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Abstract 

Kurzfassung 

Festelektrolyt-Brennstoffzellen (SOFC) werden als eine der effizientesten und 

umweltfreundlichsten Einheiten zur Direktumsetzung von chemischer Energie in 

Elektrizität betrachtet. Für die Kommerzialisierung von SOFCs müssen sowohl die 

Langzeitstabilität als auch die Systemzuverlässigkeit gewährleistet werden sowie die 

Herstellungskosten reduziert werden. Dies kann durch die Verringerung der 

Betriebstemperatur auf 650 °C bei gleichzeitiger Beibehaltung einer angemessenen 

Leistungsabgabe des Systems realisiert werden.  

 

In Rahmen dieser Arbeit wurden kostengünstige nasschemische Fertigungstechniken 

zur Herstellung von dünnen, gasdichten Elektrolytschichten für Hochleistungs- 

brennstoffzellen eingesetzt. Der Fokus dieser Arbeit ist dreigeteilt: (1) Herstellung 

von feinpartikulären Solen mit nanoskaliger Partikelgrößenverteilung und exzellenten 

Schichtbildungseigenschaften, (2) Beschichtung von dünnen, gasdichten Elektrolyt- 

schichten mit einer Dicke von ca. 1 μm und einer geringen Heliumleckrate von unter 

2.0x10-5 (hPa·dm3)/(s·cm2), (3) Herstellung und Charakterisierung von SOFCs mit 

hoher elektrochemischer Leistung. 

 

Die hergestellten Einzelzellen mit dünnen, gasdichten Elektrolytschichten zeigten 

exzellente elektrochemische Kenndaten. Bei einer Zellspannung von 0,7 V erreichten 

die Zellen hohe Stromdichten von über 3 A/cm2, 1.5 A/cm2 and 1.0 A/cm2 bei jeweils 

800 °C, 650 °C and 600 °C und stellen somit SOFCs mit den höchsten bisher in der 

Literatur berichteten Leistungsdichten dar. Bei Untersuchung mittels elektro- 

chemischer Impedanzspektroskopie liegt der spezifische Flächenwiderstand einer 

Einzelzelle um mehr als 80 % niederiger als die vom Forschungszentrum Jülich 

hergestellten Zellen mit den herkömmlich 10 μm dicken Elektrolyten.  

 

Aufgrund der exzellenten Performance wird eine verbesserte Lebensdauer und 

Stabilität der SOFCs durch den Betrieb der Zellen bei reduzierten Temperaturen 

(650 ºC bis 700 ºC) und höherer Zellspannung erwartet. Die Herstellungskosten des 

SOFC-Systems können zusätzlich effektiv reduziert werden. 



Abstract 

Abstract

Solid oxide fuel cell (SOFC) is regarded as one of the most efficient and 

environmental-friendly devices for direct conversion of chemical energy into 

electricity. For commercialization of SOFCs, the long-term stability and as well as 

reliability of the system have to be guaranteed, and the manufacturing cost has to be 

reduced. This can be realized by reducing the operation temperature down to 650 ºC, 

while maintaining adequate system power output. 

 

In this work, low-cost wet-chemical processing techniques have been applied to 

fabricate thin gas-tight electrolyte layers for high performance SOFC applications. 

The focus of this work is threefold: (1) to prepare sols with nano-scaled particle size 

distribution and excellent layer formation properties, (2) to deposit thin gas-tight 

electrolyte with thickness of about 1 μm and a rather low helium leak rate under 

2.0x10-5 (hPa·dm3)/(s·cm2), (3) to manufacture and characterize SOFCs with high 

electrochemical performance.  

 

The as-prepared single cells with thin gas-tight electrolyte layers showed excellent 

electrochemical performance. At a cell voltage of 0.7 V, the cells reached high current 

densities of more than 3 A/cm2, 1.5 A/cm2 and 1.0 A/cm2 at 800 °C, 650 °C and 

600 °C, respectively, which are the SOFCs with the highest power density ever since 

reported. According to the electrochemical impedance spectroscopy investigation, the 

area specific ohmic resistances of the single cells are more than 80% lower than the 

cells with conventional 10 �m thick electrolytes manufactured by Forschungszentrum 

Jülich.  

 

Due to the excellent performance, the life time and stability of the SOFCs is expected 

to be improved by operating the cells at reduced temperature (650 ºC to 700 ºC) and 

increased cell voltage. Additionally, the manufacturing cost of the SOFC system can 

be effectively reduced. 
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1 Introduction

1.1 Economic and ecologic demand for electricity 

Since 1980s, environment and energy issues have become worldwide concerned 

topics. As more and more populated developing countries industrialized, the demand 

for electricity generation capacity has been remarkably increasing. Fuel cells as 

energy conversion systems with high efficiency and low gas emissions, such as CO2, 

CO, SO2 and NOx, are promising clean energy solutions. Among all types of fuel cells, 

solid oxide fuel cells are receiving significant attention as alternative way for 

stationary power generation systems, auxiliary power units (APU) for mobile 

application [1-3] and micro SOFCs [4] as battery replacement. 
 

1.2 Aims of SOFC research and development 

The important aims of SOFC development are to improve efficiency, realize long-

term stability and reduce manufacturing cost in order to realize a successful 

commercialization. The reduction of operating temperature is believed to be one of 

the most promising approaches to fulfill these goals. Furthermore, the reduction of the 

operating temperature can also bring many other advantages, including the reduction 

of material requirements and simplification of the sealing of the SOFC system. As 

disadvantages, the operating temperature reduction decrease the thermally activated 

transport processes leading to an increase in ohmic and electrode polarization 

losses [5]. When using hydrocarbon fuels, a significant carbon deposition on the 

anode and a delamination of anode may occur at low operation temperature [6-10].  

 

The main approach to reduce the operating temperature is to increase the power 

density by developing more efficient electrolyte and catalytically effective electrodes 

[11, 12]. Thin-film electrolytes, typically 10 μm thick, in anode-supported cells (ASC) 

can substantially reduce the ohmic losses in comparison to electrolyte-supported cells 

(ESC). Additionally, new materials with high oxygen-diffusion properties and 
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electrolytes with tailored microstructures provide further possibilities to enhance the 

efficiency and performance of the SOFCs. 

 

1.3 Objectives of this work and outline 

The aim of this work is to develop thin-film electrolyte layers for high performance 

SOFCs, which are suitable for the operation at temperatures below 700 ºC, via low-

cost wet-chemical processing techniques. By reducing the thickness of the gas-tight 

electrolyte to less than 2 μm, the power output of the single cells with active cathode 

size of 4x4 cm2 could reach 1.5 A/cm2 or 1 W/cm2 at a cell voltage of 0.7 V and 

operating temperature of 650 ºC. The success of this work could lead to 

manufacturing of SOFCs with high efficiency and low degradation. The cost efficient 

wet-chemical coating techniques, such as dip-coating method, can also ensure the low 

manufacturing cost for the electrolyte. 

 

The fundamentals of the fuel cells technology and sol-gel science are reviewed in 

chapter 2. The processing as well as the characterization of the nano-scaled materials 

and layers is described in chapter 3. The results of the performed experiments, 

especially the electrochemical performance of the as-prepared single cells, are 

presented and discussed in detail in chapter 4. Finally, a brief summary of this work is 

given in chapter 5. 
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2 Fundamentals and background 

2.1 Fuel cells 

Fuel cells are electrochemical conversion devices generating electricity through 

chemical reaction without any thermal-mechanical step. The buildup of fuel cells is 

similar to the build-up of batteries, normally consisting of an ionic conductive 

electrolyte separating two electrical conductive electrodes, i.e. the anode and the 

cathode. Different from the batteries as energy storage device, the fuel cells are 

supplied continuously with fuels, such as hydrogen, methane or natural gas, and 

oxidants, for example air during the operation. In the presence of an electrolyte, the 

fuels on the anode side react with the oxidant on the cathode side producing electricity. 

This process is also recognized as the reverse reaction of electrolysis. As long as the 

necessary fuel and oxidant flows are maintained, fuel cells can generate electricity 

continuously.  

 

Fuel cells are also considered as environmental-friendly energy solution thank to their 

high efficiency and low emissions. The efficiency of electricity generation by heat 

engines through combustion fossil fuel is limited by the Carnot cycle, which describes 

the thermodynamic processes occurring during the expansion of a gas in order to do 

work [13]. Direct conversion of fuel energy into electricity is the key characteristic of 

fuel cell operation. The fuel cells do not operate on a thermal cycle and directly 

convert the chemical energy into electrical energy through chemical reaction without 

any thermal-mechanical steps, therefore, they are not restricted by Carnot efficiency 

limitations, and their electrical efficiency in converting chemical energy to electrical 

energy can be significantly enhanced. The higher operating temperature make SOFCs 

suitable candidates for application with heat engine energy recovery devices or 

combined heat and power (CHP) systems, which further increases overall fuel 

efficiency to over 70% [14, 15]. 
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2.1.1 Different types of fuel cells 

Since the principle of the fuel cell had been demonstrated by Sir William Grove in 

1839 [16], many investigators had investigated and experimented with various types 

of fuel cells. As listed in Table 2.1, the fuels cells are classified by the applied 

electrolytes, which also determine the operation temperature, material choice, 

efficiency and application of the fuel cells. The different fuel cell types with 

information about operation temperature, fuel and oxidation gases, as well as 

conductive ions are schematically demonstrated in Figure 2.1.  

 
Fuel Cell Type Abbr. Electrolyte Operating 

Temperature 

Solid oxide fuel cell SOFC O2/H2-conducting ceramic oxide 650-1100 ºC 

Molten carbonate fuel cell MCFC Molten alkaline carbonate 600-650 ºC 

Phosphoric acid fuel cell PAFC Molten phosphoric acid (H3PO4) 150-200 ºC 

Direct methanol fuel cell DMFC Polymer membrane 90-120 ºC 

Proton exchange membrane fuel cell PEMFC Polymer membrane 50-220 ºC 

Alkaline fuel cell AFC Aqueous alkaline solution <80 ºC 

Table 2.1 Types of fuel cells 

Figure 2.1 Schematic demonstration of different fuel cell types 

 

Alkaline fuel cells (AFC) have been used to provide electrical power for Apollo 

spacecraft Shuttles and drinking water for the astronauts since the 1960s by NASA. 

AFCs operate on compressed hydrogen and oxygen and generally use a aqueous 

solution of potassium hydroxide retained in a porous stabilized matrix as their 

electrolyte, generating electricity with efficiency of approximately 70% [17]. The 
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concentration of KOH can be varied with the fuel cell operating temperature, which 

ranges from 65 to 220 °C with cell output ranges from 300 W to 5 kW. They require 

pure hydrogen fuel to avoid expensive platinum electrode catalysts from poisoning. 

Possible leak of potassium hydroxide solution is another disadvantage of AFCs [18].  

 

Proton Exchange Membrane fuel cells (PEMFC) are operated with a permeable 

proton-conducting polymer membrane deposited with a platinum catalyst as 

electrolyte. The efficiency of PEMFC is about 40-50% with a power output up to 

250 kW. The oxidant and fuel gases with high purity are needed for the operation of 

the cells to avoid platinum catalysts from poisoning. Since platinum catalyst is used 

on both sides of the membrane, the fabrication cost of PEMFC is relatively high. As 

advantages, the solid flexible polymer membrane electrolytes do not crack and 

operate at low temperature. The water management and poisoning of the catalyst by 

carbon monoxide are the main issues to be solved [19, 20]. 

 

Phosphoric Acid Fuel Cells (PAFC) use liquid phosphoric acid (H3PO4) as an 

electrolyte and operate in the temperature range of 150 to 200 °C with electricity 

generating efficiency of around 40% or with a combined heat and power (CHP) 

efficiency as high as 85%. Although the PAFC systems have demonstrated impressive 

reliability and satisfied performance, the commercialization in the distributed CHP 

market has been restrained by high production cost and harsh operation conditions of 

the acid electrolyte [21-24].  

 

Molten Carbonate Fuel Cells (MCFC) operate at high-temperature (600~650 °C) 

using electrolytes composed of a molten carbonate salt mixture suspended in a porous, 

chemically inert ceramic matrix. One of the most important advantages of MCFCs is 

the insensitivity to fuel impurities due to high operating temperatures. Methane can be 

internally converted to hydrogen and used as fuel [25]. The disadvantage of MCFCs is 

the relative short cell life time resulting from the highly corrosive operation media 

[26]. Combined to a steam turbine, MCFCs can reach overall efficiencies approaching 

60% and power output up to 100 MW [27].  

 

Solid oxide fuel cells (SOFC) are characterized by operating on gas-tight proton or 

oxygen ionic conductive ceramic electrolytes[28, 29]. High temperatures over 600 ºC 
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are required for SOFC operations in order to achieve efficient catalytic activation of 

the electrodes and sufficient ionic conductivity of the electrolyte. Advantages of 

SOFCs include compatibility to hydrocarbon fuels, high efficiency and long-term 

stability. The electrical efficiency of SOFC systems can reach 50-60%. The high 

operating temperature is the main disadvantage of SOFCs, which results in longer 

start-up time, mechanical and chemical compatibility issues [24, 30].  

2.1.2 Operation principle of SOFC 

In the operation of a SOFC, the electricity generation mechanism is based on two 

electrochemical reactions separated at the anode and cathode. It produces electricity 

and heat from fuel and an oxidant which react in the presence of an electrolyte. At the 

operation temperature, the electrochemical transformation of the reactants in the 

SOFC is directly activated by the available Gibbs free enthalpy in the fuel.  

 

 
Figure 2.2 Schematic of solid oxide fuel cell (L.G.J. de Haart, IEF-3, Forschungszentrum Jülich) 

 

As shown in Figure 2.2, a SOFC contains a solid electrolyte layer made from ceramic 

compounds such as yttria-stabilized zirconia (YSZ) which functions as a conductor of 

oxide ions at temperature higher than 600 ºC. This ceramic layer allows oxygen atoms 

to be reduced at the cathode/electrolyte interface by electrons, forming oxide ions, 

which are then transported through the ceramic electrolyte layer to the fuel-rich 

porous anode where the oxide ions reacts with the fuel gas, such as hydrogen or 



Fundamentals and background 

 7

carbon monoxide. A SOFC are normally consisted of five components providing 

electrons to an external circuit, including electrolyte, anode, cathode, and current 

collectors at the electrodes. 

2.1.3 Thermodynamics

For SOFC with an oxygen-ion-conducting electrolyte, the reactions in the fuel cell 

involve the oxidation of fuel at anode and reduction of oxygen at the cathode. The 

driving force of the electrochemical process is the oxygen partial pressure difference 

between the cathode and anode [13, 30]. The electrochemical reactions at the 

interfaces of the electrolyte and the electrodes are shown in Figure 2.3. At the cathode, 

the reduction of oxygen in a SOFC based on an oxygen-ion-conducting electrolyte is 

given: 
2
)()(2 24 �� �� ec OeO       Equation 2.1 

where the subscript (c) and (e) represent the state at the cathode and in the electrolyte, 

respectively. At the anode side, the reverse reaction of Equation 2.1 can be regarded 

as thermodynamically as the primary electromotive reactions, i.e.:  
�� �� eOO ee 42 )(2

2
)(        Equation 2.2 

The subscript (a) is the state at the anode. The SOFC is therefore considered as an 

oxygen concentration cell, and the electromotive force (emf) or open circuit voltage 

(OCV) voltage, Eo, is given by Nernst equation [13, 30]: 

 
)(2

)(2ln
a

c
o pO

pO
zF
RTE �      Equation 2.3 

where R is the molar gas constant, T the temperature, F the Faraday constant, and pO2 

the partial pressure of the oxygen at the electrodes.  

 

As the oxygen ions are transported through the cathode and the electrolyte to the 

anode side driven by the oxygen partial pressure difference, the fuel gas will be 

oxidized into water and CO2 at the anode, 
�� ��� eOHOH 22

2
2     Equation 2.4 

�� ��� eCOOCO 22
2     Equation 2.5 

�� ���� eCOOHOCH 624 22
2

4    Equation 2.6 
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The electrochemical reaction takes place at the triple phase boundary (TPB) inside the 

cathode and anode, which serves as the connecting point of the gas phase (H2, CO, 

CH4 and O2), the oxygen ion conductor and electron conductor. A large area of the 

TPB is favourable for a better electrochemical performance [11, 12]. The produced 

oxygen ions diffuse through the solid electrolyte from the cathode to the anode side, 

while the electrons flow from anode to the cathode via current collectors through the 

external circuit and produces direct-current (DC) electricity powering the electrical 

apparatus connected to external circuit, as demonstrated in Figure 2.3.  

 
Figure 2.3 Schematic diagram of the SOFCs with reactants and reaction products.  

2.1.4 Electrochemical efficiency of SOFC 

The electrochemical efficiency of a SOFC is mainly determined by thermodynamic 

efficiency depended on intrinsic fuel properties and voltage efficiency referring the 

ability of the SOFCs to realize ideal voltage.  

2.1.4.1 Thermodynamic Efficiency 
 
In all types of fuel cells, the Gibbs free energy change of the cell reaction may be 

completely converted into electrical energy.  Thus, a fuel cell has an intrinsic 

(maximum) thermodynamic efficiency defined as: 

H
ST

H
G

T �
�

��
�
�

� 1�      Equation 2.7 

Where, �H is the enthalpy of the reaction, �S is the entropy change and �G is the 

Gibbs free energy change during the reaction.  
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2.1.4.2 Voltage Efficiency 
 
The operating voltage of a SOFC is always less than the theoretical maximum 

reversible voltage. As drawn in a typical current density-voltage (i-V) plot in 

Figure 2.4, the voltage falls due to varied losses. The reduction in the cell voltage 

under current load depends on current density, temperature, pressure, gas flow rate, 

cell material composition and so on. The voltage efficiency can be defined as [13]: 

r
V E

E
��      Equation 2.8

Where, E is the operating cell voltage and Er the reversible voltage or so-called 

equilibrium voltage, often referred to open circuit voltage (OCV). Note that Er may be 

greater than the OCV if there are losses caused by gas leak, side reactions, etc.  

 

 
Figure 2.4 Theoretical SOFC i-V curve of SOFC showing different types of polarizations: activation 
polarization is usually dominant at low current densities, and concentration polarization is dominant at 
high current densities when the transport of reactive species to the electrolyte/electrode interface 
becomes a limiting factor for the cell reaction (image source: Dr. Robert Mücke, Large SOFC Summer 
School, Ancona, 2009) 
 

The difference between the operating voltage (which includes reaction kinetics) and 

the reversible voltage is termed polarization, over voltage, or over potential and is 

noted as � : 

EEr ���          Equation 2.9 

The total polarization of the cell is consisted of four components: charge transfer or 

activation polarization ( A� ), diffusion or concentration polarization ( D� ) and 

resistance or ohmic polarization ( 	� ): 

	��� ���� DA    Equation 2.10 
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It is the polarization characteristics which determine the shape of the i-V curve of a 

cell. In reality, though none of these effects can be eliminated, all can be minimized 

by appropriate choice of materials, microstructure, geometry and operating conditions.  

 

Charge transfer or activation polarization ( A� ) 

This loss is due to the energy barrier, which must be overcome in order for the 

electrochemical reaction to occur. The activation potential can be considered to be the 

extra potential required to reduce the activation energy barrier of the rate-limiting step 

to a value such that the electrode reaction proceeds at the desired rate. Generally, 

electrode reaction rates are relatively faster at the high operation temperatures and 

hence activation polarization is usually small.  

 

Diffusion or concentration polarization ( D� ) 

This loss is due to concentration gradient of reactants and products through the cell 

layers. It is most significant when the rate of supply of reactants and/or rate of 

removal of products is less than that required by the discharge current. Experimentally 

the effect is marked by a sharp drop in cell voltage. Concentration polarization is 

dependent on the mass transport properties of the system. Concentration polarization 

is most significant at high fuel conversion and current density which result in 

decreased fuel concentration [13].  

 

Resistance polarization ( 	� ) 

It is caused by resistance to the flow of ions through the electrolyte and electrons 

through electrodes and current collectors, and by contact resistance between cell 

components. It is given by:  

iiR�	�      Equation 2.11 

Where, Ri represents total cell area specific resistance (ASR) and includes both ionic 

and electronic resistances, i is the current density. By minimizing the component 

thickness, for example as what has been done in this work, the 	�  of the cell can be 

significantly reduced. 
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2.1.5 Electrolytes 

The electrolyte has two main functions in an SOFC. Firstly, it should be gas-tight to 

separates fuel and oxidant gases and prevent gases diffuse through the electrolyte. 

Secondly, it must have good ionic conductivity at the SOFC operating temperature. 

The electrolyte most commonly used is yttria-stabilized zirconia (YSZ), in which 

Zr2O is stabilized by substitution of divalent or trivalent cations for the host lattice 

cation of Zr4+. This substitution creates a high concentration of oxygen vacancies by 

charge compensation.  Ionic conductivity of the electrolyte can be described by defect 

chemistry using the Kröger-Vink notation. 


��� OOZr

OZr

VYOY 32 '''
32

2

   Equation 2.12 

The high oxygen vacancy concentration results in high oxygen-ion mobility and ionic 

conductivity. The key specific requirements for the electrolyte in SOFC applications 

have been discussed intensively elsewhere [31, 32] and are summarized here.  

1. Stability: The electrolyte must be stable in chemical composition, morphology and 

dimensions under dual atmosphere (reducing atmosphere at anode side and 

oxidizing atmosphere at cathode side).  

2. Conductivity: The electrolyte must have sufficient and long-term stable ionic 

conductivity to minimized ohmic losses and negligible electronic conductivity to 

avoid voltage losses under dual atmosphere at cell operation temperature. 

3. Compatibility: The electrolyte must be chemically compatible with the other cell 

components at both cell operating temperature and cell fabrication temperature.  

Minimal reaction between cell components is an important requirement for a 

SOFC electrolyte. Undesired side reactions may poison electrodes and electrolytes, 

introducing insulating phase or significant electronic conductivity to the 

electrolyte, which could reduce the performance of the cell.  

4. Thermal expansion: Thermal expansion of the electrolyte must be compatible with 

all the other cell components from room temperature to cell operation and fabrication 

temperature. Failure to match the expansion or contraction of the cell components 

during heating or cooling can result in poor sealing and mechanical failure.  

5. Gas-tightness: The electrolyte must be gas-tight to prevent gas leak through the 

electrolyte. 
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Figure 2.5 Total conductivity of ZrO2-based solid electrolytes in air -[28, 33-36] 

 

Up to now, researchers have extensively investigated many oxide formulations 

searching for candidate electrolyte materials for SOFC applications. Zirconia-based 

ceramics are the most widely used electrolytes due to their good ionic conductivity, 

low electronic conductivity and outstanding chemical stability at the anode side. The 

maximum ionic conductivity in ZrO2-based systems is observed when the 

concentration of acceptor-type dopants is close to the minimum necessary to 

completely stabilize the cubic fluorite-type phase. In addition, stabilized zirconia 

ceramics exhibit a minimum electronic contribution to total conductivity in 

comparison with other solid electrolytes [37-39].  

 

Yttria-stabilized zirconia and scandia-stabilized zirconia (ScSZ) are suitable for 

anode-supported SOFCs operating above 650 ºC and below 650 ºC, respectively. 

Figure 2.5 compares the conductivity of selected ZrO2-based electrolytes, including 

one YSZ-Al2O3 composite [28, 33-36]. As shown in Figure 2.5, yttria stabilized 

zirconia shows an ionic conductivity of about 0.04 S/cm for 8mol% YSZ at 800 °C 

while that scandia stabilized zirconia is about and 0.14 S/cm for 9.3mol% ScSZ at 

800 °C[39]. In this work, we choose conventional 8YSZ as the electrolyte material 

due to its balanced properties. 
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For SOFCs operated at temperature below 550 ºC, ceria based electrolyte could be a 

promising candidate. Among ceria-based phases, the highest level of oxygen ionic 

transport is characteristic of the solid solutions Ce1-xGdxO2-� and Ce1-xSmxO2-�. The 

ionic conductivity obtained for Ce0.9Gd0.1O1.95 is 0.01 S/cm at 500 °C, respectively 

[28, 40, 41]. The main disadvantage in using ceria based materials as SOFC 

electrolyte resulted from the partial reduction of Ce4+ to Ce3+ under the reducing 

conditions at the anode side [42-45], which gives rise to negative effects: (1) it 

introduces n-type electronic conductivity which causes a partial internal electronic 

short circuit in a cell; (2) it generates nonstoichiometry (with respect to normal 

valency in air) and expansion of the lattice which can lead to mechanical failure [28].  

 

Perovskite materials are also promising for SOFCs, especially for the applications in 

the intermediate temperature range. High ionic conduction and relatively low thermal 

expansion is achieved by substituting the perovskite (ABO3) with lower valence 

cations on the A or B sites, including the substitution of La with alkaline-earth cations 

(Sr, Ca, Ba) and Ga with bivalent metal cations such as Mg [46-51]. In oxidizing 

conditions LSGM ceramics exhibit an almost pure oxygen ionic conduction; however, 

significant A-site cation deficiency leads to a minor decrease of the ionic conduction 

and to a considerably higher n-type electronic transport in reducing atmospheres [52, 

53]. Although the proton conductors, such as SrCeO3, SrZrO3 or BaCeO3 substituted 

with Y or Yb, provide other possibilities, the reaction with the CO2 remains as an 

unsolved issue [30, 54]  

 

With the high ionic conductivity, bismuth oxide based material is another candidate 

with fluorite structure for SOFC application [55]. Substitution with rare earth 

elements such as Er3+, Nb3+ and Dy3+ will transform �-Bi2O3 to an excellent ionic 

conductor. The Bi0.8Er0.2O1.5 and Bi0.88Dy0.08W0.04O1.5 compounds that shares almost 

the same ionic conductivity of approximately 0.31 S/cm at 750 °C [56]. However the 

substitution of Sr3+, Nb3+ and Ga3+ to the Bi sites, decreases the ionic conductivity to 

0.01 S/cm also at 750 °C [57]. A stabilized �-Bi4V2O11 modified with Cu metals 

possesses 0.18 S/cm also at 750 °C [58]. The disadvantages of Bi2O3-based materials 

limited the their application in SOFC, which include: (1) thermodynamic instability in 
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reducing atmospheres, (2) volatilization of bismuth oxide at moderate temperatures, 

(3) a high corrosion activity and (4) low mechanical strength. 

 

2.1.6 Anodes

The anode of SOFC has a primary function to provide reaction sites for 

electrochemical oxidation of the fuel. Fuel is oxidized at the anode by oxygen ions 

producing water, CO2 and electrons. In anode-supported SOFCs, the anode provides 

mechanical support for the other cell component. Anode-supported SOFCs have the 

potential for higher current and power densities than electrolyte-supported SOFCs [54, 

55]. The anode material must be stable in reducing atmosphere and have adequate 

electronic conductivity and catalytic activity for the fuel reaction at operation 

temperatures. The chemical and thermal expansion compatibilities with the other cell 

components from room temperature to cell fabrication temperature, which are 

normally higher than operation temperature, are very important properties for anode 

of SOFCs. 

2.1.7 Cathodes

The cathode of SOFC has a main function to provide reaction sites for 

electrochemical oxidation of the oxidant. Oxygen molecules are disassociated at the 

cathode with the aid of electrons from the anode reaction. The cathode material must 

be stable in oxidizing atmosphere and have adequate electronic conductivity and 

catalytic activity for the oxidant gas reaction at operation temperatures. The SOFC 

cathode is usually made of YSZ and lanthanum strontium manganite (LSM) or 

lanthanum strontium cobalt ferrite (LSCF). Much work has been done on techniques 

to coat the cathode onto the electrolyte [59].  

 

The perovskite-structured strontium substituted lanthanum cobaltite (La1�xSrx)sCoO3-

(LSC) is another important candidate for SOFC cathode material, which possesses 

high electronic and ionic conductivity as well as high catalytic activity for oxygen 

reduction. LSC has been known to exhibit a higher cathodic performance than LSCF 

and the polarization at a LSC cathode on yttria-stabilized zirconia was very small [60-

66]. 
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2.1.8 Cell design

The planar and tubular cell geometries are most commonly used designs in cell and 

stack designs. In practice, many SOFCs need to be mounted into stacks in order to 

generated sufficient voltage and power output. The engineering issues involved SOFC 

stacks can be complex. Maintenance of seals at high temperature is of crucial 

importance to ensure reasonable electrical connections between components and 

channel the thermal flows in the stack. 

2.1.8.1 Planar SOFC 
 
Cell components of planar SOFC are configured as thin plates which are connected in 

electrical series[13, 67]. A typical example for components of a planar SOFC is 

demonstrated in Figure 2.6. Planar systems require many gas tight seals; gas leaks 

decrease potential and cell efficiency. Cells are connected in series using 

interconnects placed between the cells to separate fuel and oxidant gases and to 

provide electrical connection. According to supporting mode, planar SOFCs can be 

classified into five types: anode supported, electrolyte supported, interconnect 

supported and porous metal substrate supported.  

 

 
Figure 2.6 Cell repeat unit of planar SOFC design (image source: Craig Fisher, 2001) 

 

The structural configurations of anode-supported and electrolyte-supported cells are 

compared in Figure 2.7. With a mechanically stable thick electrolyte (100 �m), 
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electrolyte-supported cells offer a relatively strong structural support as advantage and 

require a high operating temperature of about 800 to 1000 °C to minimize the 

electrolyte ohmic losses. Anode-supported cells with thin electrolytes (5-20 �m) 

allow operating temperatures lower than 800 °C. Anode cermets with high 

conductivity have been preferred as substrates, although they have a lower stability 

due to re-oxidation [68].  

Figure 2.7  Planar cell configurations: (a) anode-supported cell, (b) electrolyte-supported cell. 

 

The main advantage of planar designs over other concepts is the potential to achieve 

higher power densities due to the short transport paths across the cell. Additionally, 

low-cost processes, such as screen-printing or tape-casting, can be applied for a large-

scale production of SOFCs [69]. The disadvantage of the design includes the need of 

a high-temperature sealing. Furthermore, the ceramic layers show a lower tolerance to 

thermally induced stresses that will initiate cracking of the cells upon thermal cycling. 

The advantages of reduced operating temperature include a wider choice of materials, 

especially low-cost metallic materials for interconnects, reduced thermal stresses, 

improved reliability and longer cell life, and reduced cell costs. Main disadvantages 

are slow electrode reaction kinetics and reduced thermal energy. 

2.1.8.2 Tubular SOFC 
 
Tubular SOFC designs are normally with diameter larger than 15 mm or smaller 

5 mm. The interconnect provides only an electrical connection between cells instead 

of separating fuel and oxidant gases in planar systems. Large diameter tubular designs 

were developed in the first place by the company Westinghouse [70], as shown in 

Figure 2.8. During the cell operation of tubular SOFC systems, air flows in the centre 

channel of the cell and fuel is fed in chamber outside the cells. The advantages of this 

design includes that it does not require a high-temperature seal to separate the oxidant 

from the fuel. This provides a long-term reliability to the system. Disadvantages are 



Fundamentals and background 

 17

the large current and gas path lengths through the cells, which enhance the cells 

resistance and limit the power density of the system. Furthermore the Electrochemical 

Vapour Deposition (EVD) electrolyte deposition technology is expensive and difficult 

to upscale. Siemens Westinghouse Power  reported the successful long-term operation 

over 30,000 h using cathode-supported tubular SOFCs, confirming that cathode-

supported tubular cells with a cell size of 22 mm diameter and an active length of 

150 cm have excellent durability and reliability [71, 72]. 

 
Figure 2.8 Schematic illustration of a Siemens Westinghouse tubular SOFC [73] (image source: 

www.energy.siemens.com) 

2.2 Sol-gel processing 

The sol-gel processing is one of the most widely studied methods for preparation of 

ceramic layers and proven to be an attractive method for fabrication of multi-

component oxide ceramic thin layers [74-80]. Besides the achieved homogeneity and 

purity of the products, the sol-gel method often enables a lower phase-formation and 

sintering temperature in comparison to the conventional methods for preparation of 

ceramic materials [81].  

 

The sol-gel process usually occurs in liquid solution of precursors, which lead to the 

formation of a new phase (sol) by means of hydrolysis and condensation reactions. A 

sol is a colloidal suspension of solid particles in a liquid phase and can be used for 

fabricate polymers or particles from which ceramic materials can be prepared. The 
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dispersed particles in the sol condense in a new phase (gel) in which a solid 

macromolecule is immersed in a liquid phase (solvent) [82].  

There are two typical sol-gel processes for making ceramic layers, the colloidal sol-

gel route and the polymeric sol-gel route, which are demonstrated schematically in 

Figure 2.9 [82, 83]. In the colloidal route, colloids form in aqueous media and the 

particles do not agglomerate due to mutual repulsion of same charges at the surface of 

the separated particles. In the polymeric sol-gel route, organometallic precursors form 

fine particles in alcoholic media, which also do not agglomerate with each other or 

segregate from the solution due to their small particle size.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.9  Diagram of two sol-gel processing routes for preparing ceramic layers [83] 

2.2.1 Colloidal particle system 

A colloid is a suspension in which the dispersed phase is so small that (~1-1000 nm) 

that the gravitational force is negligible and interactions are dominated by short-range 
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forces, such as van der Waals attraction and surface charges. A colloidal system 

consists of two separate phases: a dispersed phase, distributed in a finely divided state 

in dispersion media, the continuous phase. A colloidal system may be solid, liquid, or 

gaseous. Colloidal dispersions consist of fine particles in a liquid medium. If the 

dimensions of the dispersed phase lie in the range of 1-1000 nm, the system could 

possess properties of a colloidal character. 

 

Since a colloidal system is a state of higher free energy, the particles in a colloidal 

dispersion may adhere to one another and form aggregates, which may settle out 

under the influence of gravity. An initially formed aggregate is called a floc and the 

process of its formation flocculation. The floc may or may not separate out. If the 

aggregate changes to a much denser form, it is said to undergo coagulation. Usually 

coagulation is irreversible whereas flocculation can be reversed by the process of 

deflocculation.  

A stable colloidal system is one in which the particles resist flocculation or 

aggregation. This will depend on the balance of the repulsive and attractive forces that 

exist between particles as they approach one another. If all the particles have a mutual 

repulsion then the dispersion will remain stable. However, if the particles have little 

or no repulsive force then some instability mechanism will eventually take place e.g. 

flocculation, aggregation etc. 

The van der Waals’ attractive forces and the electrostatic repulsive forces are the most 

main factors that contribute to the total interaction free energy curve of 

electrostatically stabilized systems. The basic concept of colloidal stability be known 

as the DLVO theory, after Derjaguin and Landau’s [84] and Verwey and Overbeek’s 

[85] work. If the colloidal particles are coated with compact layers consist of long-

chain polymeric molecules, the layers can prevent the particles from getting close to 

each other by the steric effect stabilization, which is very important for alcoholic 

system, where the electrostatic stabilization is hardly possible. 

The DLVO theory of colloid stability proposes a balance of the repulsive electric 

double layer forces (positive) and the attractive van der Waals' forces (negative) that 

exist between particles. These two forces were found to be of similar range and 

magnitude. The electrical forces increase exponentially as particles approach one 
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another and the attractive forces increase as an inverse power of separation. 

Consequently, these additive forces may be expressed as a potential energy versus 

separation curve. A positive resultant (Figure 2.10a) corresponds to an energy barrier 

and repulsion, while a negative resultant (Figure 2.10b) corresponds to attraction and 

hence aggregation. It is generally considered that the basic theory and its subsequent 

modifications provide a sound basis for understanding colloid stability.  

 

Figure 2.10 Potential energy curves for stable and unstable colloidal system 
 

2.2.2 Polymeric and colloidal sols 

The polymeric system is defined as having no dense particle larger than 1 nm, where 

as colloidal particulate system have identifiable primary particles lager than 1 nm. In 

the colloidal route, the hydrolysis rate is fast during the reaction of the precursors with 

excessive water and a precipitate of gelatinous hydroxide particles is formed which is 

peptized in a subsequent step to a stable colloidal suspension. The primary particle 

size ranges, depending on the system and the processing, from 1 to 20 nm and these 

particles can form loosely bound agglomerates with sizes ranging from 5 to 200 nm.  

 

In the polymeric route, the hydrolysis rate is kept low by adding small amounts of 

water. The precursor is partly hydrolyzed and OH-groups attached to metal atoms. 

These hydroxyl groups give rise to condensation reactions yielding a viscous solution 

of inorganic-organic polymeric molecules. A complete condensation and 

polymerization can lead to the formation of an interlinked gel network, which 

contains a certain percentage of organic material.  
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In details, the preparation of zirconia particles in a solvent normally starts from 

organometallic compound precursors, such as Zr(OC3H7)4. The chemical process can 

be described in the following reaction equations. 

(a) Partial hydrolysis:   

Zr(OR)4 + H2O � HO-Zr(OR)3 + ROH         Equation 2.13 
 

(b) Complete hydrolysis:  

Zr(OR)4 + 4H2O  � Zr(OH)4 + 4ROH           Equation 2.14 
 

(c) Condensation (formation) ZrO2: 

(OR)3Zr-OH + HO-Zr(OR)3 � (OR)3Zr-O-Zr(OR)3 + H2O           Equation 2.15 
 

 
Figure 2.11 Example of a zirconium oxide cluster showing how DEA groups can form an 
organic shell preventing interpenetration of clusters and leading to individual zirconia 
nanoparticles [86] 
 

Additives, such as diethonolamine (DEA), can be added and serve as a strong 

complexing ligand to modify the reactivity of alkoxides and to prevent the 

precipitation of inhomogeneous hydroxide particles. During the hydrolysis, DEA 

reacts with the alkoxides to form mixed complexes with different physical and 

chemical properties, which are more difficult to hydrolyze than alkoxy groups [87]:  

Zr(OC3H7)4+DEA�Zr(OC3H7)3(DEA)+ C3H7OH  Equation 2.16 
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The ligands also act as a functionality blocker when substoichiometric hydrolysis 

ratios are used. Consequently, a DEA:Zr molar ratio greater than 1 was used to 

prevent precipitation and led to formation of stable sol. The stability of nanoparticles 

in the sol was achieved through the interacting organic shells formed with the DEA 

groups, as shown in Figure 2.11. 

2.2.3 Spin-coating  

A typical spin coating process can be broken down into the four stages as shown in 

Figure 2.12. The deposition, spin up, and spin off stages occur sequentially while the 

evaporation stage occurs throughout the process. The deposition process involves the 

loading of an excessive amount of sol onto a stationary or slowly spinning substrate. 

The sol is deposited through a nozzle or pipette at the centre of the substrate. An 

excessive amount of sol is used to prevent layer discontinuities. In the spin up stage, 

the substrate is accelerated to the final spin speed. The rotational force is transferred 

through the sol during this process and the sol flows to the substrate edge by the 

centrifugal force forming a fairly uniform layer. The spin off stage is the spin coating 

stage where the excess solvent is flung off the substrate surface as it rotates at high 

speeds (800 to 2000 rpm). The sol is being thinned primarily by centrifugal forces 

until enough solvent has been removed to increase viscosity to a level where flow 

ceases. Evaporation is the complex process by which a portion of the excess solvent is 

absorbed into the atmosphere.  

 
 Figure 2.12  The four stages of spin coating process [88] 
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The physics behind spin coating involve a balance between centrifugal forces 

controlled by spin speed and viscous forces which are determined by solvent viscosity. 

The film-forming process is primarily driven by two independent parameters: 

viscosity and spin speed. In general, higher spin speeds and longer spin times create 

thinner films. For thicker films, high material viscosity, low spin speed, and a short 

spin time are needed. However, these parameters can affect the uniformity of the 

deposited layer. Usually, repeating the coating process is preferred for a deposition of 

a thick film.  

 

A separate drying step is sometimes added after the high speed spin step to further dry 

the �lm without substantially thinning it. This can be advantageous for thick films 

since long drying times may be necessary to increase the physical stability of the �lm 

before handling. A moderate spin speed of about 25% of the high speed spin will 

generally suffice to aid in drying the �lm without significantly changing the �lm 

thickness. The spun layers reach the final thickness by evaporation stage, after which 

the layers become so viscous and thin that the flow stops.  

2.2.4 Dip-coating

Dip-coating refers to the immersing of a substrate into a tank containing coating 

material, removing the sample from the tank, and allowing it to drain. The coated 

sample can then be dried. It is a popular way of creating thin film coated materials 

along with the spin coating procedure.  

 

Scriven [89] extensively reviewed the dip coating process and proposed five stages: 

immersion, start-up, deposition, drainage and evaporation. In the immersion stage, a 

substrate or membrane support is immersed in a liquid sol (coating bath) followed by 

the start-up stage which results in liquid adhering the substrate surface. As the 

substrate is withdrawn from the coating bath, thin layers are deposited. Drainage and 

evaporation of the coating sol occurs during and after withdrawal of the substrate 

from the coating bath. 

 

Dip-coating techniques have been widely applied in many industrial branches, such as 

car glass industry. The concept of dip coating is often associated with sol-gel process. 
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Hereby it is refers to a method to fabricate inorganic layers on planar or tubular 

surface [90]. The advantage of dip-coating process lies in its simple technical 

equipment design and the substrate can be easily coated in large size and in different 

shape. Precondition is that the surface of substrates can be homogeneously wetted 

during the dipping. Moreover, the coating can be carried out in air at room 

temperature. Successive thermal treatment is normally necessary. In the 1980s, glass 

plates were industrially dip-coated with solar-reflection layers in the size of 3x4 m2 

[91]. 

 

One main concern of the dip-coating method is to avoid film cracking during drying, 

due to the stresses caused by capillary forces associated with the gas-liquid 

interfaces[92, 93]. Consequently, there is a limit for the film thickness that can be 

obtained free of cracks in a single dip-coating step (critical thickness notion). 

However, crack-free and thicker coatings can be obtained by repeating the dip-coating, 

drying, and sintering processes know as multilayer dip-coating [94, 95]. 

 

In the case of vertical dip coating process, the theoretic relationship between the layer 

thickness and the properties of suspension, solution and the equipment parameters 

were firstly described by Levich and Landau in 1942 [96]. And the theory was 

extended by the works of Scriven [89], Brinker [97], and Kistler [98] in 1990s. Based 

on these works, the following equation between the layer thickness h, the withdraw 

speed 0� , and the surface tension of the liquid LV� , the density of the liquid �, the 

viscosity of the liquid �  and the acceleration of gravity g were described: 

6/12/1

3/2
0

)(
)(

94.0
LVg

h
�


��
�

�      Equation 2.17 

This equation is based on ideal continuous process, in which a dense and smooth 

substrate is withdrawn with a constant speed out of the solution. By discontinuous 

coating process, the coefficient in the equation should be adjusted to the specific 

system. According to Landau und Levich [96], a pure Newtonian solution is the 

precondition of applying this equation. After the evaporation of the solvents, a dry 

layer was formed on the substrate. 
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2.2.5 Sintering of thin ceramic layers 

Sintering is a process of densification driven by interfacial energy. The free-energy 

change that results in densification is originated from the decrease in surface area and 

reduction of surface free energy by viscous flow and diffusion. For sintering of 

crystalline materials, grain growth and phase transformation are often involved. 

According to Brinker and Mukherjee’s work [82, 97, 99], a thin gel layer densifies 

faster than a bulk gel made from the same preparation. It is suggested the thin layer is 

chemically or microstructurally different from bulk gels. In fact, the thin layer is 

denser than bulk gels because the pores collapsed by capillary pressure during rapid 

evaporation and drying. 

 

Matter transport in polycrystalline materials involves several mechanisms. According 

to densification mechanism, matter is transported in the process of the grain boundary 

and lattice diffusion between grain boundaries. During sintering, the initiation of new 

grain boundary area ( gbA� ) is associated with a change in the surface area ( SVA� ), 

which results in a change in surface energy: 

gbgbSVsv AAE ����� ��    Equation 2.18 
The specific surface energy of the solid-vapour interface and grain boundary is noted 

as SV�  and gb� , respectively. In Equation 2.18, SVA�  is negative because free surface 

area decreases. Typically SV� > gb� , therefore, a transformation from solid-vapour 

interface or surface into grain boundary reduces the free energy.  

 

The densification of ceramic is accompanied by coarsening the microstructure, 

involving growth of grains and pores. Grain growth occurs in porous materials, as 

well as in fully dense materials, as long as the temperature is sufficiently high. The 

interactions between grains and pores during grain growth complicate the 

microstructure evolution. The grain boundary is a region with highly disordered 

arrangement of atoms. The atoms transport from the convex surface of the vicinity of 

grain boundary to the concave surface of the adjacent grains. For polymeric sol-gel 

derived thin layers, oversintering may occur easily because of two factors: (1) a 

relatively low green density of the layer may cause discontinuity when the 

inhomogeneous or abnormal grain growth happens; (2) high reactivity of the nano-
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scaled particles (less than 10 nm) gives rise to a reduced sintering temperature, as well 

as a reduced oversintering temperature, which may be less than 1000 oC.  



Experimental 

 27

3 Experimental

3.1 Electrolyte preparation strategies 

The multi-layered electrolyte deposition concept is illustrated in Figure 3.1. A 

sequence of zirconia layers is deposited on the top of a macroporous anode substrate. 

The substrate provided the deposited layers with mechanical strength to withstand 

pressure without breaking or collapsing. Intermediate layers first deposited on the 

macroporous substrate to reduce the pore size into mesoporous range. Finally very 

thin microporous top layer is deposited, which are then co-sintered together with 

intermediate layers into a dense electrolyte.  

 
Figure 3.1 Graded layer deposition concept 

3.2 Synthesis and sample preparations 

3.2.1 A two-step polymeric zirconia sol-gel process 

As shown in Figure 3.2, a two-step catalysed hydrolysis process was employed to 

prepare polymeric sols using Zr-n-propoxide, Yttrium (II)-butoxide mixture (Sigma-

Aldrich GmbH, Darmstadt, Germany), diethonolamine (DEA), n-propanol, 1M nitric 

acid (HNO3). Diethonolamine (DEA), used as complexing ligand to modify the 

reactivity of alkoxide precursors and to prevent inhomogeneous precipitation of 

hydroxide particles [86, 87]. The stability of nanoparticles in the sol was achieved 

through the interacting organic shells formed with the DEA groups. The DEA was 

first diluted in n-propanol and then added into Zr-n-propoxide and Yttrium (II)-
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butoxide mixture (Sigma-Aldrich GmbH, Darmstadt, Germany), which were mixed 

with the Y3+:Zr4+ ratio of 16:92. The addition of acid-water-n-propanol-mixture was 

carried out drop wise at a dropping speed of 1.5ml/min under constant stirring, 

meanwhile co-hydrolyzation took place and a homogeneous YSZ sol formed. During 

the synthesis, the Zr-n-propoxide/Yttrium (II)-butoxide/n-propanol/DEA mixture was 

placed in a glove box filled with nitrogen to avoid hydrolysis with atmosphere 

moisture. 

 
Figure 3.2 Scheme of preparation a colloidal sol 

3.2.2 Synthesis of colloidal sol  

1M HNO3 solution was dropped into iso-propanol solution of zirconium n-propoxide 

(Alfa Aesar GmbH, Karlsruhe, Germany, molecular weight=327.56). This zirconia 

solution was peptized at 90 ºC for 3-30 hours. Finally, YSZ sols were formed by 

adding the proper amount of yttrium nitrate to the sol. The HNO3 solution is used here 

to adjust the zeta potential of the colloidal system to prevent coagulation or 

flocculation of the reaction products.  

 

Oxalic acid dihydrate (Sigma-Aldrich GmbH, Darmstadt, Germany) was dissolved in 

water, namely solution 1. And yttrium nitrate hexahydrate (Sigma-Aldrich GmbH, 

Darmstadt, Germany) and zirconyl chloride octahydrate (Sigma-Aldrich GmbH, 

Darmstadt, Germany) were dissolved in water with the Y3+:Zr4+ weight ratio of 16:92, 

namely solution 2. Then solution 1 were carefully added in to solution 2 and the 
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mixture was stirred for 10 minutes and put into a climate chamber heated at 98°C for 

1-4 hours to obtain sols with different particle size distributions. A longer heating 

time results in a lager average sol particle size. 

3.2.3 Preparation of commercial colloidal zirconia and ceria nano-suspension 

In a typical procedure, 8 g of 8YSZ or CGO nano-powders was first added in to 

200 ml 0.05 M nitric acid solution to form a suspension. Then the suspension was 

intensively ultrasonically treated by means of an ultrasonic homogenizer Sonifier® 

450 (Branson Ultrasonics, Danbury, USA) for 20 minutes. Ultrasonic irradiation was 

operated at 20 kHz, with a maximum input power of 400W. Then the homogenized 

suspension was treated by high-performance centrifuge separation (Heraus Biofuge 

primo Centrifuge, Thermo Scientific, Bonn, Germany) to remove large agglomerates, 

colloidal sols with graded particle size distribution were obtained.  

3.2.4 Synthesis of CGO, LSM and LSFC polymeric sols from inorganic metal 

salts

3.2.4.1 CGO sol 
 

50 ml propionic acid, 50 ml water and 2.5 g DEA were mixed in a flask to form 

solution 1. Then 0.016 mol Cerium (III) acetate hydrate (Sigma-Aldrich GmbH, 

Darmstadt, Germany) and 0.004 mol Gadolinium (III) acetate hydrate (Alfa Aesar 

GmbH, Karlsruhe, Germany) were carefully added into solution 1. A clear sol was 

synthesized after 3-hour refluxing the mixture at 85 °C. 

 

3.2.4.2 LSM sol 
 

50 ml propionic acid, 50 ml water and 2.5 g DEA were mixed in a flask to form 

solution 2. Then 0.0065 mol lanthanum (III) acetate hydrate (Sigma-Aldrich GmbH, 

Darmstadt, Germany), 0.003 mol strontium (II) acetate (Sigma-Aldrich GmbH, 

Darmstadt, Germany) and 0.01 mol Manganese (II) acetate tetrahydrate (Aldrich) 

were carefully added into solution 2. A clear sol was synthesized after 3 hour 

refluxing the mixture at 85 °C. 
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3.2.4.3 LSFC sol 
 

50 ml propionic acid, 50 ml water and 2.5 g DEA were mixed in a flask to form 

solution 3. Then 0.0058 mol lanthanum (III) acetate hydrate (Sigma-Aldrich GmbH, 

Darmstadt, Germany), 0.004 mol strontium (II) acetate (Sigma-Aldrich GmbH, 

Darmstadt, Germany), 0.008 mol Iron (III) nitrate nonahydrate (Merck KgaA, 

Darmstadt, Germany) and 0.002 mol   cobalt acetate tetrahydrate (Sigma-Aldrich 

GmbH, Darmstadt, Germany) were carefully added into solution 3. A clear sol was 

synthesized after 3-hour refluxing the mixture at 85 °C. 

3.2.5 Preparation of powders 

All sols were gelled at 60 ºC under normal atmospheric conditions to form xerogels. 

Bulk xerogel samples were calcined from 400 to 600 ºC. The calcination process was 

carried out at a ramp rate of 100 K/h for xerogels and held for 2 hours at the desired 

temperature. 

3.2.6 Preparation of substrate and anode  

The anode substrates (NiO/8YSZ), pre-sintered at 1230 °C for 3 h, were produced by 

warm pressing using a so-called Coat-Mix® material [100] or tape casting methods. 

The powder mixture is made of 57 wt.-% NiO (Mallinckrodt Baker, Inc., Phillipsburg, 

U.S.A.) and 43 wt.-% 8YSZ (Unitec Ceramics Ltd., Stafford, UK). An overview of 

the porosity of the substrates, which was derived from pycnometer measurements, is 

shown in Table 3.1.  
Substrate type Thickness 

(mm) 

Density 

(g/cm3) 

Porosity 

(Vol.-%) 

Coat-mix warm pressed 1.0-1.6 4.03±0.01 44±1 

Tape cast FG31 0.5-0.6 3.79±0.02 48±1 

Tape cast FG02 0.5-0.6 4.79±0.01 33±1 

Table 3.1 Overview of the thickness, density and porosity of the reduced substrates [101] 
 

An electrochemically active anode functional layer (NiO/8YSZ, thickness approx. 

7 �m) was deposited by vacuum slip casting or screen printing on anode substrates 

and calcined at 1000 °C for 1 h. The calcination ramping and cooling down rate was 
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set up at 180 K/h and 300 K/h, respectively. More details about the manufacturing 

process can be found elsewhere [102, 103]. 

3.2.7 Preparation of YSZ electrolyte layer 

In order to reduce the pore size of the top layer prior to layer deposition, the support 

was coated with intermediate layers of YSZ suspension or colloidal YSZ sols and 

calcined at different temperatures. The sols with graded particle size (5-150 nm) was 

deposited by vacuum slip casting, spin coating with a Delta 80T2 spin coater (Suss 

Micro Tek AG, Garching,  Germany) or dip-coating with programmable single side 

dip-coater (Pervatech BV, MC Enter, the Netherlands), as shown in Figure 3.3.  

 

The coated samples were calcined in electrical oven (Nabertherm GmbH, Lilienthal, 

Germany) or Rapid Thermal Process Equipment (Xerion Advance Heating 

Ofentechnik GmbH, Freiberg, Germany). The process of coating and calcination was 

repeated to obtain the desired configuration of graded multi-layered electrolyte.  

  
Figure 3.3 Electrolyte deposition equipments: (a) vacuum slip casting (b) Dip-coating (c) Spin-coating 

a

b c
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3.2.8 Preparation of CGO barrier layer 

In order to prevent Sr-diffusion during the manufacturing and operation of SOFCs, 

Ce0.8Gd0.2O2-� was applied on top of 8YSZ electrolyte by reactive sputtering from a 

planar metallic target with a nominal alloy composition of 80 at.% Ce and 20 at.% Gd 

(99.7% purity of the alloy) and an oxygen flow of 2-10 cm3/min. The base pressure in 

the process chamber was 10-6 Pa. The specific target power density during deposition 

ranged from 1-2 W/cm2, leading to a deposition rate of 12 nm/min. 

 

All physical-vapor-deposited CGO coatings were applied by a commercial physical 

vapor deposition cluster system CS 400 ES (Von Ardenne Anlagentechnik, Dresden, 

Germany). Prior to deposition, the substrate surfaces were cleaned by supersonic 

cleaning with organic solvents in order to remove residual dust, especially vacuum 

grease or oils (e.g. from helium leak tests of the substrates). After drying, the 

substrates were sputter-etched and subsequently coated. The substrates were heated at 

a rate of 3 K/min to 800 °C. 

3.2.9 Preparation of cathode 

The cathode material, La0.58Sr0.4Fe0.2Co0.8O3-� (LSFC) and La0.58Sr0.40CoO3-�  (LSC) 

were synthesized by spray drying as described by Kontouros et al.[104]. After 

calcination of the powders, they were ground by ball milling for several hours until a 

mean particle size (d50) of approximately 0.8 �m was achieved. The cathodes were 

screen-printed using pastes with an ethyl cellulose binder and a terpineol-based 

solvent. The LSCF cathode was then sintered at 1040 °C and the LSC cathode was 

calcined at 800 °C on the CGO barrier layer resulting in a thickness of about 40 �m. 

3.3 Characterizations  

3.3.1 Particle size distribution 

The particle size distribution (PSD) of the sols and suspensions was characterized by 

LB-550 Dynamic Light Scattering Nano-Analyzer (Horiba Europe GmbH, Germany). 

The LB-550, using a dynamic light scattering technique, is able to measure very 

concentrated suspensions, up to 40% solids in many cases, over a size range of 1 nm-
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6 μm. The median diameter (d50) of the particles in the sols and suspensions was 

measured. 

3.3.2 Adsorption

Physical characterisation of synthesized powders was carried out by nitrogen 

adsorption at 77K to determine the pore volume, surface area and pore size. All 

samples were degassed at 200 oC prior to sorption and adsorption experiments. The 

weight of adsorbed gas was measured as a function of partial pressure. 

 

Based on the isotherm plots, the specific surface area was calculated by BET method. 

The mesopore size distribution and cumulative pore volume were calculated by 

Barret-Joyner-Halenda (BJH) method, while the micropore size distribution and 

cumulative pore volume were calculated by the Horvath and Kawazoe (H&K) model. 

3.3.3 Surface topography and deflection measurement  

Surface topography and deflection measurement of the planar samples were 

performed on Cyber Scan CT200 (Technologies GmbH, Ingolstadt, Germany) non-

contact laser scanning inspection system. A confocal laser sensor LT-9010M 

(Keyence Deutschland GmbH, Neu-Isenburg, Germany) and a laser Triangulations 

senor DRS 8000 (CyberOptics Ltd., North Yorkshire, UK) were used to obtain 

surface topography and deflection information, respectively.  

3.3.4 Dilatometry 

The sintering behaviour of several YSZ powders has been characterized by a push–

rod dilatometer Setsys 16/18 (Setaram Inc., Caluire, France). The 8YSZ powders 

were first pressed into pellets using a uniaxial press with a pressure of 100 MPa. The 

pressed pellets were heated up to 1400 ºC under air with a rate of 3 K/min. After a 

dwelling time of 5 hours, the pellets were cooled down with a rate of 8 K/min. The 

dilatometric plots were recorded. 
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3.3.5 Helium leak rate test 

The gas-tightness of sintered electrolyte (half-cell dimension: 65 mmx65 mm)was 

examined with a Qualytest HTL 260 helium leak rate test module (Pfeiffer Vacuum 

GmbH, Asslar, Germany) in Forschungszentrum Jülich GmbH (IEF-1). The helium 

flow through the half-cell was determined with a mass spectrometer at a pressure 

difference of 1000 hPa. The values were normalized to measured area (16 cm2) and to 

a pressure difference of 100 hPa, which is typical for an SOFC stack [105]. 

 

3.3.6 X-ray diffraction (XRD)

Phase characterization was performed by Siemens D5000 diffractometer (Siemens AG, 

Karlsruhe, Germany) equipped with a monochromated CuK� radiation source. The 

XRD results then were represented in terms of Cu-K�,	 radiation intensity (arbitrary 

unit) versus the diffraction.  

 

It is possible to estimate average domain size (
) of the powder samples, in Å, via 

Scherrer equation [106]: 


= K �/ 	
 cos� 

where 	
 is the line broadening due to the size effect of small domain. Regarding the 

thermal treatment of the samples, 	
 is given by (B-b) using Lorentz model, while B 

and b is the breadth of the reflection line and the instrumental broadening, 

respectively. Note 	
 that must be given in radians. K is the so-called shape factor, 

which usually takes a value of about 0.9, assuming the particle shape is spherical. The 

� is the wavelength of the radiation, �Cu = 1.54056 Å. 

3.3.7 SEM and TEM 

Microstructure characterization of the powders and thin layers was performed using a 

Zeiss Ultra 55 scanning electron microscope (Carl Zeiss NTS GmbH, Oberkochen, 

Germany ) equipped with an INCA energy dispersive X-ray (EDX) analysis system 

(Oxford Instruments, Uedem, Germany) and a Tecnai G2 F20 (FEI, Eindhoven, the 

Netherlands) field emission transmission electron microscope. 
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3.3.8 Electrochemical impedance spectroscopy (EIS) 

3.3.8.1 Cell preparation and geometry 
 
The SOFC single cells analyzed within this study were based on 5x5 cm2 anode 

substrates with an average thickness of about 0.6 mm. On these substrates, an 

NiO/8YSZ anode functional layer (~5 μm) was screen-printed and fired at 1000 °C 

for 1 h. The 8YSZ electrolyte (~1 μm) consisted of dip-coated nano-suspension layers 

and spin-coated polymeric sol-gel layers, which were co-sintered at 1400 °C for 5 h. 

A Ce0.8Gd0.2O2�� (CGO) diffusion barrier layer (approx. 0.5 μm) was magnetron 

sputtered at 800 °C on the electrolyte. On top of CGO layer, a La0.58Sr0.4Co0.2Fe0.8O3�� 

cathode was applied by screen-printing, resulting in a thickness of approx. 50 μm 

after sintering. Details regarding the manufacturing procedures can be found 

elsewhere [102, 107].  

 

      
Figure 3.4 Design of the working and auxiliary (OCV probe) electrodes at the cathode side of 

the anode-supported SOFC single characterized cell 

 

The active area of the working cathode was 10x10 mm2. Two auxiliary electrodes in 

gas flow direction in front of and behind the cathode were applied for open-circuit 

voltage (OCV) control (OCV probes in Figure 3.4). The electrodes were separated 

from the electrolyte by a continuous CGO interlayer with lateral dimensions of 12x30 

mm. The cell geometry is also shown in Figure 3.4. 
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3.3.8.2 Impedance measurements 

The electrochemical impedance spectroscopy characterization and data processing in 

this work is made by Institute of Materials for Electrical and Electronic Engineering 

at Karlsruhe Institute of Technology.  

The single cells were mounted into ceramic housings. Cathode and anode were 

contacted by gold and nickel meshes, respectively and gold rings were used for 

sealing. The cells were operated under ambient pressure with different N2/O2 mixtures 

at the cathode side and varying H2O/H2 mixtures at the anode side. High contents of 

water vapor could be formed by feeding oxygen into an upstream combustion 

chamber. The total anodic and cathodic gas flow rates were maintained at a constant 

value of 250 ml/min during all experiments. The cells were tested over a range of 

temperatures between 550 and 850°C. Impedance measurements were carried out 

with a Solartron 1260 frequency response analyzer (Solartron Analytical 

AMETEK Advanced Measurement Technology GmbH, Meerbusch, Germany) in a 

frequency range from 0.1 Hz to 1 MHz. The amplitude of the current stimulus was 

chosen in order to achieve a voltage response not higher than 12 mV. All experiments 

within this investigation were conducted under open-circuit conditions. To investigate 

the parameter dependence of each single polarization process, a series of impedance 

measurements was carried out in which only one cell parameter at a time was varied, 

such as oxygen partial pressure, water partial pressure, temperature. 

 
Figure 3.5 Equivalent circuit of electrochemical impedance spectrum [108] 

 
Based on an accurate analysis of all recorded impedance data and their corresponding 

distribution function of relaxation times (DRTs), an equivalent circuit model 

composed of five impedance elements connected in series, as demonstrated in Figure

3.5, was applied in interpreting the impedance spectra, as described in the literature 

[108]. 



Experimental 

 37

3.3.9 Electrochemical single cell test 

The electrochemical single cell tests and data processing in this work is made by 

Institute for Energy Research (IEF-3) at Forschungszentrum Jülich GmbH. The 

electrochemical measurements of the single cells were performed in an alumina test 

housing placed inside a furnace. The size of the tested cells was 50x50 mm2 with 

active cathode area of 40x40 mm2. In order to obtain sufficient electronic contact 

between the cell and the electronic devices, a Ni mesh and a Pt mesh were used at the 

anode side and the cathode side, respectively. The gas tightness of the gas 

compartment was obtained by a gold sealant. During the start-up of the tests an argon 

flow was injected at the anode side and an air flow at the cathode side. The 

temperature was then slowly increased to the temperature for anode reduction. After 

reaching this temperature, the anodes of the single cells were reduced by gradually 

replacing the argon by hydrogen. Water vapour (3 vol.-%) was added by saturating 

the hydrogen gas through a water bubbler and condenser (super saturation and 

condensation) at the desired dew point of 24 °C. The total gas flows of hydrogen and 

air were both set at 1000 ml/min (standard temperature and pressure: STP) using mass 

flow controllers. The electrochemical performance was measured at varied 

temperature in the range of 600 to 900 °C. All electrochemical data were obtained by 

direct current methods using a current-control power supply type Gossen 62N-

SSP500-40 (Gossen-Metrawatt GmbH, Nürnberg, Germany), and a computer-

controlled data acquisition system including a data logger type NetDAQ 2640A 

(Fluke, Eindhoven, the Netherlands).  

 

The current–voltage characteristics (i-V curves) were measured with increasing 

current load by a sequential step change of 0.0625 A/cm2 starting from zero until 

either the voltage dropped below 0.7 V or the maximum current load of 1.5 A/cm2 

was reached. If the current density is higher than 1.5 A/cm2 at 0.7 V, a linear 

extrapolation is applied to determine the current density.  For all the different types of 

single cells, at least two nominally identical cells were measured [109-111]. The open 

circuit voltage (OCV) plots are also measured in the test. The area specific resistance 

(ASR) of the cell is calculated, based on the data from the linear part of the i-V curve.
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4 Results and discussion  

4.1 Fundamental characterization of materials 

4.1.1 YSZ polymeric sols and derived powders 

Particle size distribution, rheology behaviour and other properties are very important 

factors in fabrication of homogeneous ceramic layers via sol-gel method. The 

investigation results are reported in the following part. The particle size distribution 

(PSD) of a powder, or granular material, or particles dispersed in fluid, is a list of 

values or a mathematical function that defines the relative amounts of particles 

present, sorted according to size.  

 

Zr-precursor concentration d10 (nm) d50 (nm) d90 (nm) 

0.155mol/L 

0.31 mol/L 

0.465mol/L 

2.8 

4.5 

5.6 

4.1 

6.1 

7.8 

5.4 

8.1 

10.7 

Table 4.1 Particle size of 8YSZ polymeric sols at 25ºC 
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Figure 4.1 Particle size distribution of 8YSZ polymeric sol under varied precursor concentrations 
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The particle size of the as-prepared polymeric sol was measured at room temperature, 

listed in Table 4.1 and plotted as curves in Figure 4.1. As the precursor concentration 

of the synthesized polymeric sols increased from 0.155 mol/L, 0.310 mol/L to 

0.465 mol/L, the measured median particle size (d50) increased from 4.1 nm, 6.1 nm 

to 7.8 nm, accordingly, which shows a linear dependence on the precursor 

concentration, as illustrated in Figure 4.2. The particle size distribution is very narrow 

as the d10 and d90 of the sols are rather close to the d50 values (Table 4.1).  

 

0.1 0.2 0.3 0.4 0.5
3

4

5

6

7

8

9

Zr-precursor Concentration (mol/L)

Pa
rt

ic
le

 S
iz

e 
(n

m
)

 
Figure 4.2 Dependence of d50 on Zr-precursor concentration in 8YSZ polymeric sols 
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Figure 4.3 d50 of 8YSZ polymeric sol vs storage time 
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The particles have a tendency to grow as the precursor concentration increases, in 

order to reduce the specific surface area and to reach a more stable energy state. 

Under the thermal-dynamically stable equilibrium state, the particle size of the as-

prepared sols with different concentrations remained unchanged for over 50 days at 

room temperature, seen in Figure 4.3. Apart from the particle size distribution, 

viscosity is another important factor that frequently influences the layer formation 

behaviour of the sol. A low sol viscosity can result in the penetration of the sol into 

the pores in the support, rather than forming a layer on the substrate surface. In order 

to increase the sol viscosity, binders are often employed. Besides the addition of 

binders, the control of sol concentration offers a substantial way to increase of sol 

viscosity. On the other hand, a very viscous sol tends to cause irregularity on the 

substrates resulting in inhomogeneous coatings. Additionally, the viscosity of a 

solution undergoing hydrolysis and polycondensation is time-dependent and often 

related to the size of the particles. High precursor concentration normally results in 

formation of larger molecules, and consequently leads to higher viscosity. Thus, any 

variation of the processing parameters that induces an increase of particle size may 

increase the viscosity of the sol. 
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Figure 4.4 Dependance of viscosity on Zr-precursor concentration in 8YSZ polymeric sols 

 

In the case of the as-prepared polymeric sols, the precursor concentration is so low 

that the propanol as the only solvent dominates the Newtonian fluid property of the 
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sols. It can be seen in Figure 4.4, the viscosity increased steadily from 2.4 to 2.8 

mPa·s by tuning the Zr-precursor concentration from 0 mol/L to 0.465 mol/L. The 

viscosity also shows a linear dependence on the precursor concentration as the particle 

size increased. Sealed and stored in flasks at room temperature for 60 days, the 

viscosity of the as-prepared 8YSZ polymeric sols remained stable and unchanged, 

seen in Figure 4.5.  
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Figure 4.5 Viscosity of the polymeric sol with varied Zr-precursor concentration: (a) freshly 

prepared sol (b) sol stored for 60 days 

 

In order to determine the phase structure and domain size of the synthesized 8YSZ 

materials, the 8YSZ polymeric sol was gelled and calcined at varied temperature to 
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obtain polycrystalline powders. According to X-ray diffraction analysis results in 

Figure 4.6, the powder was confirmed to be single phase solid solution with Fluorite 

crystal structure. Using the Scherrer equation, the domain size of the samples are 

estimated to be 3.1 nm (450°C), 3.9 nm (600°C) and 5.1 nm (900°C), respectively, 

which reveals a clear growth tendency of the domain size as the calcination 

temperature increases, also shown in Figure 4.7. 
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Figure 4.6  XRD patterns of the calcined 8YSZ powder derived from polymeric sol, calcined 

at: (a) 450°C, (b) 600°C, (c) 900°C 
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Figure 4.7 Domain size of sol-gel derived 8YSZ powders calcined at varied temperatures 

 

Porous YSZ powders obtained from the polymeric sol through the processes of 

hydrolyzation, gelation and subsequent pyrolysis were characterized by N2 

adsorptions. As listed in Table 4.2, the specific surface area of 8YSZ powder calcined 

at 450 °C is 99 m2/g, almost twice as large as the 8YSZ powder fired at 600 °C with a 

value of 52 m2/g. The specific surface area of 3YSZ powder diminished from 81 m2/g 

to 11 m2/g as the calcination temperature increased from 450 to 600 °C.  
mesopore  (BJH model) micropore (H&K model) powder 

composition 

calcination 

temperature 

(°C) 

surface 

area  

(m2/g) 

average 

pore size  

(nm) 

cumulative 

pore volume 

(cm3/g) 

average 

pore size  

(nm) 

cumulative 

pore volume  

(cm3/g) 

8YSZ 

8YSZ 

3YSZ 

3YSZ 

450 

600 

450 

600 

99  

52 

81 

11 

2.4  

<3.5  

<10.8 

3.5 

0.061 

0.042 

0.009 

0.014 

  0.9 

  0.9 

<0.8 

<0.6 

0.046 

0.025 

0.037 

0.006 

Table 4.2 N2 sorption results of YSZ powders derived from polymeric sol-gel route 
 
The pore size distribution of powders derived from polymeric sol-gel route is shown 

in Figure 4.8. Thermally treated at 450 °C for 2 hours, the micropore size distribution 

is very narrow with an average micropore size of 0.9 nm. The average micropore size 

remained almost unchanged as calcination temperature was raised from 450°C to 

600°C. In the contrast, the mesopore size distribution of 8YSZ powders is not well-

defined and increased from 2.4 nm to 3.5 nm as the calcination temperature increased 

from 450 °C to 600 °C. The cumulative pore volume of 8YSZ powder calcined at 
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450 °C was 0.11 cm3/g and reduced to 0.07 cm3/g as the thermal treatment 

temperature increased to 600 °C. The cumulative pore volume of 3YSZ powder 

calcined at 450 and 600 °C is 0.05 and 0.02 cm3/g, respectively. The total micropore 

volume decreases and total mesopore volume increases in the whole process. The 

change in the total pore volume may suggest that the sintering process of the fine 

nanopowders have taken place at temperature as low as 600 °C, which could also be 

evidenced by the dilatometric data demonstrated in section 4.1.5. 

 
Figure 4.8 Pore size distribution plots derived from N2 adsorption isotherms of 8YSZ powders 

synthesized by polymeric sol-gel route, thermally treated at 450°C (solid line) and 600°C (dash line): (a) 

micropore size distribution (H&K model), (b) mesopore size distribution (BJH model) 
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4.1.2 CGO, LSM and LSCF polymeric sols and derived powders 

1 10 100
0

5

10

15

20

25

30
A

bu
nd

an
ce

%
 in

 C
la

ss

Particle size (nm)

 LSM
 LSFC
 CGO

 
Figure 4.9 Particle size distribution of LSM, LSCF and CGO sols synthesized with acetates 

 

Ce0.8Gd0.2O2-� (CGO), La0.8Sr0.2MnO3-� (LSM), and La0.58Sr0.40Co0.20Fe0.80O3-� (LSCF) 

sols were prepared from acetates and nitrates regarding their important applications as 

electrolyte or cathode materials in SOFC and gas-separation applications. The 

formation of a sol from acetates also involves two simultaneous chemical processes, 

hydrolysis and polymerization. As shown in Figure 4.9, the average particle size of 

0.2 mol/L CGO sol is 11 nm, and the average particle size of 0.1 mol/L LSM sol and 

0.1 mol/L LSCF sol are both 9 nm despite of different chemical composition. 

 
Pale yellow Ce0.8Gd0.2O2-� powder was obtained by calcining the xerogel. According 

to X-ray diffraction analysis results in Figure 4.10, the powder was confirmed to be 

single phase solid solution with fluorite crystal structure and measured unit cell 

parameter of a=0.5430 nm (450 °C), a=0.5427 nm (600 °C), a=0.5426 nm (900 °C) 

and a=0.5422 nm (1200 °C). The slight decrease in lattice parameter might be caused 

by the facts that the atoms at the surface of the crystalline have longer covalent bond 

length than the atoms inside the bulk and the number of atoms located at the surface 

of the Ce0.8Gd0.2O2-� domain decreased as the grains grows larger at high calcination 

temperature, as illustrated in Figure 4.11.  
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Figure 4.10 The XRD patterns of sol-gel derived Gd0.2Ce0.8O1.9 powder, calcined at: 

(a) 450 °C, (b) 600 °C, (c) 900 °C, (d) 1200 °C 

 

According to Scherrer equation [106], the average domain size (
) of the powders 

thermally treated at different temperature is estimated to be 8 nm (450 °C), 11 nm 

(600 °C) and 126 nm (1200 °C), plotted in Figure 4.11. Considering the data as the 

approximation of the absolute domain size value, the tendency exhibits clearly a 

domain/particle growth with increasing thermal treatment temperature. Particularly, 

the XRD pattern of the CGO powder calcined at 900 °C sharply narrowed, indicating 

that a significant domain growth took place in the temperature range of 600 °C-

900 °C, as shown precisely in Figure 4.10. 



Results and discussion 

 47

 

400 600 800 1000 1200
0.5420

0.5424

0.5428

0.5432

 a
�

Temperature (�C)

La
tti

ce
 P

ar
am

et
er

, a
 (n

m
)

0

50

100

150

D
om

ain S
ize, � (nm

)

 
Figure 4.11 Lattice parameter and domain size of sol-gel derived CGO powder 

 

4.1.3 8YSZ colloidal sols and derived powders 

One of the most important advantages of preparing a ceramic layer from a synthetic 

sol-gel route is the flexibility in particle size distribution control, which means the 

particle size of the sol can be tuned and controlled in a continuous range (4 to 

100 nm). The sol can be further applied to deposit layers or prepare fine ceramic 

powders. This idea can be perfectly demonstrated by the following preparation of 

8YSZ sol from alkoxide precursors.  

Zr-n-propoxide 

(mmol) 

Y-butoxide 

 (mmol) 

DEA 

(g) 

Isopropanol  

(ml) 

H2O 

(ml) 

0.05M HNO3  

(ml) 

d50 

(ml)

5.24  0.91 1.5 50 0 5 4 

5.24 0.91 1.5 50 0 4.5 8 

5.24  0.91 1.5 50 0 4 16 

5.24 0.91 1.5 50 5 5 38 

5.24  0.91 1.5 50 10 5 53 

5.24 0.91 1.5 50 12.5 5 79 

Table 4.3 Preparation conditions and d50 of colloidal 8YSZ sols synthesized from alkoxides 
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Figure 4.12 Particle size distribution of 8YSZ sol synthesized from alkoxide precursors. The Y3+:Zr4+ 

ratio was kept 16:92 by adding 5.24 mmol zirconium n-propoxide and 0.91 mmol Yttrium butoxide 

into 50 ml of isopropanol 1.5 g of DEA was used to modify the reactivity of the alkoxide 

 

The Y3+:Zr4+ ratio was kept to 16:92, adding 5.24 mmol zirconium n-propoxide and 

0.91 mmol yttrium butoxide into 50 ml of isopropanol. 1.5 g of DEA was also added 

to modify the reactivity of the alkoxide and avoid the precipitation of inhomogeneous 

hydroxide particles during the hydrolysis step. The particle size distribution of the sol 

was controlled by adjusting the amount of acid and water added into the reactants 

solution. As the isopropanol:HNO3 (0.05M) ratio increased from 10:1 to 12.5:1, the 

d50 of particles in the sol increased from 4 nm to 16 nm. If additional water was added 

to the solution, the d50 of particles in the sol increased to the range of 30 nm to 80 nm. 

As an example, sol with d50 of 53 nm was prepared when the isopropanol: HNO3 

(0.05M): H2O ratio was 10:1:2. As observed in Figure 4.12, the particle size increased 

significantly as more water was added into the system. 

 

The time of peptization process is another important parameter to control the particle 

size distribution of the sol. In colloid chemistry, peptization is a particularly important 

process for the formation of stable sol of colloidal particles in water. By carrying 

electric charge, the colloidal particles mutually repel each others and cannot aggregate 

together. Peptization is widely used in synthesis of nanoparticles to make clustered 



Results and discussion 

 49

particles separated into many primary particles by changing the surface properties, 

applying a charge, or by adding a surfactant. In the synthesis of zirconia nanoparticles, 

peptization involves adsorption of charged molecules on the zirconia surface and 

causes the surface to become charged. Electrostatic repulsion of the primary particles 

in the agglomerated zirconia breaks up the agglomerate into primary particles. 
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Figure 4.13 Particle size distribution of 8YSZ sol synthesized by zirconyl chloride octahydrate and 

yttrium nitrate hexahydrate 

 

An alternative way to prepare particulate YSZ sol was the oxalate synthesis route by 

applying zirconyl chloride octahydrate, yttrium nitrate hexahydrate, oxalic acid 

dehydrate and distilled water as reactants. Particle size distribution of the as-prepared 

colloidal sols had a dependence on time of peptizing process. The average particle 

size varied from about 20 nm to several hundred nanometers. The size distributions of 

4 representative sols are shown in Figure 4.13. With increasing peptization time, the 

particle size distributions tend to increasingly broadened and sols with well-defined 

particle size distribution (less then 40 nm) were prepared. The sols with particles of 

20 nm to 50 nm are ideal for fabrication of intermediate YSZ layers on macroporous 

substrates if the drying cracks of the deposited layers can be avoided.  

 

YSZ powders prepared from oxalate colloidal sol-gel route were characterized by N2 

sorption analysis. The data derived from the BET, BJH and H&K fits were 

summarized in Table 4.4. After peptization, drying and subsequent pyrolysis at 
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450 °C, the surface area of oxalate route derived 8YSZ powder is 37 m2/g, which is 

much smaller the specific surface area value (100 m2/g) of the polymeric sol-gel 

derived powders calcined under the same condition. The specific surface area 

diminished by 40% to 22 m2/g after the powder was thermally treated at 600 °C for 

2 hours. The specific surface area of 3YSZ powder prepared from colloidal sol 

reduced from 48 m2/g to 21 m2/g as the thermal treatment temperature increased from 

450 to 600 °C.  

 
Figure 4.14 Pore size distribution plots derived from N2 adsorption isotherms of powders made from 
colloidal sol-gel route, thermally treated at 450 °C (solid line) and 600 °C (dash line):  (a) micropore 
size distribution (H&K model), (b) mesopore size distribution (BJH model) 



Results and discussion 

 51

 
mesopore  (BJH model) micropore (H&K model) powder 

composition 

calcination 

temperature 

(°C) 

surface area  

(m2/g) average 

pore size  

(nm) 

cumulative 

pore volume 

(cm3/g) 

average 

pore size  

(nm) 

cumulative 

pore volume  

(cm3/g) 

8YSZ 

8YSZ 

3YSZ 

3YSZ 

450 

600 

450 

600 

37 

22 

48 

21 

3.84 

3.76  

3.51 

3.58 

0.018 

0.023 

0.022 

0.043 

0.91 

0.80 

1.05 

1.00 

0.018 

0.011 

0.024 

0.010 

Table 4.4 N2 sorption results of YSZ powders derived from colloidal sol-gel route 
 

The pore size distribution of powders derived from oxalate sol-gel route was shown in 

Figure 4.14. Thermally treated at 450 °C for 2 hours, the average micropore and 

mesopore size was 0.9 nm and 3.8 nm, respectively. The pore size distribution of both 

micropores and mesopores remained almost unchanged as calcination temperature 

increased from 450 °C to 600 °C. In the process, the cumulative mesopore volume of 

as-prepared 8YSZ powder increased from 0.018 cm3/g to 0.023 cm3/g and the 

cumulative micropore volume decreased from 0.018 cm3/g to 0.011 cm3/g. Similar 

pore volume change was also observed with 3YSZ powder prepared in the same 

method. The cumulative mesopore volume of 3YSZ powder increased from 

0.022 cm3/g to 0.043 cm3/g and the cumulative micropore volume decreased from 

0.024 cm3/g to 0.010 cm3/g. The results here coincided with those of the powders 

prepared by the polymeric sol-gel route, indicating that the sintering process of 

powders synthesized with colloidal sol-gel route may also have already started at low 

temperature.  

4.1.4 Nano-suspensions made of commercial oxide particles 

Colloidal stabilized nano-suspensions with graded particle size distribution in the 

range of 40 nm to 160 nm were prepared through removing large particles and 

agglomerates by means of physical treatments. In high-performance centrifugation 

separation process, the rotation acceleration can be calculated as the product of the 

radius (r) and the square of the angular velocity (�). Regardless of equipment 

dimensions, relative centrifugal force (RCF) is the universal description of the 

acceleration applied to samples and it is described in units of gravity (g), as given by 

RCF=r�2/g =r (2�N) 2 / g    Equation 4.1 
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where g is gravitational acceleration of the earth, r is the rotational radius, N is the 

rotating speed, measured in revolutions per minute.  
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Figure 4.15 Dependence of particle size distribution on relative centrifuge force 
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Figure 4.16 Particle size distributions of 8YSZ nano-suspensions made of Sigma-Aldrich  powder 

 
The average particle size and solid concentration of the 8YSZ nano-suspension is 

closely dependant on the relative centrifugal force (RCF). As demonstrated in Figure

4.15, the d50 of the particles in the suspension, made of Tosoh 8YSZ powders, 

reduced linearly from 140 nm to 60 nm as the RCF increased, indicating the particle 
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size in the system is continuously distributed in the range of 60-140 nm. The loosely 

agglomerated particles in the suspension can be effectively broken by intensive 

ultrasonic treatment, as shown in Figure 4.16, the average particle size of suspension 

made of Sigma-aldrich 8YSZ powders sharply decreased from 220 nm to ~96 nm. As 

summarized in Table 4.5, the opaque milky suspension turned into a translucent sol 

by removing most large particles and hard agglomeration through the centrifugation 

process with RCF of 4000-6000 g, where g is the gravitational acceleration of the 

earth. Further increasing the RCF to 10000 g, the d50 of the particles in the sol slightly 

reduced to 40 nm and the sol turned from translucent into transparent state. 

Accordingly, the concentration of solid phase in the liquid became so low that the 

nano-suspension is no longer suitable for deposition of layer with sufficient thickness 

for SOFC applications.  

 

RCF 

(g) 

d50 of  sol made of Sigma-Aldrich 8YSZ powders 

(nm) 

Physical appearance of 

the nano-suspensions 

0 96 white, opaque 

4000 52 translucent 

5000 48 almost transparent 

6000 45 almost transparent 

7000 41 transparent 

9000 40 transparent 

Table 4.5 Particle size and physical appearance of 8YSZ nano-suspensions (made of Sigma-aldrich 
powders) centrifuged at different RCF 
 

 
Figure 4.17 SEM image of dried Sigma-Aldrich 8YSZ powders on sample holder 
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Figure 4.18 (a) TEM image of the Sigma-Aldrich 8YSZ nanoparticles, (b) high-resolution 

images of one single particle  (c) the corresponding FFT images. 

The actual primary particle size of the Sigma-Aldrich powders is only several 

nanometers, as shown in SEM image (Figure 4.17). It can be further confirmed in the 

TEM photogragh (Figure 4.18a) that sphere nanoparticles with size of 5 to 10 nm and 

agglomerates with size of 20 to 100 nm are loosely dispersed on the carbon film of the 

a

b

c
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grid holder. As shown in Figure 4.18b, the single primary 8YSZ particle has a 

crystalline structure with a lattice constant close to the (111) plane (2.97 Å) of cubic 

ZrO2. Its simulated fast Fourier transform (FFT) image exhibited 002, 111
�

 and 222
�

 

diffraction spots, which corresponded to the cubic ZrO2 crystal with the [110] incident 

direction, as seen in the Figure 4.18c.  
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Figure 4.19 Particle size distribution of  suspension made from Tosoh 8YSZ powders 

 

 
Figure 4.20 SEM image of dried uncalcined Tosoh 8YSZ powders on sample holder 
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The average particle size of uncalcined Tosoh 8YSZ powder used in this work is 

about 150 nm. By removing large particles and agglomerates through ultrasonic and 

centrifugation treatments, the average particle size of the aqueous suspension made 

from Tosoh 8YSZ powders is reduced to ~90 nm (Figure 4.19), which is in good 

agreement with the primary particle size observed in SEM image (Figure 4.20). 

 

4.1.5 Results of dilatometric measurements 

The densification and thermal displacement of pellets made from the three different 

8YSZ powders are shown in Figure 4.21 and the dilatometric data are summarized in 

Table 4.6 respectively. The sinter process of pellets made of Tosoh 8YSZ powder 

starts at temperature of 1000 ºC and the maximum sinter rate is 8x10-5 s-1 at 1310 ºC. 

The final sintered samples have yielded a relative density of 99%, which is measured 

by the Archimedes method.  
Powder sinter 

start temp. 

(ºC) 

max. 

sinter rate 

(s-1) 

max. 

sinter rate at 

( ºC) 

green 

density 

(g/cm3) 

sintered 

density 

(g/cm3) 

relative 

sintered 

density 

PS 8YSZ 652 1.7 10-5 1125 2.47 5.33 89.7% 

CS 8YSZ 827 2.7 10-5 1129 2.68 5.44 91.6% 

Tosoh 8YSZ 954 8.0 10-5 1310 2.52 5.88 99.0% 

Table 4.6 Summary of dilatometric data for 8YSZ 
 

The measurable shrinkage of the pellets made from polymeric sol-gel derived 8YSZ 

powder (PS 8YSZ) began at 650 ºC, about 300 ºC lower than the sinter starting 

temperature of Tosoh 8YSZ powder (TZ-8Y). At about 1130 ºC, the sintering speed 

reaches the maximum value of 1.7x10-5 s-1. The sintered pellets yielded a relative 

density of 90%. Similarly, the measurable shrinkage of pellets made of oxalate sol-gel 

route derived 8YSZ powder (CS 8YSZ) started at around 830 ºC and the sintering 

process of the pellets ended up with a relative density of 92%. The maximum 

densification speed of 2.7x10-5 s-1 was also reached at around 1130 ºC.  

 

Considering that the green density of the samples is very close to each other, the 

packing density of the pellets should not have played a crucial role in the finally 

sintered density. The comparatively low sintered density of the samples prepared with 
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sol-gel derived powders may result from other reasons, such as inhomogeneous 

agglomerates, pore entrapment, and non-uniform shrinkage or grain growth. Although 

the sintered pellets made from sol-gel derived powders showed low relative sintered 

density, the sol-gel film or thin layer could still be fully densified, if the green density 

of the layer is substantially increased under the capillary force exerted by porous 

substrates. 

 

0 2 4 6 8 10 12 14 16
-0.30

-0.25

-0.20

-0.15

-0.10

-0.05

0.00

CS 8YSZ
 PS 8YSZ
 TZ-8Y

Time (h)

0

200

400

600

800

1000

1200

1400

D
is

pl
ac

em
en

t (
�

h/
h 0%

)

Te
m

pe
ra

tu
re

 (o C
)

  
Figure 4.21  Densification plots of 8YSZ during heat cycle 
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4.2 Characterization of layers 

4.2.1 Substrates

 
Figure 4.22  Topography of porous anode substrates, pre-sintered at 1230 ºC for 3 hours: (a) warm-

pressed substrate, (b) tape-cast substrate 

 

Typical topographies of warm-pressed and tape-cast cermet anode supports were 

obtained by Cyber Scan CT200 non-contact laser scanning inspection system. As 

demonstrated in Figure 4.22, the surface of the tape-cast substrate is smoother than 

the surface of warm-pressed substrate. There are pores with size of 10~50 �m 

spreading all over on the surface of the warm-pressed anode support. On the contrast, 

it can be seen in the SEM image (Figure 4.23) that the surface of tape-cast substrates 

are dominated much smaller pores (<5 �m). The roughness data of polished and 

unpolished samples are comparable in Table 4.7. Although the overall average 

roughness (Sa) is reduced by polishing, the local roughness (peak to valley height) 

remains almost unchanged. 
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Figure 4.23 SEM surface image of polished FG02 tape-cast anode substrates, finally sintered at 

1400 ºC for 5 hours: (a) backscattered electron, (b) secondary electron image  
 

Sample Average 
roughness 

(�m) 

Peak 
height 
(�m) 

Valley 
depth 
(�m) 

Peak to valley 
height 
(�m) 

FZJ FG02 substrate unpolished 1.5 11.9 14.6 26.4 
FZJ FG02 substrate polished 0.6 14.5 11.3 25.9 

Table 4.7 Roughness data of FG02 tape-cast anode substrates, finally sintered at 1400 ºC for 5 hours  
 

 
Figure 4.24 Pore structure of tape-cast substrate and screen-printed anode layer 

 

Vacuum-slip-cast or screen-printed anode layers are coated with fine particles 

(d50<0.4 �m) to reduce the substrate surface roughness and pore size distribution of 

the substrate. By covering the micron-sized pores, the anode layer served as the first 

intermediate layer supporting the electrolyte deposited with fine 8YSZ particles. As 

clearly shown in Figure 4.24, the pores and particles in the anode layer are in the 

range of 50 to 300 nm, significantly smaller than the micron-sized pores and particles 

in the tape-cast substrate. 
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4.2.2 Layers deposited with polymeric sols 

4.2.2.1 Layers spin-coated on silicon wafer 
 

 
Figure 4.25  ZrO2, 3YSZ and 8YSZ thin layers deposited on silicon wafers 

 

 
Figure 4.26 Fracture surface SEM of ultrathin zirconia layers coated by polymeric sol 

 

ZrO2, 3YSZ and 8YSZ polymeric sols with concentration of 0.155 mol/L were 

directly used for deposition thin layers on silicon wafers via spin coating. The as-

prepared polymeric sol showed excellent layer formation properties and the deposited 

precursor layers transformed into crack-free ultra thin ceramic layers by intermediate 

temperature calcination process at 450 to 600 ºC (Figure 4.25). If it is not specially 

mentioned, all the samples described in this section were thermally treated with a 

heating rate of 100 K/h and dwelling time of 1 h, regardless of the final calcination 

temperature.  

 
As shown in fracture surface SEM images (Figure 4.26), the thickness of as-deposited 

ceramic layers was approximately 100-150 nm, with a nicely coverage on the silicon 



Results and discussion 

 61

wafer. Defects, such as pin-holes or cracks are not observed in SEM surface images of 

the layers (Figure 4.27). Calcined at 600 ºC for 2 h, the grain size in the layers with 

varied phase composition is in the range of 5 to 10 nm, as viewed in Figure 4.28.  

 

 
Figure 4.27 Surface SEM of ultrathin zirconia layers coated by polymeric sol on silicon wafers 

 
Figure 4.28 Surface SEM of ultrathin 8YSZ layer coated by polymeric sol on silicon wafers 

4.2.2.2 Layers spin-coated on finally sintered anode substrate 

Spin-coated sol-gel layer was then prepared on non-shrinking FG02 tape-cast anode 

substrates, which were finally sintered at 1400 ºC with a heating rate of 180 K/h for 

5 h. An ultra thin transparent layer of around 100 nm was formed following the 

topography (ups and downs) of the surface of unpolished tape-cast substrates (Figure 

4.29a). The polymeric sol could also flow into pores and form a thicker layer or 

infiltrate into the connected pore channels. The top view of the layer showed that the 

pin-holes with size less than 1 �m have formed inevitably in the transparent layers 
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due to the rough topography of the substrates (Figure 4.29b). These results proved 

again the necessity to deposit intermediate layers to support a dense sol-gel electrolyte 

layer and to avoid formation large defects.  

 
Figure 4.29  SEM images of 8YSZ layer by spin coating polymeric sol on finally sintered tape-cast 

anode supports, fired at 600°C:  (a) fracture surface (b) surface 

4.2.2.3 Layers spin-coated on sintered electrolyte 

 
Figure 4.30 SEM images of spin-coated 8YSZ layer with polymeric sol on the surface of sintered 

electrolyte, fired at 600°C:  (a) fracture surface (b) surface (c) cracks in the layer 

 

Similarly, the polymeric sol also showed good layer forming behaviour on the 

sintered electrolyte. Twice spin-coated with the as-prepared 0.31 mol/L polymeric sol 

and calcined at 500 ºC, a transparent 8YSZ layer of 150 nm in thickness was formed 

(Figure 4.30a). The micron-sized grains of the sintered electrolyte under the 

transparent sol-gel derived layers can be clearly seen in Figure 4.30b and a double-

layer structure is observed in Figure 4.30c, where cracks in the layer are located. In 

the electrochemical point of view, the interface between the two layers should be 

removed by sintering the layers at high temperature to avoid polarization resistance. 

double layer 
structure 

a b c
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Grain boundaries should be minimized to enhance the oxygen ion migration rate of 

the layer by increasing the grain size, because the grain boundary normally has much 

higher resistance than the bulk material. 

 

The microstructure evolution of the thin layers related to thermal treatment 

temperature is demonstrated in Figure 4.31. First of all, no grain is visible in the SEM 

picture of the sample calcined at 500 ºC for 1 h Figure 4.31a. However, the grains in 

the as-prepared layers grew from around 30 nm to over 100 nm as the calcination 

temperature increased from 800 to 1040 ºC with dwelling time of 1 h, which are also 

the typical substrate temperature for deposition of the CGO barrier layer and the 

calcination temperature for LSCF cathode in the single cell manufacturing process. It 

is clearly observed that the layer is over-sintered and finally developed into a 

maroporous layer with pore size larger than 50 nm, seen in Figure 4.31d. 

 
Figure 4.31 Evolution of polymeric sol-gel derived 8YSZ layer 
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4.2.3 Layers deposited with nano-suspensions 

4.2.3.1 Concept of hybrid PVA-ceramic layers 

Nontoxic and odorless polyvinyl alcohol (PVA) has excellent film forming, 

emulsifying, and adhesive properties. According to the work of T.A. Peters et al. 

[112], thin PVA membrane can be formed on porous ceramic support. In principle, 

the method described in this work for fabricating thin electrolyte with colloidal sol or 

nano-suspension has three steps: 1. Hybrid PVA membrane is formed with fine oxide 

(YSZ or CGO) particles distributed and fixed in the dried PVA membrane (Figure

4.32a); 2. PVA is totally decomposed and removed in thermal process above 200°C 

and porous YSZ and CGO ceramic layers are formed on the substrate (Figure 4.32b); 

3. Porous ceramic layers are sintered at higher temperature forming dense ceramic 

layers (Figure 4.32c). In the process, PVA played a crucial role to minimize the 

infiltration of the particles into the pores of the substrate. A PVA network consisting 

of numerous monomers connected and fixed the oxide particles in the hybrid 

membrane and prevented formation of inhomogeneous layers by preventing 

segregation of the oxide particles. 

 
Figure 4.32  Formation of ceramic layers from hybrid layers: (a) dried hybrid layer, (b) porous 

ceramic by decomposition of PVA; (c) dense ceramic layer by sintering process 

4.2.3.2 Layers deposited via dip-coating method

Homogenous 8YSZ layers with thickness of 1 to 6 �m  were successfully fabricated 

on tape-cast substrate by repeating dip-coating and thermal treatment processes, seen 

in Figure 4.33. PVA solution was added into the nano-suspensions as binder and 

drying control chemical addictives. The multilayer structure was recognizable after 

calcination of the layers at 500 ºC for 1 h. In the SEM image of a triple-layered 

coating in Figure 4.34a, sharp 8YSZ/8YSZ interfaces are observed. When the 

c
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underlying layer is porous, intermixing of the layers may occur. Such interpenetration 

process may aided by the capillary pressure created by solvent flow into the 

underlying porous layer [82]. By increasing the solid concentration of the sol or nano-

suspension, the single layer thickness in a calcined state increases from 1 to 2 �m. As 

demonstrated in Figure 4.34a, the third layer coated with nano-suspension of doubled 

solid concentration shows a doubled layer thickness compared to the first and second 

coated layer.  

Figure 4.33 Half-cells with dip-coated 8YSZ layer, FG02 anode support with screen-printed anode as 

substrate: (a) 8YSZ layer calcined at 500 ºC, (b) 8YSZ layer sintered at 1400 ºC 

 
The surface SEM image in Figure 4.34c shows that the grain size of the sample 

calcined at 500 ºC remained in nanometer regime (approximately 5-10 nm). The 

calcined layers are not permeable by propanol (propanol-tight) and suitable for 

supporting polymeric sol-gel layer by avoiding serious the sol infiltration. As the 

thermal treatment temperature of the layer increased to over 700 ºC, significant grain 

growth took place and the pore structure of the nano-suspension layer was changed. 

The layers were not propanol-tight anymore. The samples sintered at 1400 ºC are 

fully dense and the average grain size of the layer made of nano-suspension is lager 

than 1 �m, as shown in Figure 4.34b,d. By comparing of the fracture surface images, 

it is found that the layer thickness shrinked from 6 to 3.5 μm, during the 

transformation process of the layer from the calcined state to the final sintered state. 

The visible grain boundary in Figure 4.34b proved that the as-prepared electrolyte has 

normally only one single grain, with size larger than 2 μm, packed in the vertical 

direction to the sample plane. In the single SOFCs prepared with such electrolyte, the 

 a  b
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oxygen ions do not need to cross more than one grain boundary in the electrolyte to 

reach the reaction site at anode side during cell operation.  

 

 
Figure 4.34  SEM images of dip-coated 8YSZ layer with  colloidal sol/suspension on tape-cast 
substrates with screen-printed anode layer: (a) fracture surface, calcined at 500 ºCfor 1 h, (b) fracture 
surface, sintered at 1400 ºC for 5 h, (c) surface, calcined at 500 ºC for 1 h, (d) surface, sintered at 
1400 ºC for 5 h 
 
Layers thicker than 5 μm were deposited by increasing the solid concentration of the 

sol or suspension or repeating the coating cycles. Although the thick layers remains 

crack-free after the calcinations at 500 or 600 ºC for 1 h, massive cracks are found in 

the sintered electrolyte. The layer even delaminate from the substrate at the edge of 

the coated layer, as shown in Figure 4.35a. A drying frontier may form in the coated 

layer if the sol dried before reaching the edge of the substrate. The local thickness of 

the layer on the drying line is normally thicker due to the existence of a large contact 

angle at the solid/liquid/gas interface. Cracks are found on the drying line when the 

local layer thickness on the line exceeds the critical thickness for the formation of 

crack-free layers, as shown in Figure 4.35b. 

 

1st YSZ layer 
2ndYSZ layer 
3rd YSZ layer  

Grain boundary  
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In order to increase the green density and 8YSZ material load of the electrolyte layers, 

a multi-temperature calcination process was investigated. The first dip-coated layer 

was calcined at 1000 °C for 1 h to enlarge the pore size of the layer. During the 

formation of the second layer, the fine particles may fill into the pores of the first 

layer increasing the packing density of the double-layer electrolyte. The second layer 

with intermediate pore size was formed by a calcination process at 800 °C for 1 h, 

instead of forming a propanol-tight mesoporous layer by a calcination at 500 °C. In 

the next step, the polymeric 8YSZ precursor layer forms on the top of the 

intermediate 8YSZ layer with partly infiltration of the precursor polymeric sol into the 

porous intermediate layers, resulting in an additional enhancement of the electrolyte 

green density prior the final sintering step.  

 
Figure 4.35 Cracks in electrolyte layer prepared by dip coating: (a) crack in sintered electrolyte with 
over-critical thickness (substrate in oxidized state), (b) cracks on the drying frontier (substrate in 
reduced state) 
 

4.2.3.3 Helium leak rate 

The layers, deposited with colloidal nano-suspension and calcined at 500 ºC, is 

propanol-tight and with well-defined pore structure and grain size, which is suitable to 

serve as an intermediate layer and support the propanol-based polymeric sol to form a 

thin layer on the top by limiting sol infiltration into the supports. The fine pore 

structure of the propanol-tight intermediate layer is destroyed by the thermal 

treatment at temperature over 800 ºC due to significant grain growth. Micro-porous 

structure in the layer was replaced by meso-/macro-porous structure, which were not 

able to prevent the polymeric sol from infiltrating into the layer. The as-deposited 

Drying line of the sol  

Cracks formed on the 
drying line of the sol  

Cracked layer delaminated 
from the substrate 
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layers can be fully sintered at 1400 ºC for 5 h with micron-sized grains. Finally the 

sinter samples were reduced in H2/Ar at 900 ºC and the 8YSZ layer remained dense. 

 

Samples with polymeric-sol-derived layers on top the porous intermediate layer 

proved to be moderate gas-tight with rather low helium leak rate in the range of 

5.3×10-5 to 4.6 ×10-3 hPa·dm3·s-1cm-2, shown in Figure 4.36. The leak rate is supposed 

to be strongly influenced by the defect in the layer. As the thermal treatment of 

temperature of the layers increased to over 700 °C, the helium leak rate of the 8YSZ 

layer increased significantly due to microstructure change in the overly sintered 

polymeric-sol-derived layer as described in section 4.2.2 and demonstrated in Figure 

4.31. The helium leak rate of half-cells with dip-coated and sintered 8YSZ electrolyte 

layers are in the range of 8x10-6 to 5x10-5 hPa·dm3·s-1cm-2. The helium leak rate of the 

same samples exceeded 7x10-4 hPa·dm3·s-1cm-2 after the reduction of anode substrate 

in Ar/H2 at 900 ºC. 
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Figure 4.36 Helium leak rate of samples prepared on tape-cast substrates with calcined 8YSZ layer 

 

4.2.3.4 Layer thickness and microstructure 

The dip-coating processes were carried out for 1-3 times with fixed solid 

concentration in nano-suspension. As shown in Figure 4.37 and Figure 4.38, the 

thickness of as-prepared increased steadily and the thickness of 3-times dip-coated 

zirconia and ceria layers is 2.7 and 3.5 μm, respectively. According to the SEM 

surface images, the zirconia and ceria layers remains porous and incompletely 



Results and discussion 

 69

densified after firing at 1200 °C and 1300 °C for 2 hours (Figure 4.39a, b and Figure

4.40a,b). The pores in the layers gradually diminished and the average grain size of 

the layer steadily increased as the thermal treatment temperature of the sample 

increased. The SEM images of finally sintered layers are shown in Figure 4.39c and 

Figure 4.40c. The grain size of ZrO2 layer sintered at 1400 °C for 2 hours remains in 

sub-micron regime, while the 8YSZ layer sintered at 1400 °C for 5 hours normally 

has the grain size of several microns. In the case of ceria coatings, the grains in the 

layers grew from around 300 nm to over 1 �m as the thermal treatment temperature 

rose from 1200 to 1400 °C, with dwelling time of 2 hours. 

 
Figure 4.37  SEM fracture surface images of dip-coated zirconia layers on anode support, fired at 

1200 °C for 2 h: (a) dip-coated 1 time, (b) dip-coated 2 times, (c) dip-coated 3 times 

 

Figure 4.38  SEM fracture surface images of dip-coated ceria layers on anode support, fired at 1300 °C 

for 2 h: (a) dip-coated 1 time, (b) dip-coated 2 times, (c) dip-coated 3 times 
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Figure 4.39 SEM surface images of zirconia layers on porous AFL, fired at: (a) fired at 1200 °C for 
2 h  (b) fired at 1300 °C for 2 h, (c) fired at 1400 °C for 2 h 
 

 
Figure 4.40 SEM surface images of ceria layers on porous AFL, fired at: (a) fired at 1200°C for 2 h  
(b) fired at 1300°C for 2 h, (c) fired at 1400°C for 2 h 
 

4.2.3.5 Curvature

The samples with sintered zirconia or ceria layers prepared on 1 mm thick warm-

pressed substrates or 0.6 mm thick tape-cast substrates showed curvatures after 

sintering at 1400 °C for 5 h. Curvatures are observed in the 3-dimensional topography 

images monitored by the senor DRS 8000 on Cyber Scan CT200 laser scanning 

system.  

 Layer thickness 

(�m) 

Deflection 

(mm) 

x-axis profile through 

center, curvature (m-1) 

y-axis profile through 

center, curvature (m-1) 

a 1 �m 0.96 0.11 0.17 

b 2 �m 0.17 -8.86 -9.50 

c 3 �m 0.48 -23.62 -20.81 

Table 4.8 Bending results of sintered ceria layers on 1 mm thick warm-pressed anode 
substrates 
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In the first experiment, square-shaped warm-pressed anode substrates (1 mm thick) 

pre-sintered at 1230 °C for 3 h with size of 40 x 40 mm2 were used as substrates. The 

thickness of ceria layers was adjusted in the range of 1-3 �m by controlling the 

coating times and solid concentration of the nano-suspension. As the layer thickness 

increases, the curvature and deflection of the samples increases accordingly and the 

acquired results are listed in Table 4.8. The measured overall deflection of the sintered 

sample with 1 �m thick ceria layer prepared on 1 mm thick pre-sintered anode 

substrate is only 0.11 mm. The deflection and curvature increased dramatically to 

3.6 mm as the layer thickness increased to 3 �m. The visualized deflection and 

curvature results are demonstrated in Figure 4.41. 

 
Figure 4.41  Topography of dip-coated ceria layers on rectangular warm-pressed anode supports 
(thickness=1 mm), sintered at 1400°C for 5 h: (a) 1 time dip-coated layer with thickness of ~1 �m, (b) 
2 times dip-coated layer with thickness of 1.5-2.5 �m, (c) 3 times dip-coated with layer thickness of 3-
3.5�m 
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 Layer thickness 

(�m) 

Deflection 

(mm) 

x-axis  profile through center, 

curvature(m-1) 

y-axis  profile through center, 

curvature (m-1) 

a 1 �m 0.96 5.34 2.14 

b 2 �m 0.17 0.72 0.53 

c 3 �m 0.48 -1.89 -2.32 

Table 4.9 Bending results of sintered ceria layers on air side of ~0.6mm thick tape-cast anode support 
 

  
Figure 4.42 Topography of dip-coated ceria layers on tape side of circular tape-cast anode supports 
(thickness= ~0.6 mm, diameter=4 cm) sintered on air side at 1400 °C: (a) 1 time dip-coated layer with 
thickness of ~1 �m, (b) 2 times dip-coated layer with thickness of 1.5-2.5 �m, (c) 3 times dip-coated 
with layer thickness of 3-3.5�m 
 

In a second experiment, circular tape-cast anode supports (0.6 mm thick, pre-sintered 

at 1230 °C for 3 h) were used as substrates. Ceria layers were directly deposited on 

the pre-sintered substrate by dip-coating. The layer thickness was also adjusted in the 
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range of 1-3 �m by controlling the coating parameters and all samples were sintered 

at 1400 °C for 5 h. The deflection behaviour of the samples is strongly dependent on 

layer thickness. The direction of sample curvatures changed as the thickness of ceria 

layers increased from 1-3 �m. As observed in Table 4.9 and Figure 4.42, the sample 

with 2 �m ceria layer has the minimum curvature among the samples, because the 

shear stress on the layer/substrate interface is nearly balanced. Otherwise, unbalanced 

stress at the layer/substrate interface may cause curvature in the samples. 

 

The bending of samples may attribute to the different shrinkage behaviours of the 

deposited layers and the substrates, as well as their different material composition and 

porosity. The thickness of the layers and substrates also plays an important role in the 

process. Through the optimization of the material composition, porosity and the 

thickness ratio between the coated layers and substrates, it might be possible to avoid 

bending and produce flat samples without flattening process by application of a 

weight load during the thermal treatment.  

4.2.3.6 Layers deposited on pre-sintered anode substrate by spin-coating method 

Homogeneous hybrid layers with PVA and ceramic particles are easily formed on 

warm-pressed substrate by spin-coating nano-suspensions` at a rotation speed of 

1200 rpm. As shown in Figure 4.43, the thickness of the sintered electrolyte layer is 

about 1.5 �m and the grain size is in the range of 1-3 �m. Pin-hole located on the 

grain boundary with size of ~0.5 �m is also observed in backscattered SEM surface 

image of the crack-free electrolyte layer. 

 
Figure 4.43 SEM images of spin-coated electrolyte on warm-pressed anode support with colloidal 

sol/suspension: (a) fracture surface, (b) surface 
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At the rotation speed of 1200 rpm, no layer is formed on tape-cast substrates because 

the surface of the FG31 and FG2 substrates with fine pore structure are much 

smoother than the warm-pressed substrates. Different from the dip-coating process, 

the properties of substrates, especially the surface roughness and pore structure, have 

remarkable influence on the layer formation behaviours of the PVA modified sols and 

nano-suspensions in fabrication of electrolyte layers via spin-coating method. The 

spin-coating parameters were optimized in order to prepare electrolyte layers on tape-

cast substrates. By reducing the spin speed from 1200 to 400~800 rpm with 

acceleration of 20 rpm/s, homogenous 8YSZ electrolyte layers with adequate 

thickness were successfully deposited on tape-cast substrate and the photograph of the 

as-deposited layer (calcined at 500  ºC for 1 h) is shown in Figure 4.44.  

Figure 4.44 Half-cell with spin-coated 8YSZ layer (calcined at 500 ºC for 1 h), pre-sintered FG02 

anode support with screen-printed anode as substrate 

 
Figure 4.45 Graphical description of the edge bead effect [113], � is the wetting angle 
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According to work of G. Carcano et al. [113], edge beads are frequently formed in the 

spin-coating process with viscous liquids. The viscosity and surface tension dictate a 

constant contact angle at the solid-liquid-gas interface as seen in Figure 4.45. Cracks 

are normally formed in the dried edge bead due to the exceeding of critical thickness 

for crack-free layers. Not only the sol properties determine the edge bead, but spin 

coating recipe contributes as well. Due to the increased friction with air at the edge of 

the substrate, the sol in the bead dries fast, blocking the remaining sol to flow over the 

step and making the edge bead grows. Higher spin speed is favourable to reduce the 

size and width of the edge bead and avoid cracks in this region.  Due to this reason, 

the standard spin coating speed was chosen to be 800 rpm, instead of 400 rpm, in 

most cases of the subsequent coatings on tape-cast substrates.  
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Figure 4.46 Weight gain of electrolyte layers by each coating cycle on FG02 substrates 

 

It is observed in Figure 4.46 that the average weight of 4 subsequently spin-coated 

8YSZ layers on tape-cast substrates decreased substantially. According to the coating 

sequence, the average weight of the layers is 0.61 mg/cm2, 0.50 mg/cm2, 0.40 mg/cm2 

and 0.33 mg/cm2, respectively. The observed decrease in layer weight might be due to 

the fact that the fine particle infiltration into the substrates from the layer n+1 is 

impeded by the firstly coated layer n and the nano-suspension flows away from the 

sample more easily, while the pore structure on the sample surface became finer and 

the surface roughness reduced gradually as the spin-coating process repeated.  
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4.2.3.7 Layers deposited on sintered non-shrinking anode substrate by spin-

coating method 

As there are great interests in coating dense layer on non-shrinking substrates, FG31 

anode supports were firstly thermally treated at 1340 ºC, 1370 ºC and 1400 ºC for 5 h. 

Subsequently, the microstructure and surface property of the substrate were changed 

and the well-distributed pores were closed on the anode surface as the thermal 

treatment temperature increased. As illustrated in Figure 4.47, the well-distributed 

pores in the substrates calcined at 1230 ºC for 3 h offered well-distributed capillary 

force, which draws the liquid in the sol of nano-suspension into the pores of the 

substrate and improved the package density of the particles near the substrate surface 

due to the capillary pressure, forming a densely packed layer. During the spin-coating 

or dip-coating process, the packed layer stays firmly on the substrate and the 

superfluous sol and nano-suspension flows and takes away the particles in the “flow 

layer”. In the case of sintered substrate, the most of the pores are closed in the 

substrate after the high-temperature thermal treatment and distributed capillary force 

was not available anymore to take action on the sol to form a well-packed layer. 

Eventually, the particles in the sol/suspension flow away from the substrate and no 

layer is formed.  

Figure 4.47 Influence of capillary force on the layer formation process 

 
As shown in Figure 4.48, weight gain was hardly observed after the spin-coating was 

carried out on the substrates already sintered at 1370 ºC or 1400 ºC for 5 h. The 

average weight of thin layers formed on FG31 substrates calcined at 1340 ºC for 5 h is 
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0.24 mg/cm2, which is obviously less than the weight (0.61 mg/cm2) of layers formed 

on porous substrate only calcined at 1230 ºC for 3 h.  
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Figure 4.48 Weight of 8YSZ layer spin-coated on sintered FG31 substrates 

 

4.2.3.8 Summary

Dense electrolyte layers have been successfully deposited on tape-cast anode support 

substrates via sol-gel dip-coating and spin-coating method. Using warm press 

substrates, layers can be easily formed by spin coating the PVA modified nano-

suspension at a rotation speed of 1200 rpm. This might be due to the high roughness 

of the warm-pressed substrate as shown in Figure 4.22 in section 4.2.1, which 

provides a better layer formation property. In contrast, no layers with sufficient 

thickness were formed on the smooth tape-cast substrate at spin coating speed of 

1200 rpm.  In order to deposit thin layers on tape-cast substrate by spin coating of the 

nano-suspension, low rotation speed should be applied. The optimization of spin 

coating recipe was carried out and 800 rpm was chosen in the high-speed rotation step. 

The material load of 8YSZ layers formed on FG31 substrates were generally higher 

than the layers formed on FG02 substrates under same spin coating parameters due to 

the difference in the porosity of the substrates. Gas-tight layers were prepared by 

sintering the 8YSZ layer at 1400 °C for 5 h.  
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4.3 Electrochemical characterization of single cells 

The electrochemical performance, including current density, area specific resistance 

(ASR), impedance spectroscopy, of the prepared single cells with varied processing 

parameters and layer configurations is reported in the following sections. The 

preparation flow charts are shown in Figure 4.49. The acquired characterization 

results are compared with the state-of-the-art anode-supported SOFCs, which are also 

mentioned as “reference cells”. Reference cells are prepared and provided by Dr. S. 

Uhlenbruck and W. Herzhof from IEF-1. The electrochemical data of reference cells 

is measured and provided by Dr. V.A.C. Haanappel from IEF-3. 
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Figure 4.49 Preparation flow charts of single cells 
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4.3.1 Single cells with multi-layered electrolyte, without CGO layer and non-

sintered LSCF cathode (Group 1-1) 

In the fabrication process of single cells in Group 1-1, also seen in the flow chart of 

Figure 4.49, an aqueous 8YSZ suspension with average particle size ~120 nm was 

coated via vacuum slip casting method to form the first intermediate electrolyte layer 

on warm-pressed substrates. The second and third electrolyte layers were deposited 

with nano-suspension by spin coating. The primary particle size of the nano-

suspension was less 10 nm, however, the average agglomerated particle size was 

approximately 40 nm. Then the first three layers were co-sintered at 1400 ºC for 5 

hours. Furthermore, the polymeric sol with average particle size less 10 nm was spin-

coated on the sintered electrolyte made from 8YSZ nano-suspension aiming to 

improve the gas-tightness of the electrolyte. In a calcination process at 600 ºC for 1 h, 

the polymeric sol-gel precursor layer transformed into microporous ceramic layers. 

As shown in Figure 4.50, the total thickness of the homogeneous and dense multi-

layered 8YSZ electrolyte is approximately 2 μm thick. No Ce0.8Gd0.2O2-� (CGO) 

diffusion barrier layer was applied and a 50 μm thick La0.58Sr0.40Fe0.80Co0.20O3-� 

(LSCF) cathode layer was directly screen-printed on the as-deposited multi-layered-

structured electrolyte and dried at 60 ºC. The samples were electrochemically tested 

without carrying out the sintering step for the cathode.  

 

 
Figure 4.50  Fracture surface SEM images cell 11602-7 in Group 1-1 with multi-layered electrolyte 

and without CGO layer: (a) dense intermediate layer, (b) zirconate layer with poor cunductivity 

 

The helium leak rate of the half-cells without deposition of polymeric sol-gel layers is 

in the range of 4.3x10-5 to 9.1x10-5 (hPa·dm3)/(s·cm2). After coating of the polymeric 

zirconate layer 

dense electrolyte
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sol-gel layer, the helium leak rate of the half-cells with multi-layered electrolyte is 

improved to the range of 1.2x10-5 to 2.9x10-5 (hPa·dm3)/(s·cm2). It is found in Figure

4.51 that the helium leak rate reduces steadily as the deposition of polymeric sol-gel 

layer was repeated. In other words, the gas-tightness improvement has a dependence 

on the thickness of the microporous top layer deposited with polymeric 8YSZ sol. In 

the process, the polymeric sol may infiltrate into the defects in the sintered electrolyte 

reducing the defect size and the leakage rate. 
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Figure 4.51 Dependance of improvement in helium leak rate on the thickness of deposited thin porous 

top layer by spin-coating the polymeric 8YSZ sol, the layers are calcined at 600 ºC for 1 hour.  

 
As shown in Figure 4.52, the measured open circuit voltage (OCV) of test cells in 

Group 1-1 is approximately 1.09V, which is in good agreement with the OCV of the 

reference cell, indicating that the as-prepared multi-layered electrolyte is dense and 

gas-tight. The current density of the cells is calculated by dividing the measured 

current by the cathode area of 16 cm2. At a cell voltage of 0.7 V, the measured current 

densities of the tested cells in Group 1-1, which are without CGO layer and with non-

sintered LSCF cathode, are 0.73 A/cm2 at 800 ºC and 0.11 A/cm2 at 650 ºC, which are 

significantly lower than the values of the reference cells with magnetron sputtered 

CGO layer and sintered LSCF cathode (1040 ºC for 3 h) , accordingly 2.09 A/cm2 at 

800 ºC and 1.02 A/cm2 at 650 ºC. The average area specific resistance (ASR) of the 
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tested cells is 2 times higher at 800 ºC and 14 times higher at 650 ºC than the ASR of 

reference cells, as listed in Table 4.10. 
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Figure 4.52 i-V curves of cell 11602-7 in Group 1-1 compared with reference cell 9219-15, operated at 
650 and 800 ºC, different from the tested cells, the reference cells are with vacuum-slip-cast electrolyte 
(7~10 μm), sputtered CGO layer (1 μm) for 3 h. 
 

Temperature 

(ºC) 

ASRTested 

(m
·cm2) 

ASRReference 

(m
·cm2) 

ASR Difference 

(m
·cm2)/% 

800 509 157 352 / +224% 

750 908 160 748 / +468% 

700 1944 199 1745 / +902% 

650 3637 245 3392 / +1400% 

Table 4.10 Average ASR of tested cells of Group 1-1 (cell 11602-3 and cell 11602-7 without CGO layer 

and with non-sintered LSCF cathode) compared with reference cells (cell 9219-11 and cell 9219-15, 

with magnetron sputtered CGO layer and sintered LSCF cathode) 

 
The most important reason for the extremely poor electrochemical performance of the 

tested cells in Group 1-1 is the formation of insulating layers on the top of the 

electrolyte during the testing process at high temperature of 800 to 900 ºC. Without 

the deposition of the CGO barrier layer, strontium diffused from the cathode reacted 

with the 8YSZ electrolyte and formed zirconate layer (Figure 4.50b), such as SrZrO3 

or La2Zr2O7 [61]. The strontium mainly reacted with the 8YSZ top layer in the 

electrolyte due to the high reactivity of the nano-scaled particles and grains in the 
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porous 8YSZ top layers. As observed, the zirconate layer is 200 to 500 nm thick, 

which is comparable with the thickness of 8YSZ top layer made of polymeric 8YSZ 

sol. The second explanation for the poor performance of the cells is the delamination 

of the non-sintered cathode from the electrolyte surface (as shown in Figure 4.53). 

The total measured current during the test at varied temperature is remarkably low 

because the effective cathode/electrolyte contact interface area significantly reduced 

due to the delamination. 

 

Figure 4.53 Single cells with non-sintered LSCF cathode: before single cell test (left) and after single 

cell test (right)   

4.3.2 Single cells with multi-layered electrolyte, CGO layer and sintered LSCF 

cathode (Group 2-1 and Group 2-2) 

In order to obtain satisfactory electrochemical cell performance, it is essential to 

deposit CGO barrier layer to avoid formation of zirconate layers and the LSCF 

cathode should be sintered in advance in a proper thermal treatment process to 

prevent the cathode delamination from the cells. Thus, the half-cells with multi-

layered electrolytes were prepared in the same way as described in Section 4.3.1. 

Additionally, CGO barrier layers (~0.5 �m in thickness) were coated by magnetron 

sputtering at 800 °C. The LSCF cathode was screen-printed, dried at 60 °C and then 

sintered at 1040 ºC for 3 hours. As shown in Figure 4.54, the sintered cathode shows 

good adhesion to the half-cells before and after the electrochemical test and the 

delamination of cathode is not observed. The helium leak rate of tested half-cells is in 

Delamination 
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the range of 1.6x10-5 to 3.7x10-5 (hPa·dm3)/(s·cm2), which is as good as the cells in 

Group 1-1 reported in Section 4.3.1.  

 

  
Figure 4.54 Single cells with magnetron sputtered CGO diffusion barrier layer and sintered LSCF 

cathode: before single cell test (left) and after single cell test (right)   
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Figure 4.55 i-V curves of cell 12104-1 in Group 2-1 compared with reference cell 9219-15, operated at 
650 and 800 ºC, different from the tested cells, the reference cells are with vacuum-slip-cast electrolyte 
(7~10 μm), sputtered CGO layer (1 μm) for 3 h 
 
As shown in Figure 4.55, the measured open circuit voltages (OCV) are 1.08 and 

1.11 V at 800 and 650 ºC, respectively. At operating temperature of 800 ºC, the i-V 

curves showed no significant difference between the tested cells in Group 2-1 and the 

reference cell. The average current density (extrapolated) of three tested cells is 

Ce0.8Gd0.2O2-� diffusion barrier layer 
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1.82 A/cm2, generating the average power density of 1.27 W/cm2 at a cell voltage of 

0.7 V. At operating temperature of 650 ºC, the average current density (measured) of 

the tested cells is 0.68 A/cm2, 31% lower than then average current density of 

reference cells (0.99 A/cm2). The average area specific resistance (ASR) of test cells 

is 11% higher than the ASR of the reference cells at operating temperature above 

700 ºC and 56% higher than reference cells at 650 ºC, as listed in Table 4.11. The 

thickness of the 8YSZ electrolyte is more influential on the ASR at low operating 

temperature than at high operating temperature. 
Temperature 

(ºC) 

ASRTested 

 (m
·cm2) 

ASRReference 

(m
·cm2) 

ASR Difference 

(m
·cm2) / % 

800 173 157 16 / +11% 

750 181 160 21 / +11% 

700 223 199 24 / +11% 

650 382 245 137 / +56% 

Table 4.11 Average ASR of tested cells in Group 2-1 (cell 12104-1, cell 12104-2, and cell 12104-3, 
with magnetron sputtered CGO layer and sintered LSCF cathode) compared with reference cells (cell 
9219-11 and cell 9219-15, with magnetron sputtered CGO layer and sintered LSCF cathode) 
 
According to the observed i-V behaviors in Figure 4.55, it is concluded that the 

electrochemical performance of as-prepared single cells in Group 2-1 with a 2 μm 

thick electrolyte are only as good as the state-of-the-art reference cells with 8 μm 

thick electrolyte at operating temperature of 800 ºC and performed worse than 

reference cells at operating temperature of 650 ºC, with power output decrease of 

about 30%. 

 

 
Figure 4.56 Fracture surface SEM of cell 12104-1 in Group 2-1 with multi-layered electrolyte, CGO 

layer and sintered LSCF cathode: (a) dense intermediate layer, (b) CGO layer and zirconate layer 

 

The SEM fracture surface image of cell 12104-1 in Figure 4.56 confirmed that the as-

Zirconate layer 

Dense CGO layer 
Dense electrolyte layer 

Porous CGO layer 
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deposited electrolyte is dense and with average thickness about 2 μm. Second phase 

of zirconate compound is found at some part of the 8YSZ/CGO interface. Apart from 

the cracks and pin-holes observed in the SEM surface images (Figure 4.57a, b), the 

polymeric-sol-derived electrolyte layer calcined at 1040 ºC, the typical calcination 

temperature of the LSCF cathode in the cell manufacturing process, is found to be 

porous and with grain size of ~150 nm. As discussed in section 4.2.2, the additionally 

coated microporous layer made from polymeric 8YSZ sol is overly sintered and 

becomes macroporous in thermal treatment at 1040 ºC. Large pores in the range of 50 

to 150 nm in diameter scattered all over the surface of the top electrolyte layer, as 

observed in Figure 4.57b.  

 

 
Figure 4.57 SEM surface images of the 8YSZ electrolyte and CGO barrier layers of cell 12104-1 in 
Group 2-1: (a), (b) surface of 8YSZ electrolyte; (c), (d) surface of CGO barrier layer  
 
The CGO layer sputtered before the deposition of cathode also inherited the 

microstructure, such as grain size and porosity, of the top 8YSZ layer heated at 800 ºC 

and might be further influenced by the microstructure change of the electrolyte 

surface as the single cells were exposed to a thermal treatment during the sintering of 

cathode layer at 1040 ºC. The CGO layer sputtering process is demonstrated in the 

Dense CGO layer 

Porous electrolyte top layer 

Dense electrolyte top layer  

Micro crack

Cracks in electrolyte top layer 
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schematic diagram in Figure 4.58. Dense CGO layers formed at the locations where 

the underlying mesoporous 8YSZ layer (thermally treated at 800 ºC, typical substrate 

temperature for sputtering of CGO layers) is also dense or where the thickness of 

sputtered CGO layer is sufficient to fill the depth of the pores or to bridge the width of 

the pores. Grain boundary is not visible in the dense part of the barrier layer, however, 

the rest part of the CGO layer is not fully dense and mainly covered with small grains 

in size of about 150 nm (Figure 4.56b and Figure 4.57c, d). 

 
Figure 4.58 Diagram of CGO layer sputtering process 

 

According to the microstructure morphology of the as-prepared single cells, the main 

reason for the ordinary cell performance still seems to be attributed to the formation 

of zirconate layers in the electrolyte during sintering the LSCF cathode at 1040 ºC. In 

the process, strontium (Sr) diffused from the La0.58Sr0.4Fe0.2Co0.8O3-� cathode through 

the pores and cracks in the CGO layer to the 8YSZ/CGO interface, forming ionic 

insulating zirconate compounds such as SrZrO3, which is observed in the material 

contrast SEM image in Figure 4.59 obtained by the back scattering detector. The 

accumulation of Sr in the secondary phase at 8YSZ/CGO interface is confirmed by 

EDX analysis. The formation of the insulating layers (normally 200~500 nm in 

thickness) could result in remarkable negative effects on the overall performance of 

the tested cells, which counteract the positive contributions brought by the electrolyte 

thickness reduction.  No Sr is detected at point 3 in Figure 4.59 because dense CGO 

barrier layer at this region effectively prevented the Sr diffusion. As a result, the 

actual overall ionic conductivity of the as-prepared thin electrolyte was not improved 

due to the formation of insulating layers under the porous part of the CGO layer. The 
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electrical performance is still comparable with the performance of the reference cells 

at 800 ºC. However, the cell performance became much worse as the conductivity of 

the as-prepared electrolyte dropped dramatically at cell operating temperature of 

650 ºC. 

 
Figure 4.59 Polished cross section of tested single cell no. 12104-1 with multi-layered electrolyte, CGO 

layer and sintered LSCF cathode. 

 
In the preparation of single cells of Group 2-2, deposition of aqueous 8YSZ 

suspension layers was not applied any more in order to simplify the electrolyte 

fabrication process and to reduce the electrolyte thickness to about 1 μm. As 

demonstrated in Figure 4.49, the electrolyte is deposited by spin-coating of 8YSZ 

nano-suspension on the porous substrate with anode layer. Sintered at 1400 °C for 5 h, 

the electrolyte was additionally coated with polymeric-sol and calcined at 600 °C. 

CGO barrier layers (~0.5 �m in thickness) were deposited by magnetron sputtering at 

800 °C. The LSCF cathode was screen-printed, dried at 60 °C and then sintered at 

1040 ºC for 3 hours.  The average helium leak rate of the half-cells prepared in this 

group of samples is 2.5x10-5 (hPa·dm3)/(s·cm2), proving that the gas-tightness of the 

1 �m thick multi-layered electrolyte is comparable to the 2 �m thick electrolyte in 

Group 1-1, Group 2-1 and  the 8 �m thick electrolyte prepared by vacuum-slip-casting 

or screen-printing methods. The results confirm that the gas-tightness of the 1 �m 
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thick electrolyte is technically acceptable without the deposition of the vacuum-slip-

cast suspension layers. 
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Figure 4.60 i-V curves of cell 12104-9 in Group 2-2 compared with reference cell 9219-15, operated at 

650 and 800 ºC  

 
Temperature 

(ºC) 

ASRTested 

 (m
·cm2) 

ASRReference 

(m
·cm2) 

ASR Difference 

(m
·cm2) / % 

800 250 157 93 / +60% 

750 348 160 188 / +117% 

700 564 199 366 / +184% 

650 987 245 742 / +304% 

Table 4.12  Average ASR of tested cells in Group 2-2 compared with reference cells 

As shown in Figure 4.60, the measured open circuit voltages (OCV) are 1.09 and 

1.11 V at 800 and 650 ºC, respectively. The i-V curves of the tested cells showed 

significant performance drop in comparison with the reference cells. At operating 

temperature of 800 ºC, the average current density (extrapolated) of tested cells is 

1.22 A/cm2, generating the average power density of 0.85 W/cm2 at a cell voltage of 

0.7 V, 40% lower than then average current density of reference cells (2.04 A/cm2). 

At operating temperature of 650 ºC, the average current density (measured) of the 

tested cells is 0.36 A/cm2, 64% lower than the reference cells (0.99 A/cm2). The 

average area specific resistance (ASR) of the test cells is approximately 60% higher in 
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comparison with the ASR of the reference cells at operating temperature of 800 ºC 

and dramatically increased to 3 times higher than the ASR of the reference cells at 

650 ºC, as listed in Table 4.12. 

 
Figure 4.61 SEM surface image of magnetron sputtered CGO barrier layer on multi-layered electrolyte 

(cell no. 12104-9) 

 

 
Figure 4.62 SEM fracture surface of cell 12104-9 with a multi-layered structured electrolyte and 

magnetron sputtered CGO barrier layer: (a) dense electrolyte, (b) zirconate layer and dense CGO layer 

 
The electrochemical performance of the tested single cells in Group 2-2 with multi-

layered electrolyte is significantly lower than the reference cells. The reasons for the 

poor performance are also due to the formation of insulating layers, as discussed in 

section 4.3.2. The microstructure images demonstrated in Figure 4.61 and Figure 4.62 

confirmed again that the calcined top electrolyte layers are overly sintered at higher 

thermal treatment temperature and the pores in the surface of the electrolyte resulted 

in a porous sputtered CGO layer. 

 

Dense CGO layer 

Micro crack 
Porous CGO layer 

Zirconate layer
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Strontium (Sr) diffusion from La0.58Sr0.4Fe0.2Co0.8O3-� cathode through the pores or 

defects in CGO layer to the surface of electrolyte is also confirmed by EDX analysis. 

The strontium is scarcely detectable at point 1 and 4 of Figure 4.63, where the 

analyzed region is near the interface of dense 8YSZ and CGO layers, indicating that 

no zirconate compound is formed at this region due to the effective protection of the 

dense CGO layer from strontium diffusion. The reason for the scattered poor 

electrochemical single cell performance results is that only a portion of the deposited 

CGO layer is dense, as observed in SEM surface images (Figure 4.61). In fact, the 

actual overall conductivity of the electrolyte is strongly dependant on the area of the 

dense CGO barrier layer in between the 8YSZ electrolyte and the LSCF cathode. In 

another word, the area of the dense CGO layer determines the area of the electrolyte 

free of zirconate layer and the overall ionic conductivity of the whole electrolyte. As 

the ratio between the dense CGO layer and the porous CGO layer varied, the overall 

ionic conductivity of the whole electrolyte layer and the electrochemical performance 

of the single cells were influenced to different extents. The negative effects on the 

single cell performance caused by the formation of the zirconate layers suppressed the 

positive contributions brought by the electrolyte thickness reduction. As a result, the 

performance of the as-prepared single cells with 1 �m electrolyte are definitely worse 

than the reference cells with 8 �m thick electrolyte. 

 
Figure 4.63 Polished cross section of single cell 12104-9 in Group 2-2 with multi-layered 

electrolyte, CGO layer and sintered LSCF cathode 
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4.3.3 Single cells with co-sintered multi-layered electrolyte, CGO layer and 

LSCF cathode (Group 3-1, Group 3-2 and Group 3-3) 

In this section, three groups of single cells with co-sintered thin electrolytes are 

electrochemically tested. The preparation precedures of thin electrolyte layers are 

slightly different from each other. In the first group of single cells, Group 3-1, the first 

and second electrolyte layers were dip-coated and spin-coated with 8YSZ nano-

suspension and calcined at 1000 °C and 800 °C, respectively, as illustrated in Figure 

4.49. Polymeric sol was further spin coated and partly infiltrated into the first two 

8YSZ layers made from nano-suspensions. The polymeric precursor layers 

transformed into microporous ceramic layers by a calcination process at 500 ºC for 1 

h. Aiming to avoid over-sintering of the electrolyte layers made from polymeric sol, 

all the 8YSZ layers were co-sintered together at 1400 °C for 5 h. The CGO barrier 

layer (~0.5 �m in thickness) was coated by magnetron sputtering at 800 °C. The 

LSCF cathode was screen-printed and dried at 60 °C, and finally sintered at 1040 ºC, 

as described in section 4.3.2. The average helium leak rate of half-cells in the 

oxidized state in Group 3-1 was 1.2x10-5 (hPa·dm3)/(s·cm2)  

 
Temperature 

(ºC) 

OCVtested cells 

(V) 

OCVreference cells 

(V) 

OCVNernst equation 

(V) 

800 1.083 1.076 1.106 

750 1.092 1.085 1.113 

700 1.099 1.095 1.120 

650 1.105 1.103 1.127 

Table 4.13 Average open circuit voltage (OCV) of tested cells (cell 12625 and cell 12626) with co-
sintered multi-layered electrolyte in compare with reference cells (cell 9219-11 and cell 9219-15), and 
the theoretical value derived from Nernst equation  
 
As summarized in Table 4.13, the open circuit voltage (OCV) of the tested cells with 

co-sintered multi-layered electrolyte in Group 3-1 are measured as 1.083, 1.092, 1.099 

and 1.105 V at 800, 750, 700, and 650 °C, respectively. In comparison with the 

theoretical OCV values derived from the Nernst equation, the OCV loss of the 

reference cells with 7-10 �m thick electrolytes increased from 24 to 30 mV as the 

operating temperature increased form 650 to 800 ºC. In the case of the 1 �m thick 

electrolyte prepared from the nano-suspension and polymeric sol, the OCV loss of the 
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tested cells remains 21 to 23 mV (~2%) and is independent of the operating 

temperature. This phenomenon may indicate that the as-prepared electrolytes have 

fewer pin-holes and cracks, which normally influence the OCV loss at high 

temperature greatly due to more active gas diffusion behaviors. 
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Figure 4.64 i-V curves of cell 12625 in Group 3-1 compared with reference cell 9219-15, operated at 
650 and 800 ºC, different from the tested cells, the reference cells are with vacuum-slip-cast electrolyte 
(7~10 μm), sputtered CGO layer (1 μm) for 3 h 
 
As seen in Figure 4.64, the i-V curves of the tested single cells show excellent 

electrochemical performance and significant performance improvement is observed in 

comparison with the reference cells. The average extrapolated current density is 

2.71 A/cm2, generating the average power density of 1.90 W/cm2 at a cell voltage of 

0.7 V and operating temperature of 800 °C which is more than 30% higher than the 

average current density of the reference cells (2.04 A/cm2 and 1.42 W/cm2) operated 

under the same condition. At operating temperature of 650 ºC, the average current 

density of the tested cells is 1.48 A/cm2 and 50% higher than the values of the 

reference cells (0.99 A/cm2). The reduction in electrolyte thickness effectively 

improved the cell performances, especially at intermediate temperatures.  

 

The average area specific resistances (ASR) of the test cells in Group 3-1 reduced to 

115 and 158 m
·cm2 at operating temperature of 800 and 650 ºC, approximately 27% 
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and 36% lower than the ASR of the reference cells, as listed in Table 4.14. The effects 

of electrolyte thickness reduction are more influential in minimizing the overall ASR 

of single cells at intermediate temperature than at the conventional SOFC operating 

temperature of 800 ºC. The theoretically calculated ASR of 8 and 1 μm thick 8YSZ 

electrolyte is also listed in Table 4.14. The contribution ratio of the electrolyte 

thickness reduction to the total single cell ASR reduction (�ASRelectrolyte/�ASRcell ) are 

calculated as 40%, 91%, 84% and 96% at 800, 750, 700 and 650 ºC, respectively. 

 
Temperature 

(ºC) 

ASRtested cell 

 (m
·cm2) 

ASRreference cell 

(m
·cm2) 

�ASRcell 

(m
·cm2)/% 

ASR1μmEL 

 (m
·cm2) 

ASR8μmEL 

(m
·cm2) 

�ASREL 

(m
·cm2) 

800 115 157 -42 / -27% 2.4 19.2 -16.8 

750 130 160 -30 / -19% 3.9 31.2 -27.3 

700 144 199 -55 / -28% 6.6 53.0 -46.4 

650 158 245 -87 / -36% 11.9 95.5 -83.6 

Table 4.14 Average ASR of tested cells in Group 3-1 compared with reference cells 
 
First of all, the achievement in the excellent cell performance resulted from the 

microstructure improvement of the 8YSZ electrolyte and CGO barrier layers. The 

formation of porous 8YSZ top layers was avoided by co-sintering all the layers in the 

multi-layered 8YSZ electrolyte. Pores can hardly be observed in the SEM surface 

image of sputtered CGO barrier layer on the co-sintered multi-layered electrolyte and 

the electrolyte showed a defect-free morphology in the SEM surface images (Figure 

4.65). Instead of forming a porous top layer by thermally treated at 1040 ºC for 3 h, 

the 8YSZ top layer made from polymeric sol was absorbed into the 8YSZ layer made 

from nano-suspension during the grain growth at co-sintering temperature of 1400 ºC, 

as seen in Figure 4.65b. The electrolyte consists of large 8YSZ grains with size of 

~4 μm and submicron-sized grains. Considering the electrolyte layer is only 1 to 2 μm 

thick, the large grain should be flat-shaped and the electrolyte surface is rugged and 

undulated. The difference in height at 8YSZ grain boundaries could be larger than 

0.5 μm, which is comparable to the thickness of the sputtered CGO barrier layer. 

Therefore, pores and pin-holes are more easily formed near grain boundaries, as 

shown in Figure 4.65c and d. Although small amount of ionic insulating compounds, 

such as Sr-zirconate, may form in the electrolyte at some spots where the pores are 

located, these spots with ionic insulating compound are not a dominating factor to 

influence the overall single cell performance.   
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Figure 4.65 SEM surface images of the 8YSZ electrolyte and CGO barrier layers of the tested cell (cell 

no. 12625) in Group 3-1 with co-sintered multi-layered electrolyte: (a), (b) surface of 8YSZ electrolyte; 

(c), (d) surface of CGO barrier layer 

 

 
Figure 4.66 SEM fracture surface images of cell 12625 in Group 3-2 with co-sintered multi-

layered electrolyte 

The change in the microstructure of the 8YSZ electrolyte surface is favourable for the 

formation of dense CGO layer by magnetron sputtering process, which effectively 

prevented the strontium diffusion from the La0.58Sr0.4Fe0.2Co0.8O3-� cathode to the 

8YSZ electrolyte and ensured the contribution of the thickness-reduced electrolyte in 

Dense electrolyte layer 

Dense CGO layer 

Grain boundary 

Electrolyte  

CGO layer  

Pores 
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improving the overall single cell performance. No zirconate layers were formed any 

more and no secondary phase was observed at the 8YSZ/CGO interface, as shown in 

Figure 4.66. The YSZ/CGO interface is sharp and neat, indicating zirconate did not 

form due to the effective protection from the dense CGO layer coated on the top of 

the dense 8YSZ electrolyte. 

 
In summary, the electrochemical performance of the tested single cells in Group 3-1 

with co-sintered multi-layered electrolyte was significantly improved due to the 

electrolyte thickness reduction and effective protection form CGO diffusion barrier 

layer.  The as-prepared electrolyte was approximately 1 �m thick, i.e. one order of 

magnitude thinner than the thickness of electrolyte in the conventional anode 

supported planar SOFCs. As no evidence of zirconate layer formation in the tested 

cells of Group 3-1, the positive contribution brought by the electrolyte thickness 

reduction was able to fully perform without counteraction from insulating layers.  

 

As demonstrated in Figure 4.49, both of the nano-suspension-derived layers of the 

tested cells in Group 3-2 were deposited by dip-coating method and calcined at 

1000 °C and 800 °C for 1 h, respectively. Polymeric sol was further spin coated and 

calcined at 500 ºC for 1 h. All the layers of the electrolyte were co-sintered together in 

a sintering process carried out at 1400 °C for 5 h. The CGO barrier layer (~0.5 �m in 

thickness) was coated by magnetron sputtering at 800 °C. The LSCF cathode was 

screen-printed and dried at 60 °C, and finally sintered at 1040 ºC for 3 h.  

 

The helium leak rate of tested half-cells was in the range of 5.0x10-6 to 8.0x10-6 

(hPa·dm3)/(s·cm2) in the oxidized state, which is slightly more gas-tight than the half-

cells in the Group 3-1 with average helium leak rate of 1.2 x10-5 (hPa·dm3)/(s·cm2). 

The slight improvement in the gas-tightness might be due to the fact that the dip-

coated layers are normally thicker and more homogeneous than spin-coated layers by 

using the as-prepared nano-suspension as coating liquid.  

 

The i-V curves of cell 12839 in Group 3-2 (Figure 4.67) showed the best performance 

among all the tested single cells using the LSCF cathode in this work. At a cell 

voltage of 0.7 V, the current densities of cell 12839 are 3.18, 2.77, 2.23, 1.73 and 
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0.95 A/cm2, accordingly generating power density of 2.23, 1.94, 1.56 1.21 and 

0.67 W/cm2, at 800, 750, 700, 650 and 600 °C, respectively. At operating temperature 

of 600 ºC, the average current density of the tested cells is 0.94 A/cm2, which is as 

good as the reference cell operated at 650 ºC, as shown in Figure 4.68.  
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Figure 4.67 i-V curves of cell 12839 in Group 3-2 compared with cell 12625 in Group 3-1, operated at 
650 and 800 ºC 
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Figure 4.68 i-V curves of cell 12646 in Group 3-2 operated at 600 and 650 ºC in comparison 
with reference cell 9219-15 operated at 650 ºC, different from the tested cells, the reference 
cells are with vacuum-slip-cast electrolyte (7~10 μm), sputtered CGO layer (1 μm) for 3 h 
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Figure 4.69 Average current density of single cells in Group 3-2 in comparison with reference cells 

with 8 μm electrolyte, operated at different cell voltage and temperatures, based on data acquired 

in electrochemical single cell test on cells with active LSCF cathode size of 4x4 cm2 
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Figure 4.70 Average power density of single cells in Group 3-2 in comparison with reference cells 

with 8 μm electrolyte, operated at different cell voltage and temperatures, based on data acquired 

in electrochemical single cell test on cells with active LSCF cathode size of 4x4 cm2 

 
At a cell voltage of 0.8 V, the average current densities of the test cells with 1 μm 

thick electrolyte are 1.71, 1.57, 1.23, 0.87 and 0.52 A/cm2, accordingly generating 
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power density of 1.37, 1.25, 0.98 0.70 and 0.42 W/cm2, at 800, 750, 700, 650 and 

600 °C, respectively, as demonstrated in Figure 4.69 and Figure 4.70. These values 

are higher than the single cells with 8 μm thick electrolytes operated at a cell voltage 

of 0.7 V. The power density plot against temperature of the cells in Group 3-2 shifted 

to lower temperature range by 50 °C at higher operating a cell voltage of 0.8 V, 

marked by red arrows in Figure 4.70. Generating the same power density, the as-

prepared single cells with 1 μm electrolyte can be operated at a temperature 50 °C 

lower and a cell voltage 0.1 V higher. Due to this performance improvement, the life 

time of the SOFCs may be remarkably improved because the cells could be operated 

at less harsh conditions of lower temperature and higher cell voltage. 

 
Temperature 

(ºC) 

ASRtested cell 

 (m
·cm2) 

ASRreference cell 

(m
·cm2) 

ASRcell 

(m
·cm2) / % 

ASR1μmEL 

 (m
·cm2) 

ASR8μmEL 

(m
·cm2) 

ASREL 

(m
·cm2) 

800 116 157 -41 / -26% 2.4 19.2 -16.8 

750 126 160 -34 / -21% 3.9 31.2 -27.3 

700 136 199 -63 / -32% 6.6 53.0 -46.4 

650 150 245 -95 / -39% 11.9 95.5 -83.6 

Table 4.15 Average ASR of tested cells in Group 3-2 compared with reference cells 

 

As summarized in Table 4.15, the average area specific resistance (ASR) of test cells 

reduced to 116 and 150 m
·cm2 at operating temperature of 800 and 650 ºC, 

approximately 26% and 39% lower than the ASR of the reference cells. The 

theoretically calculated ASR of 8 and 1 μm thick 8YSZ electrolyte are also listed in 

Table 4.15. The contribution ratio of the electrolyte thickness reduction to the total 

single cell ASR reduction (�ASRelectrolyte / �ASRcell ) are calculated as 41% 80%  

74% and 88% at 800, 750, 700 and 650 ºC, respectively, which is in good agreement 

with the results of singles cells in Group 3-1. The results also proved that the 

electrolyte thickness played a dominating role in the reduction of the overall ASR of 

single cells at temperature below 750 ºC. However, there might be additional effects 

also contributed to the total ASR reduction, such as the decrease in the number of the 

grain boundaries on the oxygen ion migration path and the increase of triple phase 

boundaries in the active part of anode layers resulted from the infiltration of the 8YSZ 

nano-suspension and polymeric sol with fine particles. The detailed discussion is done 

in the last part of this section.  
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The processing of electrolyte and layer structure of the single cells in Group 3-3 is 

demonstrated in Figure 4.49. To simplify the processing of the half-cells, the 

calcination of each coated 8YSZ layer was all separately carried out at 500 ºC for 1 h 

instead of applying different temperatures. The fabrication of the CGO layer and 

LSCF cathode remained the same, i.e. the CGO barrier layer (~0.5 �m in thickness) 

was coated by magnetron sputtering at 800 °C and the LSCF cathode was screen-

printed, dried at 60 °C, and sintered at 1040 ºC for 3 h.  

  

The helium leak rate of tested half-cells in Group 3-3 was in the range of 9.0x10-6 to 

1.6x10-5 (hPa·dm3)/(s·cm2) in the oxidized state, which is as gas-tight as the half-cells 

in Group 3-2, thermally treated with the complex calcinations process and sintered at 

1400 ºC for 5 h.  
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Figure 4.71 i-V curves of cell 12635 in Group 3-3 compared with cell 12645 in Group 3-2, operated at 
600, 650 and 800 ºC, different from the tested cells, the reference cells are with vacuum-slip-cast 
electrolyte (7~10 μm), sputtered CGO layer (1 μm  
 
Compared with the single cells in Group 3-2, the i-V curves of the tested samples with 

4x4 cm2 active LSCF cathode in Group 3-3 (Figure 4.71) have shown no significant 

difference in the electrochemical performance, indicating that a simplified calcination 

program did not remarkably affect the cell performance. At a cell voltage of 0.7 V, the 

average current densities are 2.76, 2.49, 2.07, 1.68 and 0.88 A/cm2, accordingly 
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generating power density of 1.93, 1.74, 1.45 1.18 and 0.61 W/cm2, at 800, 750, 700, 

650 and 600 °C, respectively.  

 
Temperature 

(ºC) 

ASRtested cell 

 (m
·cm2) 

ASRreference cell 

(m
·cm2) 

ASRcell 

(m
·cm2) / % 

ASR1μmEL 

 (m
·cm2) 

ASR8μmEL 

(m
·cm2) 

ASREL 

(m
·cm2) 

800 123.5 157 -33.5 / -21 % 2.4 19.2 -16.8 

750 131.5 160 -28.5 / -18 % 3.9 31.2 -27.3 

700 133 199 -66 / -33 % 6.6 53.0 -46.4 

650 143 245 -102 / -42 % 11.9 95.5 -83.6 

Table 4.16 Average ASR of tested cells in Group 3-3 compared with reference cells 
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Figure 4.72 Temperature dependence of measured overall ASR of single cell and calculated ASR of 

8YSZ electrolyte 

 

As shown in Table 4.16, the average area specific resistance (ASR) of test cells in 

Group 3-3 is 123.5 and 143 m
·cm2 at operating temperature of 800 and 650 ºC, 

approximately 21% and 42% lower than the ASR of the reference cells. As the 

operating temperature reduced from 800 to 650 ºC, the ASR of the tested cells with 

1 μm electrolyte only reduced 19.5 m
·cm2, while the ASR of reference cell with 

8 μm electrolyte reduced 88 m
·cm2. The theoretically calculated ASR of 1 μm thick 

8YSZ electrolyte is 16.8 and 83.6 m
·cm2 lower than the 8 μm thick 8YSZ 

electrolyte at 800 and 650 ºC, respectively. The measured ASR of the tested cells and 

the theoretically calculated ASR of 8 and 1 μm thick 8YSZ electrolyte are plotted 
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over temperature Figure 4.72. The contribution of the electrolyte thickness reduction 

to the total single cell ASR reduction (�ASRelectrolyte /�ASRcell ) are calculated as 51%, 

96%, 70% and 82% at 800, 750, 700 and 650 ºC, which is in good agreement with the 

results of single cells in Group 3-1 and Group 3-2 and proved that the contribution of 

electrolyte thickness reduction is the dominating factor in the reduction of the overall 

ASR of single cells at temperature below 750 ºC. 
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Figure 4.73 Comparison of measured and theoretically calculated current densities of the single cell 

with varied electrolyte thickness and 4x4 cm2 LSCF cathode 

 
Current density of single cells with x μm thick electrolyte (A/cm2) Temperature 

(ºC) t=8, measured t=1, calculated t=0.1, calculated t=1, measured 
850 2.17 2.35  2.37  2.84  
800 2.09 2.35  2.39  2.73  
750 1.86 2.23  2.29  2.45  
700  1.46 1.90  1.97  2.05  
650  1.02 1.57 1.68  1.58  

Table 4.17 Comparison of measured and theoretically calculated current densities of the single cell with 
varied electrolyte thickness and 4x4 cm2 LSCF cathode, t is the thickness of the sintered electrolyte 
 

Based on the measured electrochemical data of cells with 8 �m thick electrolyte layers, 

the theoretical current density of single cell with 1 �m and 0.1 �m thick electrolyte 

layers were calculated and plotted over the operating temperature in Figure 4.73. 

Applying a linear extrapolation fitting method, the current densities of single cells 

with 1 �m thick electrolyte derived from the actually electrochemical single cell test 
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are 1.58, 2.05, 2.45, 2.73 and 2.84 A/cm² at 650, 700, 750, 800 and 850ºC, which was 

0.6%, 7.9%, 9.8%, 16.1% and 20.8% higher than the theoretically calculated values. 

At operating temperature of 650 ºC, the average current density of all the tested cells 

in this section with 1 �m electrolyte is 1.58 A/cm2, which is in good agreement with 

the theoretically calculated value of 1.57 A/cm2. As the operating temperature 

increases, the current density values are increasingly higher than the theoretically 

calculated values, also seen in Table 4.17. Apart from electrolyte thickness reduction, 

there should be other factors additionally contributing in reducing the overall ASR of 

the single cells and enhancing the cell performance.  

 

First of all, the intrinsic influence of the grain boundary conductivity in 8YSZ 

electrolyte material may result in the difference between the measured and calculated 

current density values. From an electrical point of view, the grain boundary 

conductivity of 8YSZ is at least two orders of magnitude lower than the 

corresponding bulk conductivity, depending on temperature [114, 115]. A 

crystallographic grain boundary is normally 1 nm thick, while the electrical grain 

boundary can be quite large under certain conditions, e.g. a thickness of about 140 nm 

was determined for 0.016 wt.% Fe-doped SrTiO3 [116].  

 

As the conductivity in the 8YSZ bulk is much higher than the conductivity at the 

8YSZ/8YSZ grain boundary, the oxygen ions migrate more favourably in the bulk 

and cross the grain boundary, instead of migrate along the grain boundary.  As a 

rough estimation, the grain boundary contribution to the overall resistance of a 10 μm 

thick 8YSZ electrolyte layer with an average grain size of 2 μm (the oxygen ions from 

the cathode side have to cross at least 4 grain boundaries in the electrolyte to reach the 

TPB reaction sites at the anode side) can be as high as 17 % by assuming a grain 

boundary thickness of 5 nm and two orders of magnitude in conductivity difference 

between bulk and grain boundaries. The estimation could be expressed by the 

following equation: 
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where �  is the grain boundary contribution to the overall resistance, gbt  is the total 

grain boundary thickness, bulkt  is the total bulk thickness,  bulk
  is bulk resistivity, gb
  

is grain boundary resistivity, bulk�  and gb�  are bulk conductivity and grain boundary 

conductivity, respectively. 
 

As found in the SEM images of the as-prepared samples in this section, the sintered 

electrolyte layers are approximately 1 μm (Figure 4.66) in thickness and mainly 

consist of grains larger than 1 μm (Figure 4.65). The grains should be flat-shaped or 

partly inserted into the anode. In the case of thicker electrolyte (7 to 10 μm) in 

conventional anode-supported SOFCs, the oxygen ions have to cross several grain 

boundaries inside the electrolyte before reaching the reaction active TPBs at the 

anode/electrolyte interface. In the case of the as-prepared thin electrolyte 

(approximately 1 μm), the oxygen ions can migrate through the bulk 8YSZ electrolyte 

from the cathode to the anode without crossing more than one grain boundary. Thus, 

the conductivity of the electrolyte layers is additionally enhanced by removing the 

grain boundaries in the oxygen transportation path. In another word, large grain size 

could result in low amount of grain boundaries (low grain boundary resistivity) and 

high overall electrolyte conductivity in SOFCs. 

 

Given 8YSZ as the electrolyte material and layer thickness, it is suggested that dense 

electrolyte with larger grain size and less grain boundaries should have higher ionic 

conductivity than the electrolyte with smaller grain size. Technically, the sintering 

temperature of electrolyte could be reduced down to 1000 oC by applying nano-

processing technologies, such as sol-gel method. On one hand, this could bring many 

benefits, including lower fabrication cost, possibility to co-sinter 8YSZ electrolyte 

with CGO diffusion barrier layer without forming ionic insulating compound, and 

more material choices in developing metal porous substrate supported SOFCs. On the 

other hand, the grain size of the electrolyte sintered at reduced temperature (around 

1000 oC) might be so small that large amount of grain boundaries may bring down the 

total conductivity of the electrolyte. 
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Figure 4.74  (a) Bulk conductivities and specific grain-boundary conductivities as a function of average 
grain size for 8.2 mol% YSZ at 450 C and the specific grain-boundary conductivities are re-calculated 
by assuming a grain-boundary thickness of 5.0 nm [117]. (b) Temperature dependence of bulk 
conductivities and specific grain boundary conductivities for 3 mol% YSZ samples with an average 
grain size of 120 and 1330 nm, respectively [115]. 

 b

 a 
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Secondly, the heat generated by the cells at high operating temperature is the extrinsic 

factor, which may also contribute to the difference between the measured and 

calculated current density values.  The total current generated by the cells with 

4x4 cm2 active cathode area is in the range of 30 to 45 A at operating temperature 

over 700 ºC. Such high current generates enormous heat, which could significantly 

raise the actual temperature in the cells under operation and remarkably increase the 

migration rate of the oxygen ions in the electrolyte, as well as the measured current 

density, because the conductivity of 8YSZ electrolyte is temperature dependent. More 

detailed discussion on this issue is also presented in the corresponding part of 

section 4.3.5 and Figure 4.85. 

 

Thirdly, the infiltration of nano-suspension and polymeric sol into the anode layer 

may change the microstructure near the electrolyte/anode interface and increase the 

total area of triple phase boundaries, which could result in a higher ionic conductivity, 

lower contact resistance and less activation polarization losses at the reaction active 

part of the anode layers. Although this assumption was not able to be resolved in the 

following section 4.3.4 on electrochemical impedance spectroscopy characterization 

of the as-prepared single cells, it could be experimentally verified in the future work 

by testing single cells with nano-suspension layer and polymeric sol-gel layer in 

between the conventionally deposited electrolyte layer and the anode, which should 

have the same overall thickness as the conventional screen-printed or vacuum-slip-

cast electrolyte. If no performance enhancement could be observed on the specially 

prepared single cells, the contribution of electrolyte/anode interface modification due 

to the infiltration of the nano-suspension and polymeric sol could be neglected, 

otherwise, it should be taken into consideration for the explanation of the enhanced 

cell performance. 

4.3.4 Electrochemical impedance spectroscopy (EIS) 

Anode-supported cells with thin 8YSZ electrolyte (prepared as described in section 

4.3.3, Group 3-2) and 1x1 cm2 cathode with auxiliary (OCV probe) electrode (as 

illustrated in Figure 4.75) are characterized with electrochemical impedance 

spectroscopy. The characterization and data processing are carried out by the Institute 
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of Materials for Electrical and Electronic Engineering at Karlsruhe Institute of 

Technology. 

 

 
Figure 4.75 Picture of single cells: (a) coated with 1x1cm2 cathode for electrochemical impedance 
microscopy characterization, (b) coated with 4x4cm2 cathode for electrochemical single cell test 
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Figure 4.76 Impedance spectra of single cell tested at 800 C under varied pH2O 

 
Figure 4.76 shows impedance spectra of tested cell under different pH2O at the anode 

side. The high frequency intercept (R0) of the real axis (Z’) exhibited no dependence 

on pH2O. R0 represents the bulk resistance of the 8YSZ electrolyte layer [118]. The 

value Rg in the frequency range of around 10 kHz is also independent of pH2O and can 
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be considered as the grain boundary resistance of the 8YSZ particles in the anode 

support. On the other hand Rg can also be considered as the part of anode polarization 

resistance which is independent of cathode polarization. 

 
The impedance spectra are also obtained by testing the single cell at varied 

temperatures between 550 and 850 °C in steps of 10 K with H2 (6.0-5.5 vol. % H2O) 

as fuel gas, while the fuel gas utilization rate and other parameters remains constant. 

The Arrhenius plots of the ohmic resistance (R0) and each single polarization 

resistance (R1A, R2A, R3A, and R2C), obtained by analyzing the impedance spectra with 

a complex nonlinear least-squares (CNLS) approximation [108], are represented in 

Figure 4.77 and Figure 4.78, respectively.  

 

The high frequency intercept (R0) of the real axis (Z’), as the ohmic resistance of the 

electrolyte, exhibited temperature dependence. Under the given test condition, the 

measured R0 are 12, 17, 25, 44, 77 and 167 m
 at 800, 750, 700, 650, 600 and 550 °C, 

which is almost one order of magnitude lower than the corresponding values measure 

on the reference cells with conventional electrolyte (7 to 10 μm thick) and screen 

printed CGO layer, as precisely observed in Figure 4.77.  
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Figure 4.77 Temperature dependence of ohmic resistance 
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It is evident that the processes of oxygen surface exchange kinetics and O2- diffusivity 

at the anode side (process P2A and process P3A) and the gas diffusion coupled with 

charge transfer reaction and ionic transport at the cathode side (process P2C) are all 

characterized by a distinct thermal activation. Process of gas diffusion at anode side 

(process P1A) shows a negligible dependency on the operating temperature. The 

resistances R2C and (R2A+R3A) can be approximated well with a linear fit, 

demonstrating good Arrhenius behaviours.  
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Figure 4.78 Temperature dependence of polarization resistance 

 

As observed, the R2A and R3A in good agreement with the values of standard FZJ cells 

with screen-printed CGO barrier layer and cathode, whereas the resistances R2C shows 

a same linear trend in the logarithmic plane with same slope. According to S. B, 

Adler’s work [119], the high-frequency process of the cathode (process P2C) is 

probably associated with the oxygen surface exchange kinetics of LSCF as well as the 

diffusivity of oxygen ions through the LSCF bulk. The low-frequency process of the 

cathode (process P1C) probably reflects the mass-transfer resistance caused by the gas-

phase diffusion in the pores of the LSCF electrode. 

 

In Figure 4.79, the polarization resistances of the anode obtained from the CNLS fit 

are plotted over the water partial pressure. During this fit procedure, the resistance 
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R2C was kept fixed in order to ensure a stable fit. The polarization contribution caused 

by the gas-phase diffusion in the pores of the LSCF electrode can be neglected when 

air is used as cathode gas, then the resistance R1C was set constant to zero. R1A shows 

the higher dependence on changes in the water content than (R2A+ R3A). The total 

resistances of (R2A+ R3A) show an almost linear trend in the double-logarithmic plane 

with same slopes as the plot of the conventional FZJ cells.  
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Figure 4.79 pH2O-dependance of loss process on anode side 
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Figure 4.80 Current density of the single cell with 1x1 cm2 LSCF cathode, operated at a cell voltage of 

0.8 V and varied temperatures 
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During the EIS investigation, the power output is also tested and plotted over 

operating temperature in Figure 4.80. At a cell voltage of 0.8 V, the measured current 

densities are 2.54, 1.84, 1.15, 0.65, 0.30 and 0.12 A/cm2, accordingly generating 

power density of 2.03, 1.47, 0.92, 0.52, 0.24 and 0.10 W/cm2, at 800, 750, 700, 650, 

600 and 550 °C, respectively. The fuel gas input are 250 sccm/cm2 for single cells 

with 1x1 cm2 cathode and 62.5 sccm/cm2 for single cells with 4x4 cm2 cathode, 

respectively. At high operating temperature (800 °C), the current density is relatively 

high and the fuel gas utilization may dominate the power output of the single cells. As 

a result, the cells with higher fuel gas input has higher power output, as compared in 

Table 4.18.  

Current density @ 0.8 V cell voltage [A/cm²] 

Cathode size 1x1 cm2 Cathode size 4x4 cm2 

Fuel gas input 250 sccm Fuel gas input 1000 sccm 

Operating 

temperature 

[ºC] 
1 μm electrolyte 8 μm electrolyte 1 μm electrolyte 8 μm electrolyte 

800 2.54 1.39 1.71 1.20 

750 1.84 0.95 1.57 0.95 

700 1.15 0.60 1.23 0.63 

650 0.65 0.35 0.87 0.40 

600 0.30 0.18 0.52 - 

Table 4.18 Comparison of measured and theoretically calculated current densities of the single cell with 

varied electrolyte thickness and cathode size 

 

At low operating temperature (650 and 600 °C), the transportation rate of oxygen ions 

in electrolyte decreases exponentially and plays a more important role for the cell 

power output. The total current generated by the cell with 4x4 cm2 cathodes is in the 

range of 8 to14 A, which is at least one order of magnitude higher than the total 

current generated by the cell with 1x1 cm2 cathodes. The actual temperature in the 

cells with large cathode should be remarkably higher than in the cells with smaller 

cathode due to the heat generated by the high current, which could significantly 

increase the oxygen ionic conductivity of the electrolyte layers and result in current 

density enhancement.  
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4.3.5 Single cells with co-sintered multi-layered electrolyte, CGO layer and 

LSC cathode (Group 4-1) 

The processing of electrolyte and layer structure of single cells in Group 4-1 with 

La0.58Sr0.40CoO3-� (LSC) cathode reported in this section is also demonstrated in 

Figure 4.49. The thin electrolyte was coated on tape-cast anode substrates in the same 

way as described with single cells of Group 3-2 in section 4.3.3. The first layer was 

dip-coated with 8YSZ nano-suspension and calcined at 1000 °C.  The second layer 

was also dip-coated with 8YSZ nano-suspension, but calcined at 800 °C. Polymeric 

sol was further spin-coated and calcined at 500 ºC. Finally all the calcined 8YSZ 

layers were co-sintered at 1400 °C for 5 h. The CGO barrier layer (~0.5 �m in 

thickness) was coated by magnetron sputtering at 800 °C. The LSC cathode was 

screen-printed and dried at 60 °C, and finally sintered at 800 ºC for 1 h. 

 

The samples with active LSC cathode area of 4x4 cm2 showed extremely good 

electrochemical performance, as seen in Figure 4.81 and Figure 4.82 and Table 4.19. 

The maximum current densities (extrapolated) are 4.62, 2.75, and 1.79 A/cm2 at 800, 

650 and 600 °C, respectively. By applying a 1 μm thick electrolyte instead of an 8 μm 

thick electrolyte, the current densities as well as power densities of the cells at 0.7 V 

increased 50%, 92% and 133% at 800, 650 and 600 °C, respectively. In comparison 

with the cells with 1 μm thick electrolyte and LSCF cathode, the performance of the 

as-prepared cells with LSC cathode increased 60%, 75% and 95% at 800, 650 and 

600 °C, respectively. Obviously, the reduction of the electrolyte thickness is more 

effective than the replacement of the LSCF cathode material into LSC at lower 

operating temperature range. With the positive effects of both electrolyte thickness 

reduction and the application of high performance LSC cathode, the overall short-

term electrochemical performance enhancement of the as-prepared cells, in 

comparison with state of the art cells with 8 μm thick electrolyte, sputtered CGO layer 

and LSCF cathode, are 115% and 170% at 800 and 650 °C, respectively.  

 

In fact, the current density can hardly reach the extrapolated value partly due to the 

limitation of hydrogen transportation and fuel utilization rate under high current 

condition. The current collected from the single cell with an active cathode area of 
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4x4 cm2 could exceed 25 A at 650 °C with both LSC and LSCF cathode and produce 

enormous heat, which the may melt the Pt wires of the circuit in the testing platform. 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

0.6

0.8

1.0

1.2
Cell 11150-10, 8 �m EL+LSC cathode,  Top=800 

o
C

Cell 11150-10, 8 �m EL+LSC cathode,  Top=650 
o

C

 Cell 11150-10, 8 �m EL+LSC cathode,  Top=600 
o

C

Current Dencity [A/cm2]

C
el

l V
ol

ta
ge

 [V
]

 Cell 12638, 1 �m EL+LSC cathode, Top=800 oC

 Cell 12638, 1 �m EL+LSC cathode, Top=650 oC

 Cell 12638, 1 �m EL+LSC cathode, Top=600 oC

 
Figure 4.81 i-V curves of cell 12638 in Group 4-1 compared with cell 11150-10 with 8 μm electrolyte, 
operated at 600, 650 and 800 ºC, Different from the tested cells, the reference cells are with vacuum-
slip-cast electrolyte (7~10 μm), sputtered CGO layer (1 μm), and the LSC cathode of reference cells is 
calcined at 850 °C for 3 h. 
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Figure 4.82 i-V curves of cell 12638 in Group 4-1 compared with cell 12625 in Group 3-3 with LSCF 
cathode, operated at 600, 650 and 800 ºC, Different from the tested cells, the reference cells are with 
vacuum-slip-cast electrolyte (7~10 μm), sputtered CGO layer (1 μm) 
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Cell information 

Substrate ~500 μm 

Anode  7 μm 

Electrolyte 1 μm 8 μm 1 μm 8 μm 

CGO Layer 0.5 μm 1 μm 0.5 μm 1 μm 

Cathode LSC 50 μm LSCF 50 μm 

T (°C) Extrapolated / measured average current density (A/cm2) 

900 4.42 3.40 2.63 1.99 

850 4.62 3.27 2.87 2.16 

800 4.39 2.92 2.73 2.04 

750 3.80 2.50 2.47 1.87 

700 3.37 2.10 2.07 1.46 

650 2.75 1.43 1.57 1.02 

600 1.86 0.80 0.96 - 

Table 4.19 Average current density of cells with different electrolyte and CGO layer thickness, cell size 
5x5 cm2, cathode size 4x4 cm2 
 
Despite the excellent short-term electrochemical performance, the LSC cathode has 

compatibility problems with 8YSZ electrolyte due to its high thermal expansion 

coefficient (17~20x10�6 K�1 [120]) when compared to that of 8YSZ (10.3x10�6 K�1 

[13]) and also due to it high degradation rate. In our experiment, the calcined LSC 

cathode is partly delaminated from the half-cells in the cooling-down step after the 

single cell test, as shown in Figure 4.83. 

 

Figure 4.83 Pictures of an electrochemical tested single cell with 1 μm electrolyte and an LSC cathode  

Delamination 
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Based on the measured electrochemical results of cells with 8 �m thick electrolyte 

layer and LSC cathode, the theoretical current density of single cell with 1 and 0.1 �m 

electrolyte layers were calculated and plotted over the operating temperature in Figure

4.84 and listed in Table 4.19. The linearly extrapolated current densities derived from 

the actually tested results of cell with 1 �m electrolyte are 1.86, 2.75, 3.37, 3.80, 4.39 

and 4.62 A/cm² at 600, 650, 700, 750, 800 and 850ºC, which was 2.8%, 3.4%, 13.3%, 

20.3%, 28.0% and 25.5% higher than the theoretically calculated values. At operating 

temperature of 600 ºC and 650 ºC, the average current density of the tested cells with 

1 �m electrolyte is in good agreement with the theoretically calculated value. As the 

operating temperature increases, the extrapolated current density values based on 

measured i-V curves are increasingly higher than the theoretically calculated values. 

Apart from electrolyte thickness reduction, the intrinsic contribution from the reduced 

total grain boundary resistance in the electrolyte and the extrinsic contribution from 

the raised temperature in the tested cells due to high total current colleted from the 

cells with cathode area of 4x4 cm2 might be important reasons for the additional 

increase of the current density.  
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Figure 4.84 Comparison of measured and theoretically calculated current densities of the 
single cell with 4x4 cm2 LSC cathode 
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Current density Operating 

temperature[ºC] Calculated [A/cm²] Measured  [A/cm²] 

Deviation 

[A/cm²] 

Deviation in 

percentage 

850 3.68 4.62  25.5% 

800 3.43 4.39 0.96 28.0% 

750 3.16 3.80 0.64 20.3% 

700 3.00 3.37 0.37 12.3% 

650 2.66 2.75 0.09 3.4% 

600 1.81 1.86 0.05 2.8% 
Table 4.20 Comparison of measured and theoretically calculated current densities of the single cell with 
1 �m thick electrolyte 
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Figure 4.85 Solid line: average area specific heat dissipation rate of cells in Group 3-2 and Group 4-1; 

dot line: deviation between measured average current density of cells in Group 3-2 and Group 4-1 from 

the corresponding theoretically calculated average current density of cells with 1 μm 8YSZ electrolyte 

layer 

 
The average area specific heat dissipation rate ndissipatioHeatASQ � , in the unit of 

J/(s cm2  or W/ cm2, of the cells is calculated by the following equation: 

ASRIASQ ndissipatioHeat ���
2     Equation 4.3 

Where I is the current density of the cell, ASR is the corresponding area specific 

resistance depending on operation conditions. As demonstrated in Figure 4.85, the 
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deviation between current density of cells in Group 3-2 and Group 4-1 from the 

corresponding theoretically calculated current density of cells with 1 μm 8YSZ 

electrolyte layer increases in a similar way as the average area specific heat 

dissipation rate, which depends on the operating temperature of the cells. This 

observation may also serve as an important evidence for the positive influence of the 

heat dissipation on the electrolyte and cell performance. 
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4.3.6 Summary of electrochemical characterizations 

The current density of all the tested cells and average current density of cells in each 

group are plotted over temperature in Figure 4.86 and Figure 4.87. As shown in 

Figure 4.86, the samples demonstrated good reproducibility except for the cells in 

Group 2-2. The samples in Group 3-1, 3-2, 3-3 and 4-1 have definitely better 

performance than the cells with conventionally deposited electrolyte layers. 
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Figure 4.86 Current density values of all the tested samples over temperature in comparison with 
values obtained from state of the art FZJ cells, the detailed configurations of tested cells are presented 
in Figure 4.49. Different from the tested cells, the reference cells are with vacuum-slip-cast electrolyte 
(7~10 μm), screen-printed CGO layer (10 μm) or sputtered CGO layer (1 μm), and the LSC cathode of 
reference cells is calcined at 850 °C for 3 h. 
 
The as-prepared single cells showed excellent electrochemical performance. At a cell 

voltage of 0.7 V, the current density of the best performed cells (with LSCF cathode) 

reached 3.2, 1.7 and 1.0 A/cm2 at 800, 650 and 600 °C, respectively. Generating the 

same power density, the as-prepared single cells can be operated at a temperature 

50 °C lower and a cell voltage 0.1 V higher than the conventional cells manufactured 

in Forschungszentrum Jülich. By applying LSC cathode, the power output of the as-

prepared SOFCs is remarkably higher than the cells with LSCF cathode, and the 

maximum current density of such cells reached 4.6, 2.8 and 1.9 A/cm2 at 800, 650 and 
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600 °C, respectively. However, the mismatch in expansion coefficients between the 

LSC cathode and the 8YSZ electrolyte remains an unsolved issue and caused 

delamination of the cathode. 

 

Results of cells in Group 1-1 and 2-1 showed that a vacuum-slip-cast intermediate 

layer made from suspension is not necessary for the preparation of gas-tight thin 

electrolyte. By co-sintering the 8YSZ layers deposited with nano-suspension and 

polymeric sol at 1400 °C for 5 h, dense electrolytes are prepared. The OCV of the 

prepared cells are very close to the theoretical values derived from Nernst equation 

and slightly better than the conventional FZJ cells. The average current density of 

cells in Group 3-1, 3-2 and 3-3 are almost the same (seen in Figure 4.87), indicating 

that the variation with processing parameters in this work do not play a significant 

role on the cell performance.  
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Figure 4.87 Average current density values over temperature in comparison with reference values 
obtained from state of the art FZJ cells, the detailed configurations of tested cells are presented in  
Figure 4.49. Different from the tested cells, the reference cells are with vacuum-slip-cast electrolyte 
(7~10 μm), screen-printed CGO layer (10 μm) or sputtered CGO layer (1 μm), and the LSC cathode of 
reference cells is calcined at 850 °C for 3 h 
 
According to the EIS characterization of cells with 1x1 cm2 cathode, the improvement 
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in the cell performance is mainly caused by an the enhanced oxygen ionic 

transportation through the thinner electrolyte, i.e. resulted from the decreased ohmic 

resistance of the electrolyte, while the polarization resistance of the as-prepared cells 

remained unchanged in comparison with the reference cells.  
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5 Summary

Solid oxide fuel cells (SOFC) are high efficiency energy converters for electricity 

generation. To realize a successful commercialization, goals for cost reduction and 

long term stability must be fulfilled. The reduction of operating temperature is one of 

the most promising solutions. However, the conductivity of the 8YSZ electrolyte 

decreases remarkably at low operating temperatures, resulting in poor cell 

performance. Solutions must be found in order to bring down the resistance of the 

cells and to achieve excellent cell performance. In this work, wet-chemical processing 

methods were applied to fabricate gas-tight thin electrolyte layers on planar anode 

substrates for SOFC applications.  

 

First of all, sols and nano-suspensions with well-defined particle size distribution and 

graded mean particle size (d50) in the range from 5 nm to 100 nm were successfully 

prepared via polymeric or colloidal sol-gel route, as well as via processing of 

commercial oxide particles.  

 
Secondly, 8YSZ electrolyte layers with thickness 1 to 3 μm were deposited on anode 

substrate with screen-printed anode layer via dip-coating and spin-coating procedures. 

Plenty of work has been done in order to optimize the layer deposition parameters. 

The as-prepared half-cells in this work are as gas-tight as the conventionally 

fabricated cells by Forschungszentrum Jülich, which have 7~10 μm thick electrolyte 

layers with average helium leak rates lower than 2.0x10-5  (hPa·dm3)/(s·cm2).  

 
 

In the third part, single cells with varied layer configuration were prepared and 

comprehensive electrochemical characterizations were carried out on these cells. The 

as-prepared single cells showed excellent electrochemical performance. At a cell 

voltage of 0.7 V, the maximum extrapolated/measured current densities of the cells, 

with 1 μm 8YSZ electrolyte, 0.5 μm CGO diffusion barrier layer and LSCF cathode, 

are 3.2, 2.8, 2.3, 1.7 and 1.0 A/cm2 at 800, 750 °C, 700 °C, 650 °C and 600 °C, 

respectively. Generating the same power density, the as-prepared single cells can be 

operated at temperature 50 °C lower and a cell voltage 0.1 V higher than the standard 
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cells manufactured in Forschungszentrum Jülich. By applying a LSC cathode, the 

power output of the as-prepared SOFCs is remarkably higher than those of the cells 

with LSCF cathode, and the maximum current density of such cells reached 4.6, 2.8 

and 1.9 A/cm2 at 800, 650 and 600 °C, respectively. However, the mismatch in 

expansion coefficients between the LSC cathode and the 8YSZ electrolyte remains an 

unsolved issue and caused delamination of the cathode. 

 

The electrochemical impedance spectroscopy (EIS) confirmed that the improvement 

in the cell performance is mainly caused by decreased ohmic resistance of the 

electrolyte, while the polarization resistance of the as-prepared cells remained 

unchanged in comparison with standard reference cells. The area specific ohmic 

resistances of the single cells are 12 and 44 m
·cm2 at 800 and 650 ºC, respectively, 

which is more than 80% lower than the conventional SOFCs with 10 �m thick 

electrolyte manufactured by Forschungszentrum Jülich.  

 

The cells developed in this work are the SOFCs with the highest power density ever 

since reported. Due to the excellent performance, the life time and stability of the 

SOFCs is expected to be improved by operating the cells at reduced temperature and 

increased cell voltage. 
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