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Abstract 

 Doped ceria materials have been receiving scientific interest concerning their 

application in energy conversion devices, particularly in solid oxide cells. Development of new 

materials for solid oxide cell applications is necessary to overcome issues related to 

degradation, efficiency, costs and sustainability. In this work, samarium and praseodymium 

doped ceria materials are investigated as a diffusion barrier layer in yttria stabilized zirconia 

(YSZ)/doped ceria bilayered electrolyte for solid oxide fuel cells. 

 Different compositions, including samarium doped ceria Ce0.8Sm0.2O2-d (SDC20), 

samarium and praseodymium co-doped ceria Ce0.8Sm0.1Pr0.1O2-d (SPDC10) and praseodymium 

doped ceria Ce0.8Pr0.2O2-d (PDC20) fine powders were synthesized by the citrate sol-gel method 

and calcined at 500 °C. Material characterization techniques were used to study the 

characteristics of the samples, such as the crystal structure, particle size, porosity and specific 

surface area. The produced powders were associated to the fluorite-type phase and displayed 

an average particle size below 20 nm and a specific surface area above 37 m2·g-1. The increase 

of praseodymium concentration leaded to higher porosity of the produced diffusion barrier 

layers. At the same time, it leaded to larger specific surface areas and smaller particle sizes of 

the produced powders. Pellets were prepared from the precursor powders and XPS studies 

showed the existence of a single oxidation state Sm3+ and both Pr3+/Pr4+ and Ce3+/Ce4+ oxidation 

states in these samples.  

 Inks containing the doped ceria powders were applied through screen printing on 

commercial half-cells, which consisted of a NiO-YSZ substrate, a NiO-YSZ fuel-electrode, and 

an YSZ electrolyte layer. Finally, La0.6Sr0.4Co0.2Fe0.8O3-d (LSCF) air-electrode ink was 

hand-brushed and sintered. When sintered at 1080 °C, the air-electrode delivered better 

performance. Commercial Ce0.8Sm0.2O2-d (SDC20) powder was used as benchmark in a reference 

cell (C_SDC20). The performance of the cells was evaluated in a SOFC test bench and OCV 

values and current-voltage characteristics curves were collected. At 750 °C, the SPDC10-based 

cell reached the highest performance with a current density of 0.67 A·cm-2 at 0.7 V. At the 

same temperature and potential difference, SDC20-based cell reached 0.57 A·cm-2 being close 

to the value of 0.60 A·cm-2 for the C_SDC20-based cell. PDC20-based cell displayed the worst 

result, reaching only 0.34 A·cm-2 for the same parameters. It indicates that Pr doping ratio may 

have a significant influence on the transport properties of these diffusion barrier layers. After 

SEM and EDX analysis of cross-sections of the samples the doped ceria layers were found to 

have high porosity. This can explain the relatively low performance and the observed Sr 

diffusion from the air-electrode to the YSZ/doped ceria interface, which decreases the 

performance of the cell. Nonetheless, reasonable performance values were obtained, 

supporting Sm and Pr co-doped ceria materials should be more studied on the development of 

new high-performing materials for electrolyte applications. 

Keywords : SOFC, doped ceria, Sm, Pr, bilayer electrolyte, ceramics synthesis 
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Resumo  

 Materiais de céria dopada têm recebido interesse científico no que diz respeito à sua 

aplicação em dispositivos de conversão de energia, particularmente células de combustível de 

óxido sólido (SOFC). O desenvolvimento de novos materiais é necessário para superar problemas 

relacionados com a degradação, eficiência, custos e sustentabilidade. Neste trabalho são 

estudados materiais de céria dopada com Sm e Pr para aplicação como camada protectora de 

céria dopada no electrólito de células de óxido sódio, formando um electrólito de bicamada de 

zircónia estabilizada com ítria (YSZ)/céria dopada. 

 Os pós de diferentes composições Ce0,8Sm0,2O2-d (SDC20), Ce0,8Sm0,1Pr0,1O2-d (SPDC10 co-

dopada) e Ce0,8Pr0,2O2-d (PDC20) foram sintetizados pelo método sol-gel com citrato. Os pós 

obtidos foram caracterizados quanto à sua estrutura cristalina, diâmetro de partículas, 

porosidade e área superficial específica. Os pós sintetizados foram associados à fase cristalina 

desejada e demonstraram um diâmetro de grão inferior a 20 nm e uma área superficial 

específica superior a 37 m2·g-1. Foi evidenciado que com o aumento de quantidade de Pr, a 

porosidade da camada de electrólito produzida e a área superficial específica dos pós 

aumentou, enquanto que o tamanho de partícula diminuiu. Estudos de XPS demostraram a 

existência de um único estado de oxidação, Sm3+, e ambos os estados de oxidação Pr3+/Pr4+ e 

Ce3+/Ce4+ nas amostras em estudo. 

 Para produzir as células de bicamada de electrólito, os pós foram implementados em 

tintas, aplicadas via serigrafia em meias-células comerciais que consistiam num eléctrodo-

combustível de Ni-YSZ e uma camada densa de YSZ como electrólito. Finalmente, tinta de  

La0.6Sr0.4Co0.2Fe0.8O3-d (eléctrodo-ar) foi pintada à mão e sinterizada. O eléctrodo-ar sinterizado 

a 1080 °C demonstrou um melhor desempenho do que os eléctrodos sinterizados a temperaturas 

inferiores. Pó comercial Ce0,8Sm0,2O2-d (C_SDC20) foi usado para criar uma célula de referência. 

O desempenho das células foi avaliado num equipamento de testes de SOFC e valores de OCV 

e características corrente-voltagem foram obtidas. A 750 °C, a célula contendo uma camada 

protectora de céria dopada baseada em SPDC10 atingiu o desempenho mais alto, com uma 

intensidade de corrente de 0,67 A·cm-2 para uma voltagem de 0,7 V. Por sua vez, a célula 

contendo uma camada protectora de céria dopada baseada em SDC20 atingiu 0,57 A·cm-2 sendo 

próximo do valor de 0,60 A·cm-2 para a célula de referência. A célula contendo uma camada 

protectora de céria dopada baseada em PDC20 demonstrou o pior resultado, atingindo apenas 

0,34 A·cm-2 para as mesmas condições. Isto indica que a concentração de Pr pode influenciar 

significativamente as propriedades de transporte destes electrólitos. Elevados valores de 

porosidade na camada de céria dopada foram encontrados através de análise com SEM e EDX, 

que pode justificar o relativamente baixo desempenho das células e a migração de Sr do 

eléctrodo-ar para a interface de YSZ/céria dopada, originando impurezas. Contudo, foram 

obtidos valores aceitáveis de desempenho, evidenciando que materiais de céria dopada com 

Sm e/ou Pr deverão ser mais estudados como um potencial novo material para aplicação em 

electrólitos de óxido sólido. 

Palavras-chave : SOFC, céria dopada, Sm, Pr, electrólito de bicamada, síntese de cerâmicos
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1 Introduction 

1.1 Framing and description of the project 

Energy storage in the form of hydrogen is promising and has been widely discussed as an 

optimal energy carrier. Nevertheless, conventional hydrogen production still uses fossil fuels as 

feedstock. As an alternative, electrochemical water splitting processes have been receiving 

increasing attention. A water electrolyzer converts water and DC electricity into hydrogen and 

oxygen. Through water electrolysis, the purity of the produced hydrogen is much higher when 

compared with the one obtained from fossil fuels and it is one of the cleanest methods when 

combined with a renewable energy source to produce the electricity.[1] 

There are different types of fuel cells, which have in common the configuration of two 

electrodes (anode and cathode) and an electrolyte. When a fuel cell is operated in reverse 

mode to produce fuel, it is called an electrolyzer, and the anode and cathode interchange their 

roles. In this work, the studied cell assembly is used on both modes of operation. To simplify, 

the electrodes will be referred as air-electrode (cathode in fuel cell mode, anode in the 

electrolyzer mode) and fuel-electrode (anode in fuel cell mode, cathode in the electrolyzer 

mode).  

Solid Oxide Fuel Cells (SOFC) are used to produce energy using a fuel (e.g.: hydrogen) as an 

input, and they employ a thin ceramic membrane as an electrolyte. In reverse mode, they can 

work as solid oxide electrolyzer cells (SOEC) to produce fuel. These electrolyzers can work at 

high temperature, normally between 500 °C and 1000 °C.[2] High temperature electrolyzers 

(THE) have lower electrical consumption than low temperature electrolyzers (LTE). In the 

electrolysis of water the electrical energy demand decreases with increasing temperature and 

in this way it is possible the integration of heat for conversion. Nevertheless, technical, 

economical, and manufacturing issues remain for these applications.[1-3] 

One of the most important challenges for further development of solid oxide cells (SOCs) is 

to develop functional materials to improve the cell performance. The focus of this project is 

the development of new diffusion barrier layer materials for electrolyte applications in solid 

oxide cells. The electrolyte materials are based on crystalline oxide ceramics that conduct ions 

via defect hopping mechanisms at high temperatures. The challenge, however, is to obtain a 

high ion conduction through the solid but also to ensure the improvement of the life time of 

the cell, avoiding its degradation.[4-5] 

The most common electrolyte material for SOCs is yttria-stabilized zirconia (YSZ) due to its 

high ionic conductivity at high temperatures. However, while operating at low temperatures, 

the YSZ electrolyte conductivity drops significantly and it may show degradation issues.[4-5] 

There may also occur undesired reactions between YSZ and the commonly used air-electrode 

materials.[7-8] 
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Fluorite structured cerium oxide (CeO2) is an important and promising rare earth oxide and 

has attracted increasing attention when used as an electrolyte material. It is usually doped 

with rare earth elements to enhance the conductivity characteristics of the material. One of 

the crucial issues for these doped ceria oxides is the redox instability induced by the reduction 

from Ce4+ to Ce3+.  

Degradation of the cells is observed when using both types of electrolyte materials alone. 

When ceria materials are used alone as an electrolyte, this can result in an undesired lattice 

expansion at the fuel side that can cause mechanical defects and electronic conduction that 

lead to losses in the open circuit voltage (OCV) of the cell.[6]   

Bilayered electrolytes currently used at DLR are a reasonable approach since each layer 

protects the other from the disadvantages pointed out previously. These are essentially 

composed of two layers: 

 One diffusion barrier layer of high ionic conductivity and very low electronic 

conductivity gadolinium doped ceria (GDC). This protects YSZ from undesired 

reactions with the materials normally used for the air-electrode.[7]  

 One electrolyte layer of the almost purely ionic conductor YSZ on the fuel electrode 

side that works as the electron-blocking layer. This prevents electronic leakage 

current, assuring the maintenance of oxygen pressure equilibrium and protecting 

ceria from the fuel side reducing conditions.[8-12]  

One of the biggest problems still to overcome about the electrolyte materials is the long-

term degradation. Even with protective layers, these electrolyte materials can degrade mainly 

due to local formation of high internal oxygen pressure within the electrolyte in the fuel cell 

mode and also delamination in the electrolyte/oxygen electrode interface in the electrolyzer 

cell mode.[7,9-11]  

Virkar [9-11] developed a model that explains that this degradation issues are mostly related 

to thermodynamic non-equilibrium that cause local oxygen chemical potential imbalance and 

development of high pressures in the electrolyte. He showed electronic conductivity, although 

very small through the electrolyte, plays an important role in determining local oxygen 

chemical potential within the electrolyte and cannot be assumed as zero as it was usually done 

when modeling degradation in SOCs.[12] The model shows that a small increase of the 

electronic conductivity of the ceria based side of the electrolyte can lower the tendency for 

high internal pressures to form near the electrolyte/air-electrode interface in the electrolyzer 

mode, based on the directions of the ionic and electronic flux.[11,12] In this sense, there is a 

need to create an electrolyte with the right configuration. The correct approach could be a 

diffusion barrier layer for the electrolyte with a high ionic conductivity and a small, not 

negligible electronic conductivity, in order to provide stability and life time to the cell. 

Recent studies have shown that the use of samarium (Sm) gives the highest ionic conductivity 

amongst doped ceria, and praseodymium (Pr) materials have good ionic and enhanced 

electronic conductivity. [21,23-25] 
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Sm/Pr doped ceria materials for diffusion barrier in bilayered electrolytes can be studied 

and tested as a substitute for the conventional gadolinium doped ceria (GDC) diffusion barrier 

layer. The development and study of these new materials is the aim of this work. Sm/Pr doped 

ceria powders will be synthesized by an appropriate wet-chemistry processing method and will 

be investigated with in situ and ex situ characterization tools. The powder will be implemented 

in inks for layer deposition on commercial half-cells containing a layer of YSZ as the electrolyte. 

The the aim is to develop an homogeneous bilayered electrolyte with low defect density. After 

the coating of the doped ceria diffusion barrier layer on the YSZ electrolyte, a lanthanum 

strontium cobalt ferrite (LSCF) layer, with the composition La0.6Sr0.4Co0.2Fe0.8O3-d, will function 

as the air-electrode. The sintering process of the coated layers will be optimized and the 

electrochemical properties of the cells in fuel cell mode will be studied. 

The purpose of this new bilayered electrolyte is to provide good performance on both modes, 

but especially to avoid long-term cell degradation in the electrolyzer mode. This project 

focuses on the development and characterization of new diffusion barrier materials for 

electrolyte applications in solid oxide cells that are suitable to operate in both fuel cell and 

electrolyzer modes. The main goal of this master’s thesis is to establish a procedure to create 

good quality and well characterized materials, which show good performance and can be used 

for further electrolyte applications and studies.  

This development will cover the material science and engineering in the production and 

characterization of the new doped ceria material, the assembly of the cell including the 

diffusion barrier layer coating methodology and finally the electrochemical characterization of 

the samples. Due to time and technical limitations, the cells will only be tested in the fuel cell 

mode in this project. Improvement of the performed work in this project, as well as studies on 

long term degradation and performance of the cells in the electrolyzer mode is already set to 

be carried out in DLR very soon. 

 

1.2  Hosting Institution – German Aerospace Center 

   Deutsches Zentrum für Luft‐ und Raumfahrt (DLR)  

DLR (in English German Aerospace Center), is a German national research center for 

aeronautics, space, transportation and energy. This corporation has approximately 7400 

employees at 16 locations in Germany. It has 29 institutes and facilities, spread over 13 sites, 

as well as offices in Brussels, Paris and Washington D.C.. DLR at Stuttgart has its origin in the 

Research Institute of Jet Propulsion Physics, established in 1954 at Stuttgart airport. DLR's 

mission comprises the exploration of the Earth and the solar system but DLR also focuses its 

research on the protection of the environment by developing new environmentally friendly 

technologies for the mobility, communication and security. 

The Institute of Engineering Thermodynamics at DLR in Stuttgart, with further research 

facilities in Cologne, Ulm and Hamburg, does research in the field of efficient energy storage 

systems that conserve natural resources, and next generation energy conversion technologies 
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with a staff of 150 scientific and technical employees, engineers and doctoral candidates. The 

Institute of Technical Thermodynamics also works on selected subjects from the fields of 

‘Aviation’ and ‘Transportation’, thus contributing to other focal points of DLR. These include 

developments to the use of fuel cells in aircraft and ground vehicles and to the generation and 

storage of hydrogen. The section Electrochemical Energy Technology, a team of about 60 

persons, develops efficient electrochemical storage and conversion devices, namely 

electrolyzers, fuel cells, and advanced batteries. These technologies are becoming more 

important in future energy systems due to the transformation of the energy sector in Germany. 

Those activities range from materials development, cell design, stack development, 

manufacturing and advanced diagnostics and system optimization. 

1.3 Contributions of the Work  

 This work is inserted in a DLR project called “IsEn” which studies causes and 

countermeasures of degradation in solid oxide cells.  

  My contribution to this to this project is especially relevant in what comes to the 

synthesis and material engineering of the doped ceria powders and the diffusion barrier layer 

for bilayered electrolytes. Currently, the doped ceria inks developed by me are being used and 

tested in other projects by DLR colleagues on different substrates, such as barium-based 

materials for SOCs applications. Further studies will be carried out by an upcoming student in 

DLR, having this thesis as a support and starting point. For example, degradation studies in both 

fuel and electrolyzer cell mode will be made, as well as the improvement of some other 

parameters. 

 The work described in this document was performed by me. Some characterization 

techniques such as XRD, SEM, XPS and TGA were supervised by the responsible colleagues from 

DLR with my help and presence.  

1.4 Thesis Organization 

 This master thesis is divided in six chapters: Introduction, State of the art, Materials 

and methods, Results and discussion, Conclusion and Assessment of the work done. 

 In the introduction, the project, company and contributions of the work are presented. 

The state of the art chapter reviews the materials and fabrication methods for assembling a 

SOFC and issues to overcome. In materials and methods the experimental work performed are 

described and in the next chapter the obtained results are presented and discussed. The final 

two chapters show the conclusions and the final considerations about the work done, objectives 

achieved, further work and limitations found during this project. 
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2 State of the art  

Solid oxide cells are electrochemical conversion devices that can work in direct or reverse 

mode. In direct mode - solid oxide fuel cell - they produce electricity directly from oxidizing a 

fuel (e.g.: hydrogen); while in reverse mode - solid oxide electrolyzer cell - water vapor is 

electrochemically decomposed under the application of an external potential difference to 

generate hydrogen and oxygen. These devices operate normally at high temperatures, but they 

are able to work from ranges between 300°C to 1000°C. The most used currently operate at 

temperatures between 650 ºC to 800 ºC.[1]  

SOCs employ a thin, non-porous, ceramic membrane as an electrolyte, where oxygen ions 

(O2-) work as the ionic charge carrier. The half reactions are mediated by the motion of O2-, 

and in the SOFC configuration, hydrogen gas works as a reactant, being fed to the anode, and 

water and energy is produced. In the SOEC configuration water acts as a reactant and is supplied 

to the cathode side of the cell, where H2 is produced from the electrolysis of the water, 

consuming external energy.  

The electrochemical reactions that take part in an SOEC are the reversed reactions to those 

that take part in an SOFC. Cell polarization is the opposite and anode and cathode interchange 

their roles. Oxygen ions are transported through the electrolyte, travelling from the cathode 

to the anode, and therefore having opposite directions on both modes. [2]  

The electrode reactions of SOEC mode are described in equations (1), (2) and (3): 

H2O → H2 + 
1

2
O2    (overall water electrolysis reaction)  (1) 

H2O + 2e‐ → H2(g) + O
2‐

  (cathode/fuel-electrode)   (2) 

O
2‐
→ 

1

2
O2(g) + 2e‐   (anode/air-electrode)     (3) 

In the SOFC mode, the electrode reactions are represented by equations (4), (5) and (6): 

H2 + 
1

2
O2→ H2O     (overall fuel oxidation reaction)  (4) 

1

2
O2(g) + 2e‐→ O

2‐
    (cathode/air-electrode)   (5) 

H2 + O2‐
→ H2O + 2e‐   (anode/fuel-electrode)   (6) 

 

Real reaction mechanisms are complex and still not well understood, thus the above 

reactions were considered for simplicity. The reaction rate depends on temperature, pressure, 

concentration of products, time in the reaction zone and the catalyst used.[3] A schematics of 

the SOFC and SOEC mode of function is represented in Figure 1. 
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Figure 1 - Schematics of (a) SOFC and (b) SOEC mode. Adapted from [7]. 

 

2.1 Thermodynamics of Solid Oxide Electrolyzer Cell 

The minimum electric energy supply required for the electrolysis process is equal to the 

change in the Gibbs free energy (ΔG), represented in equation (7): 

 ΔH = ΔG + T·ΔS         (7) 

where ΔG is the Gibbs free energy change which has to be provided in the form of electrical 

energy, while the entropy part T·ΔS can be supplied as heat. The electrical energy demand, 

ΔG, decreases with increasing temperature as shown in the Figure 2. 

Operating at higher temperature can therefore decrease the cost of the hydrogen 

produced, especially if the increase in heat energy demand can be fulfilled by an external heat 

source, for example a renewable energy or waste heat from high-temperature industrial 

processes. [3] 

For these devices, the thermoneutral voltage is defined as the potential at which the 

generated joule heat in the cell and the heat consumption for the electrolysis reaction are 

equal: 

 𝑉𝑓 =
Δ𝐻𝑓

𝑛𝐹
          (8) 
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where ΔHf is the total energy demand for the electrolysis reaction, n is the number of electrons 

involved in the reaction and F is the Faraday constant. At a high temperature of SOEC operation 

(800-950 ◦C), this voltage is around 1.28 V to 1.29 V.[4] 

 

 

 

 

 

 

 

 

 

 

 

Although higher temperatures may be more efficient, they have considerable 

disadvantages such as short lifetime of the cell, being a consequence of a thermal degradation 

and corrosion of the materials, and the side reactions occurring at the electrode/electrolyte 

interface. Also, it is a limitation towards operational safety and low costs. Therefore, a 

strategic aim of the SOEC technology development is the use of intermediate temperatures of 

650–800 °C.[5] 

2.2 Solid Oxide Cell - Materials, Assembly and Challenges 

Same cell configurations can be used for operation in both fuel cell and electrolyzer cell 

modes, although materials are more studied and developed towards the SOFC rather than the 

SOEC. Today’s solid oxide cells technology is still under research and development, and the 

major efforts are related to the optimization of efficiency, conductivity and especially the 

degradation and lifetime of the cells for use in power-to-gas industrial plants.[6]  

2.2.1 Commonly used materials for SOCs electrodes fabrication 

For the fuel-electrode, the most commonly used material is a porous cermet composed of 

yttria stabilized zirconia (YSZ) and metallic nickel oxide (NiO), while for the air-electrode the 

most common material used to date is the lanthanum strontium manganite (LSM) or lanthanum 

strontium cobalt ferrite (LSCF), depending on the electrolyte chosen and cell assembly.[7] In 

this work, the assembly is an anode supported cell with a bilayered electrolyte. In this type of 

cells, the fuel electrode composed of NiO-YSZ has a thickness of 300-500 μm, consisting of a 

thicker porous layer and a thinner layer (approximately 10 μm) of the same material but with 

smaller pores. This fact is to prevent nickel oxide redox instability and volume oscillation in 

the presence of the fuel.[8] The air-electrode has a thickness of approximately 20 μm and LSCF 

Figure 2- Thermodynamics of water electrolysis. Adapted from [2]. 
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is chosen over LSM since it has a better match between the thermal expansion coefficient of 

the ceria that will be present in the electrolyte.[7] Finally, the electrolyte bilayer has a 

thickness of 10-20 μm and its materials will be discussed further. A representation of the state 

of art cell assembly is represented in Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Electrolyte: materials and challenges 

 The electrolyte has some general requirements such as chemical stability and good ionic 

conductivity in order to achieve high energy conversion efficiency. It must be gastight to 

eliminate the possibility of recombination of H2 and O2, it must be as thin as possible in order 

to minimize the ohmic overpotential and the cost of the raw materials and manufacturing 

should be as low as possible.[6] 

The most common electrolyte material is yttria stabilized zirconia (YSZ) and normally the 

composition used is 8 % yttria (Y2O3) mixed with zirconia (ZrO2).[2] The yttria stabilizes the 

zirconia crystal structure in the cubic fluorite-type phase.[4] Yttria also introduces high 

concentrations of oxygen vacancies into the zirconia crystal structure due to charge 

compensation effects. In YSZ, each time two zirconium cations (Zr4+, radius of 0.82 Å) are 

replaced by two slightly larger yttrium cations (Y3+, radius of 0.96 Å), one oxygen site (O2-) will 

be left vacant to maintain charge balance. This allows YSZ to exhibit high ion conductivity.[2,6] 

Ceria (CeO2) based electrolytes are probably the other most promising electrolyte. They 

present a fluorite-type structure that has the peculiarity of being able to sustain a high degree 

of substitution and consequent non-stoichiometry, making these very highly disordered 

materials.[21-22] Ceria is usually doped by substitution of the host cation with rare earth 

elements originating for example gadolinium doped ceria (GDC), praseodymium doped ceria 

(PDC) and samarium doped ceria (SDC). A maximum for this dopant concentration is observed 

at relatively low additions of the dopant because of the interactions of the substitutional cation 

with the charge-compensating oxygen vacancy it introduces.[2,21] The major interaction 

Figure 3 - Solid Oxide Cell assembly. Adapted from [2]. 
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between these point defects is through the elastic strain introduced into the crystal lattice by 

a mismatch between the size of the dopant ion and the ion that it replaces.[21] 

However, the use of each of the electrolyte materials YSZ or doped ceria by themselves is 

becoming a less accepted solution, since a synergic use of both materials in a bilayered 

electrolyte has been shown to be a more promising approach.[9-12] 

 

2.2.3 The bilayered YSZ/GDC electrolyte and cell assembly 

Studies have shown that a bilayered YSZ/GDC electrolyte can present an higher performance 

when compared using both materials separately.[9-14] This bilayered electrolyte has been 

proposed in response to an optimization between the highest ionic conductivity possible and 

the maintenance of the electrolyte stability and cell life-time. 

The use of YSZ alone as an electrolyte, besides its good ionic conductivity, is known to have 

some drawbacks such as undesired reactions of the zirconia with the lanthanum strontium 

cobalt ferrite (LSCF) present in the air-electrode, forming secondary phases like strontium 

zirconate (SrZrO3). These can degrade cell performance due to its poor conductivity. A coating 

of a doped ceria material between YSZ and the air-electrode, like GDC, is excellent for this 

purpose as it effectively stops strontium (Sr) diffusion.[7] 

At the same time, the use of doped ceria like GDC alone has also disadvantages since ceria 

is prone to reduction at low oxygen partial pressures (such as the fuel-electrode conditions). 

When in contact with the fuel-electrode, the reduction of Ce4+ to Ce3+ will give rise to 

unprotected electronic conduction and result in loss in the open circuit voltage (OCV) of the 

cell.[2,9] Also as a consequence, the lattice expansion on the electrolyte due to larger ionic 

radius caused from ceria reduction can lead to mechanical stability problems and cause 

degradation.[9] 

In this sense, a bilayered electrolyte composed of a thin YSZ layer coated with a diffusion 

barrier layer of doped ceria is currently one of the most used electrolyte configuration for solid 

oxide cells, including in DLR. The YSZ layer protects the doped ceria from the reducing 

environment of the fuel electrode, blocking the electronic conduction, while the doped ceria 

layer protects the YSZ from reacting with the materials of the air-electrode, but still 

maintaining a high ionic conductivity.  

Nonetheless, long-term degradation on both operation modes is still a problem to overcome, 

especially in the electrolyzer mode. There is a need to optimize the ionic conductivity through 

the electrolyte to have good energy conversion efficiency, but also understand how to avoid 

the problem of degradation and shortage of the cell life-time. Recently it was discovered that 

a big part of the solution to this problem may be the fact that the electronic conductivity within 

the electrolyte should be minimal but not negligible.[11-12,18-20] The electronic conduction 

in the electrolyte has been studied as a possible response to avoid degradation problems, 

especially air-electrode delamination on the electrolyzer mode of solid oxide cells 

operation.[11-12,18-20] 
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2.2.4 The role of the electronic conduction 

One of the biggest problems of SOCs for hydrogen generation as a practical system is 

that cells do degrade over time, and it is known that the degradation rate is typically greater 

in the SOEC than in SOFC mode. Some of the most documented problems in SOEC failure is the 

occurrence of delamination of the oxygen electrode in the interface with the electrolyte.[11-

12] 

Virkar (2011) proposed an explanation based on the very fundamentals of non-

equilibrium thermodynamics and transport theory. Complex state of art, including theoretical 

modelling, can be found in literature [11,12]. The key results from his study of the application 

of linear non-equilibrium thermodynamics were:  

 

 In a predominantly ionic conductor, when thermodynamic forces exist, electronic 

current cannot be mathematically zero. Thus, whenever a system is not in global 

thermodynamic equilibrium, non-zero fluxes exist, including those of electronic species.  

 Relative directions of ionic and electronic currents through the ionic conductor 

determine the local thermodynamics. When ionic and electronic currents are in opposite 

directions, as in the SOFC mode, the chemical potentials of electrically neutral species 

within the electrolyte are bounded by values in the adjacent electrodes. However, when 

the ionic and the electronic currents are in the same direction, as in the SOEC mode, 

the chemical potentials of electrically neutral species within the electrolyte need not 

be bounded by values in the adjacent electrodes. Under certain conditions, chemical 

potentials within the membrane exceed those in the electrodes. This can lead to 

instability of the membrane. [11,12]  

 

 A schematic of these variations is shown in Figure A1 in the Appendix 1. The studies 

showed that no matter what the mechanical properties are, at values of sufficiently high 

electronic resistance, high enough pressures will most certainly be developed and cause oxygen 

electrode delamination.[11] Virkar defined with theoretical mathematical deductions that the 

overall propensity for oxygen electrode delamination can be described by a parameter, here 

named α, given in terms of the various transport parameters. This parameter is represented in 

Equation (8), where 𝑟𝑖
𝑎 is the specific charge transfer resistance at the electrolyte/air-

electrode interface, 𝑟𝑒
𝑎 is the specific electronic resistance at the electrolyte/air-electrode 

interface, 𝑅𝑖 is the specific ionic resistance of the cell and 𝑅𝑒 is the specific electronic 

resistance of the cell. 

 α =
𝑟𝑒

𝑎𝑅𝑖
𝑟𝑖

𝑎𝑅𝑒
          (8) 

 

 According to Virkar [12], the parameter that describes the operating conditions is (𝐸𝐴  −

𝐸𝑁)/𝐸𝐴 where EA is the applied voltage (V) and EN is the Nernst potential (V) described as a 
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function of oxygen partial pressure. Virkar’s model shows that if (𝐸𝐴  − 𝐸𝑁)/𝐸𝐴 ≤  𝛼 in the SOEC 

mode, air-electrode delamination should not occur. The conclusion is that without changing 

the operating conditions, the higher the value of α, the smaller is the propensity for 

delamination.[12]  

To keep the theoretical parameter 𝛼 as high as possible we can either increase the first 

term or decrease the second one, or both. Because of its simplicity, in this project our concern 

will be to decrease the second term. This can easily be achieved by having an electrolyte with 

the highest ionic conductivity, but also a small but not negligible electronic conductivity on the 

side in contact with the air-electrode. This may avoid the local formation of high oxygen 

chemical potential in the interface, avoiding delamination. Having the cell configuration 

previously described, it should be made an effort to achieve a high ionic transference number 

for the electrolyte while enhancing the electronic conductivity of the doped ceria in the 

diffusion barrier layer, to provide stability against degradation of the cell. A bilayered 

electrolyte of YSZ electrolyte layer and a diffusion barrier layer of doped ceria with enhanced 

ionic and electronic conductivity seems to be a reasonable approach to this issue.  

Virkar (1991) and Marques (1997) presented similar models for SOFC before. In these 

models, a similar electrolyte configuration and approach of increasing high and electronic 

conductivity on the air-side of the electrolyte, maintaining an electron blocking layer of YSZ 

on the fuel-side, were proven to be benefic for the electrolyte stability in the fuel cell mode 

as well.[19-20] 

 

2.2.5 Samarium/praseodymium as dopants for ceria-based diffusion barrier layer  

Ionic conductivity is highly dependent on the type and concentration of the dopant ions. In 

the case of ceria, doping with elements such as samarium (Sm) or gadolinium (Gd) gives the 

highest values of conductivity and those have been the most common dopants. Doping ceria 

with samarium is well studied and is known to give some of the highest ionic conductivities. 

Studies report that an amount of 20 % samarium doping, Ce0.8Sm0.2O1.9+d, provide the highest 

ionic conductivity as well as the highest stability against reduction amongst doped ceria 

electrolyte materials.[23] 

On the other hand, praseodymium is one of the possible “new additives” that has been 

gaining increasing attention in conductivities studies. It was already demonstrated that the 

oxygen exchange occurs at lower temperature on cerium–praseodymium mixed oxides than on 

ceria.[24] According to studies of catalytic oxidation and reduction with a series of rare earth 

oxides, praseodymium oxide was often found to be the most active catalyst.[25] Additionally, 

praseodymium oxide seems to show high ionic and electronic conduction at elevated 

temperatures[26], which is a desirable feature keeping in mind the degradation issues on 

SOFC/SOEC. 

 In ceria doped with Gd and Pr, oxygen vacancies are formed to compensate effectively 

negatively charged Gd3+, Pr3+ and Ce3+ that partially substitute Ce4+.[13,27] Pr exists in two 
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valence states when dissolved in the ceria lattice. Studies reported that at room temperature, 

praseodymium is readily oxidized to Pr4+ in the presence of Ce4+, making concentration of 

tetravalent Pr prevail. Increasing pO2 and decreasing temperature gives a higher concentration 

of Pr4+, accompanied by a decrease of oxygen vacancy concentration.[27] At higher 

temperatures and after reduction of Pr, electrons can migrate between trivalent and 

tetravalent Pr, giving rise to an enhanced electronic conductivity.[28]  

 The enthalpy of reduction of Pr decreases with increasing Pr concentration, indicating 

a more facile reduction of Pr and release of oxygen with increasing Pr concentration or oxygen 

non-stoichiometry. Doping higher relative amounts of Pr in ceria induces higher conductivities 

but also a larger chemical expansion, which will affect the thermomechanical stability of the 

material. It is thus of importance to examine the existence of an optimum amount of Pr in ceria 

that ensures satisfactory thermomechanical stability along with sufficient electronic 

conductivity.[28]  

 Stefanik and Tuller (2009) investigated the non-stoichiometry and defect chemistry in 

PrxCe1-xO2-d and reported that at low partial pressure of oxygen, a maximum ionic conductivity 

is exhibited by 10 % Pr doped ceria, and after that value, conductivity decreased due to defect 

association.[29] Cheng et al. [28] found that at high partial pressures of oxygen, the 

conductivity increases abruptly above 12.5 % Pr level due to the formation of an impurity band 

in which electrons and holes are hopping (percolation threshold). At Pr level much lower than 

this value, Pr3+ re-oxidizes to Pr4+, which reduces the oxygen vacancies and decreases the ionic 

conductivity.[28] To compensate this oxidation, there should always be present as a dopant 

rare-earth ions that typically exist in the stable trivalent form to increase the concentration of 

oxygen vacancies and to improve the ionic conductivity of ceria (for example samarium).[30]  

 While it seems that there is not a consensus about the best doping ratios of ceria, the 

studies demonstrate samarium shows highest performance at 20 % while praseodymium values 

are usually around 10-20 % to get a good balance between ionic and electronic conductivity and 

avoiding the problems related with higher doping values and degradation due to large chemical 

expansion. Nevertheless, to the date of this project there were not found studies of samarium 

and praseodymium co-doped electrolytes or diffusion barrier layers for electrolyte applications. 

 

2.3 Electrolyte materials production  

2.3.1 Powder synthesis via chemical wet-routes: the sol-gel method 

Sol–gel chemistry is the preparation of inorganic polymers or ceramics from solution 

through a transformation from liquid precursors to a sol and finally to a network structure called 

a “gel”.[32] The biggest advantage of sol-gel chemistry is the ability to ensure atomic level 

mixing of reagents in the solution and its consequent possibility to produce complex inorganic 

materials at lower processing temperatures and shorter synthesis times. Furthermore, sol–gel 
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chemistry also enables greater control over particle morphology and size, depending on the 

molecular precursors and type of sol-gel method chosen.[32] 

The citrate sol-gel method is one of the most common methods to synthesize fine oxide 

powders because of its simplicity and effectiveness. In a typical synthesis, aqueous metal salts 

(e.g. nitrates) are mixed with citric acid, a cheap chelating and complexation agent, and the 

resulting solution is heated to form a viscous solution or gel. Conversion of the gel to a metal 

oxide is simply achieved by pyrolysis in air, with the combustion temperature normally ranging 

between 300-400 °C, depending on the specific system, followed by further calcination. The 

presence of the organic matrix during the first stages of synthesis can ensure that when 

nucleation occurs the sites are evenly dispersed and numerous, ensuring a small crystallite size 

and ensure that the different metals remain mixed on an atomic scale.[31,32] Addition of bases 

such as ammonia to control the pH has been reported to provide a larger volume of gases to 

evolve during the reaction of nitrate with the organic, producing even smaller nanopowders 

with a more open and porous network structure.[32,34]  

This method yields high purity nanoparticle sized powders, with high specific surface 

area, which may be desired in order to obtain good diffusion barrier layer densities at relatively 

low sintering temperatures without the use of any sintering promoters.[35] 

 

2.3.2 Inks preparation and screen printing coating technique 

 The process of preparing inks and posterior screen printing coating technique requires 

high reproducibility and low cost. The ink should be homogeneous and with the desired flow 

behavior, and some parameters normally studied are the viscosity, surface tension and solid 

content of the paste. These conditions change according to the materials. The rheology of an 

ink is controlled by the particle size and distribution of the powder, solid content and the 

composition of the ink which comprises a solvent, a binder and a dispersant. In the fabrication 

of an electrolyte component ink, a high solid content (>35 vol %) is one of the conditions 

necessary to produce a dense film with minimum defects. The solvent can be an organic solvent, 

and α-terpineol is commonly used and provides good results. The binder or transport vehicle is 

normally commercialized in a mixture of solvent and is usually cellulose-based.[36] After the 

ink formulation chosen, these compounds are mixed and the ink is milled with a triple roll mill, 

assuring the particles and agglomerates are broken. After these steps the ink is ready for 

coating.  

 For the screen printing technique, four items are essential: printing medium (ink or 

paste), a substrate onto which the print will be made (conductive substrate or another already 

existent electrolyte layer, when producing a bilayered electrolyte), a screen to define required 

patterns and finally a squeegee to force the paste through the screen. The main steps in the 

screen-printing process are (i) the use of tangential stress on the ink, (ii) the passage of ink 

through the aperture of screen mesh and (iii) the recovery of the ink structure after the 

deposition on a substrate.[36]  
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 The print matrix consists of a mesh of (metallic or polymeric) wires. The free volume 

for paste penetration can be controlled by the mesh count. The mesh defines the wet coating 

thickness. The limitation of this method is that larger particles tend to get clogged and could 

produce irregularly printed patterns on the substrate surface.[37] This can be avoided by a 

good milling process with the triple roll mill and good selection of the screen printer and ink 

rheology.  

 After this technique, the organic solvents are evaporated with temperature and the 

binder is decomposed after sintering of the cell, with the goal of originating an undamaged, 

dense electrolyte or diffusion barrier layer.[36] 

 

2.4 Electrolyte components characterization: ex situ tools 

 Fuel cell characterization techniques can be divided into two types: in situ 

electrochemical characterization which will be described further, and ex situ 

characterization.[2] The later comprise the methods used to characterize the detailed 

structure or properties of the individual components of a fuel cell, in this case, the electrolyte 

and its components.[2] 

 Some of the most important and commonly used ex situ methods to characterize an 

electrolyte or its material are the following: 

1. Structure and morphology determinations: information about microstructure, porosity 

and pore size distribution can be obtained by microscopy techniques such as optical 

microscopy (OM), scanning electron microscopy (SEM) and energy-dispersive X-ray 

spectroscopy (EDX). Specific quantitative structural information can be obtained from 

X-ray Diffraction (XRD) measurements, which provide crystal structure, orientation, and 

chemical compound information. This information is extremely important when 

developing new materials. Furthermore, XRD peak broadening measurements can 

provide information about particle size (in powder samples) or grain size (in bulk 

crystalline samples).[2] Materials for electrolyte applications with a high surface area 

may be desired in order to avoid problems during the sintering process and obtain a 

higher stability dense electrolyte.[39] The commonly characterization method of the 

surface area is by Brunauer–Emmett–Teller (BET). With the BET method it is possible to 

measure absorption isotherms from a powder sample, from which the surface area of 

the sample can be calculated.[2] 

 

2. Chemical Determinations: when developing new materials for electrolyte applications, 

characteristics such as composition, phase or spatial distribution may be very important. 

XRD and X-ray Photoelectron Spectroscopy (XPS) are valuable to provide qualitative 

(XRD) and quantitative information (XPS) about composition.[2] Thermogravimetric 

analysis (TGA) and Differential Thermal Analysis (DTA) can also be used to evidence 

thermal decomposition and phase transition.[2]  
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2.5 Electrochemical characterization: in situ tools 

 In situ electrochemical fuel cell characterization tools rely on the measurement of 

current and voltage over time. Other variables can be selected to evaluate its influence on the 

cell performance. Temperature, gas pressure, gas flow rate, or humidity are some of them.[2] 

For this work it is important to refer the polarization curve of a fuel cell. 

 The polarization curve (or current-voltage curve) is an important characteristic of solid 

oxide cells because data record is made under operating conditions similar to those of real 

applications. It displays potential difference between the two electrodes as a function of the 

current passing through a variable resistive load. This curve allows quantification of the 

fundamental properties of the cell, if current is normalized to the area of the fuel cell.[2] 

 Polarization curves can be converted to power density versus current density, by 

multiplying potential by current density in each point of the curve. The plot of power density 

versus current density can directly show nominal and maximum power of the cell. Steady-state 

polarization curve can be obtained by recording current as function of cell potential or vice-

versa. These curves have three regions of potential loss named activation region, ohmic 

polarization region and mass transport region, as shown on the Figure 4.[2] 

  

 

 

 

 

 

 

 

 

 

  

In the activation region, potential losses happen as the result of the kinetics involved 

with the electrochemical reactions. The activation barrier that must be overcome in order to 

proceed with the reactions leads to the polarization. Because SOCs function normally at high 

temperatures, this region is not so relevant characteristic as it is for other types of fuel cells.[2] 

The ohmic polarization region is located at intermediate current densities. Here the potential 

losses occur thanks to resistances in flow of ions through the electrolyte and resistances in flow 

of electrons through the electrodes, which are linear with current density. At high current 

densities, on the mass transport region, there may be mass transport limitations. This region 

represents the voltage loss due to spatial variations in reactant concentration at the chemically 

Figure 4 - Typical polarization curve of a fuel cell. Extracted from [2] 
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active sites. This situation can be caused when the reactants are consumed by the 

electrochemical reaction faster than they can diffuse into the porous electrode, or also due to 

variation in bulk flow composition.[40] 
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3 Materials and Methods  

3.1 Synthesis of Samarium/Praseodymium doped ceria powders  

 Three compositions of Ce0.8Sm0.2-xPrxO2-d were prepared with x = 0; 0.1 and 0.2 and these 

were named SDC20, SPDC10 and PDC20, respectively. Figure 5 illustrates the procedure of the 

citrate so-gel method used. To synthesize these solid solutions, stoichiometric amounts of 

metal nitrate hexahydrates, Ce(NO3)3·6H2O (Alfa Aesar,99.9 %), Sm(NO3)3·6H2O (Alfa 

Aesar,99.9 %) and Pr(NO3)3·6H2O (Sigma-Aldrich, 99.9 %), were dissolved in a minimum amount 

of deionized water at room temperature. Afterwards, citric acid monohydrate, C6H8O7·H2O (Alfa 

Aesar, 99+ %), was dissolved in a minimum amount of deionized water and added to the metal 

solution to act as a complexing agent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The total metal to citric acid molar ratio was 1:1.5. Ammonia, NH3·6H2O (VWR 

Chemicals, 20 %), was carefully added to the mixture to yield a stable sol solution at pH~8. The 

mixture was stirred and heated at 80 °C for 3 hours in a water bath and the evaporation of 

water and gases caused an increase in the mixture viscosity. The transparent sol turned into a 

dark brown viscous gel and the gel was fully dried in alumina crucibles with 5 cm of diameter 

for 2 hours at 110 °C. The thermal decomposition of the precursor gel was carried out in a 

muffle furnace and calcined in static air at 500 °C for 4 hours.  

Figure 5 - Experimental flow chart for the synthesis of the powders 

DRYING (110 °C for 2 h) 

Sm(NO3)3·6H2O Ce(NO3)3·6H2O Pr(NO3)3·6H2O 

MIXING/DISSOLUTION  

CONTROL of 
pH to ~8 (with 

ammonia) 
GELATION (stirring at 80 °C for 3 h)   
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Ce0.8Sm0.2-xPrxO2-d 

citric acid 

ADDITION 
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 The resulting ash-like powders were then cooled down to room temperature. A 

disposition of the materials inside de furnace that allowed air circulation was important to 

ensure the correct pyrolysis of the powder precursors, as seen above in Figure 6. Different 

configurations of crucibles and materials inside the oven were tested until it was possible to 

synthesize the powders in a controlled way. The heating and cooling rates were 2 °C·min-1 and 

5 °C·min-1, respectively. The powders were grinded using a mortar and pestle and stored in 

individual labeled containers, as represented in Figure 7.  

 A solid solution of SPDC10 was synthesized with a similar method but without the use of 

ammonia in order to confirm the effect of controlling the pH in dimensions and surface area of 

the powders. 

 

 

 

 

 

 

Figure 7 – SDC20 unmilled powder; SPDC10 unmilled powder; SDC20, SPDC10 and PDC20 milled 

and labelled powders 

 

3.2 Powders and pellets characterization 

 The three resulting powders compositions where characterized and later were used to 

produce sintered pellets. 

3.2.1 Thermogravimetric Analysis (TGA) / Differential Thermal Analysis (DTA)  

 The thermal behavior of the precursor gel SPDC10 was investigated by TGA and DTA 

using a simultaneous thermic analyzer (STA) “Netzsch, 449C Jupiter”. A similar thermal 

Figure 6 - Sol of SPDC10; gel of SPDC10; chosen furnace configuration 
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behavior of the three samples in study is expected according to sol-gel literature.[32] The heat 

flow and weight change of samples placed in Pt crucibles were measured in synthetic air from 

25 °C to 1200 °C at a heating rate of 1 °C·min-1. The same experiment was carried out in an 

argon atmosphere to analyze the effect of absence of oxygen during the pyrolysis, 

characteristic from the citrate sol-gel method. The precursor gel used is represented in Figure 

8. 

 

 

 

 

 

 

 

 

 

3.2.2 X-Ray Diffraction (XRD) 

 XRD was used to analyze the crystal structure of the specimens. The identification of 

the fluorite-type phase was the main focus of the application of this technique. X-ray diffraction 

patterns were recorded with the X-ray diffractometer “STOE Powder Diffraction System” using 

Co-Kα line (wavelength=1.79026 Å). The accelerating voltage was 40 kV and the tube current 

was 30 mA. Each diffraction pattern was measured between 20 ° and 90 ° with a step size of 

0.04 °.  

3.2.3 Scanning electron microscopy (SEM)   

 SEM was performed to observe the morphology of the three nanopowders. High 

resolution images and three-dimensional appearance helped to characterize the surface. A 

“Zeiss Evo 10” scanning electron microscope was used, with a working distance (WD) of 8 mm, 

extra high tension voltage (EHT) of 2.00 kV and different magnifications.  

3.2.4 BET method for specific surface area 

 Brunauer-Emmett-Teller (BET) analysis by nitrogen adsorption was performed to obtain 

the specific surface areas (SSA) of the powders. All samples were pre-treated at 60 °C in 

vacuum for 21 hours. The tests were performed at -196 °C using the instrument “Thermo Fisher 

Scientific, Sorptomatic 1990” and N2 (Air Liquide, 30 % N2 in He). 

3.2.5 Pellets production and characterization 

Pellets with approximately 2 mm of thickness and 20 mm diameter were prepared from 

the nanopowders, using an uniaxial pressing and a 20 mm diameter cylindrical evacuable pellet 

die from “Specac”. SDC20, SPDC10 and PDC20-based pellets were pressed at 5 kN·cm-2 for a 

Figure 8 - Precursor gel of SPDC10 
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holding time of 45 min to later be submitted to XPS analysis. In order to obtain high density 

pellets to use in conductivity measurements higher pressure settings were tried but without 

success.  

Afterwards the resulting pellets were sintered in an oven with static air at 1400 °C for 

5 hours. The heating and cooling rates were 3 °C·min-1 and 5 °C·min-1, respectively. A 

protective layer of the corresponding calcined powders was used to avoid possible reactions 

between the ceramic plate and the pellets during the process of high temperature sintering. 

The sintered pellets dimensions were measured and their relative densities calculated. In Figure 

9 are presented the pellets before and after sintering. 

 

 

 

 

 

 

 

 

Each pellet was polished with “polishing sandpaper 1000” from VWR and washed in an 

ultrasonic bath of ethanol. The three pellets were sent to XPS analysis. 

 

X-ray Photoelectron Spectroscopy (XPS)  

X-ray photoelectron spectroscopy (XPS) to the pellets was conducted using a Thermo 

Scientific ECSALAB250 ultra high vacuum facility with a base pressure of 4·10-10  mbar. As X-ray 

source, a standard Al Kα (Thermo Scientific XR4, 300 W) was used. The kinetic electrons were 

detected using a 6 channeltron hemispherical electron energy analyser. The relevant peaks for 

the composition of the pellets were traced, especially the oxidation states of the Pr, Sm and 

Ce ions. 

3.3 Diffusion barrier layer production and cell assembly 

3.3.1 Ink preparation 

 The powders were used to produce different inks that were named as SDC20 ink, SPDC10 

ink and PDC20 ink. The solvent used was α-terpineol (Alfa Aesar, 96 %) and the binder was ethyl 

celullose (Sigma-Aldrich, 48.0-49.5 % (w/w) ethoxyl basis) in a ratio of approximately 23 g of 

Figure 9 - Pellets disposition in the ceramic plate before sintering (a), SDC20, SPDC10 and 

PDC20 pellets not sintered (b) and correspondent pellets after sintering (c) 

a 

b 

c 

1 cm 



Development of Sm-/Pr- doped ceria materials for electrolyte applications in Solid Oxide Cells  

 

Tiago Santos             21   

α-terpineol to 1 g of ethyl celullose solution. The inks were prepared with a total of solid 

particles of about 30 to 50 % by mass. The powder percentage necessary to obtain a workable 

ink was 30.5 % in SDC20 ink, 48.2 % in SPDC10 ink and 53.6 % in PDC20 ink.  

 Mixture and milling of the doped ceria powder with the solvent and binder was 

performed using a triple roll mill machine “Exakt 80E EL”. A representation of this method is 

shown on Figure 10.  

 

 

 

 

 

 

 

 

 

 The gaps between the roll mill were in a ratio of 3 to 1, assuring the particles and 

agglomerates were broken. Three cycles were performed, with the gaps starting in 30 mm and 

10 mm, and finishing with a forced mode choosing a pressure of 2 N·cm-2 in each gap). This 

process should ensure the porous solid nanoparticles are milled and an homogeneous phase ink 

is obtained. The inks were stored in closed containers and labelled for identification. Examples 

of the obtained inks are represented in Figure 11. 

 

 

 

 

 

 

 

 

3.3.2 Deposition of the ink 

 Commercial half-cells from the Chinese company “Shanghai Huoyu Yibiao” were used in 

this work. These had a footprint of 25 cm2 and consisted of the following three layers: (a) 

Porous Ni+YSZ anode support; (b) Porous Ni+YSZ anode functional layer; (c) Dense YSZ 

electrolyte layer. The previously prepared Sm/Pr doped ceria ink was coated in these half-cells 

Figure 11 - SDC20 ink, SPDC10 ink and PDC20 ink, respectively. 

Figure 10 - Triple roll mill machine processing PDC20 ink 
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by screen printing method. An “Aurel 900” screen printer and a “Koenen Typ-10 M6” screen 

mesh with opened area for coating of 16 cm2 were used. The commercial half-cells were 

weighted and attached to the screen printing table. The vacuum system of the machine was 

used to avoid any movement of the half-cell during the coating process. The printing pressure 

between squeegee and mesh was 2 N·cm-2. The distance between the screen and the membrane 

was set to 80 mm. The drying of the coated layers was proceeded in an oven for 20 minutes at 

75 °C. Each coated half-cell was identified and stored in round plastic cases.  

 The coated half-cells were then sintered in a muffle furnace at 1300 °C for 3 hours to 

obtain a dense bilayered electrolyte. These sintering conditions were chosen to avoid the 

shrinkage mismatch and formation of undesired solid solution phases in the interface of the 

bilayer, typical from sintering processes of bilayered YSZ/doped ceria electrolytes above  

1400 °C.[44] The coated half-cells were named SDC20-based half-cell, SPDC10-based half-cell 

and PDC20-based half-cell and they are represented in the Figure 12.  

 

 

 

 

 

 

 

 

3.3.3 Deposition of the air-electrode  

The air-electrode material used was of lanthanum strontium cobalt ferrite (LSCF) with 

the composition La0.6Sr0.4Co0.2Fe0.8O3-d. The black colored ink for the air-electrode was 

prepared. Its composition was in a ratio of 63 g of LSCF powder to 21 g of ethyl cellulose solution 

and 16 g of the solvent α-terpineol.  

The ink was deposited on the half cells by hand painting with a thin brush. The sintering 

of the air-electrode was made in a muffle furnace for 1 h at 1080 ºC. The finally obtained cells 

were named SDC20-based cell, SPDC10-based cell and PDC20-based cell. To study the influence 

of sintering temperature of the air-electrode, SPDC10-based cells were sintered at 1080 °C and 

also in the SOFC test bench during operation, with a temperature of 900 ºC. 

 

3.3.4 Preparation of the reference cells from commercial powders 

Reference cells were made using an ink prepared with a powder named C_SDC20, 

obtained from the South-korean company “Kceracell Co.  LTD”. The commercial C_SDC20 

powder had a specific surface area (BET) of 9.410 m2·g-1 and a particle size of 130 nm. The ink, 

prepared in the same previously described way, was deposited on half-cells from the Chinese 

Figure 12- SDC20(a), SPDC10(b) and PDC20-based half-cells(c) 

1 cm 

a)       
      

b)       
      

c)       
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company “Shanghai Huoyu Yibiao”. Lanthanum strontium cobalt ferrite (LSCF) air-electrode 

was applied following the same method described before. The obtained cell was named 

C_SDC20-based cell. 

3.4 Cells characterization and performance 

The performance characteristics of the prepared bilayered electrolyte cells were studied 

using a SOFC test bench capable of loading 4 single cells per batch at the same time. This 

facility is represented in Figure 13. The active area of the planar cells was 16 cm2 with a total 

area of 25 cm2. To make current collection possible, fuel and air-electrodes were contacted 

with nickel and platinum meshes, respectively, in a ceramic cell housing. Gold frames were 

used as the sealant between the two electrodes to avoid leakage and contact of the fuel with 

the air. Pt wires were welded to the meshes to provide connection to the external circuit.  

The heating was made with a gas flow until 900 °C. The NiO in the fuel-electrode was 

reduced to Ni in situ in the hydrogen atmosphere. During the course of the tests, humidified H2 

(3 vol. % H2O) was fed to the fuel-electrode and air was fed to the air-electrode. The cells were 

characterized in a range of 650 to 800 °C by current-voltage curves, increasing gradually the 

current intensity and recording the voltage. The voltage recording was set to stop when the 

voltage dropped to 0.6 V in order to avoid cell damage, as a standard procedure at DLR. The 

current intensity was then gradually returned to zero. The results shown of the current-voltage 

curves were normalized by the active area.  

After each test, cross-sections of samples were prepared by mounting in epoxy resin, 

cutting and polishing with a diamond suspension up to 250 nm grain size. Such sections were 

observed and analysed using a scanning electron microscope “Zeiss Evo 40”, equipped with an 

energy-dispersive X-ray spectroscopy (EDX) detector PentaFET. Porosity percentage estimations 

were obtained from SEM pictures using the software “Imagej”. Element mapping of the cells 

were collected and studied with the support data obtained from SEM/EDX. 

Figure 13 - SOFC test bench 
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4 Results and discussion 

4.1 Nanopowder synthesis 

During the powder calcination at 500 °C in a static air furnace, using a tube with 

approximately 40 cm length was found to be necessary to avoid the dispersion and spreading 

of the powder, due to the energetic pyrolysis typical form the citrate sol-gel method. The use 

of an alumina crucible with 5 cm of diameter to calcinate the precursor gels and obtain the 

powders was proven to be an obstacle when trying to achieve a final amount of product higher 

than 10 g. Non-reproducible results were obtained for higher amounts of desired final product, 

as illustrated in Figure 14 where black colored powders are shown. Air circulation is important 

in this type of synthesis, since the burnout of the precursor materials is necessary. Whenever 

possible, larger crucibles or a controlled atmosphere may be more suitable to produce these 

materials on a larger scale. The influence of an atmosphere deprived of air was tested with 

TGA/DTA analysis. 

 

 

 

 

 

 

 

On the macro-scale, the properly obtained powders with the oven set up presented in 

Figure 6 consisted of very voluminous and ash-like structures. The powders obtained after 

milling with a mortar and a pestle showed a very fine appearance and dust-like behavior, which 

was expected from the chosen citrate sol-gel method.[32] The voluminous non-milled bodies 

are previously represented on Figure 7. 

 

TGA/DTA analysis 

 Plots of TGA/DTA experiments performed to SPDC10 precursor gel in air and in argon 

atmospheres are presented in Figure 16. 

 

 

 

 

Figure 14  - SDC20 and SPDC10 powders calcinated in a confined air atmosphere 
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In Figure 16 a), it is possible to see that total weight loss was about 74 %, occurring in 

three main steps in the approximate mass ratio of 3:1:3 with increasing temperature. Each of 

these steps corresponded to a peak representing an exothermic process in the DTA trace, with 

the peak between 300-330 °C being clearly more exothermic. For temperatures above 500 °C 

the TGA curve showed no change, implying no further mass loss occurred. The first and second 

mass loss steps correspond to the evaporation of CO2, CO, NO and NO2. The second mass loss 

step may be assigned to a loss of bigger amounts of citrate species, matching the decomposition 

of citric acid (175 °C), bearing in mind that this is a transient experiment and so processes will 

be shifted to slightly higher temperatures than would at steady state.[48]  

Figure 15 - TGA / DTA plot in air atmosphere (a) and an argon inert atmosphere (b) 
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 The peak positioned around ~320 °C was associated with an elevated heat of fusion of -

614 kJ·mol-1, which is consistent with an energetic combustion reaction.[48] This value was 

calculated by integrating the peak in the DTA plot, calibrating for the final sample mass and 

expressing the result per mole of final product. This peak represents the phase transformation 

and crystallization of the product. It corresponds to the final combustion of the remaining 

organic matter to leave only oxide material and is consistent with the combustion temperature 

typical from citrate sol-gel method for producing doped ceria.[23,31,32] At temperatures 

higher than 500 °C the TGA/DTA curve did not show revelant variation, implying that no further 

mass losses occurred. 

 Observing Figure 16 (b), it is clear that the presence of an inert atmosphere influences 

the result. Deprivation of air provides the formation of a product with severe differences in 

phase structure comprised of 3 main steps, occurring at different temperatures than with the 

presence of synthetic air atmosphere. This supports the conclusion that it is important to 

carefully chose the right oven configuration to provide the maximum air flow possible, assuring 

combustion occurs and the correct phase is obtained when producing ceramic oxides.  

X-ray diffraction analysis 

 Figure 17 represents XRD patterns of the three powder compositions calcined at 500 °C 

for 4 h. The ICDD references for SDC20 and CeO2 are also represented. All peaks were associated 

with the typical cubic fluorite-type crystal structure of ceria powders, without evidence of 

secondary or other phase presence. 

 For the coordination number of 8, the ionic radius of Pr3+ and Sm3+ are 1.126 Å and 1.079 

Å respectively. Ionic radius of Ce4+ is 0.97 Å. Substitution of Ce4+ ions with higher ionic radius 

ions like Sm3+ and Pr3+ should cause expansion of the ceria unit cell dimension and small shifts 

of the diffraction peaks to lower 2Θ. In the Figure 18 is a smoothed plot of the XRD patterns. 

Small shifts of the diffraction peaks to lower 2Θ were noticed as Pr content decreased and Sm 
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Figure 16 - XRD patterns of synthesized powders with controled pH~8 
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content increased. These results imply a smooth expansion of the ceria unit cell dimension with 

the increase of Sm content and decrease of Pr content.  

 These conclusions support Cheng et al. [28] studies where it was seen that when Pr is 

oxidized, becoming the tetravalent form Pr4+, the ionic radius becomes smaller (0.96 Å) to a 

very close value of the Ce4+ (0.97 Å). This may support that tetravalent Pr prevails at room 

temperature in the synthesized powders. In SPDC10, only the doping with Sm controls the 

expansion of the ceria lattice, while doping with Pr does not vary significantly the lattice 

parameter, supporting the same observations from other authors.[28,47] 

 

 

 

 

 

 

 

 

 

 

 

 XRD data can also provide estimations about the crystallite size and lattice parameter. 

Using the software Origin (OriginLab, Northampton, MA) and XRD data from the main diffraction 

peak (111), the lattice parameters were estimated with Bragg’s law represented in equation 

(9). λ is the wavelength of the characteristic radiation (1.7902 Å for Co-Kα line), dhkl is the 

interplanar spacing in the considered diffraction peak in Å and θ is the diffraction angle in 

radians in the same peak.   

 𝜆 = 2𝑑(ℎ𝑘𝑙)𝑠𝑖𝑛𝜃(ℎ𝑘𝑙)        (9) 

 

 The lattice parameter, α, was calculated using d(111) and the standard formula for the 

cubic crystal system. Crystallite sizes (DXRD) in nanometers were estimated from the same data 

using the Scherrer equation for spherical particles represented in equation (10), where β is the 

corrected Full Width at Half Maximum (FWHM) intensity in radians. β was calculated for the 

(111) diffraction peak with Origin software, and the remaining variables were previously 

defined. 

 𝐷𝑋𝑅𝐷 =
0,9𝜆

𝛽𝑐𝑜𝑠𝜃
        (10) 
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Figure 17 - Smoothed XRD patterns of the samples 
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 The interplanar spacing, lattice parameters and the crystallite size for the three samples 

are summarized in Table 1. The lattice parameters values are consistent with crystallographic 

data from the International Center for Diffraction Data (ICDD) for SDC20, and are consistent 

with Lenser et al. (2017) for PDC20. The results support the small contraction of the ceria unit 

cell dimension with increase of Pr content, from 5.42 Å to 5.39 Å. Crystallite size estimations 

with Scherrer equation confirmed that nanopowders were successfully prepared via the citrate 

sol-gel method. Nonetheless, it is important to refer that using XRD data to determine 

nanopowders dimensions gives only estimations about the real dimensions.[45]  

 

Table 1 - Lattice parameters, interplanar distance and crystallite size for calcined powders 

 

In the Figure 19 are the XRD diffraction patterns of SPDC10 and SPDC10 without pH 

control in an analogous sol-gel method. It is possible to confirm that using a citrate sol-gel 

method without control of pH provides a narrower and more intense peak. The results are also 

summarized in Table 1. Without pH control the crystallite size increases approximately from 

15.3 nm to 64.2 nm. 

 

 

 

 

 

 

 

 

 

Sample 
ICDD or 

reference 

αICDD or 

αref (Å) 

α (Å) V (Å3) d(111) (Å) DXRD (nm) 

SDC20 01-075-1758 5.43 5.42 159.81 3.13 15.7 

SPDC10 — — 5.41 158.42 3.12 15.3 

PDC20 [46] 5.40 5.40 157.04 3.11 15.2 

SPDC10  

no pH control 
― ― 5.39 156.76 3.11 64.2 

Figure 18 - XRD patterns of SPDC10 synthesized with and without control of pH 

20 30 40 50 60 70 80 90

(222)
(331)

(311)

(220)

(200)

SDC20-ref

CeO2-ref

In
te

n
si

ty
 (

a
rb

it
ra

ry
 u

n
it

s)

2 (°) (Co K)

 SPDC10 without 

         pH control

 SPDC10

(111)



Development of Sm-/Pr- doped ceria materials for electrolyte applications in Solid Oxide Cells  

 

Tiago Santos             29   

BET Specific Surface Area 

 BET method was used to obtain the specific surface areas (SSA) of the powders. Specific 

surface areas were measured for powders previously milled using a mortar and pestle. The 

absence of a more efficient milling step to mill nanopowders may result in lower values of 

specific surface areas, as reported by previous studies.[49]  

 Table 2 shows the BET values of specific surface area of SDC20, SPDC10 and PDC20 

powders after calcination at 500 °C and also the value for SPDC10 powder synthesized without 

the control of pH. Values of specific surface areas were converted to equivalent particle 

diameters (DBET) using equation (11), assuming spherical particle shape.[50]  

 𝐷𝐵𝐸𝑇 =
6

𝜌𝑋𝑅𝐷 ∗ 𝑆𝑆𝐴
         (11) 

 SSA is the specific surface area in m2·g-1 and ρXRD is the theoretical density calculated 

with equation (12) using crystallographic data (g·cm-3).[51] M is the molecular weight, NA is the 

Avogadro’s number, V is the unit cell volume and Z is the number of atoms per unit cell (admits 

a value of 4 for face-centered cubic structure, typical from ceria).[51]  

 𝜌𝑋𝑅𝐷 =  
𝑀∗𝑍

𝑁𝐴∗𝑉
                      (12) 

 The theoretical densities are thus 7.21 g·cm-3 for pure ceria, 7.17 g·cm-3 for SDC20, 7.19 

g·cm-3 for SPDC10, 7.21 g·cm-3 for PDC20 and 7.28 g·cm-3 for SPDC10 without pH control. 

 Values of DBET were compared to the previously obtained DXRD from XRD patterns, and 

represented in Table 2. 

 

Table 2  - Specific surface area (SSA) and equivalent particle diameters of calcined powders 

 

 

 

 

 

 

 

 

 High specific surface area nanopowders were obtained with the citrate sol-gel method 

for all compositions in study. It seems that with increasing of Pr content, the specific surface 

area of the powders increase while the calculated particle size decreases. Nonetheless, the 

estimated values of particle size, DBET, and crystallite size, DXRD, were not in agreement, except 

for PDC20. This disagreement may be due to the occurrence of crystalline nanodomains within 

individual nanocrystals. These nanodomains are read in the XRD pattern as individual crystals 

Sample 
SSA (BET)  

(m2·g-1) 
DBET (nm) DXRD (nm) DBET/DXRD 

SDC20 37.6 22.3 15.7 1.43 

SPDC10 38.6 21.6 15.3 1.41 

PDC20 52.5 15.8 15.2 1.19 

SPDC10  

no pH control 
7.53 111 64.2 1.71 
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while the BET technique would only measure the surface area of the parent nanocrystal. Highly 

defective crystals may also cause line-broadening in XRD.[49] Another possible explanation is 

that the nanocrystals formed agglomerates of crystalline nanoparticles. If this is the 

explanation, the ratio DBET/DXRD is an index of extent of agglomeration.[49]  

 However, it would make sense that specific surface area of SPDC10 powder was more in 

between of the values for SDC20 and PDC20. Specific surface area and DBET values of SDC20 and 

SPDC10 may be lower than expected due to agglomeration of particles. This may be the result 

of poor milling of the powders before BET method for specific surface area measurements, as 

previously noted in gadolinium doped ceria (GDC) studies.[52] 

 Finally, taking as example SPDC10, it is clear that without pH control during the 

synthesis of nanopowder gives a much lower specific surface area and higher particle size 

powder, which may not be desirable for a successful sintering process.[32,33] 

Scanning electron microscopy analysis 

 Electron microscopy was used to study the morphology of the synthesized nanopowders. 

Figure 20 shows the microstructure of the powders after calcination and milling with a mortar 

and pestle.  
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Figure 19 - Low and high magnification SEM images of the nanopowders. (A,B) PDC20; (C,D) 

SPDC10; (E,F) SDC20 
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Branched, sponge-like and shell-like structures can be observed for all compositions, 

being consistent with results found in the literature.[48,50] The material presents a highly 

porous morphology, which is likely caused by the large volumes of gases produced in the 

preparation method chosen. This is linked with the previously discussed thermochemical 

analysis with TGA/DTA. It is also evident the presence of very small pores with a wide 

distribution, that can be explained by the intimate mixing of reactants achieved with the 

citrate complexation method with pH control. In the high magnification images it is possible to 

notice the particles have a spherical shape and are nanosized. The porosity seems to be 

increasing with Pr content, which is supported by previous works [55] and BET measurements 

data. 

 Nevertheless, in both high and low magnification it is clear that milling with a mortar 

and pestle, associated with the small particle sizes, is not enough to avoid big clustering and 

agglomeration of the nanoparticles. This may harden the process of densification of the 

diffusion barrier layer for the electrolyte. The observation of clustering may support the 

assignment of the DBET/DXRD ratio as an index of agglomeration, as proposed before.[49] The use 

of techniques such as transmission electron microscopy and a more powerful milling instrument 

could help by giving a deeper morphology insight. 

4.2 Properties and characterization of the pellets 

It was impossible to find a successful pressing regimen to obtain high relative density 

pellets with the press form and equipment available. Pressing at 20 kN·cm-2 as often reported 

in literature [30,55] was unsuccessful. This may be due to the fact that the evacuable pellet 

die had severe surface irregularities and we are dealing with agglomerates of nanopowders. 

This may indicate that nanosized powders may not be suitable to produce pellets easily. A step 

of milling of the powders and the use of an uniaxial die press form followed by isostatic pressing 

method may be a good future alternative to obtain dense pellets from nanosized doped ceria 

powders.[56] Nonetheless, it was possible to obtain pellets suitable for XPS analysis.   

XPS analysis  

 XPS was used to study the surface properties of the samples. Figure 21 shows the spectra 

of the three prepared samples, named SDC20-based pellet, SPDC10-based pellet and PDC20-

based pellet. It can be easily noticed that characteristics of Ce, Sm, Pr and O are present in 

the samples. Carbon and some oxygen characteristics found in the spectra were assigned to the 

tape used to hold the samples and should not be considered. Observing these spectra, it is 

possible to assume the successful doping of ceria, being clear the absence of Sm in the PDC20 

sample and the presence of Pr in both SPDC10 and PDC20. A small shift in the spectra compared 

with literature results is due to the XPS equipment used not being properly calibrated, 

especially for higher values of eV and due to the age of the capacitors that make part of the 

equipment. Corresponding peaks of Sm3+, Ce3+, Ce4+, Pr3+ and Pr4+ were found in the samples. 

As expected, SDC20 displayed a single value for ions in one state of oxidation of samarium 

(Sm3+) and ions in two oxidation states of cerium (Ce3+ and Ce4+). The same happened for 

SPDC10. At the same time, on SPDC10 and PDC20 it seems that both Pr3+ and Pr4+ are present. 
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Figure 21 - Ce 3d and Pr 3d core-level XPS spectra 

 

 

 

 

 

 

 

 

 

 

 

 

 

 To a better interpretation, Pr 3d and Ce 3d core-level spectra were studied using a 

lower resolution. The Ce 3d core-level spectra shown in Figure 22 (a) indicates the coexistence 

of Ce3+ and Ce4+. The broad signals and shifts in the spectra from Figure 22 (b) show overlapping 

gaussian-type spectra corresponding to different oxidation states. Fitting by mathematical 

deconvolution could be helpful to study more precisely the relative fraction of Ce3+/Ce4+ but 

this more complex analysis is beyond this thesis. 

 

 

 

  

 

 

 

 

 

 

  

 Nonetheless, the existence of the single Sm3+ oxidation state and coexistence of Ce3+ 

and Ce4+ is in accordance with literature.[13,27] It is reasonable to assume Ce4+ amount is 

Figure 20 - XPS spectra of the pellets obtained from the synthesized powders 
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increasing with Pr doping, due to broadening and shifting of SPDC10 and PDC20 noted in Figure 

22 (a). This assumption is in agreement with literature values from SDC20 spectra.[27] 

 Wolfframm et al. claimed that unambiguous fitting of the Pr 3d core-levels is difficult 

and remains controversial.[58] Observing Figure 22 (b) and taking into account previous studies 

[13,58,59] is possible to assume there are both oxidation states 3+ and 4+ of Pr in SPDC10 and 

PDC20 samples. These are described by the overlapped non-gaussian peaks around 983 and 940 

eV. To assume the ratios of these oxidation states is a harder task. Supported from XRD results 

and literature [13,27] we may assume that tetravalent praseodymium, Pr4+, prevails at room 

temperature on both samples. It is also possible to notice small deviations indicating the ratios 

of Pr3+/Pr4+ depend on the amount of doping in these powders, as described by other authors 

[27,28]. This assumption may imply differences in the conduction characteristics and stability 

of SPDC10 and PDC20 based materials, supporting the complexity of Pr as a dopant in ceria 

oxides. 

4.3 Electrolyte characterization and performance 

 The configuration of the bilayered electrolyte cells that were tested in the SOFC test 

bench is resumed on Table 3. On Table 3 the cells are represented by the corresponding sample 

name of the powder used for their diffusion barrier layer production. The configuration of a 

literature bilayered electrolyte cell [53], here named GDC10, is also resumed on the same table 

for the purpose of comparison.  

 

 Table 3  - Summary of the analysed cells configuration  

 

 In Figure 23 are represented SDC20, SPDC10, PDC20 and C_SDC20-based cells after 

serving in the SOFC. It is possible to observe some hotspots where burning of the air-electrode 

may occurred. As will be discussed later, this issue may be explained by gas leakage due to bad 
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sealing or the cell not being gastight, occurrence of pores in the electrolyte layers or other 

issues. This can influence cell performance and loss in OCV.  

 

 

 

 

 

 

 

 

 

 

 

 

SEM and OM pictures analysis 

After coating with the diffusion barrier layer ink, the screen printed commercial half-

cells acquired from the Chinese institute “Shanghai Huoyu Yibiao” were analysed with optical 

microscope (OM). Observing Figure 24 it was possible to notice some undesired local pores in 

the YSZ electrolyte layer, unnoticed in the SEM cross-section pictures. This can lead to hotspots 

that create a loss in the open circuit voltage (OCV) of the cell because of the exposition of 

ceria to the reducing environment of the fuel-electrode. It can also decrease the cell 

performance.   

 

 

 

 

 

 

 

 

 SEM pictures of cross section of the studied cells were obtained after serving in the SOFC 

test bench. In Figure 25 are represented SEM pictures of C_SDC20, SDC20, SPDC10 and PDC20-

based cells with high magnification.     

 

 

YSZ commercial layer 

 

Screen printed SDC20 layer 

Figure 23 - SDC20-based half-cell image from Optic Microscopy  

PDC20 C_SDC2

0 

SPDC20 SDC20 

a) 
b) 

Figure 22 - Cells post-testing a); Burning in the air-electrode b) 

1 cm 
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It is possible to notice small differences in the diffusion barrier layers thicknesses and 

considerable differences in the air-electrodes thickness. Porosity of the prepared doped ceria 

diffusion barrier layers is also extremely high and has considerable differences depending on 

the material. In Table 4 the thicknesses of diffusion barrier layers and air-electrode for each 

cell are summarized. Software “Imagej” was used to estimate porosity percentage and results 

are also represented on Table 4. 

The lanthanum strontium cobalt ferrite (LSCF) ink was applied in each cell by 

hand-brushing due to some bending of the cells after sintering of the doped ceria diffusion 

barrier layer. Screen printing should be the most precise method to coat this layer with a 

controlled thickness, but it is necessary that the cells to be screen printed are completely flat, 

which did not happen. Besides this, the thickest air-electrode obtained was from SPDC10 and 

its thickness was about 10 μm. For SDC20 cell this value reached only 4 μm. The difference in 

the thicknesses of the air-electrodes can influence the cell performance and the low thickness 

can cause higher interfacial polarization resistance.[2,60] LSCF air-electrodes should have at 

least 20 μm to minimize the interfacial polarization resistance and achieve a good result.[60] 

This value normally can go up to 30 μm or more, depending on the function of microstructure 

(grain size) and porosity.[60] We can conclude that hand-brushing the air-electrode is a non-

reproducible method to deposit this layer. 

LSCF (air-electrode) 

C_SDC20 layer 
 

YSZ layer 

 

Ni-YSZ (fuel-electrode) 

LSCF (air-electrode) 

SDC20 layer 
 

YSZ layer 

 

Ni-YSZ (fuel-electrode) 

LSCF (air-electrode) 

PDC20 layer 
 

YSZ layer 

 

 

Ni-YSZ (fuel-electrode) 

LSCF (air-electrode) 

 

SPDC20 layer 
 

YSZ layer 

 

 

Ni-YSZ (fuel-electrode) 

a) b) 

d) c) 

Figure 24 – SEM cross sections of C_SDC20-based cell (a), SDC20-based cell (b), SPDC10-based 

cell (c) and PDC20-based cell (d) 
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 Table 4 - Thickness and porosity for air-electrode and prepared diffusion barrier layers 

 

 

 The prepared doped ceria diffusion barrier layers are severely high in porosity and are 

not dense as desired. As explained previously, a dense gastight diffusion barrier layer is a 

requirement to minimize resistance, protect the YSZ electrolyte layer and achieve a good 

performance.  

The C_SDC20-based cell, containing a diffusion barrier layer prepared from commercial 

C_SDC20 powder, displayed the lowest porosity, being 18 % less porous than the cell containing 

a diffusion barrier layer prepared from the synthesized SDC20 powder. This is explained by the 

fact that the synthesized powder was finer than the commercial one, and presents worse 

properties to prepare dense diffusion barrier layers. Even with the commercial C_SDC20 powder 

was not possible to obtain a very dense layer. It is important to recall that the commercial 

C_SDC20 powder had an estimated particle size of 130 nm and a specific surface area of 9.41 

m2·g-1 (BET measurement) compared to the 22.3 nm and 37.6 m2·g-1 from SDC20 powder. This 

supports that the smallest particle size possible and highest specific surface area may not 

always be an advantage when producing dense functional layers. Temperature used and heating 

rate should also be more considered and tested in the future in order to try to minimize the 

porosity. 

The porosity seems to increase with the amount of praseodymium, being 57 % for SDC20-

based cell doped only wit Sr, 59 % for the Sm/Pr co-doped SPDC10-based cell and 64 % for 

PDC20-based cell doped with only Pr. This seems to be in agreement with the previous obtained 

results from characterization of the powders where the increase of the amount of Pr was 

associated with an increase in specific surface areas and a decrease in particle size. It is also 

interesting to keep in mind that the powder percentage was 30.5 % in SDC20 ink, 48.2 % in 

SPDC10 ink and 53.6 % in PDC20 ink. The fact that PDC20 ink had the highest solid content and 

still is associated with the diffusion barrier with highest porosity shows the different behaviour 

of these materials according to the dopant percentage.  

 It is important to have control over the properties of the materials in use, including 

porosity and particle size. The milling step with the triple roll mill machine was not enough to 

achieve low porosity and get rid of the agglomerates. The processing of the materials should 

be carefully improved so that one may obtain a dense bilayered electrolyte. In this work, 

powders used in inks had a particle size very low and their surface area was fairly high. A 

possible approach to improve this result could be a milling step after powder synthesis to reduce 

agglomerates or a higher temperature calcination time for the coarsening of the powders to 

  C_SDC20 SDC20 SPDC10 PDC20 

Air-electrode 
Thickness  5 μm 4 μm 10 μm 4 μm 

Porosity estimation 46 % 44 % 42 % 41 % 

Doped ceria  

diffusion 

barrier layers 

Thickness  3 μm 3 μm 3 μm 4 μm 

Porosity estimation 39 % 57 % 59 % 64 % 
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use in ink formulation.[44,56,61] This would allow to use a higher amount of solid content in 

the ink formulation which could help to obtain a lower defect bilayered electrolyte.[36,61] It 

probably would also provide a higher grain size and less agglomerates which could help in 

densification of the diffusion barrier layer during the process of sintering. Using a higher 

sintering temperature after the coating of the diffusion barrier layer ink should help producing 

a more dense layer, but it could be a compromise due to the possibility of undesired reactions 

at sintering temperatures higher than 1300-1400 ºC.[44]   

This result can also explain the fact that with the powders produced in this work it was 

impossible to obtain densified pellets, in opposition to what was reported in some literature, 

where pellets were successfully obtained with a similar pressing method as described 

previously, but using powders with slightly higher diameter size and higher calcination 

temperatures.[23,24,26,29,44,56,61] The high porosity found in these diffusion barrier layers 

can have an impact on the cell performance and its functionality and stability as a bilayered 

electrolyte cell. SEM/EDX studies allowed a better understanding about the effect of the high 

porosity doped ceria diffusion barrier layer obtained in protecting the YSZ electrolyte layer. 

Figure 26 shows some obtained element mapping images that are supported by the 

corresponding EDX values that can be found in the Appendix 1. It is possible to conclude the 

expected Ce, Sm, Pr and O elements were found in the doped ceria diffusion barrier layers. Pr 

element presence is supported by the EDX data, since element mapping is a less accurate 

technique. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a)  b)  

c)  d)  

Figure 25  - Element mapping of C_SDC20 (a), SDC20 (b), SPDC10 (c) and PDC20 (d) cells 



Development of Sm-/Pr- doped ceria materials for electrolyte applications in Solid Oxide Cells  

 

Tiago Santos             38   

In Figure 26 it is possible to see how Sr, in white color, traveled through the doped ceria 

diffusion barrier layer and reacted with the YSZ layer. Probably this indicates secondary phases, 

like strontium zirconate.[7] This can affect the performance of the cell due to poor 

conductivity.[7] Even worse, it was reported that zirconates can induce oxygen delamination 

in the interface of YSZ electrolyte layer and LSCF air-electrode on the electrolyzer mode, which 

is precisely one of the issues that these protective doped ceria layers are expected to 

overcome.[18] 

 

Open circuit voltage (OCV) of the cells 

 Figure 27 shows the open circuit voltages (OCV) for the three bilayered electrolyte 

produced cells (SDC20, SPDC10 and PDC20-based cells) and the bilayered electrolyte cell 

produced with SDC20 commercial powder (C_SDC20-based cell). Theoretical OCV values were 

calculated based on the Nernst equation and presented for comparison. OCV values obtained 

by Liu et al. [53] for a cell with a dense bilayered electrolyte of YSZ and doped ceria with 10 % 

content of gadolinium (GDC10) and a monolayer dense electrolyte of GDC10 are also 

presented.[53] The GDC10 cell from literature had an electrolyte thickness ratio of YSZ/GDC10 

of 3 μm/7 μm. The monolayer GDC10 had an electrolyte thickness of 10 μm.[53] The values of 

OCV are displayed as a function of temperature.   

 

 The bilayer electrolyte cells from this study showed OCV close to the theoretical values, 

even with the previously pointed structural problems. The values obtained for the cell C_SDC20-

based cell were fairly similar to the values of the SDC20-based cell. The OCV results obtained 

in this work were all slightly higher than the results obtained by Liu et al. [53] with gadolinium 

Figure 26 - Theoretical and measured OCV vs. temperature for prepared single cells 
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doped ceria (GDC) and YSZ bilayered electrolytes. A thicker electrolyte may cause a lower OCV. 

Liu et al. used a thicker electrolyte but it is not possible to precisely state that this was the 

only reason for a worst result. Electronic conductivity and leakage can also lower the OCV. 

Nonetheless, we may consider the fact that samarium doped ceria materials have already shown 

higher ionic conductivity than gadolinium doped ceria (GDC) to support the higher OCV values 

obtained for the produced cells in this work. This may allow us to confirm that SDC materials 

may be a good substitute to GDC, although further studies are necessary. 

SPDC10 and PDC20-based cells also displayed reasonably high OCV values. SPDC-based 

cell displayed the highest OCV values, although with a small difference to the other produced 

cells. For example, at 700 °C an OCV of 1.11 V is recorded for SPDC10-based cell while an OCV 

of 1.10 V and 1.09 V were recorded for SDC20 and C_SPDC20-based cells. Furthermore, an OCV 

of only 1.09 V was reported for the same temperature in the literature GDC10 cell.[53]  

 Compared to the monolayer electrolyte made of gadolinium doped ceria (GDC10) the 

OCV is drastically higher. This result, noticed especially at higher temperatures, is due to the 

fact that the reducibility or electronic transference number of ceria based electrolytes 

increases with temperature under reducing temperatures.[54] This confirms the relevance of 

using an YSZ layer in a bilayer electrolyte based of YSZ and doped ceria to successfully prevent 

doped ceria layers from the exposure to the reducing environment of the fuel-side and its 

consequent reduction.[2,9,53]  

 OCV values can largely depend on various parameters and not only on the electrolyte 

materials. Thickness, experimental parameters and properties of the different materials that 

make part of the cell assembly may affect OCV [2,53], which makes it impossible to have a 

much more complex and deeper understanding of this analysis. 

 

Cell performance and polarization analysis 

 The current-voltage curves of the prepared bilayered electrolyte cells measured 

between 650 and 800 °C are represented on Figure 28. The data was collected until a voltage 

as low as 0.6 V was reached, as a safety standard to avoid cell damage. For an easier 

interpretation, the current-voltage curves and the power density curves of the different 

samples at 750 °C are represented on Figure 29. As expected, the performance is improved for 

all samples with the increase of temperature. All cells show obvious ohmic losses for lower 

temperatures in a similar way between them and not so severe activation losses. This is a 

typical occurrence in a SOFC.[2] Concentration losses are not noticed due to the cell voltage 

being analysed only up to the minimum value of 0.6 V. It is possible to assume that all the 

ohmic losses come from the electrolyte. For most fuel cells, this is a reasonable assumption, 

because the ohmic losses from ionic conduction in the electrolyte tend to dominate the other 

ohmic losses.[2] Nonetheless, it is hard to say the contribution of the ionic and electronic 

conduction to the ohmic losses depending on the transport properties of the different materials. 
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Figure 27 - Current-voltage curves of (a) SDC20-based cell, (b) SPDC10-based cell, (c) PDC20-

based cell and (d) C_SDC20-based cell 

a) b) 

d) c) 

Figure 28 - Current-voltage and current-power density curves at 750 °C 
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From the analysis of Figure 28, it is clear to notice the SPDC10-based cell displays the 

best performance for each temperature tested. At 800 °C, SPDC10-based cell reaches a current 

density of 0.81 A·cm-2 for a voltage of 0.7 V while SDC20 and PDC20-based cells reach only 0.71 

A·cm-2 and 0.59 A·cm-2, respectively, for the same voltage. 

 Nevertheless, the SDC20-based cell displays a very similar performance to the 

commercial powder C_SDC20-based cell. Only at 750°C C_SDC20-based cell seems to have a 

slightly lower performance than SDC20. These results show that even with a non-dense diffusion 

barrier layer of doped ceria in the bilayered electrolyte and an unappropriated air-electrode 

thickness, the successfully synthesized materials via sol-gel citrate wet route are functional 

and very promising. These materials may be improved to achieve an even better performance. 

 The PDC20 presented the worst performance, reaching a current density of only 0.34 

A·cm-2 at 0.7 V for a temperature of 750 °C. Its current-intensity curves show a high loss in 

ohmic polarizations. Cheng et al. [28] demonstrated that co-doping Pr in gadolinium doped 

ceria (GDC) to enhance ionic and electronic conduction seemed to be a compromise between 

the doping concentration of Pr and Gd. Doping a small amount of Pr (15 %) and Gd (10 %) showed 

a slight enhancement of the maximum oxide ion conductivity. However, for higher amounts of 

Pr substitution, the same did not happen. In fact, a decrease on the enthalpy of the reduction 

reaction of Pr4+
 to Pr3+ was noticed for increasing Pr concentration from 15 % on. This result was 

linked to the establishment of a percolation path between Pr atoms that provided an abrupt 

increase on electrical conductivity which lowers the OCV and cell performance. [28,2] Even 

with an electron blocking YSZ layer, this could be one of the explanations of the lower 

performance for the PDC20 cell with higher Pr concentration. At the same time, this 

explanation may be linked to the XPS analysis where the simultaneous existence of both Pr4+
 

and Pr3+ forms were noticed. Nonetheless, conductivities studies should be made in the future 

in order to link both results of cell performance and ratios between Pr4+
 and Pr3+ oxidation 

states. 

 At the same time, observing the cells represented on Figure 23, it is possible to notice 

some burning on the air-side of all cells, this being more evident in PDC20-based cell. The 

previously shown local pores in the low-quality YSZ commercial layer can allow exposition of 

ceria to a reducing environment due to leakage of fuel. The fact that the doped ceria layers 

are not dense worsens this issue, allowing fuel to burn when in contact with the oxygen present 

in the air-electrode. Leakage of fuel can also occur due to bad sealing or defect in the test 

bench housing, resulting in a decrease of the OCV and performance values.[2] However, cell 

performance may be influenced by the already reported factors, such as the porosity found in 

the prepared  layers, the low thickness of the air-electrode and even some of the small defects 

found in some of the commercial half-cells. In this sense, a single explanation is not 

straightforward.  

 In any case, SPDC10-based cell displayed the highest current-voltage and OCV values, 

even if slightly higher than the values obtained for the commercial and produced SDC20. This 

allows us to presume there is a synergistic effect of using a proper balance between Sm and Pr 
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doping concentrations in ceria materials. Such conclusion, however, may be controversial and 

it is impossible to state it based only on the results from this present work. 

 On Table 5 are summarized fixed current densities and power densities at 750 ºC for 

each sample studied in this work and the values for the literature GDC10 cell [53] for the 

purpose of comparison. 

 

Table 5 - Fixed current densities and power densities at 750 ºC 

 

 

 

 

 Figure 30 plots the current-voltage curves of two cells with an SPDC10-based diffusion 

barrier layer. These cells differ from each other since lanthanum strontium cobalt ferrite (LSCF) 

air-electrode was sintered at two different temperatures for each cell. A better performance 

was found when the air-electrode was sintered previous to the electrochemical tests at 1080 

°C, when compared to the cell in which the air-electrode was sintered at 900 °C in the test 

bench during reduction of the cell. This result allow us to confirm that sintering the air-

electrode before the single cell test at 1080 °C is beneficial as supported by some literature 

[5,7,57].  

 

Based-cell SDC20 SPDC10 PDC20 C_SDC20 GDC10 [53] 

Current Density @ 0.7 V 0.57 0.67 0.34 0.60 0.64 

Power density @ 0.5 A·cm-2 0.37 0.39 0.31 0.36 0.38 

Figure 29 - Effect of air-electrode sintering temperature on SPDC10-based cells 
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5 Conclusion 

 Doped ceria nanopowders with variable dopant concentrations of samarium and 

praseodymium were successfully synthesized with the sol-gel citrate method. All prepared 

powders displayed the desired fluorite-type phase without evidence of undesired secondary 

phases. It was concluded that the citrate sol-gel method, provided the correct burn-out 

conditions, is suitable for obtaining controlled ceramic oxides in an economic and easy way, 

suitable for scaling-up. It was confirmed that factors such as temperature and pH in the 

processing of the oxide materials influences the properties of the powders, inks and coating 

layers. 

 SDC20, SPDC10 and PDC20 materials were successfully characterized with different 

techniques. It was found evidence that in praseodymium doped ceria at room temperature, 

praseodymium is mostly on its tetravalent form (Pr4+). Different oxidation states of Ce (Ce4+ and 

Ce3+) and Pr (Pr4+ and Pr3+) are present in the synthesized powders. The existence of this 

oxidation states seem to influence cell performance due to variations in the holes transport 

properties. It was shown that the obtained particles size and specific surface area were 

inappropriate to obtain dense diffusion barrier layers. A step of milling of the powders and 

temperature coarsening of the particles before ink formulation should be tested as a suitable 

approach to obtain larger particles. This could minimize the high porosity found in the doped 

ceria diffusion barrier layer. It could also solve the problem found in obtaining densified pellets 

of Sm and Pr doped ceria, making possible to perform conductivity studies. 

 Hand-brushing the air-electrode lanthanum strontium cobalt ferrite (LSCF) ink was 

found to have bad reproducibility. Variations in the air-electrode thickness made difficult to 

fully understand the influence of the bilayered electrolyte in the results from electrochemical 

tests. Sintering the air-electrode at 1080 °C for 1 h was found to provide better electrochemical 

performances than sintering at only 900 °C during SOFC test bench operation. 

 The use of an YSZ electrolyte layer in a bilayered electrolyte solid oxide fuel cell was 

confirmed to protect the doped ceria layer from the reducing environment in the fuel-

electrode. At the same time, the doped ceria diffusion barrier layers tested in this work did 

not properly protect the YSZ layer from reaction with Sr present in the air-electrode. This fact 

was assigned to the high porosity of the produced doped ceria diffusion barrier layers that 

allowed Sr to travel through it. 

 Nonetheless, the bilayered electrolyte cells displayed an acceptable performance, 

sometimes higher than values found on literature for YSZ/GDC10 bilayered electrolytes, even 

with the pointed defects. This shows the relevance of further studies on samarium and 

praseodymium doped ceria as substitutes of currently used materials in bilayered electrolytes 

applications. 
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6 Assessment of the work done  

6.1 Objectives Achieved  

 It was possible to obtain new materials for electrolyte applications in different doping 

concentrations of samarium and praseodymium doped ceria. As an objective of this work, the 

sol-gel method was successfully optimized to obtain very fine nanopowders with high specific 

surface areas, even though these characteristics prove to be non-beneficial for the fuel cell 

performance. The materials were successfully characterized with different technologies and 

were successfully applied as diffusion barrier layer in bilayered electrolyte solid oxide fuel 

cells. Screen printing was used and optimized to apply the layers. 

 It was not possible to obtain dense pellets or dense diffusion barrier layers with the new 

developed doped ceria materials. Nevertheless, the produced cells were tested in fuel cell 

operation mode and displayed an acceptable performance, showing the relevance of further 

studies with these materials. Further studies on the topics described on this thesis will soon be 

carried out in DLR and the accomplished objectives in this work will be used to improve the 

development of these materials.  

6.2 Other Work Carried Out  

 Experiments were made in order to try to test ionic and electronic conductivities in 

samarium and praseodymium doped ceria pellets. Pellets were obtained with the method 

previously described in this work, and after polishing, these pellets passed through a process 

of deposition of platinum current collectors via plasma sputtering. Fine meshes of platinum and 

platinum ink were applied on both sides of the pellets to function as electrodes, obtaining 

symmetrical cells. However, it was impossible to obtain pellets with a relative density higher 

than 50 %, which makes it impossible to perform significant impedance tests to analyze the 

ionic and electronic conductivities. 

 An attempt to produce pellets with a different process was also made. An isostatic oil 

press form available at Max Planck Institute for Solid State Research was used to produce 

densified pellets and bars. However, the obtained dimensions were too small due to the very 

fine characteristics of the powders, and it was not possible to perform conductivities studies 

neither via symmetrical cells impedance measurements or 4-point conductivity measurement. 

6.3 Limitations and Future Work  

 A few drawbacks were faced during these six months of work. Some valuable instruments 

to this thesis were not available at DLR due to being under maintenance and development 

during my short staying, such as, for example, the SOEC test bench to perform tests in the 

electrolyzer mode. The SOFC test bench was also under maintenance for some weeks but these 

delays were overcome successfully. It was possible to methodically characterize the produced 

materials and demonstrate their relevance as a potential good candidate to replace currently 
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electrolytes in SOCs. This characterization was possible mainly thanks to the availability of 

technologies and materials at DLR and especially a good cooperation between the different 

colleagues in different work teams who somehow contributed to this work. 

 In the future, a better study on production of pellets to perform conductivity tests 

should be made and a full understanding on the transport mechanisms in praseodymium oxides 

should be studied. It is necessary to understand more deeply the electrical conductivity 

contribution to the protective doped ceria diffusion barrier layer in both modes of operation. 

The optimum amounts of dopant materials in doped ceria materials for electrolyte applications 

can be more systematically tested and the best case scenario should be that companies and 

investigation facilities were able to produce each single element of the complete fuel cell on 

their own, that is to say: fuel-electrode, bilayered electrolyte and air-electrode. 

 The issues previously referred and the short time for a project like this made it 

impossible to make deeper electrochemical tests on the performance of the produced cells, 

but also degradation studies especially on the electrolyzer mode. A part two of this thesis will 

be soon carried out by an upcoming master student in DLR and this work will be valuable to this 

assignment. 

6.4 Final Assessment   

 The product and outcomes of a six months experience abroad in a research facility like 

DLR is not restricted only to the achievements presented in this project. This project allowed 

me to deepen my knowledge in material science and gave me an overall insight on solid oxide 

fuel cells. The shared know-how of different synthesis and characterization techniques acquired 

is valuable and the experience of working and learning with such different technologies gave 

me powerful tools to my professional future. The soft skills gained working in a big company 

with a multicultural team of colleagues is also an inestimable accomplishment. Finally, the 

opportunity I had to develop my aptitudes in an area that was a novelty to me such as 

electrochemistry was both challenging and rewarding. 

 I believe DLR should invest on further studies on the topics mentioned in this thesis and 

contribute to the further development of solid oxide cells technology. I feel fortunate to have 

contributed to this field of research that is still in development and has a place to grow in DLR 

and in the scientific community. 
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Appendix 1  

Role of electronic conduction 

 

 

 

 

 

 

 

Figure A1 – Schematics of variations of oxygen chemical potential and electrical potential 

inside the electrolyte. Extracted from [12] 
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EDX analysis 

 Here is possible to find the complete EDX analysis to the cross-sections of the 

produced cells. These values are supportive of the mapping images previously shown. It is 

possible to see the correct elements Pr, Sm, Ce, and O were found in the doped ceria 

diffusion barrier layer composition. It is also possible to evidence the Sr diffusion through 

these layer and its presence in the YSZ/doped ceria interface. 

SDC20 

 

Mass percentage (%) 

 

Spektrum         C     O    Fe   Co    Sr    Zr    La    Ce    Sm   Hf 

-------------------------------------------------------------------------- 

Mw 1           0.00 21.83 20.43 5.46 15.85     - 36.43     -     -    - 

 

Mw 2           0.00 14.18     -    -  1.41  1.18     - 72.17 11.06    - 

Mw 3           0.00 13.14     -    -  0.98  1.06     - 74.49 10.32    - 

 

Mw 4           0.00 18.18     -    -     - 76.00     -     -     - 5.83 

 

P 5            0.00 20.07  1.91 0.49 12.97 27.91  4.61 23.52  8.52    - 

 

 

 





Development of Sm-/Pr- doped ceria materials for electrolyte applications in Solid Oxide Cells  

 

Tiago Santos             52   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Institut für Technische Thermodynamik 

 

 

 

SDC20 commercial 

 

Massenprozent (%) 

 

Spektrum        C     O    Fe   Co    Sr    Zr    La    Ce    Sm   Hf 

-------------------------------------------------------------------------- 

Mw 1           0.00 14.92 22.11 5.83 17.32     - 39.82     -     -    - 

Mw 2           0.00  9.17     -    -  1.85  2.48     - 75.04 11.46    - 

Mw 3           0.00 16.09     -    -  6.28 16.12     - 47.15 14.36    - 

Mw 4           0.00 15.99     -    -  7.59 69.44     -     -     - 6.99 

 

Mw 5           0.00 14.17  3.08    -  2.34  0.38  5.95 61.27 12.82    - 

Mw 6           0.00 13.01     -    -  3.67  1.26  6.64 64.99 10.44    - 

 

Mw 7           0.00 18.77     -    -  6.34 42.86     - 11.23 14.79 6.00 
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Institut für Technische Thermodynamik 

 

SPDC10 

 

Massenprozent (%) 

 

Spektrum        C     O    Fe   Co   Ni    Sr    Zr    La    Ce   Pr   Sm   Hf 

----------------------------------------------------------------------------------- 

Mw 1           0.00 20.88 20.40 5.53    - 16.87     - 36.32     -    -    -    - 

 

Mw 2           0.00 14.74     -    -    -     -  1.33     - 70.69 5.46 7.77    - 

Mw 3           0.00 14.04     -    -    -  1.38  0.68     - 70.49 5.72 7.69    - 

Mw 4           0.00 14.68     -    -    -     -  4.64     - 67.59 5.68 7.41    - 

 

Mw 5           0.00 21.47     -    -    -  4.75 35.81     - 17.51 7.25 7.29 5.93 

 

Mw 6           0.00 18.35     -    - 0.91  7.14 67.48     -     -    -    - 6.12 
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Institut für Technische Thermodynamik 

 

PDC20 

 

Massenprozent (%) 

 

Spektrum         C     O   Si    Fe   Co    Sr    Zr    La    Ce    Pr   Hf 

----------------------------------------------------------------------------

--- 

Mw 1           0.00 17.90    - 20.70 5.37 17.42     - 38.61     -     -    - 

Mw 2           0.00 11.90 0.72     -    -  2.93  0.74     - 70.81 12.90    - 

Mw 3           0.00 11.17    -     -    -     -  1.75     - 76.66 10.42    - 

Mw 4           0.00 22.10    -     -    -  4.04 37.16     - 12.84 17.81 6.05 

Mw 5           0.00 16.13    -     -    -  7.24 71.30     -     -     - 5.33 

 

 


