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(a) 

 

(b) 

 
(c) 

 

(d) 

 
Figure 5-56: SEM (SEI) analysis of LCNT/YSZ50 layer in a SOFCRoll SRB30P after electrochemical 
switching at 2.1V for 2.5 min. (a) The interface of active FE with YSZ electrolyte. (b) Image of the active 
FE layer in ×10k magnification. (c) Image of the active FE layer in ×50k magnification. (d) Image of the 
active FE layer in ×100k magnification. 

 

5.5.5.2 The small SRB36P SOFCRoll with Ni/YSZ10fuel electrode current collector. 

 

(a) 

 

(b) 

 

Figure 5-57: The principle of operation of the SRB36 SOFCRoll Cell. (a) With the active LCNT/YSZ50 
active FE layer (SRB36P1). (b) With the active LCNT/YSZ50 layer and Ni/YSZ10 current collector 
(SRB36P2). 
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Like SRB30P, the SRB36P cells had 12 cm2 of total surface area in an “exposed oxygen 

electrode” design (Figure 5-49), where the LSM/YSZ50 active layer was used, entirely 

covered with a current silver collector and exposed to atmospheric air. The first type of 

SRB36 (SRB36P1) did not have any current collector layer on the fuel side, only an 

LCNT/YSZ50 active electrode (Figure 5-57 a). Therefore, only the area covered with 

silver paste was likely active, up to 6 cm2 in the “Channel”. The second type of SRB36 

(SRB36P2) had a Ni/YSZ10 current collector layer in the spiral part of the cell only 

(Figure 5-57 b). The cells comparison can reveal if the spiral part is active. 

As explained in Chapter 5.4, co-sintering of the Ni/YSZ10 layer on the entire 

LCNT/YSZ50 active layer area was impossible due to delamination, which eventually 

destroyed the cell’s internal, when Ni/YSZ10 was co-sintered only in the spiral part, 

sandwiched between other layers was less prone to delamination. The current collector 

layer is not required at the central area of the fuel electrode, as this is available for the 

current collector, which could be applied before cell’s testing, e.g. silver paste. In 

SRB36P2, the function of the Ni/YSZ10 current collector layer is to collect the current 

from the spiral part and transport it to the main channel of the cell to the silver current 

collector. The cells were sealed at the bottom, and the size of the H2 gas outlet at the cell’s 

middle area was decreased with ceramic sealant. 

(a) 

 

(b) 

 

Figure 5-58: Comparison of cells impedance at OCV and 800°C from the bath SRB36P, without the current 
collector (SRB36P1) and with the Ni/YSZ10 current collector (SRB36P2) at an 800 °C and 25 ml/min of 
wet H2 in FE and atmospheric air in OE; after switching at 2.1V for 2.5 min at 800 °C.. (a) EIS measurement. 
(b) DRT analysis. 

 

Figure 5-58 compares the electrochemical measurements of the SRB36P1 without a co-

sintered current collector and SRB36P2 with a co-sintered Ni/YSZ10 current collector in 
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the spiral part, revealing the same processes in both cells varying in magnitude, indicating 

the differences in active surface area. The ohmic resistance of the SRB36P1 was 0.26 Ω 

against 0.18 Ω in SRB36P2 (after extraction of 0.1 Ω of rig’s resistance), which gives a 

ratio of about 1.5. The total polarisation resistance of the SRB36P1 was 0.82 Ω against 

0.35 Ω in SRB36P2, which gives a ratio of about 2.3. Similarly, before switching, the 

ohmic and polarisation resistance ratio is about 1.5. Much higher performance in 

SRB36P2 than in SRB36P1 proves that the spiral part of the fuel cell is active. 

(a) 

 

(b) 

 

Figure 5-59: Comparison of cells impedance at OCV and 800 °C from the bath SRB30P with the 
Ni/LCNT50 co-sintered current collector and SRB36P with the Ni/YSZ10 co-sintered current collector at 
a temperature range from 700 – 800 °C and 25 ml/min of wet H2 in FE and atmospheric air in OE; after 
switching at 2.1V for 2.5 min at 800 °C.. a) EIS measurement. (b) DRT analysis. 

 

Before switching, the maximum power density of the SRB36P2 cell with a co-sintered 

Ni/YSZ10 current collector was equal to 120 mW at 800°C and increased to 320 mW 

after applying the switching method at 2.1V for 2.5 min. A very similar performance was 

obtained when compared to SRB30P2. Cells had the same dimensions and active 

electrodes; the only difference was the current collector layer on the fuel side. In 

SRB30P2, the whole area of the LCNT/YSZ50 active layer was covered with Ni/LCNT50 

current collector, while in the SRB36P2, the Ni/YSZ10 current collector layer was used 

only in the spiral part. The comparison of impedance data reveals a very close magnitude 

of polarisation processes (Figure 5-59 b) and a slightly higher ohmic resistance in 

SRB30P, possibly due to the lower conductivity of the Ni/LCNT50 current collector layer 

than Ni/YSZ10, with much higher Ni content. Similar performance and impedance 

spectra indicate that both current collector layers mainly perform the function of the 

current collector, enlarging the utilised surface area and not participating in the overall 

reaction of H2 oxidation. 
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(a) 

 

(b) 

 

(c) 

 

(d)  

 

Figure 5-60: The electrochemical performance of the SRB36P2 SOFCRoll cell at a temperature range from 
700 – 800 °C and 20 ml/min of wet H2 in FE and atmospheric air in OE; after switching at 2.1V for 2.5 min 
at 800 °C. (a) I-V curve of cell operating in fuel cell mode. (b) Arrhenius plot of ohmic and polarisation 
resistance. (c) – (d) EIS and DRT analysis of impedance data at OCV conditions. 

 

The SRB36P2 was entirely sealed for the performance test, with a small outlet on the 

front (Figure 5-50 d). The cell was tested with 20 ml/min of gas flow with wet H2. The 

open-circuit voltage was below 1V at a temperature range from 700 – 800 °C; the lower 

OCV could come either from cracks or diffusion from outside through the outlet (perhaps 

the outlet was still too large). 

The same equivalent circuit was used as four SRB30P, with P1 and P2 fitted as the single 

semicircle. Figure 5-60 b shows the Arrhenius Plot of ohmic resistance of cell’s 

polarisation resistance, calculated from the equivalent circuit. After extraction of the rig’s 

resistance, the cell’s ohmic resistance was in the range of 0.18 - 0.3 Ω at 800 - 700°C, 

lower than in SRB30P but with a very similar activation energy of ~0.5 eV. The total 
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polarisation resistance at OCV was between 0.38 and 1.36 Ω. The P3 had an activation 

energy of 1.1 eV, slightly larger than 0.95 eV in SRB30P, the characteristic frequency of 

the process was 3.55 Hz at 800°C. The P4 has an activation energy of 1.1 eV, larger than 

0.65 eV in SRB30P, and the same characteristic frequency of 0.15 Hz at 800°C. 

 

5.6 Summary 

 

During the evolution of the new SOFCRoll, the electrode's shrinking profile and 

microstructure were controlled by the particle size and a pore former concentration. The 

method was very challenging because of several reasons. Firstly, when changing the 

particle size or concentration of pore former, both shrinking and microstructure were 

affected, which required controlling two parameters simultaneously. In addition, both 

shrinking profile and microstructure were influenced by other layers in cells assembly; 

thus, they behaved not the same way when analysed outside SOFCRoll’s structure. In 

addition, changing the concentration of ceramic materials or pore former or their surface 

area required adjusting the organic content in the slurry. Therefore, a special procedure 

must be developed to prepare layers with exact shrinking and microstructure for co-

sintering purposes. Finally, the procedure was developed for LCNT/YSZ material, 

including specific steps. In addition, for softer materials, like LSM used for the oxygen 

electrode, the pre-sintering as a composite with YSZ has proven to be an effective method 

in controlling its shrinking. 

Surprisingly, the SOFCRoll could not achieve a sufficient OCV to be tested even with a 

matched shrinking profile. The turning point was a modification of the cell's outlet. The 

cells achieved a high OCV and reasonable performance. The cells were switched, which 

means that a high cathodic polarisation was applied on the fuel electrode to facilitate 

reduction and exsolution. Switching resulted in a higher current, and both ohmic 

resistance and polarisation on the whole frequency range were reduced. The Ni/LCNT 

current collector seems to extend a cell's surface area into the spiral network; however, 

presumably, not much more than 25% of the total 27.75 cm2 cell's area was active; it is 

believed that the leading cause of low surface area utilisation was an insufficient current 

collection and inhomogeneous gas conditions in the long spiral part. For this reason, a 
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SOFCRoll design was changed entirely, and the long tapes were replaced by a shorter 

ones, making a total surface area equal to 12 cm2. The silver current collector was applied 

to the whole area of the oxygen electrode; thus, LSM pure layer was not required, while 

on the fuel side, the Ni/YSZ10 current collector was co-sintered in the spiral part; such 

solution resulted almost in uncracked cells, and presumably, the most of the area in the 

cell's spiral part was active. 
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6 Development of tubular cells with LCNT based fuel 

electrode 

 

6.1 Introduction 

 

The final chapter of the thesis covers developing and analysing the small tubular 

cells with an LCNT based fuel electrode. The cell was fuel electrode supported, with 

LCNT/YSZ50 fuel electrode and LSM/YSZ50 oxygen electrode. The cells also were 

prepared by the tape casting technique; first, the lamination method was used, then co-

cast, and cells were co-sintered. The same tapes were used for the first generation of 

tubular cells as for SOFCRoll, but without current collector layers, as in the tubular cells, 

the surface area was more easily accessible. 

Next, the possibility of co-sintering of porous YSZ backbone and impregnating with 

functional materials were investigated to improve the electrode activity. First, the 

LSM/YSZ50 composite was replaced by impregnated LSF electrode; then LCNT/YSZ50 

electrode by impregnated LCNT. With a new casting method, the thickness of the YSZ 

electrolyte was decreased to about 20 µm. The thickness of the electrodes was about 100 

µm each. The LSF impregnated oxygen electrode developed a network of LSF 

nanoparticles formed on the YSZ surface. On the other side, the impregnated LCNT 

perovskite created a dense layer of small grains covering the whole YSZ surface. 

The advantage of the second design was the possibility of co-sintering at a higher 

temperature than 1350 °C, producing a better-densified electrolyte. At the same time, the 

functional materials could be introduced at a much lower temperature. Also, it gave much 

higher flexibility in the selection of materials. With the method, the new electrode could 

be introduced without shrinking analysis and matching. 
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6.2  Tubular cells with LCNT/YSZ50 and LSM/YSZ50 composite electrodes 

 

(a) 

 

 

(b) 

 

(c)  

 

(d) 

 

Figure 6-1: The production of small tubular cells with composite electrodes. (a) Green tapes and mask 
assembly for co-casting. (b) Rolling of tape’s assembly, A – point of contact. (c) Photo of the tubular cells 
before sintering. (d) The manufacturing steps for tubular cells production, [324]. 

 

The small tubular cells with composite electrodes were produced with active layers 

developed for SOFCRoll. The tubular design offers a much simpler design, with more 

homogeneous gas conditions and more surface area available for the current collection. 

The tubular cells did not have co-sintered current collector layers, and tapes were not 

folded multiple times as in SOFCRoll; hence, the stress in the cells was significantly 

reduced. The standard LSM/YSZ50 was used as an oxygen electrode, LCNT/YSZ50 as 

the fuel electrode and YSZ electrolyte. The tape’s dimensions are lower than for 

YSZ stripes 

YSZ slurry 
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SOFCRoll, which gives up to 7 cm2 of surface area after sintering. In the tubular cells, 

the whole surface area of electrodes is covered with silver paint and gas diffusion is only 

limited by the layer’s thickness. As the cells do not have a “Spiral”, which in SOFCRoll 

took the role of support, the thickness of the fuel electrode was enlarged to provide 

mechanical strength to the cell. 

For cell production, the thick layer of LCNT/YSZ50 was cast first with a c gap equal to 

600 µm; the gap was two times higher than for layers presented so far. Also, the rolled 

assembly had a double layer of LCNT/YSZ50, Figure 6-1 b, which gave about 170 µm 

thickness after sintering and porosity of ~40%. Such thick LCNT/YSZ50 support 

enlarged ohmic resistance as LCNT/YSZ50 has very low electronic conductivity. There 

were trials to produce a tubular cell with a thin LCNT/YSZ50 and Ni/LCNT50 supporting 

layer, but they were unsuccessful as Ni/LCNT50 tended to delaminate. It seems that stress 

inside the SOFCRoll channels and the spiral prevented Ni/LCNT50 from delamination. 

(a)  

 

(b)  

 

 

Figure 6-2: (a) – (b) SEM (BSE) images of small tubular cells with composite electrodes. A – the point 
of contact of tapes on opposite sides. 

 

For the cell’s preparation, LCNT/YSZ50 tape was cast first, dried and masked, and a 

single layer of YSZ was cast over it with a standard 300 µm casting gap, plus 70 µm from 

the Mylar mask, Figure 6-1 a. When dried, the assembly was masked again, and a single 

layer of LSM/YSZ50 oxygen electrode was cast with a standard 300 µm casting gap, 

producing a 40 µm thick layer with 30% porosity. The casting assembly was ended with 

YSZ electrolyte attached to its other side after rolling (surface A on Figure 6-1 b and 

A 

OE 

FE 

LSM/YSZ50 

LCNT/YSZ50 
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Figure 6-2 b); such joining is required to prevent a gas crossover between both sides of 

the cell. As seen in the SEM image, Figure 6-2 b, the part where the two ends of the tape 

come together is not entirely covered by electrodes from both sides. Also, tapes in this 

location often tend to delaminate during production or sintering, so YSZ slurry could be 

applied to strengthen the structure, Figure 6-1 c; the connection point at the YSZ is the 

weakest point of the cell. 

After sintering, the YSZ electrolyte had a thickness of about 80 µm, a thinner electrolyte 

than in the case of SOFCRoll did not result in its damage; cells had almost no internal 

defects and gave a high value of open-circuit voltage. 

 

6.3 Tubular cells with composite LCNT/YSZ50 and impregnated LSF/P-YSZ 

electrodes 

 

The cells described so far were produced by co-sintering of multiple layers. Those 

must be able to sinter well to each other, create a good interface, and have an optimised 

microstructure; also, the rate of this sintering must be close; otherwise, the created stress 

would destroy a fragile ceramic structure. The control of co-sintering was possible 

through the size of particles and the composition; however, the method is limited by 

material selection and requires high-temperature sintering. Therefore, the development of 

ceramic tapes for co-sintering purposes is often very time consuming and problematic, 

which does not always bring anticipated results. For example, a failed attempt to co-sinter 

pure LCNT layer with YSZ electrolyte (Chapter 5.2). Whereas developed co-sintered 

electrodes used in the project have relatively poor performance due to the requirement of 

high-temperature sintering (Chapter 5.5.3). 

The impregnation method involves the saturation of ceramic backbone, usually made of 

the same material as the electrolyte, with a solution that will decompose to the required 

material after calcination, creating a functional layer. Using this technique in co-sintered 

cells simplifies manufacturing and makes a broader range of materials available. After 

the porous backbone is made, any chosen active material could be impregnated; there is 

no requirement to measure the shrinking profile whenever a new electrode is tested. It 
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could be sintered at an optimal temperature to maximise its performance and avoid 

unfavourable reactions. 

The development of a porous backbone is much simpler than the composite electrode. 

The differences in shrinking profile between porous YSZ and YSZ arise only from the 

presence of pore-former in porous YSZ slurry, not from different properties of materials; 

these differences could be much easier maintained; also, the interface between porous 

YSZ and YSZ should be better than in composite electrode. 

(a) 

 

(c) 

 

(b) 

 

Figure 6-3: (a) Particle size analysis of pre-sintered  YSZ for 5 h at various temperatures. (b) Particle size 
analysis of pre-sintered and ball-milled YSZ and commercial powder. (c) Shrinking profile of P-YSZ made 
for co-sintering at 1350°C. 

 

For the porous YSZ (P-YSZ) production, the ceramic powders were mixed with pore-

formers (graphite and starch from rice) to provide a well-developed porous structure. The 

pore former’s addition into porous backbone slurry also could create differences in the 

shrinking profile between the electrolyte and electrodes during the cell’s sintering, which 

leads to the delamination and formation of other defects in the cell. 

As previously, the shrinking profile and microstructure of the porous electrode were 

optimized by adjusting the size of ceramic particles and pore former concentration in the 

slurry. For the ceramic backbone preparation, a mixture of the large and small sizes of 
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YSZ particles was used, where the large particle size of  ~ 3.5 µm was achieved by ball 

milling of the sintered YSZ pellets (1350 °C for 5 h) at 400rpm for 1 h while the small 

particles ~ 1 µm comes from untreated YSZ powder (PI-KEM Limited). Presenting YSZ 

pellets and ball milling them to the required particle size was advantageous over 

presenting YSZ  powder, giving homogeneous particles without a trace of large 

agglomerations (Figure 6-3 a & b).  

Table 6-1: The analysis of YSZ particle size, pre-sintered at various temperatures and times. 

Material Temperature/°C Time/h D10/µm D50/µm D90/µm SSA/m2g 

YSZ As provided - 0.337 1.109 2.482 10.2 

YSZ 1200 5 0.472 1.151 3.394 6.43 

YSZ 1300 5 0.694 2.545 10.608 3.67 

 

Table 6-2: The analysis of YSZ particle size, pre-sintered as pellets at 1350°C, crushed and ball milled for 
various times with mixed milling balls. 

Material Time/h D10/µm D50/µm D90/µm SSA/m2g 

YSZ 0.5 0.967 3.846 9.552 2.76 

YSZ 1 0.810 2.456 6.233 3.54 

 

The slurry contained 75% pore former by volume (mixture of starch and graphite 1:1 by 

vol.). The standard concentration of organics was used (Table 4-2), with the solid/ 

organics volume ratio equal to 3.37. The measurement showed that additions of such a 

large amount of pore former into a YSZ slurry enlarge its high-temperature shrinking by 

about 10% without any particle size modification. The P-YSZ was cast with a gap of 300 

µm, giving a porous layer of about 60 µm after sintering with about 80% porosity. 
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(a) 

 

(b) 

 

Figure 6-4: The SEM analysis of porous YSZ layer developed for the co-sintering purpose, sintered at 
1350°C. (a) SEM (BSE) analysis. (b) SEM (SEI) analysis of the layer. 

 

A standard LCNT/YSZ50 composite electrode was adapted on the fuel side as a 

supporting layer. The same method of layer assembly was employed as in fully composite 

tubular cells, but LSM/YSZ50 co-cast at the last step was replaced with the P-YSZ, Figure 

6-1. The cells were sintered at 1350 °C. The LSF solution was impregnated onto the 

porous YSZ backbone on the outer layer by a micro-pipette to a final amount of ~ 30 

vol%, and the final calcination temperature was 850 °C for 5h. After every impregnation 

cycle, the cells were placed in a furnace at 700 °C to de-compose precursors. The LSF 

was chosen to replace LSM due to much better oxygen incorporation and transport 

kinetics than LSM. The material has lower reactivity with YSZ than other well-

performing oxygen electrode LSCF and does not contain carcinogenic cobalt [76]. For 

this purpose, a developed porous YSZ layer (P-YSZ) was used to replace LSM/YSZ50 

composite material, impregnated with nitrate LSF solution, and synthesised at 850 °C 

(Chapter  3.7). It has been reported that LSF synthesised at 850 °C has much higher 

activity than its analogue sintered at a higher temperature due to higher surface area [76]. 

Figure 6-5 shows the analysis of the cell’s microstructure. The thickness of impregnated 

oxygen electrode was ~70 µm, the YSZ electrolyte was ~100 µm, and the supporting 

LCNT/YSZ50 fuel electrode had a thickness of ~200 µm. The total porosity of 

impregnated electrode was about 58%; however, the LSF seems to agglomerate closer to 

the electrode’s surface; hence, the porosity distribution was less homogeneous than in the 

composite layer (up to 10% variation between the outer and inner part of the electrode). 

In comparison, the porosity of the composite was homogeneous and about 42% by 
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volume. The cell did not show cracks or delamination. During the assembly, the ends of 

the tapes must be adjacent and sintered during a thermal step; otherwise, the cell could 

deform, and gas could crossover between channels, resulting in a drop in OCV. The 

joining method is shown in Figure 6-1 b depends only on 4 mm in the length of YSZ and 

may lead to such a defect (Figure 6-5 b,c); therefore, the method was modified as 

explained next. 

(a)  

 

(b)  

 

(c) 

 

(d) 

 

Figure 6-5: SEM (BSE) images of a tubular cell with LCNT/YSZ50 composite FE and impregnated LSF/P-
YSZ OE. (a) A cross-section of a fuel cell. (b) LSF impregnated electrode. (c) Full image of the cell. (d) 
Point of contact between the cell’s ends. 

 

6.4 Tubular cells with LCNT/P-YSZ and LSF/P-YSZ impregnated electrodes 

 

Eventually, fully impregnated tubular cells were developed, where composite 

LCNT/YSZ50 composite electrode was replaced with LCNT impregnated fuel electrode. 

However, before that, the possibility of quick impregnation was investigated, as the 

impregnation method is relatively slow and requires multiple steps to achieve the required 

OE 

FE 

LSF/P-YSZ 

LCNT/YSZ50 

(d) 



206 
 

catalyst loading [325]. As explained in Chapter 6.5.1.3, tubular cells showed 

extraordinary durability to withstand rapid temperature changes; cells did not crack when 

inserted directly into the furnace at 700 °C; hence in the employed method, after 

saturation of the porous backbone with solution, the cell was placed almost instantly into 

a furnace heated to 700 °C for calcination step. The technique significantly shortened the 

time required for catalyst deposition, enabling the electrode preparation in one working 

day. 

The technique was investigated first on the symmetrical tubular cell with LSF electrodes, 

and analyses were done to investigate their microstructure. Those cells were made by the 

lamination method, and both sides used one layer of electrolyte and one layer of thick 

porous YSZ (P-YSZ). A new assembly method was used; instead of using a thick 200 µm 

supporting layer inside a cell, a cell was made with the same electrode’s thickness of 

about 100 µm and 60 µm electrolyte. All layers were cast separately for the cell assembly, 

P-YSZ with a casting gap of 600 µm, while YSZ electrolyte with a gap of 300 µm. 

(a)  

 

(b) 

 

 

Figure 6-6: (a) Full image of the cell made by lamination with double supported electrodes (sintered at 
1400 °C). (b) Green tapes assembly for lamination, rolling of tape’s assembly, A – point of contact of YSZ 
layer, B – point of contact of P-YSZ 2 layer.  P-YSZ 1 – inner electrode, P -YSZ 2 – outer electrode. 

 

A new assembly method was needed for such a design, Figure 6-6. The inner electrode 

tape was shortened to the level that, after being rolled, creates a single layer of the 

functional electrode. The inner tape was 6 mm shorter than the electrolyte, while the outer 

layer had the same dimension but was shifted 6 mm down. Such assembly creates two 

P-YSZ 1 

P-YSZ 2 

A 
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long points of contact (A and B in Figure 6-6), strengthening the connection and 

protecting the structure against deformation and delamination. 

The sintering temperature was 1350 or 1400 °C. The cell was impregnated by dipping in 

LSF 0.5 mol solution, drying at 80 °C for a few minutes, inserted directly into the furnace 

at 850 °C for 10 minutes and then taken out to the room. The cycle was repeated seven 

times, the whole process was finished in one day, and cells were sintered at 850 °C 

overnight. A single impregnation cycle requires several hours; the cell is usually placed 

in the furnace and heated overnight. Therefore, a new approach shortened preparation 

time for at least one week. From the measurement of weight and with the assumption of 

the constant mass of P-YSZ, in every cycle, about 2-2.5% of the material was impregnated 

by weight (up to 2.2% by vol.).  

(a)  

 

(b)  

 

Figure 6-7: SEM of the tubular cell with porous YSZ electrode layers sintered at 1350 °C. (a) Before 
impregnation. (b) After seven cycles of a rapid impregnation experiment, impregnated with LSF. 

 

Figure 6-7 shows the backscattering analysis of the cell sintered at 1350 °C before and 

after impregnation. The porosity of the outside, not impregnated layer is about 75%, while 

the inside layer is 70%. The difference in porosity likely comes from higher stress exerted 

on the inner part of the cell, similarly as the measurement of SOFCRoll indicated, Figure 

5-22. After impregnation, the porosity of the outside layer is about 66.5%, while the inside 

layer is 61.5%. The same difference in porosity (5%) between the outer and inner layer 

indicates the same amount of impregnated solution. As previously, there is some un-

homogeneity in impregnated material through the electrode; a denser material is created 

closer to the surface. 

P-YSZ 2 P-YSZ 2 

P-YSZ 1 P-YSZ 1 
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After seven impregnation cycles and after the electrochemical test (where the cell was 

also directly placed in the furnace), the cell did not show any cracks or other defects, 

showing great thermal shock resistance ability. The YSZ electrolyte had only about 60 

µm and did not crack in such harsh conditions. 

The manufacturing method and layers assembly were modified at the next stage. First, a 

P-YSZ backbone was co-cast with a thin layer of YSZ electrolyte over it, and another 

layer of P-YSZ was laminated or co-cast on the whole assembly. Then, after rolling in 

tubular shape and co-sintering, the porous backbone was impregnated with functional 

perovskite materials, the LCNT for the fuel side and the LSF for the air electrode.  

 

Figure 6-8: Green tapes assembly for co-casting method, rolling of tape’s assembly, A – point of contact. 

 

In the new assembly method, Figure 6-8, the co-casting method was simplified and 

improved, producing a thin 20 µm YSZ electrolyte. The P-YSZ layer was cast first with 

the doctor blade gap equal to 600 µm. After drying overnight, the YSZ was cast directly 

on the P-YSZ tape with the doctor blade gap equal to 100 µm. After drying overnight, 

another layer of the porous backbone was cast directly on the electrolyte tape with the 

doctor blade gap equal to 600 µm, or previously cast tape was laminated. The doctor's 

blade was elevated to prevent the destruction of tapes underneath. The slurries were cast 

on the whole area of the green tapes below; in the method, the mask was not required, as 

additional YSZ stripes were laminated at the end of cells assembly to connect its opposite 

sides after rolling, and YSZ slurry was applied to prevent gas crossover. Such assembly 

was cut into 30 mm×48 mm rectangles, rolled on an 8 mm steel bar to a tubular geometry 

and tied with electrolyte stripes. The cell’s ends were covered with a YSZ slurry to avoid 
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leaking of impregnating solution between electrodes. The cell’s sintering contained two 

stages, low-temperature calcination at 1000 °C for 5 h and high-temperature sintering for 

5 h, which was increased to 1450 °C. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6-9: SEM (SEI) of YSZ electrolyte sintered (a) at 1350°C for 5 h; (b) at 1450°C for 5 h. (c) 
Temperature profile of high-temperature sintering step. (d) YSZ shrinking profile at various temperatures. 

 

For the development of previous cells, the co-sintering of composite materials with YSZ 

electrolyte, the temperature was limited to 1350 °C to avoid the reaction between the 

materials; however, low sintering temperature brought concerns about the quality of the 

YSZ electrolyte, as the SEM analysis showed a number of closed pores in its structure. 

As the same material with electrolyte was used as the porous scaffold for electrode 

material, the co-sintering temperature of the cell’s backbone was increased to 1450 °C, 

ensuring much better densification of electrolyte. The shrinking profile of YSZ electrolyte 



210 
 

showed almost 3.6% further densification, which is the volume of closed porosity that got 

reduced, Figure 6-9 d. The SEM analysis of the cell’s crosssection shows dens YSZ 

electrolyte, and only sparse closed pinholes inside large grains are visible, Figure 6-9 b. 

The electrodes had good adhesion with YSZ electrolyte; no crack or delamination was 

visible in the cell’s structure. The cell was double electrode supported, with an electrode 

thickness of about 100 µm and porosity of about 62%; the use of a 100 µm casting gap 

reduced the thickness of the YSZ electrolyte to 20 µm. 

(a) 

 

(b) 

 

Figure 6-10: (a) – (b) SEM (SEI) of YSZ porous backbone co-sintered with YSZ electrolyte at 1450 °C. 

 

Due to the different calcination temperatures, the fuel and air electrode materials were 

impregnated separately. Firstly, the LCNT solution was impregnated onto the porous 

YSZ backbone, inside a cells channel, by pipette until saturation, while the excess of the 

solution was removed with a cotton pad. After every impregnation cycle, the cells were 

placed in a furnace at 700°C to de-compose precursors. After achieving 50% by vol. of 

LCNT material, the cell was calcined at 1100 or 1200 °C dwelled for 5 h. Then, LSF was 

impregnated onto the outer layer, following the same way as LCNT to a final amount of 

30 vol%, and the final calcination temperature was 850 °C for 5 h. 

Both impregnated materials were homogeneously distributed through most of a porous 

backbone structure, Figure 6-11 a & b; however, some agglomeration was created closer 

to the surface. The measured porosity of the LSF electrode was 45% at the cell’s centre 

and 32% at the surface of the electrode. Similarly, for LCNT, 51% porosity at the centre 

and 41% closer to the surface. The LSF impregnated oxygen electrode’s microstructure 

is shown in Figure 6-11 c & d, demonstrating the network of LSF nanoparticles formed 
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on the YSZ surface. Such structure could be advantageous in fuel cell operation as it 

increases the active area of LSF material and its TPB with YSZ [76]. On the other side, 

in Figure 6-11 e & f, the impregnated LCNT perovskite created a dense layer of small 

grains covering the whole YSZ surface. After electrochemical testing, the nanoparticles 

were observed on the LCNT surface, which are believed to be Ni exsolving due to the 

electrochemical switching. 

(a) 

 

(b) 

 
(c) 

 

(d) 

 
(e) 

 

(f) 

 
Figure 6-11: SEM analysis of the tubular cell with impregnated perovskite electrodes. (a) SEM (SEI) of 
cell’s crosssection. (b) SEM (BSE) of cell’s crosssection. (c) – (d) SEM (SEI) of the LCNT fuel electrode, 
sintered at 1100 °C, after switching. (e) – (f) SEM (SEI) of the LSF oxygen electrode, sintered at 850 °C. 

  

Ni 
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6.5 Electrochemical test of tubular cells 

 

6.5.1 Tubular cells with composite LCNT/YSZ50 FE and LSM/YSZ50 OE. 

 

6.5.1.1 Gas reduction and switching 

 

(a)  

 

(c) 

 

(b)  

 

(d)  

 

Figure 6-12: Gas reduction of tubular cell with composite electrodes. The EIS taken during gas reduction 
with 50 ml/min of wet H2 in FE and atmospheric air in OE and calculated DRT. (a) – (b) at 700°C and (c) 
– (d) at 800°C. 

 

Figure 6-12 shows the tubular cell’s EIS and DRT characteristics during a chemical 

reduction at OCV. The cell used to analyse how gas reduction and switching affect the 

cell’s performance was first reduced with 50 ml/min 3% H2O/H2 at 700°C for 4 h, then 

heated to 800 °C (in 50 min.) and reduced for further 4 h. The switching was performed 

in three steps between 2 – 2.1 V, as described next. The gas reduction changes pO2 only 

on the fuel electrode side; thus, it is accepted that the impedance change observed during 

the process is not relevant to the oxygen electrode. 

P1 

P2 P3 

P4 
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P3 
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At both temperatures, the ohmic resistance (Rs) decreases during the whole period, 

mainly in the beginning, then the reduction rate decreases. At 700 °C, when the gas 

atmosphere was switched to 50 ml/min of wet H2, the ohmic resistance (Rs) decreased by 

28% after the first hour of reduction and about 2% every hour afterwards. At 800 °C as 

well, the initial drop of Rs was most significant, 24% after the first hour, 5.7% after 2 h, 

5.7% after 3 h, and 2.2% after 4 h. Likely, a drop of Rs comes from increased LCNT 

electronic conductivity, with higher Ti3+/Ti4+ pair concentration. The initial period is 

related to the reduction of the LCNT surface, which becomes the primary path for 

electronic conductivity, while the further period to the bulk; thus, the process is slower 

[156]. 

The polarisation resistance at high frequency (P1, P2) also has the most significant drop 

in the initial period. The behaviour of the process seems to be controlled by the electronic 

conductivity of LCNT, indicating that it could be related to a charge transfer, e.g. between 

LCNT grains. The processes at middle to low frequency are not significantly affected by 

the gas reduction; their kinetics seems to improve after the initial period at 700 °C and 

quickly reach equilibrium with the gas atmosphere. The process does not improve after a 

few hours of gas reduction, even if a large population of nickel nanoparticles has been 

observed under these conditions (Figure 6-13). If only the presence of Ni contributed to 

the reduction of low-frequency polarisation through the dissociative/ adsorption of H2 

(Chapter 5.5.1), some change would be visible. Meanwhile, its value remains almost 

unchanged. Therefore, it becomes evident that the second rate-determining factor is 

involved. 

After several hours of gas reduction, the switching procedure was applied in three steps 

(Figure 6-14), two times at 2 V in the electrolysis mode for 2 min and once at 2.1 V for 2 

min at 800 °C. Apart from further reduction of ohmic and polarisation resistance at high 

frequency, polarisation at low frequency also decreases, which was not achievable under 

a gas atmosphere. 

The improvement of P3 and P4 kinetics could be explained by a greater extent of Ni 

exsolution that affects a low-frequency polarisation by increasing the rate of H2 

dissociative adsorption and the generation of oxygen vacancies that controls the exchange 

of oxygen ions. 
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(a) (b) 

Figure 6-13: LCNT-YSZ anode after gas reduction with wet H2 at 800°C after 4 h, [324]. 

 

(a) 

 

(b) 

 

Figure 6-14: Impedance analysis after gas reduction (GR) and switching (S) at indicated conditions with 
50 ml/min of wet H2 in FE and atmospheric air in OE. (a) EIS analysis. (b) Calculated DRT. 

 

The cell was switched three times to observe how the time and value of potential affect 

impedance data. Second, switching at the same potential did not bring a noticeable change 

in ohmic resistance. At the same time, Rp has slightly increased, meaning that the 2 min 

time of the first switch was sufficient for electrodes to achieve equilibrium under created 

environment, while extending the process may lead to an unbeneficial effect in terms of 

efficiency. The third switching also lasted 2 minutes, but the potential was increased to 

2.1 V. This reduced Rs only slightly (about 2%). At the same time, Rp on low frequency 

seems to slightly increase, which may be caused by further degradation of the electrode 

due to applying a high potential. 

The current generated from the tubular cell indicates relatively effective surface area 

utilisation. Assuming that tapes shrink by 25%, the maximum surface area of tubular cells 
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was about 7 cm2. The cell, after gas reduction, generated 0.31 A at 0.7 V at 800 °C, which 

is 5.6 times more than in a planar cell normalised to 1 cm2 (0.055 A/ cm2, Chapter 5.5.3.4) 

and 1.35 times smaller than in SOFCRoll with Ni/YSZ10 current collector (SRB36P2) 

with 12 cm2, (0.42 A, Chapter 5.5.5.2). 

The thickness of the poorly conductive LCNT/YSZ50 layer in the tubular cell is almost 

three times that of the planar cell; however, the ohmic resistance is not much enlarged. 

After the gas reduction in the tubular cell, the ohmic resistance was 0.25 Ω at 800°C, 

which is eight times lower than in the planar cell, normalised to 1 cm2 at the same 

temperature after gas reduction. 

 

6.5.1.2 Performance test of tubular cell 

 

(a) 

 

(b) 

 

Figure 6-15: The impedance analysis of Tubular cell after 2 h reduction in wet H2 and switching at 2.1V 
for 10 min at various temperatures with 50 ml/min of wet H2 in FE and atmospheric air in OE. (a) EIS 
analysis. (b) DRT analysis. 

 

Unlike the other tests, the cell used for the performance test was switched at 

900 °C in an attempt to maximise switching efficiency. The cell was tested with 50 

ml/min of wet H2 in FE and atmospheric air in OE; the I-V and EIS were measured under 

cooling-down. The total resistance of the cell after switching at 900 °C was less than 0.1 

Ω lower than for the cell switched at 800 °C (Figure 6-15). The error for fitting those 

impedance data is quite large due to poor separation of individual arcs; thus, the 

approximate value. Nevertheless, improving switching efficiency due to temperature does 
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not seem significant, and the main difference comes from the reduction of ohmic 

resistance. 

After switching, the electrochemical performance at various temperatures was measured, 

as shown in Figure 6-16. The measured OCV values were close to theoretical, between 

1.05 and 1.02 at the tested temperature range of 700 – 900 °C, indicating good tightness 

of the cell, sufficiently dense electrolyte and robust structure. The maximum power for a 

single tubular cell was equal to 760, 530, 350, 210, 110 mW at 900, 850, 800, 750 and 

700 °C, respectively. 

(a) 

 

(b) 

 

 

Figure 6-16: The electrochemical performance of the cell with composite electrodes at various 
temperatures switched at 900 °C at 2.1 V for 10 min with 50 ml/min of wet H2 in FE and atmospheric air 
in OE. (a) I-V analysis. (b) EIS analysis at OCV and calculated DRT. 

 

The DRT was constructed from the imaginatory part of impedance (Figure 6-16 d), where 

all four processes could be recognised at a higher temperature while at a temperature 

below 800 °C merging into a single arc. After extraction of the rig’s resistance, the cell’s 

ohmic resistance was 0.09 - 0.4 Ω at 900 – 700 °C. The total polarisation resistance at 

OCV increases from 0.37 Ω at 900 °C to 2.4 Ω at 700 °C; where the low-frequency 

processes contribute the most, and high-frequency ones are relatively small, similarly as 

in previous composite cells.  
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6.5.1.3 Thermal shock resistance 

 

The tubular cells are known for their remarkable ability to withstand temperature 

changes; thus, a thermal shock resistance test was conducted. Cells used for the thermal 

shock resistance test, stability test and regeneration were heated up to testing temperature 

(700 °C) pre-reduced 2 h in wet H2 and switched at 2.1 V for 10 min; the test was 

conducted with 50 ml/min of wet H2 in FE and atmospheric air in OE. During the thermal 

cycles, the cell was directly taken out from the furnace (700 °C) to room temperature for 

5 minutes and then inserted back for the next 5 minutes. 

(a) 

 

(b) 

(c) (d)  

 

 

Figure 6-17: Thermal shock resistance test at 700 °C with 50 ml/min of wet H2 in FE and atmospheric air 
in OE. (a) Temperature variation inside the cell in a thermal cycling test. (b) OCV variation during 20 
thermal cycles. (c) IV curves before and after thermal cycling. (d) The EIS and DRT analysis at OCV 
between the indicated number of cycles. 
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Figure 6-17 shows the typical temperature variation inside the tubular cell during a 

thermal cycling test. After the cell was taken out from the furnace, the temperature inside 

the cell decreased quickly from 700 °C to less than 200 °C in the first minute and then 

gradually decreased. During the heating stage, the temperature inside the cell rose rapidly 

from 115 °C to 629 °C in the first 30 s, then slowly to 700 °C. When the cell was taken 

out from the furnace during the initial period, the OCV increased, which is likely related 

to the change of Gibbs free energy of H2 oxidation at a lower temperature. After about 15 

s, the OCV gradually decreased; it probably is related to the cooling of cells, electrodes 

and electrolyte, thus lowering the ionic conductivity of electrolyte and activity of 

electrodes and, consequently, drop of potential between the electrodes. 

During the thermal cycling, the EIS spectra were taken between cycles. After the 

temperature stabilised, the OCV of the cell reached almost the same value for every 

thermal cycle, as shown in Figure 6-17 b. Impedance and current-voltage characteristics 

since not indicate noticeable degradation from 20 thermal cycles, proving high resistance 

to temperature changes. The cells were tested basically after a direct insert into a furnace 

which opens up the possibility for many applications in further development, e.g. portable 

or transport [45]. 

 

6.5.1.4 Cut off fuel delivery 

 

The test was done with a constant voltage of 0.85 V at 700 °C; cycles were done 

by running the tubular cell with 50 ml/min 3% H2O/H2 in FE and atmospheric air in OE, 

cutting off its supply for 5 minutes and opening it for 5 minutes. The test simulates how 

the cut-off of the gas supply will affect the functioning of the cell during continuous 

operation. In cells based on Ni/YSZ fuel electrodes, such cycles could create an oxidising 

condition on the fuel electrode leading to significant volume change. When Ni forms a 

large part of the solid framework in the electrode (primarily if a thick anode layer is used 

as the support), the volume change could damage the shape and microstructure and 

develop micro cracks and delamination [326]–[328]. In LCNT material, the concentration 

of Ni is relatively low (only 6%), which does not significantly change the volume of the 
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fuel electrode when Ni is oxidised. Moreover, as the nickel nanoparticles are exsolved at 

the surface of LCNT, they do not affect the bulk and structure of the composite. 

(a) (b) 

(c)  

 

(d) 

 

 

Figure 6-18: Fuel cut-off test with 50 ml/min of wet H2 in FE and atmospheric air in OE. (a) Discharging 
curve at 0.85 V for first 20 cycles at 700 °C. (b) IV curves before and after the test. (c) The EIS and DRT 
analysis at OCV between the indicated number of cycles. (d) SEM image of nickel nanoparticles on the 
LCNT-YSZ anode after cycling. 

 

In the experiment, the fuel cut-off has dropped of generated current to 0, and eventually 

below 0. Likely, the cut-off led to the oxygen diffusion into the fuel compartment 

(through the fuel outlet), increasing pO2 at the fuel electrode and lowering the potential 

between electrodes. The appearance of a negative current after it dropped to 0 indicates 

P1 P2 

P3 
P4 
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that the cell switched to electrolysis mode. The current after 40 cycles decreased by about 

9.5%. The polarisation resistance is affected at the lower frequency, while the ohmic 

resistance has increased by about 10%. The increased polarisation resistance at low 

frequency is likely related to the deterioration of Ni particles due to cycling or perovskite 

to exchange oxygen ions. The increase of ohmic resistance could be related to the decline 

of the current collector efficiency (e.g. worsening of contact) or perovskite electronic 

conductivity. 

 

6.5.1.5 Short term stability tests and regeneration 

 

After the electrochemical switching at 2.1 V for 10 min, cells were discharged at 

a constant potential at 700 °C with 50 ml/min of wet H2 in FE and atmospheric air in OE; 

the first cell for 24 h at 0.7 V and the second one for 20 h at 0.85 V. 

 

Figure 6-19: First 20h of stability test at 700 °C at 0.7 V and 0.85 V FC potential. 

  

The performance degradation of the cell tested at 0.7 V was 22.01% after 20 h, with very 

high initial degradation during the first four hours; afterwards, a degradation rate 

gradually decreased. The cell’s current tested at 0.85 V after 4 h fell by 5.42% only and 

remained almost constant to the end of the test, demonstrating better conditions for fuel 

cell operation. EIS was measured every four hours, and DRT was calculated to understand 

better the degradation process during the stability test, as shown in Figure 6-20.  
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At 0.7 V, the ohmic resistance Rs increased; most in the first four hours, then the 

degradation rate decreased. P1 and P2 increased at almost the same rate as Rs. The P3 

increased considerably in those conditions and is the main reason for performance 

degradation; P4 increased to a lower degree. An increase in P3 without a noticeable 

change in P4 may indicate that the degradation of Ni nanoparticles is not responsible but 

the oxygen ion exchange with adsorbed hydrogen species. At 0 85 V, lower overpotential 

is applied on the fuel electrode, thus creating a less oxidising environment. The Rs drop 

only during the first four hours then keep stable even slightly increase; similarly, P1, 

meaning that they are coupled, both could be related to Ti4+/T3+ concentration, which is 

more stable under less oxidative conditions. The P3 increases to a much lower degree 

than for higher potential; however, its activity decreases. The P4 is stable under operating 

conditions. 

(a)  

 

(c)  

 

Figure 6-20: Short term stability test with 50 ml/min of wet H2 in FE and atmospheric air in OE. (a) & (b) 
DRT and fitting data of impedance spectra taken every 4 h at 0.7 V for 20 hours. (c) & (d) DRT and fitting 
of impedance spectra taken every 4 h at 0.85 V for 20 hours. 

 

The regeneration test was carried on, on the cell after 20 h stability test, made at 0.7 V 

(the cell in Figure 6-20 a) and additionally after five redox cycles (cut-off fuel delivery). 

For regeneration, the same value of potential (2.1 V for 10 min) was applied as for 

switching to analyse if losses resulting from the cell’s operation are reversible. 

The change of resistance after every test is summarised in Figure 6-21 a, where a 

simplified equivalent circuit was used to fit impedance data at OCV (summarised in 

Figure 6-21 c) made of resistance and two semicircles connected in series, where Rs 



222 
 

represents ohmic resistance, Rp1 high-frequency polarisation resistance and Rp2 low-

frequency polarisation resistance. The impedance analysis at OCV differs from those 

carried under the applied voltage discussed in the previous case. When measured under 

OCV, the P4 process seemed to deteriorate the most after the stability test, while when 

the cell was under applied voltage, P3 seemed to deteriorate while P4 seemed to be stable 

(the cell in Figure 6-20 a). It becomes apparent that P4 decreases under applied potential 

when back in OCV while operating in FC mode degradation does not affect it.  

(a) 

 

(b) 

 

(c)  

 

Figure 6-21: Regeneration tests of the cell after 20 h stability test and five redox cycles at 700 °C with 50 
ml/min of wet H2 in FE and atmospheric air in OE. (a) The resistance calculated from impedance data 
during every step of the test. (b) IV curves after reduction, switching, stability, redox and regeneration tests. 
(c) DRT and EIS curves after reduction, switching, stability, redox and regeneration tests. 
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The presented analysis indicates that, at least partially, the degradation process is 

reversible, as both polarisation and ohmic resistance recovered slightly after the redox 

cycles and even further improved after applying cathodic polarisation. 

There are reports in the literature that help to understand these reversible phenomena. 

Irvine et al. [103] gave a comprehensive review of mechanisms taking place on 2PB and 

3PB and pointed out that they are dynamic interfaces, with continuous irreversible 

“degradation” and reversible “passivation” changes influencing their electrochemical 

activity. On Ni/YSZ electrode, the regeneration process was achieved by redox cycles, 

using high anodic polarisation, followed by reduction, leading to the formation of fresh 

3PB and improvement in SOFC performance [329]. Similarly, in the case of the 

experiment being discussed, discharging the cell at constant voltage and conducting redox 

cycles could lead to re-oxidation of Ni or/ and MIEC fuel electrode, whereas high 

cathodic polarisation led to re-arrangement even formulation of fresh 3PB between Ni 

and MIEC. The exsolved nickel electrode has the advantage in this process, as there is no 

significant volume change during the cycles. In contrast, in Ni-YSZ anode, if cycles and 

electrode microstructure are not well controlled, the process threatens irreversible damage 

of the electrode[329]. Summing up, the possibility of recovering the losses in SOFC 

devices has a large practical application, significantly increasing their lifetime. 
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6.5.2 Tubular cells with composite LCNT/YSZ50 FE and impregnated LSF/P-YSZ 

OE. 

 

6.5.2.1 Temperature dependence, before and after switching. Equivalent circuit with 

Gerisher element. 

 

(a) 

 

(d) 

 

(c)  

 

(f)  

 

Figure 6-22: I-V curves analysis of the cell operating in FC mode at OCV, at 700 – 800 °C with 50 ml/min 
of wet H2 in FE and atmospheric air in OE. (a) before switching, and (b) after switching. (c) DRT before 
switching. (d) The equivalent circuit used for the analysis. 

 

The cells were tested at 700 – 800 °C with 50 ml/min of wet H2 in FE and 

atmospheric air in OE. The DRT of fuel cell operation (Figure 6-22 c) shows at least four 

distinct processes, already described in Chapter 5.5.3.3. DRT pattern shows the change 

of the resistive contribution on both electrodes. However, LSF, compared to LCNT, has 

a low polarisation (around 0.02 Ω at 800 °C) that could be neglected when investigating 
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the fuel electrode kinetics; DRT of LSF has only one peak at a very high frequency, which 

would merge with much more resistive process P1 on the fuel electrode.  

After measuring the resistive contribution of polarisation processes from arc fitting to 

DRT pattern and their characteristic frequency, it was possible to evaluate them using the 

CNLS fitting in Z-View software [62]. The equivalent circuit consists of Rs related to 

ohmic losses in the cell and is modelled by an ohmic resistor, P1 and P2 modelled by two 

“R/CPE” elements and P3 modelled by a Gerischer element and the low-frequency 

process P4 also modelled by “R/CPE”. 

(a) 

 

(c) 

 

Figure 6-23: Arrhenius plot of ohmic and polarisation resistance (a) After gas reduction. (b) After 
electrochemical switching at 2.1 V for 2 min at 800 °C. 

 

When analysing cells with composite oxygen electrode, an equivalent circuit made of 

three semi-circles were used to fit impedance data (Chapter 5.5.3.4). As processes from 

both electrodes were relatively large on the whole frequency range and had reasonably 

close characteristic frequencies, the fitted elements represented rather a sum of the 

responses from electrodes, not any specific process on one of them. In the present cell, 

the polarisation resistance at low frequency would not merge with the polarisation of the 

oxygen electrode; therefore, a general semicircle could be replaced with the more 

fundamental element, such as Gerisher, which, besides resistance or capacitance, 

describes the kinetics of the specific diffusion process. 
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The Gerischer or chemical impedance has been frequently observed in MIEC electrodes; 

it describes a semi-infinite Faradaic diffusion connected with a side reaction that changes 

their concentration on the diffusion path, e.g., forming electrochemically inactive 

complexes [317] or migratory species changing into immobile/ inactive species [319]. 

Adler modelled LSCF oxygen electrode response with Gerischer, where bulk diffusion 

was coupled with the surface exchange process [198]. Another interpretation by 

Atangulov et al. [330] can explain a slow adsorption process of H species coupled with 

surface diffusion, where the reaction term is related to adsorption. Hildenbrand et al. 

studied the impedance of lanthanum nickelates SOFC cathodes and derived a Gerischer 

response for the dissociative/ adsorption process coupled with surface diffusion [319]. 

Hussain et al. used Gerischer to interpret impedance on strontium titanate based SOFC 

with nano-sized palladium and gadolinium-doped ceria oxide [320]. Blennow et al. [311] 

also used Gerischer to evaluate the process on strontium titanate based SOFC anode, 

which according to the Author’s mechanism, was also attributed to surface diffusion of 

oxygen ions in combination with oxygen exchange at the surface and 3PB; or surface 

diffusion of hydrogen species coupled with hydrogen exchange on the surface. The 

element was also derived for a surface exchange process on the MIEC electrode, where 

poor electronic conductivity gave a Gerischer response [318]. 

It is not simple to assign the element to a specific process. The bulk diffusion of oxygen 

ions and surface exchange proposed by Adler is not likely, as titanates could have too low 

ionic conductivity for bulk diffusion to be a dominant process [311]. Instead, following a 

model proposed by [311], the surface diffusion of oxygen ions or/ and hydrogen species 

could be the primary mechanism behind dispersion, as defect concentration on the surface 

is considered higher than in bulk.  

The element can be directly derived from Fick’s second law by considering a reaction 

term [317], [331]: 

#$�?,%�
#% = �± #�$�?,%�

#?� − K × $�?, %�        Equation 6-1 
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where c(x,t) would be excess concentration above the equilibrium constant and k is the 

reaction rate of the side reaction resulting in concentration change, �²  is a diffusion 

coefficient of the mobile species along x coordinate.  

The general impedance expression for Gerischer is: 

7�	P1.�5� = 7�
³KG(5         Equation 6-2 

 

where k is the reaction rate and Z0 is inversely proportional to the diffusion coefficient 

and depends on material stoichiometry and surface area [319]. Hildenbrand [319] derived 

a detailed expression for those parameters by rearranging equations in Adler's model 

[332]: 

7� = ��
| �$�?����
´� µ _�

����G���  [Ω×cm2×s1/2]     Equation 6-3 

 

where c0  and x0 are the molar concentration of oxygen lattice sites, oxygen vacancies at 

a given temperature, and Dv is the vacancy diffusion coefficient. A0 is the thermodynamic 

factor that expresses a relation between pO2 and oxygen non-stoichiometry, ε is the 

porosity, and v is the dimensionless ratio between surface diffusion and bulk transport. 

K = |_�!��
$�?����−´� [s-1]        Equation 6-4 

where R0 is the overall surface exchange rate of oxygen atoms in [mol×cm-2×s-1], and a 

is the surface area. 

 
The Gerischer parameters for temperature dependence measured at OCV were obtained 

from fitting and plotted on the Arrhenius plot, where ¶· =  ¸·
m. Showing enlargement of 

Y0 with higher temperature and after switching, where according to eq. 6-3 a parameter 

would illustrate the kinetics of species transport, which could improve due to the 

generation of oxygen vacancies and increased diffusion coefficient. The parameter k also 

seems to indicate some degree of thermal activation, as $�?�� would increase at higher 

temperatures, its enlargement must be related to increased kinetics of the overall surface 

exchange rate of oxygen atoms, R0, eq. 6-4. 
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(b) 

 

(d) 

 

Figure 6-24: Gerischer parameters of P3 of the tubular cell with LCNT/YSZ composite electrode and 
LSF/P-YSZ oxygen electrode. (a) After gas reduction. (c) After electrochemical switching at 2.1 V for 2 
min at 800 °C. 

 

6.5.2.2 Switching characteristics on the wide potential range  

 

 

Figure 6-25. The plot of the generated current versus overpotential applied on the fuel electrode at 800 °C 
with 50 ml/min of 3% H2O/H2 in FE and atmospheric air in OE. 

 

The experiment is designed to investigate how switching affects the performance 

of the redox process in the electrochemical cell. The cell was heated up to 800 °C and 

reduced for 2 hours at 50 ml/min 3% H2O/H2. Afterwards, the cell was measured with 

EIS and potentiostatic analysis. In the procedure, the potential was applied at 0.1V 
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intervals. At every step, the cell was stabilised for 2 min at potentiostatic, and EIS was 

taken (which also took just above 2 minutes). 

Figure 6-25 shows the dependence of overpotential on the fuel electrode to the generated 

current during all steps. The potential was applied from 0.4 V voltage bias in a fuel cell 

(FC) mode up to 1.1 V voltage bias in electrolysis mode (EC) mode at the first run. This 

measurement showed the cell’s performance after gas reduction in FC and EC mode and 

switching behaviour. At this stage, the reaction is catalysed only by Ni exsolved during 

gas reduction or at the testing potential. In the second run, the potential was decreased 

from 1.1 V voltage bias at EC mode down to 0.9 V voltage bias in FC mode, showing 

changes in EC and FC mode due to switching, e.g. increase of activity due to the exsolved 

catalyst or improved conductivity when back in FC mode from the high cathodic 

polarisation. In the third run, the potential was decreased from 0.9 V voltage bias at FC 

mode back to OCV. The third run was meant to show how oxidative conditions affect the 

performance of switched LCNT surface. During this step, when an overpotential in FC 

mode reaches a value above the partial equilibrium pressure for Ni oxidation (about 0.325 

V overvoltage in FC mode, Ni will oxidise, lowering activity for fuel oxidation. The 

equilibrium potential of Ni/NiO was calculated from the equation 5-16 and marked on 

the plot. It gives a value of overpotential, above which exsolved Ni would be oxidised if 

present in the system. 

(a) 

 

(b) 

 

Figure 6-26: (a) DRT of impedance data of symmetrical LSF. (b) Overpotential at LSF. Data is normalized 
to fuel cell surface area (4 cm2). Test under the atmospheric air. 

 

The overpotential on the fuel electrode was calculated by the equation 5-12. The 

polarisation resistance of the LSF electrode was calculated from the experiment on the 
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planar LSF cell, Figure 6-26. The measurement is not entirely accurate for the LSF 

electrode, as during the operation, the symmetrical cell becomes not symmetrical. 

Therefore polarisation will consist of both anodic and cathodic contributions, which gives 

different overpotentials on both sides of the cell [333]. Nevertheless, for the sake of the 

experiment, it is assumed that both anodic and cathodic overpotentials for LSF are equal 

at a specific applied DC potential. The overall polarisation on the LSF is small and will 

not bring significant error to the measurement. 

The first run starts below the Ni oxidation point, the slope of the curve decreases 

exponentially down to -0.46 V of overpotential in EC mode. Likely, due to concentration 

losses for water electrolysis. Above this point rate of reaction changes, the generated 

current increases exponentially with applied voltage. The potential was lowered from the 

switching point at EC mode to FC operational conditions in the second run. When 

potential decreases, slightly less current is generated at a very high overpotential in EC 

mode. However, with lower overpotential in EC mode, the electrode activity for H2O 

reduction improves. Also, when back in FC mode, more current is generated from H2 

oxidation after switching. The curve changes its slope at a higher overpotential in FC 

mode, showing a drop in activity for H2 oxidation. In the third run, the potential is 

decreased back to OCV. When voltage is decreased, the curve does not follow the 

previous path. The activity seems to drop almost to the level before switching. 

Additionally, the curve appears to change its curvature from negative to positive. 

To better understand the process on the fuel cell electrode, DRT was constructed from 

EIS data taken during every run for the whole potential range (Figure 6-27), showing all 

four processes already discussed in the previous chapter. The P1 and P2 processes behave 

similarly and seem to follow the behaviour of ohmic resistance. The ohmic resistance, Rs, 

decreases at higher cathodic polarisation owing to the n-conductivity of LCNT (eq. 1-36). 

Due to stripping oxygen from the LCNT lattice and increasing Ti3+/Ti4+ pair 

concentration (eq. 5-6), Rs is permanently reduced after reaching very high cathodic 

polarisation (switching) when potential is decreased.  
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 (a)  

 

 

 

(b)  

 

 

 

(c)  

 

 

 

Figure 6-27: DRT of impedance data at 800 °C with 50 ml/min of 3% H2O/H2 in FE and atmospheric air 
in OE. (a) The first run, from 0.4V DC bias at FC mode to the switching potential at 1.1V DC bias in EC 
mode after 2 h of gas reduction. (b) The second run, from the switching potential at 1.1V DC bias in EC 
mode down to 0.9V DC bias in FC mode. (c) The third run, from the 0.9V DC bias at FC mode back to 
OCV. 

 

P1 P2 P3 

P4 

P1 

P2 

P3 

P4 EC mode 

FC mode 

EC mode FC mode 

EC mode 

FC mode 

P1 
P2 P3 

P4 

P1 P2 P3 

P4 

FC mode 

FC mode EC mode 

P4 

P3 

P2 

P1 

FC mode 

P4 

P3 

P2 

P1 



232 
 

The fact that P1 and P2 are affected by applied polarisation indicates processes related to 

defect stochiometry of LCNT. Processes are likely related to the charge transfer, and 

capacitance is related to double-layer capacitance, similarly as explained by Blennow et 

al. [311] for strontium titanate fuel electrodes. Author had found �����
�/¹ dependence, 

which deviated from mass action law which indicates �����
�/| dependence, eq. 5-9. The 

deviation was attributed to the surface governed mechanism (rather than the bulk). The 

surface region would probably be more reducible than the bulk; hence conduction would 

be governed by the surface process; and associated with the surface defect chemistry. 

The kinetics of P3 increase at the cathodic polarisation, Figure 6-27 a. In electrolysis 

mode, the P3 minimally affects total polarisation resistance, while in FC mode, P3 is the 

main contribution and increases with higher potential. The P3 improves with the 

switching and is permanently reduced when back to fuel cell mode, Figure 6-27 b. P3 

clearly indicates the diffusion process, with a peak at higher τ-values and a following 

small peaks for lower τ-values [334], the Gerischer element could fit it. The process is 

likely related to the surface diffusion of active species, as explained in the previous 

chapter. The surface transport and species exchange kinetics are controlled by defect 

stochiometry of LCNT, and oxygen ion diffusion would improve with a higher 

concentration of oxygen vacancies on the surface. Also, the presence of exsolved particles 

would improve the kinetics due to the faster rate of H2 dissociation. 

While the P3 likely reflects processes related to surface diffusion and species exchange, 

the P4 is somewhat sensitive to the gas conditions and seems to reflect the exchange 

process with the gas phase, where gas composition and rate of dissociative adsorption of 

H2/H2O could affect polarisation. The process increases at the electrolysis mode and is a 

dominant process, likely due to low H2O concentration in a gas stream, while at the fuel 

cell mode when testing at high H2 concentration, it gives a minimal contribution. After 

switching, P4 is reduced at working potential in electrolysis mode and fuel cell operation. 

At very high potential in EC mode height of the peak increase. 

After applying the high anodic polarisation, Figure 6-27 c, the kinetics of P3 and P4 

substantially decreased, but ohmic resistance, P1 and P2 were only slightly affected. 
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(a) 

 

(b) 

 

(b)  

 

(d) 

 

(c)  

 

 

(e) 

 

Figure 6-28: DRT analysis and resistive contribution of cell operating at FC mode, from OCV to 0.4 V 
applied potential, at 800 °C with 50 ml/min of 3% H2O/H2 in FE and atmospheric air in OE. (a) – (b) At 
the 1st  run, after 2 h gas reduction. (b) In the second run, after switching at high cathodic polarisation. (c) 
In the 3rd run, after anodic polarisation. 
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The DRT of the fuel cell operation up to 0.4 V applied DC voltage bias during all three 

runs, shown in Figure 6-28, with calculated overpotential on the fuel electrode and ohmic 

and polarisation resistance calculated from the same equivalent circuit as for temperature 

dependence (Figure 6-22 f). After the second polarisation run (switching), the kinetics of 

the P3 and P4 processes increase significantly, and much more DC current is generated. 

The reduction of P3 and P4 must be attributed to improved kinetics on the LCNT surface, 

e.g. due to the catalytical activity of exsolved Ni and generation of oxygen vacancies; it 

may also be affected by the higher ionic and electronic conductivity of LCNT. 

According to the adopted mechanism, the P4 is believed to reflect losses from the gas 

conversion on the perovskite surface. At the fuel cell operation, the P4 will be affected 

by the dissociative/ adsorption process of H2 gas on the perovskite surface (or at 3PB with 

YSZ), eq. 5-2, and dissociation of H2 gas on exsolved Ni, eq. 5-5. The cell is tested at wet 

H2; hence concentration losses due to low gas concentration are not expected; in fact, the 

P4 process decreases at higher anodic polarisation. The reduction of P4 could be due to 

the higher availability of adsorption sites for H2 dissociative adsorption on perovskite 

oxygen sites or 3PB with YSZ (eq. 5-2). Perhaps, the conversion of absorbed hydrogen 

to water is sluggish, either due to poor exchange of oxide ions or electrons within the 

material or slow desorption coefficient, and kinetics improves under applied potential. 

Also, equation 5-6 shifts left; hence the fuel electrode will have a higher concentration of 

oxygen ions at the surface. The vacant sites also could be replaced by oxygen ions 

diffusing through the surface from 3PB [311]. 

P3 and P4 are somehow related; when P3 increases at a higher potential, P4 decreases 

almost at the same rate. Perhaps P4 is more favourable at a higher oxidation level of the 

surface, which improves the exchange rate with the gas phase while surface diffusion 

coupled with P3 deteriorates. 

After the third run (the anodic swept), the low effect on ohmic and high-frequency 

polarisation resistance indicates that the high anodic polarisation almost did not change 

the MIEC conductivity. The P3 and P4 processes significantly deteriorate after anodic 

sweeping, and as the bulk properties seem not to change much with applied overpotential, 

their enlargement must be related to the surface process. Therefore, the worsening of the 

kinetics must be related either to the deterioration of the reaction (exchange) rate or 



235 
 

surface transport. The oxidation of the NiO would decrease the rate of H2 dissociation, 

hence could affect both P3 and P4. However, the nanoparticles should regain their activity 

after returning to more reductive conditions; meanwhile, the kinetics of both is 

permanently reduced, suggesting that polarisation could induce other changes affecting 

the catalytical properties of the material and species diffusion on the surface, than 

oxidation state of Ni. Figure 6-29 compares low-frequency processes, P3 and P4, during 

fuel cell operation on every run and Gerischer parameters of the P3 process. The 

polarisation processes and Gerischer parameters seem to depend on the applied potential, 

where, as explained in the previous chapter, Y0 is considered to reflect the transport 

properties of the surface, while k is the rate of exchange.  

(a) 

 

(b) 

 

Figure 6-29: (a) The polarisation resistance of P3 & P4. (b) Gerischer parameters of P3 of cell operating at 
FC mode, from OCV to 0.4 V applied potential at 1st, second and 3rd run (1R, 2R, 3R). 

 

At higher anodic polarisation, Y0 decreases while k increases. Anodic polarisation 

increases the molar concentration of the oxygen sites c0 and decreases the molar 

concentration of oxygen vacancies x0 at a given temperature; hence, the change of 

Gerisher parameter Y0 could be related to the decrease of c0 x0 in eq. 6-3, as Y0 ~ c0 x0. 

Also, assuming that the transport of species processes through oxygen vacancies, the 

vacancy diffusion coefficient, Dv, would decrease due to a lower concentration of x0, and 

b�~ √��. Whereas the Gerisher parameter k would increase due K~ �$�?� � 
� and K~�4,  

eq. 6-4.  
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Both parameters increase after the switching; however, k changes its slope; thus, it is 

lower above 0.2 V of applied DC voltage than before switching. Nevertheless, the 

polarisation resistance from P3 is reduced due to the improvement of the transport rate of 

species taking part in the reaction. After applying high anodic polarisation in the third run, 

perhaps due to a higher concentration of oxygen sites on the surface, Y0 decrease, but not 

to the level before switching; k seems to be reduced to the level below the switching and 

has lower activation; overall, increasing polarisation resistance of P3. Unlike in P3, the 

polarisation resistance from P4 decreases at the higher anodic polarisation. In FC mode, 

it is believed that P4 is proportional to the concentration of H2 gas and the concentration 

of oxygen ions on the surface and the overall exchange rate. The reduction of P4 

polarisation after switching and a significant increase in 3rd run could be due to changes 

in the exchange rate.  

(a) 

 

(b) 

 

(b) 

 

(d) 

 

Figure 6-30: EIS analysis and resistive contribution of cell operating at EC mode, from OCV to 0.6 V 
applied potential at 800 °C with 50 ml/min of 3%H2O/H2 in FE and atmospheric air in OE. (a) – (b) At the 
1st  run, after 2 h gas reduction. (c) – (d) At the second run, after switching at high cathodic polarisation. 
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Figure 6-30 includes EIS of the electrolysis cell operation at a moderate potential between 

OCV and 0.6 V applied DC voltage bias, before and after switching, with calculated 

overpotential on the fuel electrode and ohmic and polarisation resistance calculated from 

the equivalent circuit (Figure 6-22 f). The P4 is the main contribution to water electrolysis 

at moderate potential and likely comes from a low concentration of H2O in the fuel stream, 

which is about 3%, which indicates that P4 is affected by gas concentration. At the 

electrolysis mode, P4 would be connected to the adsorption of H2O on perovskite’s 

surface oxygen vacant sites, where both water concentration and availability of oxygen 

vacancies could become RDS. The large capacitance of the P4 process may also include 

chemical capacitance (current is stored in chemical energy of electrode); hence 

capacitance could increase after switching as the material is reduced. 

(a) 

 

(b) 

 

Figure 6-31: (a) The polarisation resistance of P3 & P4. (b) The fitting parameters from Gerischer of cell 
operating at EC mode, from OCV to 0.6V applied potential at the 1st  run, after 2 h gas reduction and at the 
second run, after switching at high cathodic polarisation. 

 

Figure 6-31 compares low-frequency processes, P3 and P4, and Gerischer parameters of 

the P3 at the moderate potential before and after switching. After the switching, 

polarisation resistance decrease in both processes. The Gerischer parameters, Figure 6-31 

b, indicate that improvement of P3 is related to faster diffusion of species, likely due to a 

greater extent of surface reduction, even though the rate of species exchange decreased. 

The improvement of P4 after switching could be related to the generation of oxygen 

vacancies at the surface, hence more adsorption sites for H2O from the gas phase. 
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Figure 6-32 shows the EIS of the electrolysis cell operation at a very high potential 

between 0.6 V and 1 V applied DC voltage bias before and after switching, the kinetics 

of P4 seems to change, and P4 is getting reduced; the change is quite remarkable as P4 

from dominant process reduces to a very low value, especially on the switching potential 

where P4 is almost entirely, reduced. 

 

(a) 

 

(b) 

 

Figure 6-32: Impedance analysis of cell operation at EC mode, from 0.6 V to 2.1 V applied potential 
(switching) at 800 °C with 50 ml/min of 3%H2O/H2 in FE and atmospheric air in OE. (a) At the 1st  run, 
after 2 h gas reduction. (b) In the second run, after switching. 

  



239 
 

6.5.3 Tubular cells with impregnated LCNT/P-YSZ FE and impregnated LSF/P-

YSZ OE. 

 

6.5.3.1 Evaluation of cell performance with fully impregnated electrodes. 

 

(a) 

 

(b) 

 
(c) 

 

(d) 

 

Figure 6-33: Electrochemical test of the tubular cell with LCNT/P-YSZ FE sintered at 1100 °C, tested at 
800 °C in 50 ml/min 3% H2O/H2 in FE and atmospheric air in OE. (a) EIS analysis at OCV during a 
chemical reduction. (b) EIS analysis at OCV after a chemical reduction and switching. (c) The generated 
current versus overpotential on the fuel electrode during the switching. (d) I-V characteristic of the cell 
after a chemical reduction and switching. 

 

For the cell preparation, the porous YSZ (P-YSZ) was impregnated with LSF at 

the oxygen side and LCNT for the fuel electrode, as explained in Chapter 3.7. At the last 

step, LSF was calcinated at 850 °C, while LCNT was at 1100 °C. For a fuel cell operation, 

wet hydrogen (3% H2O/H2) was used as the fuel with a 50 ml/min flow rate and ambient 

air was used as the gas for the oxygen electrode. Before electrochemical switching, the 
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fuel electrode was reduced in a wet hydrogen atmosphere at 800 °C for 1 h. Then, the 

switching was applied at 800 °C in a three-step process: (1) The stair-step up to 2.1 V 

from the open-circuit voltage (OCV) with 40 mV/5sec potential step. (2) Electrochemical 

polling at 2.1 V for 2 min. (3) The stair-step down to OCV from 2.1 V with 40 mV/5-sec 

potential steps. Figure 6-33 a shows the tubular cell’s EIS characteristic during a chemical 

reduction in wet H2 (3% H2O/H2). After the reduction for about one hour, the EIS 

stabilized and presumably, the electrode material was in equilibrium, or close to, with the 

gas atmosphere. The ohmic and high-frequency polarisation resistance decreases during 

the process, while, contemporary to expectations, P3 and especially P4 increased. It seems 

that the chemical reduction gave rise to the passivation phenomenon that changes the 

perovskite surface properties, lowering activity for gas conversion. At least, the OCV 

conditions suggest that. During the process, the absorption sites on the oxygen sites 

would be gradually filled by hydrogen. Perhaps, if the conversion of absorbed hydrogen 

to water is sluggish, either due to poor exchange of oxide ions or electrons within the 

material or slow desorption coefficient, part of the adsorption sites would be blocked by 

the hydroxyl ions itself; thus, polarisation resistance will increase, as it is in this case. 

Figure 6-33 b shows the EIS analysis at OCV of the cell after the switching procedure. 

All resistive contributions seem to be reduced; however, low polarisation processes 

decreased, unlike after chemical reduction. Figure 6-34 d shows the I-V characteristic of 

the cell after gas reduction and switching procedure. After switching, three times more 

current is generated at 0.5 V in fuel cell mode. Both curves seem to decrease their slope 

at a higher current, but the switched cell to a higher degree. 

Figure 6-33 c shows the dependence of the generated current versus overpotential applied 

on the fuel electrode during the switching at 800 °C. The overpotential on the fuel 

electrode (ηWE) was calculated from dependence: ηWE=UDC-IDC(Rrig+ RYSZ) - ηWE, where 

UDC is applied voltage bias, IDC generated current, Rrig is rig's ohmic resistance, RYSZ is 

theoretical YSZ ohmic resistance, and ηCE is the overpotential on LSF oxygen electrode 

calculated from the test on planar cell; with the assumption of 6cm2 of tubular's cell 

surface area. The behaviour is very different from the composite cell (Figure 6-25), 

especially in EC mode after switching. In the cell with co-sintered composite 

LCNT/YSZ50 fuel electrode, current after switching increased at the moderate potential 
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in the electrolysis mode, while here decreased, showing the worst electrode kinetics for 

water electrolysis after electrochemical poling. As shown next, similar processes could 

be recognised on the impregnated electrode as in composite cell; perhaps the worst 

kinetics could be due to a decrease of Gerisher parameter k of the P3 process, where 

species exchange is coupled with surface diffusion. In the composite cell, k decreased; 

however, Y0 increased significantly, hence overall improvement; perhaps on the 

impregnated electrode change of k determinates polarisation, decreasing overall activity. 

According to the mechanism shown in Chapter 5.5.1, a lower activation level could be 

related to a lower oxidation level of perovskite surface for sorption of hydrogen species 

from water dissociation in eq. 5-4 after switching. The differences in fuel electrode 

microstructure likely changed the mechanism of gas conversion; thus, differences in 

functionality of impregnated and composite electrodes; the impedance data were not 

taken at electrolysis mode; therefore, the exact reason is not known. As Figure 6-11 shows, 

LCNT creates a thin coating on the whole YSZ scaffold; therefore, the reaction zone must 

be on the LCNT surface rather than on 3PB. Also, the oxygen ion transport in fuel cell 

operation to the reaction zone from the YSZ electrolyte must involve bulk, as this is the 

only possible path. Perhaps, the deficiency of oxygen sites in an impregnated electrode 

on the LCNT surface becomes determining (in contrast to the composite electrode where 

oxygen ions are provided from 3PB).  

The tubular cell’s open-circuit voltage (OCV) after switching at 700-800 °C was above 

1.1V at the whole temperature range, suggesting a good tightness (Figure 6-34 a). The I-

V curve slope decreases at a higher potential, indicating improved electrode kinetics. The 

maximum power density decreased from 0.87 W at 800 °C at 0.6 V to 0.35 W at 700 °C. 

Compared to the cell with a composite LCNT/YSZ50 electrode shown in Chapter 6.5.1, 

more than two times of maximum power is generated after electrochemical switching at  

800 °C. It is accepted here that the cell’s polarisation mainly comes from the LCNT 

impregnated fuel electrode. As explained in the previous chapter, the symmetrical planar 

cell with oxygen electrodes was analyzed separately (Figure 6-26). The calculation 

indicates that one oxygen electrode layer showed a value of polarisation resistance not 

higher than 0.02 Ω at 800 °C, located at a very high frequency. The same equivalent 

circuit was adopted as in composite cell, containing two semicircles to model P1 and P2, 

Gerischer reflecting polarisation of the P3 process and P4 modelled by a semicircle. 
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(a) 

 

(b) 

 

(c)  

 

 

(d) 

 

Figure 6-34: Electrochemical test of the tubular cell after switching at 800°C, tested at 700-800 °C with 
50 ml/min 3% H2O/H2 in FE and atmospheric air in OE. (a) I-V curve of cell operating in fuel cell mode 
at various temperatures. (b) Arrhenius plot of cell’s resistance at OCV. (c) EIS analysis at OCV. (d) DRT 
calculated from EIS. 

 

(a) 

 

(b) 

 

Figure 6-35: Comparision of impedance analysis of tubular cell with co-sintered LCNT/YSZ50 FE and 
with impregnated LCNT/ P-YSZ FE after switching at 2.1 V for 2 min, with 50 ml/min 3% H2O/H2 in FE 
and atmospheric air in OE. (a) EIS analysis at OCV. (b) DRT analysis at OCV. 
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Figure 6-34 b shows the Arrhenius Plot of the cell’s ohmic and polarisation resistance, 

calculated from the equivalent circuit. The cell’s ohmic resistance (Rs) calculated from 

the equivalent circuit increases from 0.05 Ω at 800 °C to 0.085 Ω at 700 °C. Rs is the sum 

of electrolyte resistance and both electrodes after extraction of rig’s resistance which is 

about 0.1 Ω. The cell’s ohmic resistance comes from two thick 100 µm electrode layers 

rather than the 20 µm electrolyte. The Rs minimally contribute to the total resistance; its 

low value indicates a good conductivity of functional materials. The total polarisation 

resistance at OCV increases from 0.79 Ω at 800 °C to 2.12 Ω at 700 °C. The P1 and P2 

are also very low and likely reflect the same processes as the composite electrode. The 

P1 and P2 have a low value of 0.03 Ω at 800 °C, respectively. The P4 is the main 

contribution to the polarisation resistance at OCV with a value of 0.58 Ω at 800 °C and a 

characteristic frequency of 0.25 Hz; however, as shown later at the fuel cell’s operating 

conditions, when testing on high hydrogen concentration, it is almost entirely reduced. 

The P3 process modelled by Gerischer has a resistance of about 0.14 Ω. 

Figure 6-36 shows the EIS analysis of the tubular cell operating at the various potential 

in fuel cell mode after the switching procedure. The impedance data of switched cell was 

fitted according to the proposed equivalent circuit. However, due to fitting difficulties at 

higher voltage, two semicircles at higher frequency were replaced by a single semicircle 

(P1+P2), the calculated ohmic and polarisation resistance were plotted against the applied 

potential. The figure also contains the Gerischer parameters of P3. 

There are some differences in the behaviour of individual processes, but there are also 

similarities in comparison to a composite LCNT/YSZ50 fuel electrode. The ohmic 

resistance increases minimally at anodic polarisation from 0.0475 to 0.056 Ω, and as 

previously, this enlargement could be attributed to LCNT defect stochiometry. In 

composite electrodes, high-frequency processes seem to follow ohmic resistance, 

increasing polarisation resistance at anodic polarisation. Similarly, in the cell with 

impregnated electrodes, after gas reduction. High-frequency processes increase with 

applied potential in FC mode; this is visible on DRT in Figure 6-36 a. 
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(a)  

 

(b)  

 

(c) 

 

(d) 

 

Figure 6-36: Voltage dependence. DRT at 800 °C from OCV to 0.5 V DC applied potential in FC mode of 
the cell, tested with 50 ml/min 3% H2O/H2 in FE and atmospheric air in OE (a) after gas reduction, (b) 
after switching at 2.1 V. (notice difference in scale). (c) Polarisation and ohmic resistance calculated from 
the equivalent circuit after switching, (d) fitted Gerischer parameters of P3 after switching.  

 

After switching, the high-frequency processes seem to decrease. Both DRT and EIS 

indicate that; however, their low value may bring errors in evaluation. Perhaps a change 

of behaviour is related to better conductivity of electrode, e.g. change of RDS. Also, due 

to the reduction of overall polarisation, the processes on the LSF electrode could become 

visible, which is expected to affect polarisation at high frequency. P4 process is the main 

contribution after gas reduction and slightly decreases at the applied potential (Figure 

6-36 a). After switching, the kinetics of the process improves. When potential is applied, 

the process is substantially reduced. The behaviour of the process after switching is 

similar to a composite electrode (Figure 6-28). The P3 is reduced at a higher potential, 
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indicating different behaviour than in composite cells where P3 seems to increase. As 

previously Y0, proportional to the diffusion coefficient decreases, while the reaction rate 

k increases; however, overall polarisation resistance decreases due to the much higher 

value of k in the impregnated electrode. As all polarisation resistance decreases at higher 

overpotential, the change of the I-V slope (Figure 6-34 a) is simple to explain. 

Figure 6-37 shows a comparison of the low-frequency process and Gerisher parameters 

of P3 at FC operation. P4 behaves similarly, decreasing on the whole frequency range; its 

resistive contribution in an impregnated electrode exceeds that in composite at OCV 

condition, which is also visible in Figure 6-35; but the rate of its reduction at potential is 

higher and eventually above 0.2V DC bias in FC mode P4 is lower than in composite 

electrode. The behaviour of P3 under the applied potential shows some differences in 

both types. It gives almost the same resistive contribution at OCV conditions, but, 

contemporary to composite cell, the P3 decreases at the higher potential in FC mode. 

(a) 

 

(b) 

 

Figure 6-37: Comparision of impedance analysis of tubular cell at the applied potential in FC mode, with 
co-sintered LCNT/YSZ50 FE and with impregnated LCNT/ P-YSZ FE after switching at 2.1V for 2 min at 
800 °C, tested with 50 ml/min 3% H2O/H2 in FE and atmospheric air in OE. (a) Comparison of P3 and P4’s 
polarisation resistance. (b) Comparison of Gerisher elements. 

 

The parameter k has a comparable value at OCV for both electrodes; however, under 

applied overpotential of 0.4V DC voltage bias in FC mode, k in the impregnated electrode 

is more than two times higher. A higher reaction rate in an impregnated electrode could 

be related to the higher surface area of active material, a in eq. 6-4. The LCNT coats the 
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whole surface of porous YSZ (P-YSZ), while a maximum of 50% of the area is active in 

the composite electrode. Also, other parameters could have contributed to the 

improvement of reaction rate, such as the thickness of LCNT or the size of LCNT grains 

could affect material “reduce-ability”; hence the concentration of oxygen ions/ vacant 

sites may differ. Moreover, most likely, the various routes of material preparation would 

affect Ni exsolution. The parameter Y0 in the impregnated electrode is lower at OCV 

conditions and up to 0.2 DC bias in FC mode, indicating the worst transport properties of 

spices to the reaction site; this could be due to different transport mechanisms, e.g. in 

impregnated electrode, only the bulk transport of oxygen ions is possible through a thin 

LCNT coating. While in the composite electrode, oxygen ions could be transported from 

3PB through the surface to depleted oxygen sites, or hydrogen species could be 

transported to 3PB, where the reaction occurs. Above 0.2V, DC bias in FC mode 

parameter Y0 increases; the reason for such behaviour is not apparent; it likely is related 

to improved kinetics under higher oxidation levels of LCNT material. 

  



247 
 

6.5.3.2 The performance at fuel with a low concentration of hydrogen (5% H2) and 

switching evaluation at the increasing potential. 

 

(a) (b) 

Figure 6-38: (a) Plot of the generated current versus overpotential applied on fuel electrode. (b) Current 
versus overpotential, in FC mode. After every step of the switching process, between 0-1V of applied 
potential in EC mode. Test at 800 °C, with 100 ml/min wet 5% H2/N2 in FE and atmospheric air in OE. 

 

For the cell preparation, the porous YSZ (P-YSZ) was impregnated with LSF at the 

oxygen side and LCNT for the fuel electrode, as explained in Chapter 3.7. At the last step, 

LSF was calcinated at 850 °C, while LCNT was at 1200 °C. Cell achieved high OCV up 

to 0.95 V and was tested at 100 ml/min flow of the 5% H2/N2 in FE directed through a 

bubbler and atmospheric air in OE. Unlike previous cells with composite electrodes, a 

newly developed, fully impregnated tubular cell could be tested under fuel with a low 

concentration of H2, likely due to the higher activity of electrodes. The advantage of 

testing with diluted fuel is much higher fuel utilization. For impedance analysis in FC 

mode, it creates the possibility of recognizing how low fuel concentration affects 

individual processes; thus, it brings more information about their nature and behaviour. 

Previously, there were no concentration losses at FC mode as the cell was tested in pure 

wet H2. The experiment reveals how specific voltage applied in EC mode affects the 

performance of the FC operation. The cell was heated up to 800 °C and reduced for 2 

hours in wet 5%H2/ N2. The potential was applied at 0.05 V intervals up to 0.25 V DC 
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bias in FC mode at the first run. At every potential, the cell was stabilised for 20 s at 

potentiostatic, and EIS was taken between 50000 and 2.5 Hz. The first run reveals how 

reducing conditions influence cell’s performance. In the second run, the 0.1 V voltage 

bias was applied in EC mode for 1 minute, and the cell was switched to FC mode and 

tested with the same program as in the first step. Such a treatment revealed how 0.1 V 

DC voltage bias applied in EC mode affects the performance of the FC operation. At 

every subsequent step, voltage bias applied in EC mode was 0.1 V higher; 11 steps were 

conducted up to 1 V of DC bias applied in EC mode. The procedure allowed to recognise 

what potential applied in EC mode gives the most pronounced changes on FC operation, 

either due to Ni exsolution or increased material conductivity and number of oxygen 

vacancies. As the changes induced by cathodic overpotential on cell’s operation is the 

main point of interest; and as the previous measurement showed the high anodic 

overpotential could significantly decrease cell’s performance (Chapter 6.5.2.2), in the 

conducted experiment, the maximum applied potential in FC mode was below the Ni 

oxidation point (Figure 6-38). The potentiostatic measurement in FC mode shows almost 

no change in the amount of generated power after up to 0.4 V DC bias is applied in the 

EC mode (Figure 6-38). The current in FC mode increase eventually after applying 0.5 V 

DC bias in EC mode, and not much change is visible until the ninth run (0.8 V DC bias 

in EC mode), where activity in FC mode increase significantly. A tenth step (0.9 V DC 

bias in EC mode) also improves fuel cell performance; however, the cell starts to 

deteriorate after 1 V DC bias was applied in EC mode at the eleventh run. One more step 

was applied at 1.1 V DC bias in EC mode, which led to fatal failure and cell dropped 

voltage in OCV operation. Likely a very high switching potential resulted in cell rupture. 

The breakage highlights the need for careful control of the switching potential; the 

optimal voltage must be applied to ensure maximum performance on the one hand, but at 

the same time do not damage the cell’s microstructure. The behaviour of the potentiostatic 

curve in EC mode somehow coincides with changes in FC mode. The curve has negative 

curvature up to 0.4 V DC bias in EC mode; then, it changes its curvature to positive, and 

the generated current increases exponentially. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6-39: DRT of impedance data taken in FC mode up to 0.25V DC bias, at 800 °C, with 100 ml/min 
wet 5% H2/N2 in FE and atmospheric air in OE. (a) Before the switching procedure after gas reduction. (b) 
After switching at 0.4V DC bias in EC mode. (c) After switching at 0.5V DC bias in EC mode. (d) After 
switching at 1V DC bias in EC mode. 

 

To better understand the process on the fuel cell electrode, DRT was constructed from 

EIS data taken during every run for the FC operation for potential range (Figure 6-39), 

showing all four processes already recognized in previous chapters. Not much change 

could be visible before switching above 0.4 V DC bias in EC mode (Figure 6-39 a&b); 

after applying 0.5 V DC bias in EC mode, the primary P4 process seems to be reduced 

(Figure 6-39 c) and further decreased to maximum switching potential (Figure 6-39 d). 

However, DRT taken after switching at 1 V DC bias in EC mode indicates worsening P3 

kinetics. 

In line with the observations, the P4 process is sensitive to the gas atmosphere; this is 

shown when testing in electrolysis mode where the cell was tested on low H2O 



250 
 

concentration (~3%), under moderate potential, P4 increased considerably (Figure 6-27). 

However, the cell was tested with almost pure H2; therefore, at the higher potential in FC 

mode, P4 did not show any concentration losses. Therefore the assumption that the 

kinetics of the P4 was also connected to the H2 gas concentration was rather intuitive. 

During the testing with fuel with 5% H2 (Figure 6-39), at the potential range from OCV 

up to 0.1V, DC bias was applied in FC mode, the P4 decreases, similarly to previous 

analyses, representing improved P4 kinetics under anodic bias. However, P4 increases at 

the higher potential, above 0.1 V DC bias in FC mode, indicating concentration losses 

due to low concentration of H2 gas. 

(a) (c) 

(b)  (d)  

Figure 6-40: Nyquist and DRT plots of impedance data of tubular cell with impregnated LCNT electrode 
sintered at 1200°C tested on 100 ml/min 5%H2/N2, or 50 ml/min of H2 in FE, and atmospheric air in OE. 
(a) – (b) After gas reduction. (c) – (d) After switching. 

 

Compared to the cell tested with pure wet H2 after chemical reduction (Figure 

6-40 a-b), the gas atmosphere seems to most influence the ohmic resistance and high-

frequency processes; this would be related to a more considerable extent of reduction 

under H2, which would improve LCNT conductivity and processes related to the charge 

P4 

P3 
P2 P1 

P4 

P3 

P2 P1 
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transfer. Not much difference could be recognised at low frequency; P4 has almost the 

same magnitude in both cases. Considering the P4 as the processes illustrating kinetics of 

H2 gas adsorption/ dissociation on perovskite surface, such behaviour indicating not much 

of an increase in the surface activity for those processes under the higher gas 

concentration after chemical reduction; it also indicates that not a gas concentration 

becomes determining, but rather the ability of the surface to accept H2 molecules. After 

electrochemical switching (Figure 6-40 c-d), not only ohmic resistance and high-

frequency processes seems to be reduced in pure H2 atmosphere concerning 5% H2, but 

also low-frequency processes, the P3 and P4. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 6-41: Equivalent circuit used for impedance analysis, Nyquist and Bode plot with fitted elements. 
(a)-(b) Reduced sample. (c)-(d) After switching at 1V DC bias in EC mode. 

 

The equivalent circuit used for the impedance analysis consists of Rs related to ohmic 

losses in the cell and is modelled by an ohmic resistor, P1 and P2 modelled by single 

“R/CPE” elements and P3 modelled by a Gerischer element and the low-frequency 

process P4 also modelled by “R/CPE”, Figure 6-41. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 

(f) 

 

Figure 6-42: Impedance analysis of cell operation at FC mode from the fitting in the equivalent circuit. 
(a)-(d) Ohmic and polarisation resistance of individual processes. (e)-(f) Gerisher parameters of P3. 
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The impedance data of the tubular cell operating at the various potential in fuel cell mode 

after every step of the switching procedure was fitted according to the proposed 

equivalent circuit, and ohmic and polarisation resistance was summarised in Figure 6-42. 

Due to fitting difficulties at higher voltage, two semicircles at higher frequency were 

replaced by a single semicircle (P1+P2), the calculated ohmic and polarisation resistance 

were plotted against the applied potential. The figure also contains the Gerischer 

parameters of P3, where Y0 is proportional to the diffusion coefficient of species taking 

part in H2 oxidation while k to surface exchange rate, eq. 6.3 & 6.4. 

The ohmic resistance Rs is already reduced after the 3rd run (0.2V DC bias in EC mode) 

and is reduced until the 10th step; applying 1V DC bias in EC mode in the last run almost 

did not influence ohmic resistance. The extent of Rs reduction increases up to 0.5V DC 

bias applied and slows down afterwards. The ohmic resistance increases at anodic 

polarisation due to a drop in electronic conductivity with oxidation of Ti3+ to Ti4+. The 

most pronounced influence of anodic polarisation on Rs could be seen after switching at 

moderate potentials (0.4-0.6V DC bias); this coincides with the “speed” of Rs reduction 

due to applied potential, showing that, after switching at moderate potential, perovskite 

conductivity (thus defect stochiometry) is most susceptible to polarisation changes. After 

the last run, ohmic resistance equals 0.25 Ω, while when testing at pure wet H2, the Rs 

were equal to 0.05 Ω. The difference is due to changes in stochiometry due to gas 

conditions with which LCNT is in equilibrium and perhaps some differences in surface 

area and thickness of electrolyte/ electrodes. Less likely due to switching at higher pO2 

due to gas conditions, as the last run showed that material could not be further reduced 

already at 5% H2 after 0.9V DC bias in EC mode. 

The kinetics of high-frequency processes (P1+P2) seemed to follow changes in ohmic 

resistance in a cell with a composite fuel electrode (Figure 6-28); however, in fully 

impregnated cells, their kinetics seems not to be related to changes in LCNT conductivity. 

In fact, their overall polarisation resistance increases until switching at 0.6V DC bias and 

decreases substantially after the switching at every next step. Perhaps, an oxygen 

electrode influences the polarisation of high-frequency processes to a greater extent in 

impregnated electrodes than in composite due to the overall lower polarisation of the first 

one; therefore, the changes on an oxygen electrode are more pronounced. 
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There is a substantial difference in kinetics of P3 and P4 in impregnated LCNT in 

comparison to a composite LCNT/YSZ50 electrode (Figure 6-29), where P3 and P4 seem 

to be somehow competitive; when P4 decreased at higher anodic overpotential, 

presumably due to better electrode activity for H2 adsorption/ dissociation, the P3, 

associated with surface diffusion of species and change of their activity due to reaction, 

increased. The worst P3 kinetics was related to a decrease in the efficiency of surface 

transport, which governed the behaviour of the process; however, the reaction part 

improved. Perhaps, the P4 kinetics could be coupled with surface exchange rate R0, which 

is included in Gerisher parameter k, which would explain the improved kinetics of P4 at 

the higher potential in composite cells. In impregnated electrode, tested at pure H2 (Figure 

6-36), the kinetics of the P4 process decreased at higher anodic overpotential, similarly to 

composite cells. Also, the Y0 parameter decreased at higher potential and k increased; 

however, opposite in composite electrode, the overall kinetics of P3 improved at anodic 

polarisation due to a much higher value of k and change of Y0 kinetics at higher anodic 

overpotential, Figure 6-37. 

In impregnated electrode, tested at 5% H2, the trend indicates worst kinetics at anodic 

polarisation in both low-frequency processes P3 and P4; implying that both are sensitive 

to some extent to gas concentration; presumably through the exchange rate. P4 shows a 

minimal change until 0.4 V applied DC bias in the EC mode and seems to increase at the 

whole potential range in FC mode. After the 4th step, a process starts to be reduced at 

every following step up to maximum switching potential. The improvement kinetics of 

P4 at higher anodic bias becomes visible after switching at 0.8 V, where the P4 improves 

up to 0.1 V in FC mode, and then kinetics decreases due to low gas concentration. P3 also 

shows a small change until 0.4 V applied DC bias in the electrolysis mode, and its 

polarisation resistance increased at anodic overpotential. After the 4th step, P3 increases 

at lower anodic overpotential; however, its sensitivity to polarisation decreases, and at its 

higher value, resistance is lower than before switching, which is beneficial if operating at 

a higher bias in fuel cell operation. The last two steps are deteriorating for kinetics of P3 

on the whole range in FC mode to such an extent that it becomes the main contributor to 

cell resistance.  

Before the switching procedure, both Gerisher parameters behave differently from 

composite cell or impregnated cells tested on pure wet H2, where parameters follow the 
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same trend before and after the switching. The Y0 parameter decreases at higher anodic 

polarisation while k improves. When testing at 5% H2 in the cell with impregnated fuel 

cell electrode, Y0 increases at anodic overpotential up to 0.1 V DC bias and decreases 

afterwards. Such a trend continues to switching at 0.4 V, and every run seems to be 

slightly deteriorating and starts to improve in the following steps, to a greater extent at 

lower anodic bias. The switching at 0.8 V is most beneficial for its value, and its behaviour 

starts to show similarities with previously mentioned cells, having optimal value at OCV 

conditions and decreasing at a whole range of fuel cell operation. Two last step results in 

a large drop in its value, which is why the significant increase in P3 resistance. Before 

switching, k decreases on the whole range of fuel cell operation; the influence of 

polarisation becomes less steep with higher switching potential. After switching at 0.8V 

DC bias in EC mode, the parameter increases at higher anodic polarisation; thus, 

behaviour shows similarity with the cell is tested at pure wet H2. The decrease of k with 

anodic polarisation before switching at 0.8 V could indicate that k is dependent on gas 

concentration. More than one parameter could be determinantal on its behaviour when 

anodic polarisation is applied, which could stand behind the changing trend during the 

switching procedure. For example, after switching at 0.8 V, the activity of the surface 

increases, improving kinetics for gas dissociation; thus, lowering concentration losses to 

such an extent that improved kinetics due to higher oxidation levels at fuel cell operation 

becomes more pronounced. 
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6.6 Summary 

 

The tubular cell made of composite materials achieved high OCV, was close to 

theoretical and showed remarkable thermal shock resistance; the cell withstood many 

thermal cycles when taken directly from the furnace at 700 °C to room temperature and 

inserted back. The stability test at 0.7 V in fuel cell mode showed a much higher 

degradation rate than the test carried out at 0.85 V. The loss of performance was related 

to increasing the polarisation resistance at low frequency. The regeneration experiment 

showed that the cell's performance could be recovered by re-applying high potential. The 

composite tubular cells showed relatively high Ohmic resistance due to the poorly 

conductive LCNT/YSZ support. Moreover, the analysis clearly showed that the low-

frequency polarisation processes limit the cell's performance, coming from both the 

oxygen and fuel electrode side, likely due to slow gas conversion on the surface of the 

electrodes. 

Compared to the cell with composite electrodes, the generated power in tubular cells with 

impregnated electrodes was almost two times higher. The cell had low ohmic resistance 

due to applying the very thin YSZ electrolyte and higher conductivity of impregnated 

electrodes than composite ones. Test on planar LSF cell showed minimal polarisation 

resistance. Hence, the polarisation showed by impedance data was believed to come 

mainly from LCNT impregnated fuel electrodes. Especially at low frequency, which still 

limits cells performance. 

The impedance analysis showed that the same equivalent circuit could be used to both 

composite and impregnated fuel electrodes; consisting of high-frequency contribution 

likely related to oxygen ion transfer on interface, middle frequency process coupled with 

chemical diffusion of species takin part in the reaction and low-frequency process, 

coupled with adsorption and dissociation from the gas phase on the electrode's surface. 

The data were interpreted using a simple model of electrode functionality. As in the case 

of the previous cells, the switching procedure resulted in the reduction of ohmic and 

polarisation resistance on the whole frequency range, which was related to electronic 

conductivity, the exsolution of Ni catalyst and the generation of oxygen vacancies. 
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In contrast to the composite cell, the cell with impregnated fuel electrode showed worse 

performance in electrolysis mode after switching, indicating differences in the 

mechanism of H2O electrolysis in both types of cells, suggesting that longer TPB with 

YSZ could be advantageous, likely due to the availability of oxygen ions. 

Particular attention should be paid to the test conducted on the wide frequency range on 

the cell with the composite electrode. The cell's performance sharply deteriorated after 

applying very high anodic polarisation (oxidising conditions); the DRT analysis suggests 

changes related to the fuel electrode's surface. 
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Summary of the development of the cells 

 

Developing a well-performing SOFCRoll with a Ni/YSZ based fuel electrode is an 

attractive perspective despite Ni/YSZ composite stability problems. Thanks to its 

excellent performance, high electronic conductivity, good mechanical properties and 

relatively low cost, this electrode is still the most widely used solution. 

The main direction of their improvement should be focused on defects minimisation in 

the SOFCRoll structure. As shown in the following chapters, on the example of 

alternative fuel electrode material, through the appropriate modification of the input 

materials, slurry composition, manufacturing method and cells design, it is possible to 

produce a defect-free cell, which allows the optimisation of cells performance. 

The tests made on large SOFCRoll with alternative an LCNT/YSZ50 fuel electrode 

indicate a not much higher activity level than the small cells. The analysis showed that 

the modification of SOFCRoll construction allowed to utilise of a large part of surface 

area (12 cm2) in a developed small SOFCRoll design with the co-sintered current collector 

on the fuel electrode side. Theoretically, the improvement of large SOFCRoll and 

extension of the active region into the spiral part is possible. However, the biggest 

obstacle is ensuring effective current collection through the spiral. The co-sintering of the 

Ni/YSZ10 current collector layer on the fuel side seems to be an effective solution, but 

an extension of the spiral part would require a similar solution on the oxygen electrode, 

which is much more challenging in terms of material selection. The test on the large cell 

in Chapter 5.5.4 showed that LSM could have too low electronic conductivity to assure 

good current collector distribution on the oxygen electrode for such a long distance. 

Moreover, as shown in Figure 5-22, the internal defects are more prone to develop in 

large SOFCRoll, even though all the ceramic layers have matched shrinking profile. 

Defects are a consequence of higher stress created due to the LSM current collector layer 

and a higher number of folded layers, which stress the middle part.  

On the other side, active electrodes for the co-sintered LCNT/YSZ50 and LSM/YSZ50 

active oxygen electrodes show relatively low activity; therefore, further development of 

SOFCRoll should focus on their optimisation. Both the ohmic and polarisation resistance 
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should be reduced for the fuel electrode. Probably the higher content of LCNT would be 

beneficial; however, the poor sinter-ability between YSZ and LCNT makes it challenging 

to achieve in SOFCRoll design. Possibly, a closer investigation of the sintering 

mechanism between those materials would allow the implementation of the electrode 

with higher content of active perovskite, either by changing the conditions of the sintering 

process (e.g. gas atmosphere, heating rate, temperature) or the material’s stoichiometry. 

Also, the activity of the material should be improved by better control of the exsolution 

mechanism. Although improvement of electrode kinetics was visible after applying the 

switching procedure, the electrode still seems to have sizable polarisation resistance. 

Perhaps, the extent of exsolution could be improved by creating a higher overpotential on 

the fuel electrode site, e.g. by changing gas conditions for the switching procedure.  

Different materials could also be investigated in material selection for a fuel electrode. 

Besides activity for H2 dissociation/ adsorption offered by exsolved metal, the ideal fuel 

electrode should have sufficient electronic and ionic activity to assure fast kinetics for 

fuel conversion. The selection of such materials and processing techniques is challenging 

for SOFCRoll, as the activity of the material must be retained after co-sintering at high 

temperatures. 

Similarly, the oxygen electrode shows a relatively large resistance. The experiment on 

planar cells shows quite significant ohmic resistance, likely due to the low percolation of 

LSM. The ohmic resistance could be reduced by adding the higher LSM content; this may 

increase polarisation resistance due to a decrease of 3PB with YSZ; therefore, more work 

needs to be done to find the optimal proportion of both materials. 

 

 The composite based tubular cell produced in the project offers a much simpler 

solution than SOFCRoll; the silver current collector could be applied directly; thus, co-

sintering of current collector layers is not required. If the co-sintering of all functional 

materials is chosen for their further development, the activity of the active layer should 

be improved, as already explained for SOFCRoll design. 

The co-sintering of porous YSZ backbone and impregnation with functional perovskites 

seems to be an effective solution. The method avoids the difficulties resulting from high-

temperature sintering, thus, increasing activity and material selection. The impregnated 
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cell had a very low ohmic resistance, proving that coating a porous YSZ layer with 

perovskites is an effective method to produce well conductive electrodes. The cell’s 

polarisation resistance mainly comes from the fuel electrode. Although impregnated 

electrode’s functionality is much better than composite, their electrochemical activity still 

seems to be too low to assure an efficient fuel utilization. The cell’s functionality should 

be optimized by further investigating the kinetics of the exsolution process material and 

microstructure modification. 

A final recommendation is to try to scale up tubular cells further. Developed methods, 

slurries, and materials could be used to produce a large tubular SOFC with several dozen 

square centimetres of surface area. Also, other manufacturing methods should be 

investigated, such as extrusion and dip coating. 
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