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ABSTRACT 

 

The relationships between the processing parameters, microstructures and 

electrochemical performance of solid oxide fuel cell (SOFC) components were 

investigated. The operating regimes (i.e., reducing vs. oxidizing) as well as the elevated 

temperatures (e.g. 800
o
C) for their operation introduce several material challenges. 

Therefore, composite materials are employed to withstand operating conditions while 

providing sufficient electrochemical performance for fuel cell operation.  

Analyses on lanthanum-strontium manganite (LSM) – yttria stabilized zirconia 

(YSZ) compositions (45 vol%-55 vol%) by impedance spectroscopy demonstrated that 

two competing polarization mechanisms (i.e. charge-exchange and surface adsorption-

diffusion of oxygen) limit performance. Optimization of microstructures resulted in total 

resistances as low as 0.040 Ohm cm
2
. Studies on Ag composites revealed that 

incorporation of up to 25 vol% oxide particles (LSM and YSZ) with sizes comparable to 

the Ag grains (~0.5 µm) can minimize the densification and coarsening of the Ag matrix. 

While the powder based oxide additions increased the stability limit of porous Ag 

composites from <550°C to 800
o
C, the use of nanostructured coatings increased the 

stability limit to 900
o
C for cathodes and current collectors. Investigations of Ni-YSZ 

anode microstructures demonstrated that uniform distribution of percolating isometric 

pores (>5 µm) allows forming desired continuous percolation of all phases (Ni, YSZ and 

pores) lowering activation polarization below 0.100 Ohm cm
2
 and maintaining significant 

electrical conductivity (>1000 S/cm). Identification of polarization mechanisms by 

deconvolution of impedance spectra and tailoring the corresponding microstructures was 

demonstrated as an effective method for optimization of SOFC components.  
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1. INTRODUCTION 

1.1. IMPORTANCE OF SOLID OXIDE FUEL CELLS 

 

Solid oxide fuel cells (SOFCs) are considered as the most efficient devices for 

conversion of chemical energy into electricity [refs]. As the oxidation of fuels take place 

without sluggish combustion processes, they allow obtaining electricity directly with 

relatively low pollutant (e.g. nitrogen and sulfur oxides, CO2, etc.) emissions. The 

common fuel used in SOFCs is hydrogen and its oxidation yields water with zero 

pollutant emission. Conventional power generation systems are usually based on 

combustion of hydrocarbon based fuels with significantly low conversion efficiencies and 

substantially high pollutant emissions. High temperature operation gives rise to the 

kinetics of electrochemical processes and realizes electrical efficiencies over 60% (over 

%80 when combined with heat) and superior power densities with substantial specific 

power as shown in Figure 1.1. [1-3]  

 

Figure 1.1. Comparison of the specific power of the SOFCs with other power generation 

systems as a function of the power density. [3] 
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Although there are several other fuel cell concepts (e.g. polymeric exchange 

membrane – PEM and direct methanol fuel cell – DMFC), only the structure of the 

SOFCs and their operation at elevated temperatures (i.e. 550
o
C-1000

o
C) permit 

utilization of fuels with different compositions (e.g. hydrocarbons) and contaminant 

levels due to their ability to reform the fuel internally and convert to electricity with 

reduced emissions satisfying the environmental concerns [4, 5]. The basic design of fuel 

cells contributes greatly to their sustainability. They have almost no moving parts, and in 

some cases are completely made of solids. The conventional power generation systems 

have scalability issues where the small scale applications result in a drop in their 

efficiency such as small scale combustion engines with efficiencies below 15%. 

Considering the scalability of the SOFCs without losing their power densities they are 

considered as a promising solution to substitute current power generation systems from 

small scale (e.g. laptop batteries and automotive engines) to large scale (e.g. power 

stations and plants). The flexible fuelling options also make them suitable power sources 

for off-grid distributed power generation systems such as micro grid and remote 

applications (e.g. phone towers). [6-8] 

 

1.2. WORKING PRINCIPLE OF SOLID OXIDE FUEL CELLS 

 

Efficiency of a power generation system is identified as the ratio of the useful 

energy to the total energy of the fuel. Conventional power generation systems transform 

the chemical energy of the fuel to thermal energy first by combustion and to mechanical 

energy followed by the conversion to the electrical energy. The theoretical efficiency of 

an internal combustion engine is governed by the Carnot limitation which is given as:          
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                                                      1 Low
Combustion

High

T

T
η = −                                                     (1) 

where the combustion engine works at Thigh and the rejection (sink) temperature is Tlow. 

On the other hand, fuel cells do not obey the Carnot limitation as they are electrochemical 

devices while Carnot engine is a thermal machine operating according to a temperature 

difference. The theoretical efficiency of a fuel cell is the ratio of the electrical work to the 

total chemical energy of the fuel it can be converted from.  

A change in the Gibbs free energy can be defined as: 

                    dG dU TdS SdT PdV VdP= − − + +                                         (2) 

If the work term in dU is expanded to include mechanical and electrical work: 

                                                         dU TdS dW= −                                                         (3) 

                                              ( )
Electrical

dU TdS PdV dW= − +                                            (4) 

At a constant pressure and temperature: 

                                              Electrical
dG dW= −                                                     (5) 

and thus: 

                                                           Electrical
W G= −∆                                                       (6) 

Therefore, it can be concluded that the theoretical efficiency of a fuel cell is the 

ratio of the Gibbs’ free energy and the enthalpy of formation of the fuel as it gives the 

maximum useful energy given as:  

                                                          Theoretical

G

H
η

∆
=

∆
                                     (7) 

A fuel cell yields a theoretical efficiency of 70% when operated at 600
o
C forming 

liquid water using pure hydrogen as fuel and pure oxygen as oxidizer. A combustion 
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engine working at the same temperature yields a theoretical efficiency of 63% when the 

rejection is at 50
o
C as shown in Figure 1.2. Although the theoretical efficiency of the 

combustion engines exceeds the efficiency of the fuel cells at temperatures above 800
o
C, 

in practice, they cannot achieve average efficiencies over 20% due to mechanical and 

heat losses. [3, 9] 

 

Figure 1.2. Comparison of the theoretical efficiencies of a combustion engine and a fuel 

cell as a function of the operating temperature. [10] 

 

The potential of a fuel cell to conduct electrical work is defined by electrical 

voltage. Electrical work can be described as the movement of a charge Q through an 

electrical potential E. 

              Electrical
W EQ=                                                          (8) 

If the charge is carried by electrons: 

                                                                Q nF=                                                              (9) 

and the Equation (5) becomes Equation (10).  
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                                                            G nFE∆ = −                                                          (10) 

For the reaction,
2 2 2

1

2
H O H O→+ ← , G∆ ° is -237 kJ/mol under standard 

conditions. Thus, the potential of a hydrogen–oxygen fuel cell (open circuit voltage, 

OCV) can be calculated as:  

                    
o

o G
E

nF

−∆
=  =

237 /
1.23

(2 / .)(96,400 / )

kj mol
V

mole molreact C mol
−

−
− =                   (11) 

In the SOFC configuration, the fuel side (anode) is separated from the oxidizer 

side (cathode) with a gas-tight electrolyte which allows transfer of oxygen ions 

selectively as shown in Figure 1.3. Hence, an oxygen concentration gradient is developed 

when different oxygen partial pressures (chemical activity of oxygen) are introduced on 

each electrode interface. The gradient also induces formation of the electrochemical 

potential mentioned earlier. The direction of the oxygen ion flow is determined by 

concentration gradient developed on the electrolyte layer. A flow of electrons is induced 

from anode to the cathode side when a load is applied and electrons are drawn. Oxygen 

ions are required to be transferred in the opposite direction to maintain the 

electrochemical potential. Hence, it results in reduction of oxygen on the cathode side 

with higher oxygen partial pressure and their transport through electrolyte prior to 

oxidation of the hydrogen on the anode side with lower oxygen partial pressure.  
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Figure 1.3. Schematic illustration of an SOFC and the governing reactions. [11] 

 

The thermodynamic concept of the SOFC suggests its operation at a stable 

potential like batteries as long as the current and oxygen flows maintain the 

electrochemical potential. However, there are various polarization (overpotential) 

mechanisms limiting the kinetic flow of the charged species and causing deviation from 

the theoretical voltage as the electrochemical potential cannot be maintained as shown in 

Figure 1.4.  
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Figure 1.4. Comparison of the current density – voltage profiles of ideal theoretical fuel 

cell and operating fuel cell. 

 

The electrochemical polarization mechanisms can be classified as (i) activation 

polarization, (ii) ohmic polarization and (iii) concentration polarization. The retarded 

kinetics of electrode reactions (e.g. reduction of oxygen on the cathode and oxidation of 

hydrogen on the anode) give rise to the activation polarization while the concentration 

polarization is induced by the limited transport of the reactant and/or product gases 

through the electrodes. The ohmic polarization arises due to the electrical resistance of 

the components (e.g. electrodes, electrolyte and current collectors) [12-14].   
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2. BACKGROUND 

2.1. STRUCTURE OF AN SOFC 

 

The fundamental electrochemical configuration of SOFCs consists of a dense 

electrolyte with porous electrodes on each side. The conventional SOFC utilizes a yttria 

stabilized zirconia electrolyte (YSZ), Ni – YSZ anode and a lanthanum-strontium 

manganite (LSM) – YSZ cathode as shown in Figure 2.1.  

 

Figure 2.1. Scanning electron micrograph of a typical cross-sectional fracture surface of a 

planar SOFC. 

 The electrolyte layer is required to be dense to prevent the interpenetration of the 

fuel and oxidizer gases on each side while selectively conducting oxygen ions from the 

cathode side to the anode side. Therefore, substantial ionic conductivity is desired to give 

rise to the electrochemical processes of the electrodes. As electronic contact between the 

electrodes would result in a decrease in the operating voltage and ultimately short, the 

electrolyte layer has to possess negligible electronic conductivity.  

 Catalyzed reactions, reduction of oxygen on the cathode (LSM) and the oxidation 

of hydrogen on the anode (Ni), take place when the transport of all required reactants and 
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products is maintained. Thus, the electronic conductor – electrocatalyst (Ni or LSM), 

ionic conductor (YSZ) and pores are required to converge to form reaction sites on the 

electrodes. This reaction sites are also called triple phase boundaries (TPBs). However, 

formation of the reaction sites does not guarantee the electrochemical activity as the 

transport of the species is required through the complete electrode as shown in Figure 2.2. 

Hence, the continuous percolation of all three phases (i.e. electronic conductor, ionic 

conductor and pores) is required to actively utilize the formed reaction sites.  

 

Figure 2.2. Schematic illustration of the phases forming the electrodes and their 

percolation along with the formation of reaction sites (TPBs). [15] 

As the reactions take place, the oxygen ions are conducted from the cathode 

reaction sites to the anode reaction sites through the electrolyte and the charge balance is 

compensated by the flow of the electrons from the anode to the cathode reaction sites 

through the electronically conducting phases and the current collectors when an electrical 

load is applied.  

The Kroger-Vink notation will be used throughout the dissertation to discuss the 

conduction mechanisms in the components. The notation involves lattice position of the 

defects and the species compensating the charge neutrality. 
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A: corresponds to the species (atoms, electrons and electron holes) and vacancies   

S: corresponds to the lattice position 

C: corresponds to the charge of the species or the lattice position 

B: indicates the net charge of the defect 

The conventional route for the fabrication of SOFCs is based on processing of the 

desired powder compositions. The slurries of the anode and electrolyte layers are cast 

into tapes and laminated together prior to their co-sintering at elevated temperatures. The 

fabrication of the fuel cells completed by screen-printing of the cathode layers on the 

dense electrolyte layer and their sintering as illustrated in Figure 2.3.  

 

Figure 2.3. Flow chart for the fabrication of SOFCs. 
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Each component contributing to the order of the electrochemical reactions will be 

introduced in the following sections. The current problems and the required studies will 

also be discussed in the content of the scope of this dissertation. 

 

2.2. ELECTROLYTE 

 

The electrolyte provides the transfer of the oxygen ions from the cathode  

reaction sites to the anode reaction sites to maintain the reduction and oxidation reactions, 

respectively. Therefore, it is required to satisfy the fundamental requirements below: 

(i) Substantial ionic conductivity 

(ii) Relatively low electronic conductivity 

(iii) No gas permeability 

(iv) Chemical and microstructural stability in both reducing and oxidizing 

atmosphere at elevated operating temperatures (e.g. 800
o
C) 

    

In case the ionic conductivity is not sufficient, it would give rise to the ohmic 

polarization resistance and result in significant losses in the electrochemical performance 

of the fuel cells. The permeation of the gases through the electrolyte cause a drop in the 

gradient formed on the electrolyte due to the decrease in the oxygen partial pressure 

(activity of oxygen) difference between the electrode interfaces. As a result, the voltage 

decreases and it deteriorates the electrochemical performance of the SOFC. Electronic 

conductivity of the electrolyte causes a similar problem by allowing the compensation of 

the oxygen activity on each side of the electrolyte by violating the working principle of 

SOFCs which requires conductivity of the oxygen ions. 
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There are various candidate materials for electrolyte applications as shown in 

Figure 2.4. Although it does not possess the highest ionic conductivity, stabilized cubic 

zirconia is the most commonly employed material for electrolyte applications as it 

satisfies the fundamental requirements while the other highly conductive materials such 

as bismuth oxide fail due to substantial electronic conductivity.    

 

Figure 2.4. Ionic conductivities of various electrolyte materials. [16] 

  

 The properties such as thermal conductivity, stability in highly reducing and 

oxidizing atmospheres, thermal expansion similar to other SOFC component materials 

and sinterability makes 8 mol% yttria stabilized zirconia (YSZ) the most common solid-

state oxygen conducting electrolyte. It is widely used as oxygen sensor in automobile 

combustion feedback systems and industrial process monitoring [17-20]. As the yttria 

(Y2O3) is dissolved in zirconia (ZrO2) to stabilize its cubic phase, it does not provide 
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enough anions (O
2-

) with respect to the cations (Y
3+

) it provides while substituting Zr
4+

. 

Hence, an oxygen vacancy is formed for each pair of Y
3+

 substituting Zr
4+

 in order to 

maintain the charge neutrality as given below. The relatively large amount of oxygen 

vacancies (over 10%) allows substantial ionic conductivity.   

 

                             4 2 4 2

4 2 3

2 3 22( ) ( ) 2( ) ' ( )" 2x x

Zr O Zr O
Y O Zr O Y V O+ − + −

+ − ++ + = + +                         (12) 

There have been many attempts to decrease the contribution of the YSZ 

electrolyte to the total ohmic polarization resistance of the SOFCs. The use of thin 

electrolytes has been a favorable solution as the area specific ohmic resistance (ASR) of 

the electrolyte decreases proportional to its thickness. It allowed the high performance of 

current SOFCs. Although YSZ electrolyte is the most developed component of the SOFC 

configurations, application of a thin layer of YSZ results in fabrication challenges such as 

macro defects due to the difference in sintering shrinkages and initial green defects. 

Moreover, the amount of tolerable macro defects decrease drastically since maintaining 

the gas-tightness of defected electrolytes is more difficult at lower thicknesses. 

 

2.3. CATHODE 

 

Previously mentioned continuous percolation of the constituent phases and their 

convergence is required for efficient cathode performance. Thus, the material employed 

for cathode application has to possess ionic and electronic conductivity, as well as an 

open pore structure for delivery of oxidizer gas and catalytic activity for the reduction of 

oxygen.  
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The typical cathode material utilized in SOFCs is doped lanthanum manganite.  

Doping with aliovalent cations, commonly with Sr, yields its substantial electronic 

conductivity (~65 S/cm) [21]. While dissolved Sr
2+

 substitutes La
3+

, Mn
3+

 donates an 

electron and changes its valence to 4+ to maintain the charge neutrality after the doping 

as given below. The localized Mn sites induce the conduction of electrons by polaron 

hoping.   

                                 3 3

3 2 4

3 2

1
( ) 2( ) ' 2( )

2

x

Mn Mn
SrO Mn Sr Mn O+ +

+ + + •

++ = + +                             (13) 

Although high electronic conductivity and substantial catalytic activity makes 

lanthanum-strontium manganite (LSM) a good candidate, its ionic conductivity is 

negligible. Therefore, use of LSM as a single material cannot form an efficient cathode 

for SOFCs. 

Incorporation of ionically conductive YSZ particles into LSM cathodes has been a 

common practice to provide the required ionic conductivity to the reaction sites [22-24]. 

Even though increase in the cathode performance was observed, the interactions of the 

solid phases, LSM and YSZ, at elevated temperature during processing result in 

formation of undesirable phases and microstructures. The distinct temperatures required 

for the sintering of the constituent phases makes the control of the microstructural 

development relatively difficult, while they form insulating and catalytically inactive 

phases during sintering. Since the evolution of the porous composite microstructures and 

their relations with the resultant polarization mechanisms are not determined clearly, 

there is a controversy about the performance of LSM-YSZ composite cathodes [25, 26]. 
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2.4. ANODE 

 

The anode layer is required to provide electronic and ionic conductivity, as well  

as catalytic activity for oxidation of hydrogen. Permeability of gases has a significant 

importance in the anode layer since it does not provide only the delivery of the fuel but 

also provides the removal of the product gases such as water vapor. 

 The common anode material employed in SOFCs is Ni as it possesses the 

required substantial electronic conductivity and catalytic activity for oxidation of 

hydrogen. However, it does not provide conductivity for oxygen ions. Hence, YSZ phase 

is incorporated to the Ni electrodes to maintain the flow of oxygen ions to the active 

reaction sites.  

Fabrication of porous Ni-YSZ composite anode layers is easier than the LSM-

YSZ layer since their high temperature sintering does not result in formation of 

undesirable phases. Thus, thin electrolyte layers (<100 µm) prepared for reduction of the 

ohmic losses can be supported by a thicker anode layer and fabricated by co-sintering. It 

is not possible to support the YSZ layer with LSM-YSZ composite cathode layer and 

fabricate by co-sintering due to undesired high temperature interactions. Moreover, 

relatively high electrical conductivities (>1000 S/cm) can be achieved with porous Ni-

YSZ anodes [27, 28] whereas the electrical conductivity of the porous LSM-YSZ 

cathodes is limited (<10 S/cm) [29, 30]. 

As desired percolation of three phases (i.e. Ni, YSZ and pores) form in the porous 

Ni-YSZ anode layers, the processing parameters identify the development of the overall 

microstructure. Especially the pore structure gains a significant importance when 

relatively thick (>500 µm) anode layers are utilized to support the electrolyte layers since 



16 

 

it forms a longer pathway for the delivery of the fuel gas and the removal of the product 

gases.  

Application of thick (>500 µm) porous anode layers to support desired thin dense 

electrolyte layers (<20 µm) also results in fundamental material challenges during co-

sintering process. Each layer induces a different shrinkage during sintering and it causes 

developing tensile and compressive stresses throughout the SOFC. Although the 

supporting anode layer can compensate tensile stresses, they would result in catastrophic 

failure on the thin electrolyte layers due to formation of cracks under tensile stress. Thus, 

there are major material issues related with the identification of the desired 

microstructural features for efficient anodes and the processing parameters for fabrication 

of the multilayer SOFCs without macro defects (e.g. cracks, warpage and delamination) 

[31, 32]. 

 

2.5. CURRENT COLLECTORS 

 

The ohmic losses formed in the SOFC configuration are not limited to the 

contributions from the main components (cathode, anode and electrolyte). As mentioned 

earlier, the operation of SOFC is maintained by transfer of two species, oxygen ions and 

electrons. While the oxygen ions are transferred through the electrolyte, electrons are 

transferred from the anode to the cathode by electrical contacts (see Figure 1.3.). 

Efficient transport of electrons is provided by current collectors in SOFC configurations. 

The current collectors are applied on the electrodes and form a reliable contact to 

minimize ohmic polarization resistances. As the supporting Ni-YSZ anode layers are 

relatively conductive (>1000 S/cm), current collection can be maintained by forming 
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connections through a metal meshes or wire contacting the outer anode surface. However, 

the limited electrical conductivity (<10 S/cm) of the porous LSM-YSZ cathode layer 

restricts the use of metal meshes as current collector since in-plane current collection in 

poor electrical conductors results in significant ohmic losses [31, 33-35]. Thus, the ideal 

in-plane current collection is provided by applied current collector contact layers on 

LSM-YSZ cathodes. The fundamental requirements for efficient current collector layers 

are listed below. 

(i) High electronic conductivity 

(ii) Substantial gas permeability through its pores 

(iii) Bonding to the underlying electrodes for electrical contact 

(iv) Compatibility with other SOFC components 

(v) Chemical and mechanical stability in oxidizing atmospheres at operating 

temperatures (e.g. 800
o
C)  

Although some oxides (e.g. LaCrO3 and LaCoO3) are considered for current 

collector applications due to their high temperature stability in oxidizing atmosphere, 

their restrained electrical conductivity limited their use. Since some precious metals such 

as Pt, Pd and Au satisfy the requirements for current collectors, they are used in 

laboratory level SOFC operations [36-39]. Pastes of their powders are applied on both 

electrodes and partially sintered to form the electrical contacts while preserving their 

porous microstructure. However, the cost of their raw materials is significantly high and 

they cannot be employed for realizing the SOFC technology. 

There were several attempts to address the current collection issues by 

transferring the current out-of-plane using highly conductive stainless steel interconnects 
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as shown in Figure 2.5 [40]. Although some improvements were made, the ohmic losses 

could not be eliminated due to the limited electrical conductivity of the LSM-YSZ 

composite cathodes at areas where the current is transferred in-plane. The formed 

contacts are also not efficient as the bonding is provided only by the applied mechanical 

forces. Moreover, the high temperature interactions of the stainless steel components with 

the SOFC cathodes resulted in loss in the catalytic activities due to Cr poisoning [41, 42]. 

 

Figure 2.5. Application of an interconnect for current collection on LSM-YSZ cathode 

layer (a) and in-plane current flow around the contact (b). 

Even though utilization of inexpensive non-oxidizing metals such as Ag was 

considered, stability of its desired porous structure was limited at the typical operating 

temperatures of the SOFCs (e.g. 800
o
C) near its melting temperature (962

o
C). Porous Ag 

reaches near its theoretical density in less than 100 hours at 650
o
C which makes it 

impossible to use it as a stable component in SOFC operating conditions [43].   

 

2.6. SUMMARY OF THE STATUS OF SOFCS 

 

The SOFC concept is highly promising for efficient power generation. Although 

various materials have been investigated for development of its components, the 

challenging requirements of its operation exhausts the available monolithic materials as 
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well as composites. Except the electrolyte material of choice, YSZ, the development of 

the electrode materials and the current collectors is still under development and their 

properties are required to be investigated for realization of the SOFC technology. 

Therefore, the fundamental problems of the SOFC technology are out of the scope of the 

engineering design and mainly involve the research and scientific investigation of the 

component materials.  

 The polarization mechanisms limiting the performance of the LSM-YSZ 

composite cathodes and their relationships with the microstructural features should be 

clearly identified. Moreover, the correlations between the processing parameters and the 

evolution of the microstructural properties need to be determined for optimization of the 

reproducible LSM-YSZ cathode layers. 

 Since the anode supported SOFCs are more desirable due to the employed thin 

electrolytes with minimized ohmic losses, the effects of their microstructures on the 

electrochemical performance are required to be determined. Anode pore structure has a 

critical importance as its increased thickness limits the transport of gases between the 

active reaction sites and the outer surface. The correlation between the anode pore 

structure and the electrochemical polarization mechanisms of the SOFCs should be 

revealed. 

 Addressing the major ohmic losses on SOFCs due to electrical contacts can 

eliminate material and design problems as the current collection can be performed in-

plane. The degradation mechanisms of the inexpensive non-oxidizing metals are required 

to be investigated and their microstructures should be modified to allow their use as 

current collector layers at elevated temperatures. 
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3. PURPOSE OF THIS DISSERTATION 

The main purpose of this study was investigating the relationships between the 

processing parameters, properties of the developed microstructures and the 

electrochemical performance of the solid oxide fuel cell (SOFC) components. 

Lanthanum-strontium manganite (LSM) – yttria-stabilized zirconia (YSZ) composites 

were investigated for oxygen reduction activities on the cathode side of the solid oxide 

fuel cells (SOFCs). Electrochemical impedance spectroscopy techniques along with the 

microstructural characterization techniques were utilized to gain fundamental 

understanding on the origin of the polarization mechanisms limiting the cathode 

performance.  

Ag based composites were studied to reveal the phenomena deteriorating their 

electrical and electrochemical properties and microstructural stability at elevated 

temperatures. A model was developed based on the impedance response of the Ag based 

composites to determine the mechanisms yielding polarization resistances. It allowed 

correlating microstructural changes with the impedance spectra at in-situ at operating 

temperatures and identifying their relationships.  Processing parameters were modified 

according to the determined mechanisms to improve the Ag based composites for stable 

electrochemical and electrical properties. The performance of the developed Ag based 

composites was evaluated as current collector and combined cathode layers for SOFCs. 

Effect of the pore structure on the kinetics of the oxidation of hydrogen was analyzed on 

the Ni-YSZ composite anodes. Distinct pore structures were formed by utilizing 

evaluated pyrolyzable pore former particles. The evolution of the anode pore structures 

was investigated using microscopy techniques and mercury intrusion porosimetry.  
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 Combining the developed components with an electrolyte using the determined 

processing parameters allowed evaluating the layers further on operating fuel cell 

conditions. The deconvolution of the impedance spectra and the analysis of the 

voltammetric measurements were studied to develop a complimentary understanding 

correlating the anode pore structure with the electrochemical polarization mechanisms. 

The revealed correlations between the microstructural features and the electrochemical 

performance of the component layers were combined to optimize the processing 

parameters and the performance of the SOFCs. Fabrication of complete SOFCs and their 

electrochemical evaluations extended the fundamental study on the component materials 

to their further analyses in operating conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 



22 

 

PAPER 

I. INFLUENCE OF MICROSTRUCTURAL EVOLUTION ON THE 

ELECTROCHEMICAL PERFORMANCE OF LSM-YSZ COMPOSITE 

CATHODES FOR HIGH PERFORMANCE SOLID OXIDE FUEL CELLS 

 

Ayhan Sarikaya, Vladimir Petrovsky and Fatih Dogan
 

Department of Materials Science and Engineering, 

Missouri University of Science and Technology, Rolla, MO 65409, U.S.A. 

 

Abstract 

Microstructure of the lanthanum-strontium manganite (LSM)-yttria stabilized zirconia 

(YSZ) based composite cathodes plays a critical role in the performance of solid oxide 

fuel cells (SOFCs). Impedance spectroscopy measurements were performed on 

symmetrical cathode cells (cathode/electrolyte/cathode) while varying the processing 

parameters such as component ratios and sintering temperatures. Detailed investigations 

on the resulted microstructures and the impedance spectra revealed the relationships 

between the developed microstructural features and the induced polarization resistances. 

Two processes with distinct characteristic relaxation frequencies and activation energies 

were identified. As the high frequency process with the activation energy of ~1.35 eV 

was correlated with the charge transfer processes between the constituent phases, the low 

frequency process with the activation energy of ~1.9 eV was related with the surface 

processes. Characterized relationships between the developed microstructures and the 

components of the yielded impedance spectra allowed determining the optimum 

processing conditions and achieving polarization resistances as low as 0.040 Ohm cm
2
 at 
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800
o
C in air. The developed cathode layer induced a similar polarization resistance when 

tested in anode supported SOFCs. The obtained power density (1.76 W/cm
2
 at 800

o
C) 

confirmed the applied approach for identification of the performance limiting parameters 

and optimization of the microstructural development of the LSM-YSZ cathodes.  

 

I. Introduction 

 

Solid oxide fuel cells (SOFCs) are highly attractive energy conversion devices as they 

combine desirable features such as relatively high conversion efficiencies and flexible 

fuel options with significantly low pollutant emissions. Various configurations were 

employed to improve the performance of the SOFCs. As it allowed achieving some of the 

highest performances up-to-date and can be fabricated facilely using conventional 

processing techniques, anode supported design with a thin electrolyte and cathode is one 

of the most promising configurations for the realization of the SOFC technology.
1-3

 

Performance of the SOFCs is significantly affected by the microstructure of their 

components. Use of thin electrolytes in anode supported SOFCs minimizes the ohmic 

losses at the operating temperatures (e.g. 800
o
C); however, performance losses remain 

significant on the electrodes. Especially sluggish kinetics of the reactions related with the 

reduction of oxygen at the cathodes limit the performance of the SOFCs operating at 

intermediate temperatures (550
o
C-800

o
C).

4-6
 

A perovskite structured oxide of A-site Sr doped LaMnO3 (LSM) is the most 

commonly used cathode material for SOFCs based on yttria-stabilized zirconia (YSZ) 

electrolytes due to its high electronic conductivity, chemical and thermal stability, 

catalytic activity for oxygen reduction and compatibility with other SOFC components.
7,8
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However, restricted ionic conductivity and relatively high activation energy of LSM limit 

its use in SOFCs.
9
 Therefore, YSZ particles have been incorporated into LSM cathodes to 

increase ionic conductivity of the composite cathodes and improve their electrochemical 

activity by extending the triple phase boundaries (TPBs).
10-12

 

Composite cathode layers are required to possess high electronic and ionic 

conductivity, catalytic activity as well as permeability for the transport of oxygen-rich 

gases (e.g. air). Continuous percolation of LSM and YSZ phases as well as pores can 

provide these required properties. Since the processing parameters determine formation 

of the LSM-YSZ composite microstructures, they substantially affect the electrochemical 

performance of the composite cathodes.
13-16

 Size distribution and volumetric ratio of the 

particles as well as their dispersion identifies conditions for their percolation while the 

sintering process leads to integration of the constituent LSM and YSZ phases while 

ensuring their adhesion to the underlying YSZ electrolyte. 

Broad investigations were performed on the LSM and the LSM-YSZ cathodes for the 

identification of the mechanisms controlling their electrochemical activity as well as the 

optimization of their performance.
8, 10, 17, 18

 However, polarization losses due to the 

cathode layers remain a significant performance limiting factor in SOFCs and further 

investigations in this area are critical. This study was focused on identifying the 

relationships between the evolution of the LSM-YSZ composite microstructures and the 

electrochemical properties of the corresponding cathodes. Extensive use of impedance 

spectroscopy techniques allowed characterization of the performance limiting 

mechanisms inducing the polarization resistances and the relevant microstructural 

features. Main practical goal of these investigations was decreasing the cathode 
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polarization resistances to the level of the anode polarization resistances (<0.050 Ohm 

cm
2
) in the anode supported SOFC configurations for the realization of high performance 

SOFCs. The identified relationships led to the optimization of the performance of the 

LSM-YSZ cathodes by modifying the processing parameters. The optimized cathodes 

were also applied on the anode supported electrolytes for their further evaluation on 

complete SOFCs. As optimized cathodes were combined with previously developed 

advanced anodes and relatively thin electrolytes, this study extended the optimization of 

the cathodes to the development of high performance fuel cells. Detailed analysis of the 

electrochemical properties of the SOFCs allowed characterization of the dominating 

polarization mechanisms under relatively high current densities simulating realistic 

operating conditions.  

 

2. Experimental 

Symmetrical cathode cells are useful for the evaluation of the cathode layers. As 

impedance spectroscopy and voltammetric measurements can be successfully conducted 

on symmetrical cells, they allow assessing the electrochemical performance of the 

developed cathodes. Thus, investigations of the LSM-YSZ cathodes were conducted on 

their symmetrical cells (cathode/electrolyte/cathode). The measurements revealed the 

characteristics of the development of their microstructures using various compositions 

and sintering temperatures. The detailed characterization of the corresponding 

polarization resistances by electrochemical analyses led to optimization of the cathode 

layers. Since properties of the cathodes may differ in operating conditions, further 

evaluations were required to be performed on complete (cathode/electrolyte/anode) cells. 
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Hence, the optimized cathode layers were applied on previously developed half-cells for 

analyses in operating conditions. The half-cells consisted of a porous supporting Ni-YSZ 

anode and a dense thin YSZ electrolyte.    

 

2.1 Fabrication 

Formation of undesired phases upon interaction of LSM and YSZ phases at elevated 

temperatures was widely investigated by other researchers.
7, 10, 17, 19-22

 It was reported that 

Sr-rich LSM (La1-xSrxMnO3, x>0.3) forms SrZrO3 (SZ) at temperatures above 1250
o
C 

10, 

17 
while stoichiometric LSM forms La2Zr2O7 (LSZ) at temperatures above 1150

o
C.

23
 

Electrical conductivities of LSZ and SZ phases are 2 x 10
-4

 S/cm and 10
-4

–10
-5

 S/cm at 

1000
o
C, respectively.

24
 As their conductivities are considerably lower than YSZ at 

1000
o
C (0.185 S/cm),

25
 they form a relatively insulating interface between LSM and YSZ 

phases. Moreover, LSZ and SZ phases are catalytically inactive. Combination of these 

effects results in a significant electrochemical performance loss in LSM-YSZ composite 

cathodes.
9, 10

 Excess La has a detrimental effect on the LSM-YSZ composites as it 

induces the formation of LSZ and decreases the required temperatures for its formation.
21

 

Lower temperatures were employed to eliminate the formation of these undesired phases. 

However, it was not an effective technique for the formation of the desired composite 

cathode microstructures as it results in poor connection between the composite phases. It 

was reported that A-site nonstoichiometric LSM [(La1-xSrx)yMnO3, y<1] eliminates the 

formation of the LSZ phase upon interacting with YSZ at temperatures as high as 

1300
o
C.

14, 21, 22, 26
 Therefore, A-site non-stoichiometric (La0.8Sr0.2)0.9MnO3 was utilized 
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for this study and the sintering temperatures were limited with 1250
o
C to eliminate 

formation of any undesired phases due to its interaction with the YSZ phase. 

Only commercially available materials were used for the investigations. Cathode inks 

were prepared for screen printing by incorporating different amounts of 

(La0.8Sr0.2)0.9MnO3 (LSM) powder (LSM20-P and LSM20-HP, NexTech, Columbus, OH, 

USA) with YSZ powder (8 mol% yttria-stabilized zirconia, TZ-8Y, TOSOH, Tokyo, 

Japan) and dispersing it in a solvent (α-terpineol, Alfa Aesar, Ward Hill, MA, USA) by 

ultrasonication. An ethyl cellulose based polymeric vehicle (V-006, Heraeus, 

Conshohocken, PA, USA) was added to the uniformly dispersed powder mixtures and 

amounts of the vehicle and solvent were adjusted to obtain desirable rheological 

properties for screen printing. Formulated inks were screen printed on either side of 180 

µm thick YSZ electrolytes (8 mol% yttria-stabilized zirconia, NexTech, Columbus, OH, 

USA) to form symmetrical cells. They were sintered in air at temperatures ranging from 

1050
o
C to 1250

o
C. Screen printing parameters were adjusted to obtain a sintered cathode 

layer thickness of ~10µm for a consistent comparison. 

Complete fuel cells were fabricated as described elsewhere.
27

 Slurries of NiO 

(NexTech, Columbus, OH, USA) and YSZ powders were prepared for casting ceramic 

tapes. All slurries contained a dispersant (KD-1, ICI, Barcelone, Spain) and a binder 

(PVB-79, Monsanto, St. Louis, MO, USA) plasticized with DOP (Sigma-Aldrich, St. 

Louis, MO, USA). Additional pyrolyzable particles (polystyrene, Alfa Aesar, Ward Hill, 

MA, USA) were incorporated to the NiO-YSZ anode mixtures to obtain a desired pore 

structure. Tapes of NiO-YSZ and YSZ were laminated and co-sintered at 1350
o
C for two 

hours prior to screen printing and sintering of the cathode layers.   
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2.2 Characterization 

Microstructural properties of the developed cathode layers were investigated using 

scanning electron microscopy (SEM) techniques. An image analysis software (ImageJ, 

NIST, Bethesda, MD, USA) was utilized to characterize the obtained microstructures and 

to reveal the effect of the compositon and sintering temperature on the cathode 

microstructures. Homogenous mixtures of LSM and YSZ powders were also prepared 

and sintered at various temperatures ranging from 1050
o
C to 1250

o
C. X-ray diffraction 

(XRD) analysis was performed on these samples for the identification of existing phases.  

Electrochemical performance of the cathode layers were investigated in symmetrical 

cell and complete fuel cell configurations. A combined potentiostat (CellTest 1470, 

Solartron, Mobrey, UK) and frequency response analyzer (1255B, Solartron, Mobrey, 

UK) setup was employed for voltammetric and impedance spectroscopy measurements. 

Pt and/or LSM pastes were used on cathode layers while Pt paste was also utilized on the 

anode layer to attach Pt wires and maintain reliable electrical contacts. Measurements of 

the symmetrical cells were performed in air and the performance of the complete fuel 

cells were investigated at the operating conditions. Since operation of SOFCs in stacks 

leads to a significant decrease in the hydrogen content and an increase in the water 

content in the fuel flow through the consecutive cells, measurements under ideal pure 

hydrogen on the anode side and pure oxygen on the cathode side were not considered 

realistic. Therefore, air flow was maintained on the cathode side of the complete fuel 

cells while a diluted hydrogen mixture (10% H2 in Ar) was used as fuel and supplied to 

the anode side during their operation and measurements. 
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3. Results and discussion 

Figure 1 demonstrates the microstructures of various LSM-YSZ compositions (45:55 

vol% – 55:45 vol%; LSM-YSZ) after sintering at temperatures ranging from 1100
o
C to 

1200
o
C for two hours. Image analysis software was employed for the characterization of 

the grains and the pores. Average grain size of the composite cathodes exhibited an 

increase with the sintering temperature and the amount of the incorporated LSM. The 

average grain size of 45 vol% LSM- 55 vol% YSZ increased from 0.3µm (Figure 1a) to 

0.6µm (Figure 1c) as the sintering temperature was increased from 1100
o
C to 1200

o
C. A 

distinguishable increase was observed in the average grain size of the LSM-YSZ 

composites with increased LSM content. However, the sintering temperature had a more 

pronounced effect on the final grain size. The average grain size of 45 vol% LSM- 55 

vol% YSZ increased from 0.3µm (Figure 1a) to 0.35µm (Figure 1g) as the LSM content 

was increased from 45 vol% to 55 vol% for the cathodes sintered at 1100
o
C. Therefore, a 

slight coarsening of the pore and grain structure took place with increasing LSM content 

while identical amounts of open porosity (~35 vol%) was maintained with various LSM-

YSZ compositions processed at a particular sintering temperature.  

The sintering temperatures of LSM-YSZ composite cathodes were limited with 

1250
o
C in this study to eliminate formation of the insulating phases. XRD analysis was 

performed in order to monitor possible formation of LSZ and SZ phases. Only LSM and 

YSZ phases were detected and undesired zirconates were not observed as shown in 

Figure 2. These findings were in a good agreement with the expected stable behavior of 

A-site non-stoichiometric LSM.    
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Although SEM micrographs revealed detailed information about the evolution of the 

composite microstructures, further analyses were required for the assessment of their 

electrochemical performance. Therefore, the measured impedance spectra of the 

symmetrical LSM-YSZ cathode cells were investigated. Cole-Cole and Bode plots were 

utilized for the investigations on the obtained data as shown in Figure 3. An equivalent 

circuit model was determined for the characterization of the impedance spectra. 

Nonlinear least squares fitting technique was employed for the identification of the 

corresponding parameters. The model consists of a resistor and two constant phase 

elements in series as shown in Figure 3c. The constant phase elements represent 

processes with distinct characteristic relaxation frequencies while the resistor in series 

resembles the processes with relatively high characteristic relaxation frequencies which 

could not be resolved using conventional impedance spectroscopy techniques. 

Considering the temperature range (550
o
C-800

o
C) where the measurements were 

performed, the fast processes were expected to involve the conductance of the electrolyte 

and the contacts (i.e. current collection resistance) which in turn induced the ohmic 

resistance of the cells. Resistor (R1) in the equivalent circuit model represents the ohmic 

resistance of the symmetrical cell and corresponds to the high frequency intercept of the 

Cole-Cole plots.
28, 29

 Since the impedance spectroscopy technique is not capable of 

distinguishing contributions of different components to the ohmic resistance, the 

resistance of the electrolyte was measured separately by four-probe DC electrical 

resistivity technique to determine the current collection resistance.
28

 An area specific 

resistance of 0.25 Ohm cm
2
 was estimated for the thickness of the electrolyte (180µm) 

utilized for the fabrication of the symmetrical cells. As it is shown in Figure 3 for 50 
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vol% LSM – 50 vol% YSZ cathodes sintered at various temperatures, high frequency 

intercepts of the Cole-Cole plots correspond to 0.25 Ohm cm
2
. Similar behavior was 

observed with all compositions investigated in this study. Therefore, the current 

collection resistance was negligible for all of the fabricated composite cathodes.   

Distinct characteristic relaxation frequencies of the processes inducing polarization in 

the composite cathodes gave rise to two distinguishable polarization arcs in the Cole-Cole 

plots and two corresponding characteristic relaxation frequencies in the Bode plots as 

shown in Figure 3. These properties led to reliable fitting of the impedance spectra to the 

proposed equivalent circuit model.  

Magnitudes of the high and low frequency arcs were compiled to demonstrate their 

change with the cathode composition and the sintering temperature as shown in Figure 4. 

The magnitude of the high frequency arc decreased while the connection of the LSM and 

YSZ phases of the composite cathodes was developed upon sintering. Percolation of both 

LSM and YSZ phases were required for adequate electronic and ionic conductivity, 

respectively. Although it would allow sintering of the LSM particles and formation of 

their percolation, temperatures below 1100
o
C were not sufficient to provide the required 

sintering of the YSZ phase. Moreover, an efficient interface could not be formed between 

LSM and YSZ particles. Therefore, the charge transfer between LSM and YSZ phases 

retarded the electrochemical performance of the cathodes and gave rise to the electrode 

polarizations in the symmetrical cells sintered below 1100
o
C. As the percolated LSM 

phase lacks ionic conductivity, the electrochemical activity of the cathodes was limited 

with the TPBs interfacing the electrolyte and the LSM grains. Thus, all compositions 

exhibited similar polarization resistances with the symmetrical cells sintered below 
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1100
o
C.

10
 Although increasing LSM content improved the sintering at lower 

temperatures as observed in the scanning electron micrographs, it was not sufficient to 

complete the development of the composite cathode microstructures with percolating 

LSM and YSZ phases. Increasing LSM content also led to the growth of the grains. Thus, 

the surface processes tended to retard the electrochemical performance of their 

symmetrical cells sintered at lower temperatures and gave rise to the low frequency arc as 

shown in Figure 4c. Sintering temperature has a more pronounced effect on the growth of 

the grains as it was observed in the scanning electron micrographs. The effect of grain 

growth gave rise to significant changes in the microstructure of the composite cathodes 

sintered above 1150
o
C and resulted in retarded surface kinetics and larger low frequency 

arcs. On the other hand, the elevated sintering temperatures allowed achieving a well-

connected network of the YSZ grains. The formed network of the YSZ grains led to an 

expansion of the TPBs from YSZ electrolyte – LSM grain interface to three-dimensional 

interface of the percolating YSZ and LSM networks. Hence, the high frequency arc 

demonstrated a decreasing trend with increasing temperature while the YSZ and LSM 

point-to-point contacts evolve to face-to-face contacts. However, further increase of the 

sintering temperature resulted in the growth of both LSM and YSZ grains with smaller 

and closed porosity. Therefore, this further development gave rise to loss of the TPBs. 

These changes result in a significant increase in the high frequency arc since it also 

resembles the transfer of the charges between the TPBs and the YSZ grains. It can be 

concluded that the trade-off between the development of the LSM-YSZ composite 

microstructure with percolating constituent phases and densification/coarsening of its 

microstructure determines the magnitude of the polarization resistances of the LSM-YSZ 
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cathodes.
22, 30, 31

 While the efficient contact between LSM and YSZ grains as well as their 

percolation can enhance the high frequency processes and minimize the corresponding 

arc, their fine grains with high surface area can improve the low frequency processes and 

lower the related polarization resistance. Hence, the desired features of an LSM-YSZ 

cathode, including surface area, percolated open pore structure and integrity of LSM and 

YSZ phases, can be satisfied by optimizing the processing parameters. 

The polarization arcs observed in the impedance spectra of the LSM-YSZ composite 

cathodes were investigated and reported also by other researchers.
8, 31, 32 

The charge 

transfer between the LSM and YSZ phases induce a polarization arc with a characteristic 

relaxation frequency in the range of 10
3 

Hz-10
5 

Hz and a corresponding activation energy 

in the range of 0.98eV-1.4eV. Further analyses of the observed polarization arcs were 

performed by identifying their activation energies in this study. Hence, temperature 

dependences of the impedance spectra were measured for each symmetrical cell 

configuration and the activation energies of the deconvoluted polarization arcs were 

calculated as shown in Figure 5. Since the observed high frequency arcs and their 

activation energies correspond to the reported mechanism, it suggests that the charge 

transfer between the LSM and YSZ phases induce this particular polarization arc. It was 

also reported that the surface processes (i.e. dissociative adsorption and surface diffusion 

of oxygen) give rise to a polarization arc with a relatively low characteristic relaxation 

frequency (10
1 

Hz-10
2 

Hz) and an activation energy in the range of 1.8eV-2.0eV.
8, 31, 33

 

Since the low frequency arc determined in this study demonstrated activation energies 

(Figure 5) and relaxation frequencies (Figure 3) in this range, it suggests that the surface 

processes induced the low frequency polarization arc identified in the impedance spectra. 
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Therefore, the revealed relationships between the deconvoluted polarization arcs, the 

microstructure of the LSM-YSZ composite cathodes and their processing parameters are 

in a good agreement.       

The magnitudes of the area specific polarization resistances (ASRs) given in Figure 

4(a-c) represent the impedance spectra of the symmetrical cells. Therefore, they 

correspond to the polarization resistances of two electrodes. Total polarization resistance 

of an individual cathode can be calculated by dividing the sum of the area specific 

polarization resistances of high and low frequency arcs to two. Although the total 

polarization resistance of the composite cathodes did not exhibit a significant difference 

with their symmetrical cells sintered between 1100
o
C and 1200

o
C, the cathode of 50 

vol% LSM – 50 vol% YSZ sintered at 1150
o
C demonstrated the lowest total cathode 

polarization resistance at 800
o
C in air as shown in Figure 4d. 

Pt paste was screen-printed on the LSM-YSZ cathodes in order to provide efficient 

current collection and contact for the Pt wires. The porous Pt current collector layer could 

contribute to the electrochemical performance of the underlying cathode layers. Thus, Pt 

current collector was replaced with a porous LSM layer to identify its effects on the 

performance of LSM-YSZ cathodes. A mixture of coarser LSM particles (0.5µm) with 

flake graphite was utilized for the application of a porous LSM current collection layer. A 

ratio of 70 vol% LSM – 30 vol% graphite was used for the preparation of the screen-

printing paste. It was applied on the LSM-YSZ cathodes sintered at 1150
o
C. Polarization 

resistances identical to Pt current collector were measured with the porous LSM current 

collector. The thickness of the LSM current collector did not give rise to the ohmic 

losses. Thus, it was concluded that the current collector layer did not have any effect on 
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the polarization resistance of the LSM-YSZ cathodes. Moreover, it demonstrated that the 

electrochemical activity of the investigated LSM-YSZ cathodes took place in the applied 

thickness (~10 µm) and did not extend to the cathode – current collector interface. 

However, the surface roughness of the porous LSM current collector allowed a better 

mechanical integration for the Pt layer than the underlying LSM-YSZ cathode. It allowed 

more reliable fabrication of the cells. Therefore, further experiments were performed 

using a porous and co-sintered porous LSM layer as a current collector for the optimized 

cathode of 50 vol% LSM – 50 vol % YSZ sintered at 1150
o
C.      

The optimized cathodes were performed in complete SOFCs for further evaluation of 

their properties. Cathode layer with the minimum polarization resistance was applied on 

the previously developed relatively thin YSZ electrolyte supported by a porous Ni-YSZ 

anode for detailed evaluations. 50 vol% LSM – 50 vol% YSZ cathode was screen-printed 

on the 10 µm thick electrolyte after co-sintering the electrolyte and the anode layers. The 

thickness of the supporting anode layer was around 300 µm after sintering. Applied 

LSM-YSZ cathode layer and the LSM current collector were co-sintered at 1150
o
C. As a 

result, component layers were integrated to each other and complete fuel cells were 

obtained as shown in Figure 6.   

Voltammetric measurements of the fabricated fuel cell with the optimized LSM-YSZ 

composite cathode exhibited relatively high power densities considering the operating 

conditions. Although a relatively diluted hydrogen mixture (10% H2 in Ar) was utilized 

as fuel, power densities over 1.75 W/cm
2
 were achieved as shown in Figure 7. Open 

circuit voltages over 1 V validated the gas-tightness of the thin electrolytes, while the 

obtained power densities confirmed the electrochemical performance of the electrodes. 
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The linearity of the current-voltage characteristics and the current densities of the SOFC 

over 5 Amps/cm
2
 demonstrated that anode and cathode layers as well as their 

corresponding current collectors did not induce any major losses related with the 

transport of the reactant and product gases.   

The developed SOFC was investigated at the peak power density regime as all 

performance limiting parameters could be revealed in the corresponding conditions. 

Therefore, impedance measurements were performed on the fuel cell while operating at 

0.5 V. Measured impedance spectra of the developed fuel cell demonstrated that there 

were two polarization arcs with distinct characteristic relaxation frequencies as shown in 

Figure 8. It allowed distinguishing the polarization arcs from each other by fitting the 

experimental data to the previously proposed equivalent circuit model (Figure 3c). 

Deconvolution of the impedance spectra revealed that the high frequency arc (10
3
-10

4
) 

represents the anode activation processes while the cathode processes gave rise to the low 

frequency arc (10
1
-10

2
) as suggested by the activation energies as well as corresponding 

frequencies reported by other researchers.
8, 31, 34

 Impedance spectrum of the cathode layer 

measured in the symmetrical cell configuration was superimposed on the impedance 

spectrum of its complete fuel cell for a comparison. Resistance of the deconvoluted 

cathode polarization arc was lower than the total polarization resistance of the cathode 

measured in symmetrical cell configuration. Even though the high frequency arc induced 

by the cathode could not be distinguished in the SOFC configuration due to the 

dominating anode processes in the corresponding frequency range, low frequency arc was 

observed clearly. The slight decrease was observed in the characteristic frequency of the 

low frequency arc of the impedance spectrum of the cathode on the fuel cell as shown in 
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Figure 8b. Thus, it was obvious that the polarization characteristics of the developed 

LSM-YSZ composite cathode underwent distinguishable changes when evaluated on 

complete SOFC. The fuel cell was measured under operating electrical voltage (0.5 V) 

and current load instead of open circuit voltage conditions of the symmetrical cell 

configuration. The decrease in the polarization resistance of the cathode as well as the 

decrease in the characteristic frequency of the corresponding dominating arc suggests that 

the electrochemical performance of the LSM-YSZ composite cathode improved when 

employed in a fuel cell with relatively low total cell resistance. These findings are in a 

good agreement with the reported conditioning effect of the cathodic current treatment on 

the LSM based SOFC cathodes.
9, 31, 35

          

 

4. Summary and conclusions 

The effects of the processing parameters on the developed composite LSM-YSZ 

microstructures were identified. Analysis of the symmetrical cathode cells by impedance 

spectroscopy was an effective technique since it allowed correlating microstructural 

properties of the LSM-YSZ composites with the electrochemical performance of their 

cathodes. Two distinct polarization mechanisms were identified as a result of the analyses 

performed on the symmetrical cell configuration. Both polarization resistances decreased 

as the composite microstructures were developed; however, further densification and 

coarsening of the composite grains gave rise to the magnitude of the polarization 

resistances. A strong correlation exists between the processing parameters of the LSM-

YSZ composites and the electrochemical performance of their cathodes. The findings 

demonstrated that the sintering temperature and the composition were influential 
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parameters. They result in formation of the microstructures with distinct features. 

Therefore, they give rise to significant differences in the magnitudes of the high and low 

frequency polarization resistances. The polarization induced by the high frequency 

processes (i.e. charge transfer) requires efficient connection between the constituent 

phases and their continuous percolation. Sintering at elevated temperatures as well as 

higher LSM content may help these developments. However, growth of the composite 

grains is inevitable during high temperature sintering and it leads to retarded surface 

processes and loss of TPBs. As a result, it gives rise to the polarization resistances 

induced by the low frequency processes. These competing phenomena lead to the 

minimum total polarization resistances of each cathode configuration depending on the 

particle characteristics, composition and sintering parameters. In this study, a minimum 

total cathode polarization resistance of ~0.040 Ohm cm
2
 was achieved at 800

o
C in air on 

the symmetrical cathode cells fabricated using the selected initial powders and optimized 

processing parameters. Further evaluation of the cathode configuration with the optimum 

performance was carried out on complete SOFCs based on anode supported thin YSZ 

electrolytes. The results validated the pursued optimization approach as relatively high 

power densities (~1.76 W/cm
2
) were demonstrated at 800

o
C using a diluted hydrogen 

mixture (10% H2) as fuel and air as oxidizer.   
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Figures: 

 

 

Figure 1. Scanning electron micrographs of (a-c) 45 vol% LSM – 55 vol% YSZ, (d-f) 50 

vol% LSM – 50 vol% YSZ and (g-i) 55 vol% LSM – 45 vol% YSZ cathodes sintered at 

(a, d, g) 1100oC, (b, e, h) 1150
o
C and (c, f, i) 1200

o
C for two hours. 
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Figure 2. X-ray diffraction spectra of (a) 45 vol% LSM – 55 vol% YSZ, (b) 50 vol% 

LSM – 50 vol% YSZ and (c) 55 vol% LSM – 45 vol% YSZ cathodes sintered at 1250oC 

for two hours. 
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Figure 3. (a, c) Cole-Cole plots and (b, d) Bode plots calculated from the measured 

impedance spectra of the symmetrical 50 vol% LSM – 50 vol% YSZ cathode cells 

sintered at various temperatures. Note that all of the measurements were performed at 

800
o
C in air and the equivalent circuit model used for the characterization of the 

impedance spectra is demonstrated in (c). 
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Figure 4. Magnitudes of the area specific polarization resistances of the characterized 

high and low frequency arcs from the Cole-Cole plots. Note that they are given as area 

specific resistances for the symmetrical cells of (a) 45 vol% LSM – 55 vol% YSZ and (b) 

55 vol% LSM – 45 vol% YSZ cathodes while (d) total cathode polarization resistances 

are given per electrode. 
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Figure 5. Temperature dependence of the deconvoluted high and low frequency arcs of 

the symmetrical 50 vol% LSM – 50 vol% YSZ cathode cell sintered at 1150
o
C. 
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Figure 6. Scanning electron micrograph of the cross-sectional fracture surface of the 

developed anode supported planar SOFC after measurements. 

 

 

 

 

Figure 7. Voltage and power density of the fabricated SOFC as functions of current 

density at various temperatures. 
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Figure 8. (a) Cole-Cole and (b) Bode plots calculated from the measured impedance 

spectra of the symmetrical 50 vol% LSM – 50 vol% YSZ cathode cell sintered at 1150
o
C 

and the fabricated SOFC at 800
o
C. Deconvolution of the arc associated with the cathode 

polarization is shown for the comparison purposes. 
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ABSTRACT 

Time stability of the solid oxide fuel cells (SOFCs) has been a significant concern 

towards realization of their practical applications. Its operation at elevated temperatures 

and in oxidizing atmospheres makes the cathode current collector one of the most 

vulnerable components of the SOFCs. Silver and silver-based metal oxide (lanthanum-

strontium manganite and yttria-stabilized zirconia) composites were investigated for the 

development of low-cost current collectors with long-term stability. While densification 

of pure silver limited its use as current collector, incorporation of oxide particles to the 

silver matrix led to formation of porous composites. However, addition of YSZ particles 

did not result in a stable porosity. Analysis of the impedance spectra allowed further 

investigations on the obtained microstructures and the formed contacts. No 

microstructural degradation has been observed in the porous Ag-LSM composite current 

collector and its electrical properties remained stable for over 5000 hours of 

measurements at 800
o
C in air.  

 

 

 



49 

 

I. INTRODUCTION 

Ohmic losses which arise due to the high resistance of the contact materials have been 

a vital concern for the development of solid oxide fuel cells (SOFCs).
1-3

 Stability and 

efficiency of the current collection on the cathode side of the SOFCs is a relatively more 

challenging issue than the anode side especially for the intermediate temperature (600
o
C-

800
o
C) SOFCs due to high temperature oxidation.

4-6
 Common current collectors include 

ceramics (e.g. LaCoO3 and LaCrO3) and noble metals (e.g. Pt, Pd, Au and Ag).
7
 

Although ceramic materials have high stability in oxidizing conditions, their lower 

electrical conductivities limit their use. Noble metals such as Pt, Au or Pd are used as 

common current collectors stable at high temperatures while their relatively high cost 

makes them less desirable for use in SOFC applications.
7-10

 Its relatively low cost and 

advantageous attributes such as high conductivity, high ductility and self-healing at 

operating temperatures makes Ag a good candidate for the current collection.
 8,11

 

However, operational conditions deteriorate its structural stability and limit its use in 

SOFCs.
 8,11-13

 Operational temperatures of SOFCs (e.g. 800
o
C) allow sintering of Ag 

particles and result in nearly full density of initially porous microstructure within a 

relatively short time (<170 hours) with respect to the target lifetime of 40,000 hours
14 

due 

to relatively low melting temperature of pure Ag (962
o
C), as shown in Fig. 1(a) and (b).

15
  

Development of a porous and structurally stable Ag based current collector was 

aimed by this study. Since the degradation of the cathode and anode layers limits the 

detailed analysis of the degradation mechanisms of the current collectors, Ag based 

current collectors were applied on stable electrolytes as symmetrical electrodes to analyze 

their stability. Thus, the electrodes in this study should not be confused with actual anode 
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and cathode materials of SOFCs.  A systematic approach was developed to analyze the 

stability of the current collector compositions. The measured electrical conductivities and 

impedance spectra were utilized to identify the rate limiting polarization mechanisms of 

the symmetrical cells. Identification of the bulk diffusion of the oxygen in the solid Ag as 

the unique polarization mechanism led to the correlation of diffusion length with the 

coarsening of the Ag grains and the real part of the complex polarization with the 

effective contact area. Porous Ag current collector was obtained by incorporating up to 

25 vol% LSM (lanthanum-strontium manganite) particles while maintaining the 

percolation of Ag grains for sufficiently high electrical conductivity and wetting of the 

underlying electrolyte layer to achieve efficient current collection and stable electrical 

contact. 

 

II. EXPERIMENTAL 

Ag and Ag based composite inks were prepared for screen printing of the 

symmetrical current collectors. Since the previous studies showed that high surface area 

of Ag results in structural instability,
 8,16

 a relatively coarse (d50=1.1 µm) Ag powder 

(Alfa Aesar, Ward Hill, MA, USA) was used for the investigations. Initial powders of the 

conventional LSM - yttria-stabilized zirconia (YSZ) cathode were incorporated to the 

pure Ag. Utilized LSM (NexTech, Columbus, OH, USA) and YSZ (8 mol% yttria-

stabilized zirconia, TZ-8Y, TOSOH, Tokyo, Japan) powders have the average particle 

sizes of 0.5 µm and 25nm, respectively. The preparation of the inks consists of the 

dispersion of the oxide powders (LSM or YSZ) in a solvent (α-terpineol, Alfa Aesar, 

Ward Hill, MA, USA) by ultrasonication and mixing the dispersed suspension with Ag 
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powder and a polymeric vehicle (V006, Hearaeus, Conshohocken, PA, USA). The 

rheological properties of the inks were optimized for screen printing of symmetrical 

current collectors on YSZ electrolyte by adjusting the solvent and polymeric vehicle 

amounts. Symmetrical cells were prepared by screen printing of current collector inks on 

both sides of 180 µm thick YSZ electrolyte (8 mol% yttria-stabilized zirconia, NexTech, 

Columbus, OH, USA).  

Electrochemical performance investigations and electrical conductivity measurements 

of the cells were performed using a combined potentiostat and frequency response 

analyzer setup (Solartron, 1470 CellTest, Mobrey, UK). Four-probe electrical 

conductivity measurements were carried out on 0.5cm x 3.0cm rectangular samples using 

four Ag leads fixed perpendicular to the longer edge of the samples at certain intervals. 

Electrical conductivity measurements of the YSZ electrolyte were made on rectangular 

YSZ samples while Ag and Ag based composites were applied on an insulating substrate 

(e.g. alumina) for the conductivity measurements. Impedance measurements were carried 

out using two-probe configuration by fixing Ag leads on either electrode of the 

symmetrical cells. Impedance spectra were measured in the frequency range of 0.1Hz-

1MHz using an excitation voltage of 20mV and all electrical measurements were carried 

out in air to simulate the operational conditions of the cathode side of SOFCs. Scanning 

electron microscopy (SEM) techniques were employed for the microstructural 

characterization of the current collectors. 
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III. RESULTS AND DISCUSSION  

SEM micrographs shown in Fig. 1 demonstrate the microstructural development of 

pure Ag and Ag-20 vol% YSZ composite after measurements for various times at 800
o
C. 

Although pure Ag reached nearly full density by closing the initially open pores in a 

relatively short time, Ag-20 vol% LSM composite maintained its porous microstructure 

without any distinguishable grain growth and coarsening over 170 hours, as it was 

reported before.
15

 Addition of the same volume of YSZ powder to the pure Ag formed 

initially open pores; however, the porous microstructure was not stable and Ag left the 

composite forming individual grains on the surface as shown in Fig. 1(d).  

Although conductivity of 46,000 S.cm
-1

 was measured with the pure Ag at 800
o
C, it 

showed a decreasing trend with increasing amount of LSM powder as shown in Fig. 2. 

As it is seen in the percolation curve, additions of LSM powder above 25 vol% would 

lower the conductivity below the target limit of the electrical conductivity which was 100 

S.cm
-1

 for this study. Thus, the Ag-25 vol% LSM composition was analyzed as the highly 

loaded composite mixture to investigate the stability of Ag-LSM current collectors.    

Ag-25 vol% LSM composite maintained its initially open porosity and 

microstructural stability after 170 hours of continuous electrochemical measurements 

simulating its operational conditions, as shown in Fig. 3. The microstructure of Ag-25 

vol% LSM was similar to the microstructure of Ag-20 vol% LSM observed by the 

authors previously.
17

  

Although electrical conductivity of the Ag-25 vol% LSM composite current collector 

was sufficiently high, its performance by means of forming an efficient contact with the 

underlying layer was crucial for the current collection in operational SOFC 
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configurations. The analysis of the obtained impedance spectra was utilized for further 

investigations of the contact interface between the current collector and the electrolyte.  

Impedance spectra consist of ohmic and polarization resistances. Since ohmic 

resistance of symmetrical cells can be obtained from the high frequency x-axis intercepts 

of Cole-Cole plots,
17

 ohmic and polarization resistances can be distinguished in the 

impedance spectra. The measured ohmic resistance involves the electrical resistances of 

symmetrical current collectors and the electrolyte. However, impedance spectroscopy is 

not capable of differentiating the contributing ohmic components. Therefore, the 

resistance of the electrolyte was required to be excluded from the obtained ohmic 

resistance in order to determine the resistance of the current collector accurately. The 

electrical resistance of the YSZ electrolyte was measured by four-probe electrical 

conductivity measurement technique and an area specific ohmic resistance (ASR) of 0.25 

Ohm.cm
2
 was calculated for 180 µm thick electrolytes at 800

o
C. Since YSZ electrolyte, 

symmetrical pure Ag cell and symmetrical Ag-25 vol% LSM cell demonstrated the same 

ASR of 0.25 Ohm.cm
2
 as shown in Fig. 4, it can be concluded that the contact resistance 

was stable and negligible for both Ag based current collectors. 

Further analysis of the impedance data by complex nonlinear least square fitting to 

equivalent circuit models revealed that the impedance spectra could be interpreted using 

an equivalent circuit which consists of a resistor and a finite-length Warburg element 

with transmissive boundary conditions in series as shown in Fig. 5. It is in good 

agreement with the configuration of the symmetrical cell since the proposed Warburg 

element represents the diffusion of charged particles to a planar electrolyte.
18
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The Warburg impedance which is attributed to finite-length diffusion with 

transmissive boundary conditions is described by Eq. (1):  

                                            
tanh w

w

w

j
W R

j

ωτ

ωτ
=                                                      (1) 

where R w is the Warburg polarization resistance and τ w is the time constant.  

The characteristic relaxation frequency of the corresponding Warburg polarization 

mechanism can be calculated using the following equation and correlated with the mean 

diffusion time of oxygen, τ, obtained from the fitting: 
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w

f
πτ

=
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Although a good fit of the measured impedance spectra to the finite-length Warburg 

element with less than 1% deviation suggests that the observed polarization mechanism is 

dictated by diffusion, the nature of the diffusion was required to be identified for further 

analysis of the current collectors.  Therefore, the characteristic relaxation frequencies 

were obtained from the fitting of the impedance spectra measured at various 

temperatures. Analysis of the temperature dependence of the characteristic relaxation 

frequency allowed determination of the activation energy for the dominating diffusion 

mechanism.
19-20

 

The solubility and mobility of oxygen within the bulk solid Ag have been studied by 

other researchers.
21-25

 Their investigations revealed that oxygen has high solubility and 

mobility in solid Ag. The activation energy for the dominating polarization mechanism, 

calculated from the temperature dependence of the characteristic relaxation frequency, 

was in a good agreement with their results and revealed that the rate-determining 

mechanism was the diffusion of oxygen atoms through bulk Ag as shown in Fig. 6. 
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Although the decreasing porosity of pure Ag could also give rise to the limitation of the 

transport of gases, relatively low activation energies should have been observed if the 

polarization was induced by the gas phase diffusion.
26

 Therefore, it suggests that the bulk 

diffusion is the controlling transport mechanism for oxygen in solid Ag.    

Thus, the following equation was used for the diffusion coefficient, DO,Ag(s), with 

reasonable accuracy:
 23
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Since the characteristic relaxation frequency, f w, is not dependent on the surface area 

in the symmetrical cell configuration, the diffusion length of oxygen as charge carrier can 

be calculated according to the following equation:
27
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Results of the impedance spectroscopy measurements on the symmetrical cell with 

pure Ag revealed that the relaxation frequency corresponding to the electrode 

polarization decreases with time as shown in Fig. 7(a). Diffusion length, Ld, was 

associated with the characteristic relaxation frequency using the diffusion constant, 

DO,Ag(s), at the measurement temperature (800
o
C) by employing Eq. (4). Densification of 

initially porous Ag is reflected in the change of diffusion length which is correlated with 

the relaxation frequencies obtained from the fitting of impedance spectra. The shift to the 

lower relaxation frequencies is attributed to longer diffusion length of oxygen through 

larger grains of dense solid Ag as compared to shorter diffusion length of oxygen through 

smaller grains of initially porous Ag, as shown in Fig. 7(b). Calculated diffusion lengths 

are in good agreement with the grain sizes observed in the analysis of the densifying 



56 

 

microstructure of pure Ag, as shown in Fig. 1(a-b). The thickness of the dense pure Ag 

current collector on the YSZ electrolyte was measured after 600 hours of measurements 

at 800
o
C. Its measured thickness of ~38µm showed a good agreement with the calculated 

diffusion length of 43.4µm.  

The electrical resistance of a current collector is formulated by the following 

equation: 

 

                  

1 L
R

Aσ
= ×        (5) 

The electrode polarization due to the diffusion of oxygen through bulk Ag resulted in 

the complex impedance, expressed by the Warburg element. The real part of this complex 

impedance can be resolved as Warburg resistance, Rw. Thus, it would yield an ASR 

normalized to the surface area of the symmetrical current collector. In this case, the 

conductivity component, σ, of the Eq. (5), can be described as the conductivity due to the 

diffusion of oxygen through solid Ag and the length component (L) can be interpreted as 

the diffusion length (Ld) that is expressed by the following equation: 

                                               
1

dASR L
σ

= ×                                          (6) 

The normalized surface area of the current collector could be assumed completely 

covered with a fully dense pure Ag upon densification and saturation of the diffusion 

length after 600 hours at 800
o
C in air as shown in Fig. 7. However, Ag-25 vol% LSM 

was not capable of providing the same coverage of the contact surface due to its porous 

microstructure. Thus, a coverage coefficient, α, was introduced to the Eq. (6) where it 
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reaches to the unity in the case of the total coverage of the electrolyte surface area with 

dense Ag as formulated by the following equation: 

                                               

1 d
L

ASR
σ α

= ×                       (7) 

The polarization resistance of pure Ag current collector demonstrated an increasing 

trend with time while the Ag-25 vol% LSM current collector exhibited a decreasing 

polarization resistance; however, the polarization resistances of both Ag based current 

collectors stabilized after around 300 hours of measurements at 800
o
C. Since the 

conductivity due to the diffusion of oxygen atoms through solid Ag, σ, is constant for all 

Ag based current collectors, effective contact area can be estimated using the coverage 

coefficient, α, calculated using the measured ASRs and determined diffusion lengths. 

Therefore, the coverage coefficients of both Ag and Ag-25 vol% LSM current collectors 

increased with time and reached to stable values during the measurements at 800
o
C, as 

shown in Fig. 8. This suggests that the Ag-25 vol% LSM composite current collector 

developed a better contact with the underlying electrolyte with time and covered 1.5% 

(α=0.015) of the available surface area while pure Ag also developed a better contact 

with increasing time and covered 100% (α=1) of the available surface area approximately 

within the same time period.  

Since the samples were not exposed to elevated temperatures prior to the 

measurements, microstructural changes (e.g. densification and coarsening) took place as 

they were heated up to the measurement temperatures (e.g. 800
o
C). As the connectivity 

between Ag grains and their contact with the YSZ electrolyte were developed, oxygen 

atoms were transferred through shorter diffusion lengths. These initial microstructural 

changes in Ag-25 vol% LSM composite current collector resulted in an increase in the 
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measured characteristic relaxation frequency which stabilized after ~300 hours. The 

initial increase and the saturation in the characteristic relaxation frequency are attributed 

to a decrease in the diffusion length followed by the stabilization of the obtained porous 

microstructure as shown in Fig. 7(b). On the other hand, the symmetrical cell of pure Ag 

exhibited a decrease in the characteristic relaxation frequency with time during the initial 

stage of the measurements (~300 hours) which can be interpreted as the coarsening of Ag 

grains and further densification of bulk Ag. There were no further changes in the 

characteristic relaxation frequency for the rest of measurements (>4700 hours). The 

densification of the Ag on the electrolyte surface led to the coverage of the total available 

contact area. Thus, the identified coverage coefficient, α, reached to the unity with time 

and a good contact was maintained during the measurements as shown in Fig. 8. In the 

case of Ag-25 vol% LSM composite current collector, α showed a significant increase 

over a period of time (~300 hours) but could not reach the unity and stabilized at 0.015. 

The fact that there is no degradation in the smaller contact area obtained by incorporation 

of LSM particles into Ag confirms the observed stable porous microstructure of the Ag-

25 vol% LSM current collector shown in Fig. 3(a-b). 

Although densification of Ag was hindered by the uniformly dispersed LSM particles 

inhibiting the grain growth, percolation of Ag grains was maintained by neck formation 

between Ag particles and conductive nature of Ag matrix remained unaffected by 

addition of LSM. A stable contact at the electrolyte interface was formed without 

coarsening of Ag grains or delamination of the composite electrode, although the Ag 

matrix contained a relatively high amount of LSM particles (25 vol%). Ag-LSM 

composite current collector showed no ohmic loss and a stable contact for a relatively 
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long period of time without any microstructural changes. The use of Ag-LSM current 

collector and Cr blocking feature of LSM may also realize the use of relatively 

inexpensive Cr containing ferritic steel as interconnect material to build SOFC stacks.
7
   

 

IV. CONCLUSIONS 

Analysis of the microstructures using scanning electron microscopy and electrical 

measurements of symmetrical cells by impedance spectroscopy demonstrated that highly 

stable silver based current collectors for cathodes of SOFCs were obtained by 

incorporation of LSM particles into the Ag matrix. Addition of LSM terminated the 

densification of Ag particles and led to a stable porous microstructure of the composite 

current collector while the ohmic resistance remained unchanged after >5000 hours of 

measurements at 800
o
C in air. Further studies will focus on evaluation of Ag-LSM 

current collectors on symmetrical cathode layers, complete fuel cells and stacks. 
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Figures: 

 

 

Figure 1. SEM micrographs of (a, b) pure Ag 15 and (c, d) Ag-20 vol% YSZ, both 

obtained after 2 hours and 170 hours of measurements at 800
o
C, respectively. 
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Figure 2. Electrical conductivity of Ag composites with various LSM loadings at 800
o
C 

in air. 

 

 

 

 

Figure 3. SEM micrographs of (a, b) Ag-25 vol% LSM obtained after 2 hours and 170 

hours of measurements at 800
o
C, respectively. 
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Figure 4. Area specific resistances of the YSZ electrolyte, symmetrical pure Ag cell and 

symmetrical Ag-25 vol% LSM cell at 800
o
C as a function of time. 

 

 

 

 

Figure 5. Cole-Cole plot of the experimental data of pure Ag measured at 800
o
C and its 

fitting according to the equivalent circuit model. 
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Figure 6. Temperature dependence of the characteristic relaxation frequency of Warburg 

impedance. 
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Figure 7. (a) Characteristic relaxation frequency and (b) diffusion length as functions of 

time, calculated from the impedance spectra of the pure Ag and Ag-25 vol% LSM cells 

measured at 800
o
C. 

 

 

 

Figure 8. Change of the effective contact area represented by the calculated coverage 

coefficient, α, with increasing time at 800
o
C. 
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Abstract 

Properties of silver at elevated temperatures limit its use as a porous electrode or current 

collector in solid oxide fuel cell (SOFC) configurations. Its relatively low melting 

temperature (962
o
C) leads to accelerated densification of silver at operating temperatures 

of intermediate temperature SOFCs (550
o
C-800

o
C). In previous studies, powder based 

silver composites demonstrated stable microstructures with desirable porosity and 

electrical conductivity during long-term testing. Although the characterized features of 

the silver based composites allowed their use as efficient and stable cathode current 

collectors, they demonstrated limited electrochemical performance as a cathode layer. In 

this study, nanostructured coatings of various perovskite based cathode materials 

(lanthanum-strontium manganite (LSM), lanthanum-strontium ferrite (LSF), lanthanum-

strontium cobalt-ferrite (LSCF)) were deposited into porous silver composites by 

infiltration of polymeric precursors to enhance their electrode efficiencies. As a result, 

novel metal-matrix perovskite nanocomposites were obtained. The properties of the Ag 

based nanocomposites allowed their use as a combined cathode and current collector 

layer with significantly improved electrochemical performance and long term stability at 

800
o
C in air. 
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Introduction 

Solid oxide fuel cells (SOFCs) are promising energy conversion devices which 

possess a unique combination of desirable features such as high efficiency, flexible fuel 

options and near-zero emissions.
1,2

 Their feasible operation requires relatively high 

temperatures (500
o
C-800

o
C) which allow significantly fast reaction kinetics and 

enhanced electrolyte performances.
3,4

  

The performance limitations in SOFCs can be specified as (i) activation polarization, 

(ii) ohmic losses and (iii) concentration polarization. Activation polarization arises due to 

the processes involved with the electrode reactions, while sum of the electrical resistance 

of the cell components (e.g. anode, cathode, electrolyte and current collectors) leads to 

ohmic losses. As the operation of the SOFCs requires efficient transport of reactant and 

product gases through the electrodes and the current collectors, retarded transport of 

gases would give rise to concentration polarization and decrease the fuel cell 

performance.
5-7

 Therefore, anode and cathode layers are required to provide sufficient 

catalytic activity, ionic and electronic conductivity as well as open porosity for transport 

of gases. The current collectors of the electrodes also need to satisfy the requirements of 

enhanced electrical conductivity and porosity for the same reasons.  

Although relatively high operational temperatures allow improved electrochemical 

reaction kinetics and yield enhanced performance of SOFCs, they limit stability of the 

materials used for their fabrication as they undergo microstructural degradations (e.g. 

densification and coarsening) or form undesired phases upon interactions with each 

other.
8,9

 Noble metals are used as current collectors on the cathode side of the SOFCs due 

to their stability in oxidizing atmospheres at elevated temperatures.
10

 However, their high 
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cost diverted researchers to studies on other alternative materials for current collector 

applications. Hence, oxide based materials (e.g. LaCrO3 and LaSrxCo1-xO3) were widely 

studied and employed as current collectors since they are relatively stable in oxidizing 

atmospheres at elevated temperatures. However, limited electrical conductivity of oxide 

based current collectors result in a substantial decrease in the power output of the SOFC 

systems due to ohmic losses during operation. 

Silver has been an attractive material to minimize the ohmic losses and polarization 

resistances in solid oxide fuel cell (SOFC) configurations due to its highest electrical 

conductivity among all metals, significant ionic conductivity, solubility/diffusivity of 

oxygen, and catalytic activity for oxygen reduction.
11-15

 Therefore, silver and silver 

composites were widely investigated for possible SOFC applications. However, low 

melting point of silver (962
o
C) close to the operating temperatures (e.g. 800

o
C) resulted 

in its densification to near complete density within a short time period and limited its use 

as a current collector or a cathode layer.
16

 

Recent studies on silver based composites revealed that highly conductive porous 

electrodes can be developed by incorporating oxide particles into the silver matrix. 

Additions of lanthanum-strontium manganite (LSM) particles yielded stable porous 

microstructures while time stability could not be achieved by incorporating yttria-

stabilized zirconia (YSZ) particles at 800
o
C in air.

17
 Incorporation of YSZ particles into 

the Ag matrix formed initially uniform and open porosity; however, structural integrity of 

the component materials could not be obtained. Ag grains were separated from the 

composite resulting in a significant grain growth as shown in Figure 1.
16

 Although the 

electrical properties of powder based stable Ag-LSM composites allowed their use as 
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current collectors for SOFC cathodes, the polarization resistances were relatively high 

and limited their use as cathodes. 

Infiltration of polymeric precursors has been an effective technique to deposit 

uniform layers of oxide materials both on flat substrates and porous scaffolds at 

temperatures significantly below the sintering temperatures of their powders 

(<500
o
C).

18,19
 Considering that the precursors of the catalyst materials can be easily 

prepared and applied, the scaffold is required to provide the other properties to form 

efficient electrodes. The required properties of the scaffolds include open porosity and 

ionic and/or electronic conductivity. Thus, polymeric precursors of NiO and LSM were 

successfully utilized to form nanocomposite electrodes through infiltration into porous 

YSZ scaffolds.
20,21

  

Previously developed Ag-YSZ porous electrodes were used as scaffolds in this study, 

considering that they demonstrated desirable properties such as high electronic/ionic 

conductivity and open porosity.
16,17

 Although relatively stable and porous Ag based 

composites were obtained with additions of LSM particles into Ag matrix, they were not 

utilized to avoid possible interactions between the powder based LSM and the infiltrated 

oxide based catalyst particles. Since they all are perovskite based materials, their 

interactions at elevated temperatures could lead to formation of solid solutions and 

undesired phases which in turn would make the interpretation of the contributing effects 

considerably difficult. Numerous investigations were performed on the interactions of 

YSZ with perovskite based cathode materials.
22,23

 Although these studies demonstrated 

formation of undesired phases at elevated temperatures, formation of those phases at 

temperatures as low as 800
o
C were not revealed. In the present study, precursors of 
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various perovskite-based cathode materials such as La0.8Sr0.2MnO3 (LSM), La0.6Sr0.4FeO3 

(LSF) and La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) were infiltrated into porous Ag-20 vol% YSZ 

(Figure 1a) electrodes to obtain their composites at 800
o
C. Detailed analyses of the 

microstructures of the novel metal matrix (Ag) perovskite nanocomposite electrodes and 

their electrochemical properties revealed the effects of the infiltrated catalytically active 

oxides on the performance and stability of porous Ag electrodes. 

 

Experimental 

An ink of Ag-20 vol% YSZ composition was prepared for screen-printing using a 

two-stage process. A relatively fine (d50=25nm) YSZ powder (8 mol% yttria-stabilized 

zirconia, TZ-8Y, TOSOH, Tokyo, Japan) and a coarse (d50=1.1µm) Ag powder (Alfa 

Aesar, Ward Hill, MA, USA) were dispersed in a solvent (α-terpineol, Alfa Aesar, Ward 

Hill, MA, USA) by ultrasonication at the first stage. An ethyl cellulose based polymeric 

vehicle (V006, Hearaeus, Conshohocken, PA, USA) was added to the mixture and its 

rheological properties were optimized for screen printing by adjusting the ratios of the 

solvent and the vehicle. Prepared ink was screen printed on both sides of 180µm thick 

YSZ electrolytes (8 mol% yttria-stabilized zirconia, NexTech, Columbus, OH, USA) to 

form symmetrical cells. Ag wires were attached to the applied Ag-20 vol% YSZ 

electrodes and the cells were sintered for 2 hours at 800
o
C in air. 

Precursors of perovskite based materials (LSM, LSF and LSCF) were prepared as 

described elsewhere.
18,19

 Considering the stoichiometry of their constituent cations, 

appropriate amounts of lanthanum (III) nitrate hexahydrate, anhydrous strontium nitrate, 

manganese (II) nitrate tetrahydrate, cobalt (II) nitrate hexahydrate and iron (III) nitrate 
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nonahydrate salts (Alfa Aesar; Ward Hill, MA, USA) were dissolved in deionized water. 

Ethylene glycol was added to the aqueous solutions to obtain a cation to ethylene glycol 

molar ratio of 0.04. The mixture was heated to 100
o
C while it was continuously stirred 

until the chelate polymers were obtained and the water content is completely removed. In 

order to improve the wetting behavior of the polymeric precurcors, 2-butoxyethanol was 

with the weight ratio of 2:1. 

Obtained polymeric precursors were infiltrated into the porous Ag-20vol% YSZ 

electrodes of the symmetrical cells. The infiltrated cells were dried at 70
o
C in air and 

heated up to 450
o
C as illustrated in Figure 2. These steps were repeated for 20 times for 

each cell. 

Scanning electron microscopy (SEM) techniques were employed for the analysis of 

the microstructures of the obtained electrodes. Investigations allowed further examination 

of the microstructures and the stability of the formed composite electrodes. The amount 

of the porosity in the obtained composites was determined by an image analysis software 

(ImageJ, NIST, Bethesda, MD, USA). Four-probe electrical conductivity measurements 

were conducted on the composite electrodes that were deposited on an insulating 

substrate (Al2O3). Electrochemical performance analyses were performed on the 

symmetrical cells using a combined potentiostat (CellTest 1470, Solartron, Mobrey, UK) 

and frequency response analyzer (1255B, Solartron, Mobrey, UK). An excitation voltage 

of 20 mV was applied for impedance measurements in a frequency range of 0.1 Hz to 1 

MHz. 
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Results and discussion 

Uniform distribution of the grains and a percolating pore structure were observed on 

the Ag based composite electrodes after 200 hours of measurements at 800
o
C in air as 

shown in Figure 3. Infiltrated particles of LSM, LSF and LSCF maintained integrity of 

silver scaffold within the composites and improved the stability of the porous 

microstructure.   

Detailed analysis of the microstructures after measurements demonstrated that the 

infiltrated catalytically active particles formed a continuous layer of fine grains (30-

100nm) covering the surface of the initial Ag-YSZ composite as shown in Figure 3. Since 

these perovskites are relatively stable at elevated temperatures in air, they reinforced the 

porous microstructure of the Ag matrix and improved its stability. A porosity of 50 vol% 

was estimated in the initial Ag-20 vol% YSZ scaffold while all composites exhibited 

nearly the same porosity (~30 vol%). Considering the loading of the polymeric 

precursors and the yield of deposition steps, 20 vol% of the composites was expected to 

be occupied by the deposited oxide layers.  

Since high temperature evaporation of Ag was a major concern for its use in SOFC 

applications, several studies were conducted to eliminate this problem. It was reported by 

other researchers that the evaporation of Ag thin films can be minimized and their 

stability can be improved by capping with an oxide layer.
24-27

 Findings of the current 

study are in a good agreement with their conclusions that the stability of the porous 

microstructures of Ag based composites was improved by addition of the nanostructured 

continuous layers of oxides. 
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Further investigations on the nanocomposite electrodes were performed using their 

symmetrical cells. Impedance measurements on the cells allow analyzing the 

electrochemical performance of cathode/current collector layers.
16

 The obtained data 

were represented in the form of Cole-Cole plots as shown in Figure 4. The impedance 

spectra consist of ohmic and polarization resistances. Therefore, all impedance spectra 

were fitted to various possible equivalent circuit models using nonlinear least square 

fitting method for identification of corresponding parameters. As a result, a reliable fit 

was achieved to the equivalent circuit model which consists of a resistor and a finite-

length Warburg element with transmissive boundary conditions in series as shown in 

Figure 4.   

The value of the R1 resembles the area specific ohmic resistance (ASR1) of the 

symmetrical cells. It also corresponds to the high frequency x-axis intercept of the Cole-

Cole plots and involves the electrical resistances of the electrolyte and cathode/current 

collector layers.
16,28

 However, impedance spectroscopy technique is not capable of 

resolving the contributions of the components to the ohmic resistance due to their 

relatively high characteristic relaxation frequencies at the operating temperatures (e.g. 

800
o
C). Hence, the previously determined area specific resistance of the electrolyte (0.25 

Ohm cm
2
) was subtracted from the measured ASR1 to estimate the current collection 

resistance (contact resistance) of the Ag based composite electrodes on the YSZ 

electrolytes.
16,17

 

The Ag-20 vol% YSZ scaffold was highly conductive (~340 S.cm
-1

 at 800
o
C in air) 

and the deposited oxide layers were not expected to improve the electrical conductivity 

further due to their limited intrinsic conductivities. However, analysis of the measured 
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impedance spectra revealed that the ASR1 values of the symmetrical cells were initially 

slightly higher (<0.008 Ohm cm
2
) than the resistance of the electrolyte as shown in 

Figure 5a. The observed contact resistances of the composite cathode/current collector 

layers were decreased and achieved a negligible level with time. These observations are 

in a good agreement with our previous investigations and attributed to the improved 

wetting of the electrolyte by the composite layers at elevated temperatures.
16,17

 

The characteristic resistance of the identified Warburg element corresponds to the 

resistance between the high and low frequency x-axis intercepts of the Cole-Cole plots. It 

represents the total polarization resistance of the composite cathode/current collector 

layers on the symmetrical cell.
16,17,19

 Therefore, half of its value characterizes the area 

specific polarization resistance (ASR2) of the composite electrodes.  

Investigations on the Ag-YSZ composites revealed that an area specific cathode 

polarization resistance of 2.875 Ohm cm
2
 was achieved with symmetrical cells of Ag-20 

vol% YSZ electrodes as shown in Figure 4. However, it would give rise to significantly 

high polarization losses and limit the electrochemical performance of the SOFCs. Thus, 

powder based Ag-20 vol% YSZ could not be employed as a cathode layer. Application of 

nanostructured perovskite coatings to the Ag-20 vol% YSZ electrodes by infiltration of 

polymeric precursors resulted in a significant improvement in the electrochemical 

performance of the electrodes. Initial polarization resistances (ASR2) of 0.25 Ohm cm
2
, 

0.110 Ohm cm
2
 and 0.050 Ohm cm

2
 were achieved with Ag based LSM, LSF and LSCF 

composites, respectively at 800
o
C after 1 hour of measurements (Figure 4).  

Polymeric precursors were completely decomposed and converted to oxides at 

temperatures below 400
o
C.

29,30
 However, the desired crystal structures of the perovskite 
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based materials did not form below 700
o
C. Phase-pure perovskites were obtained after 

heat treatment at 800
o
C. Therefore, conversion of the oxide particles did not require any 

high temperature processing and the obtained Ag based composites were not introduced 

to operational conditions prior to the measurements at 800
o
C in air. Thus, further 

development of the microstructures took place during measurements and changes in the 

microstructure gave rise to the polarization resistances (ASR2). However, the 

polarization resistances stabilized with time (~100 hours) as the microstructural 

development of the porous composites completed as shown in Figure 5b.     

Composites of Ag are widely investigated by other researchers. A common technique 

for preparation of composites is mixing powders of various oxides (e.g. YSZ, LSM, 

LSCF, Sm0.5Sr0.5Co3 and Bi2O3) with Ag followed by partial sintering.
16,17,31-33

 Even 

though certain stability of the porous microstructure could be achieved, percolation of the 

oxide particles could not be obtained due to their relatively high sintering temperatures. 

Another method to form Ag composites was infiltration of the solutions of Ag metal salts 

into porous oxide scaffolds.
34,35

 Catalytically active Ag particles gave an initial rise to the 

electrochemical performance of the composite electrodes. However, the performance of 

the electrodes was not stable due to densification, coarsening and evaporation of Ag 

particles. The present study shows that densification of porous silver matrix could be 

inhibited by coating of silver with the nanostructured stable oxide layers. Enhanced 

microstructural stability of Ag grains and catalytic activity of the oxide layers gave rise to 

the electrochemical performance of the composite electrodes. 

Although Warburg-type impedance suggests a diffusion limited polarization 

mechanism, the nature of the boundary conditions characterizes the magnitude of the 
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polarization. As the length of the diffusion region would identify the magnitude of the 

polarization in semi-infinite space, a boundary in this region would urge to a finite-length 

diffusion. While a reflective boundary would give rise to a completely capacitive 

impedance at low frequencies, a transmissive boundary would limit the impedance. The 

properties of the transmissive boundary would affect the measured polarization 

resistances.
16,36

 In order to determine the nature of the polarization, the temperature 

dependences of the measured polarization resistances (ASR2) of the composite electrodes 

were investigated. Obtained activation energies were between 0.94 and 0.98 eV as shown 

in Figure 6. They were in a good agreement with the similar activation energies 

previously reported for the polarization resistances induced by transfer of oxygen from 

Ag to a transmissive plane.
15

  

The contact of the Ag matrix does not cover the entire electrolyte surface due to its 

porosity. Even though nanostructured coatings were in two-dimensional contact with the 

electrolyte in those regions, the majority of the cathodic activity took place on the three-

dimensional porous structure formed by the Ag matrix. Therefore, a possible explanation 

would be that the nanostructured perovskite layers function as cathodes on the porous 

surface of the electrodes and Ag matrix serves as the main oxygen conductor due to its 

significant oxygen solubility and diffusivity
11-15

 as illustrated in Figure 7. The infiltrated 

cathode materials increased the coverage of the catalytically active sites in accordance 

with their ionic conductivities. As a result, LSCF grains carried oxygen atoms more 

efficiently while LSF and especially LSM were less efficient. Hence, the amount of the 

delivered oxygen atoms depends on the performance of the introduced perovskite layers. 

However, oxygen transfer through Ag grains induced the dominating polarization and the 
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transmissive nature of the interface between the Ag matrix and the electrolyte led to a 

Warburg-type polarization. Thus, the activation energies measured in this study were 

almost identical and did not resemble the activation energies of the related perovskite 

based cathode materials reported before.
37-40

 The activation energies represent the 

dominating Warburg-type polarization due to the limited diffusion of oxygen through Ag 

grains.  

 

Summary and conclusions 

Considering the results of the detailed analyses on the novel porous metal matrix 

electrodes with nanostructured perovskite coatings, the microstructural stability of the 

porous Ag composites was significantly at the operating temperatures of the SOFCs 

(500
o
C-800

o
C). Previously developed powder based Ag matrix function both as the ionic 

conductor component and the current collector of the composite electrodes due to its 

relatively high mixed ionic and electronic conductivity. Since significantly high surface 

area was obtained by the nanostructured oxide coatings, deposited perovskite particles 

gave rise to the surface reactions required for the adsorption and reduction of oxygen for 

enhanced cathode performance. As a result, the composite electrodes combined desirable 

cathode and current collector properties such as stable and open porosity, high surface 

area, high electronic and ionic conductivity, and reduced electrode polarizations.  
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Figures: 

 

 

Figure 1. Scanning electron micrographs of porous Ag-20 vol% YSZ composite (a) after 

2 hours of measurements and (b) after 170 hours of measurements at 800
o
C in air. 
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Figure 2. Illustration of the infiltration of polymeric precursors into porous Ag electrodes 

and their conversion to perovskite particles. 
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Figure 3. Scanning electron micrographs of (a, b, c) LSM, (d, e, f) LSF and (g, h, i) LSCF 

infiltrated porous Ag-20vol% YSZ composite electrodes after 200 hours of measurements 

at 800
o
C in air. 
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Figure 4. Cole-Cole plots calculated from the measured impedance spectra of the 

composite electrodes and the equivalent circuit model used for their characterization. 
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Figure 5. (a) Area specific ohmic resistances (ASR1) of the symmetrical cells and (b) 

polarization resistances (ASR2) of the Ag based nanocomposite cathodes as a function of 

time. 
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Figure 6. Temperature dependences of the cathode polarization resistances (ASR2) of the 

nanocomposite electrodes. 

 

 

 

Figure 7. Illustration of the cross-section of Ag based perovskite nanocomposite 

electrodes on YSZ electrolytes and the possible pathway for the transport of oxygen 

atoms. 
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Abstract 

Various types of pore formers have been used for the fabrication of ceramics with 

controlled porosity. This study addresses a detailed and systematic comparison of 

different pore formers (e.g. graphite, polymethyl methacrylate, sucrose and polystyrene) 

with distinct features such as size, distribution and morphology of particles and 

decomposition/oxidation behavior. Investigations also involve their effect on the 

rheological properties of the slurries and the microstructural development of laminated 

porous ceramic tapes.  

Morphological features of the pore former particles were characterized using laser 

diffraction, B.E.T. surface area measurement and scanning electron microscopy (SEM) 

techniques as their thermal decomposition/oxidation behavior were determined by 

thermogravimetric analysis (TGA) and differential thermal analysis (DTA) methods. 

Tape compositions were developed and optimized in order to incorporate identical 

volumetric loadings of the materials in the tape formulations with different pore formers 

for a reliable comparison of their pore forming characteristics. Porous yttria stabilized 

zirconia (YSZ) ceramics were fabricated without macroscopic defects (e.g. cracks, 

warpage and delamination) by developing heating profiles based on the identified thermal 
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properties of the pore formers. Characterization of the sintered porous ceramics by SEM 

and mercury intrusion porosimetry techniques revealed novel relationships between the 

physical properties of the utilized pore formers, processing parameters and final pore 

structures.    

 

Keywords:  

A. Tape casting; B. Porosity; Pore former; E. Fuel cells  

 

1. Introduction 

Porous ceramics are essential for a wide range of engineering applications including 

separation membranes
 
[1], filters

 
[2], piezoelectric

 
[3] and pyroelectric ceramics

 
[4], 

lightweight structural materials
 
[5], biomaterials

 
[6], battery separators

 
[7] and solid oxide 

fuel cell (SOFC) electrodes [8-10]. Controlling the features of the porosity in ceramic 

microstructures is crucial to satisfy the requirements of desired applications. For instance, 

uniform distribution of pores gives rise to the electrochemical performance of SOFC 

electrodes while their connectivity/percolation allows transport of the reactant and 

product gases efficiently [11, 12, 13]. 

Although there are numerous techniques to fabricate porous ceramics such as 

combustion synthesis [14, 15], foaming [16], reactive infiltration [17], freeze drying [18] 

pyrolysis of polymeric precursors [19], electrophoretic deposition [20] and gel-casting 

[21], partial sintering of the ceramic tapes [22, 23] and incorporation of pyrolyzable pore 

formers to tape casting slurries [8, 24, 25] are commonly employed methods to fabricate 

tape-cast porous ceramics. In partial sintering, densification is retarded in order to obtain 
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a certain amount of porosity. However, partial sintering has fundamental difficulties in 

controlling the essential features of porosity such as shape, size, distribution and 

connectivity of the pores. Moreover, a desired dense ceramic matrix cannot be formed 

since the ceramic particles are allowed only to form neck and create a skeleton. Thus, 

porous ceramics fabricated by partial sintering are poor in mechanical strength [8, 26].  

Pore former additions to the ceramic mixtures yield stable pores after the removal of 

the binder and the pore former particles. Formed pores are not removed at subsequent 

sintering steps [26, 27] and the final porosity of the ceramic microstructures resemble the 

features of the pore former particles even after sintering at elevated temperatures [26, 28, 

29]. Considering that amount, size, shape and thermal properties of the pore formers can 

be controlled, this technique has more control over the features of the porosity as well as 

mechanical properties of the ceramic matrix. By controlling the properties of the pore 

formers, the ceramic microstructures can be also tailored by means of sintering shrinkage 

which is extremely crucial for the fabrication of multilayer tape-cast ceramics. Controlled 

sintering shrinkage and combination of tape casting with lamination also allow the 

fabrication of multilayer structures which involve graded porosity or integration of dense 

and porous ceramic layers [27].  

In recent studies on the development of SOFCs, infiltration of polymeric precursors 

of catalytically active materials into porous 8 mol% yttria stabilized zirconia (YSZ) 

electrodes has been a critical step for fuel cell fabrication [30-32]. Porous YSZ electrodes 

are required to provide sufficient porosity to allow infiltration of the precursors and 

transport of the reactant/product gases while affording structural integrity to maintain 
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conductivity of oxygen ions. Hence, the desired YSZ electrode microstructure involves a 

dense matrix with a controlled pore structure.  

Electrode tapes are laminated on either side of an electrolyte tape and co-sintered 

prior to the infiltration steps. Formation of pores in the electrode tapes and densification 

of the adjacent electrolyte layer introduces challenges impairing the integrity of their 

multilayer structure due to their dissimilar shrinkages. Various pore formers can be 

utilized to control the development of the porous electrodes. However, each pore former 

results in a different shrinkage profile on the tapes due to its characteristic particle 

morphology while it requires a controlled removal with a specific heating profile due to 

its particular thermal decomposition/oxidation behavior. As a result, undesired 

macroscopic defects such as cracks, blisters, warpage and delamination were observed as 

the compositions of the electrode tapes were modified to improve the performance of the 

SOFCs by changing the type, size and loading of the pyrolyzable pore formers. 

Therefore, a systematic study was needed to understand the relations between the 

properties of the pore formers, the resultant pore structures and the dimensional changes 

upon their removal and sintering. The gained knowledge would allow developing 

fabrication routes for defect-free (e.g. cracks, delaminations, blisters and warpage) 

multilayer ceramics. 

Pore forming materials were selected considering their desired properties. Selection 

criteria included particle size and shape for a better understanding of the effect of the 

pore former morphology on the final pore structure, and decomposition/oxidation of pore 

formers with a minimum amount of residual carbon and other trace impurities that can 

affect the sintering behavior and properties of the YSZ matrix [33]. Selected high-purity 
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pore formers had distinct morphological features such as plate-like flake graphite, 

spherical PMMA and polystyrene, spheroidal graphite and random shaped sucrose. 

Moreover, they demonstrated dissimilar particle size distributions ranging from 

monodisperse to bimodal and polydisperse. 

Even though numerous studies were conducted using graphite [8, 28, 33, 34], PMMA 

[26, 28, 35], sucrose [36, 37] and polystyrene [38-40] as pore formers, the processing 

conditions such as fabrication techniques, matrix materials, compositions and sintering 

profiles were not comparable and it was relatively difficult to draw any useful 

conclusions about their pore forming features with respect to each other. Moreover, the 

effect of the pore formers on the evolution of the final pore structures and the 

dimensional changes of the ceramics were not reported in sufficient detail towards 

processing of crack-free porous ceramic tapes. Therefore, a detailed comparative 

investigation of the pore formers is aimed by this study to reveal the relationships 

between their particle characteristics, processing conditions and effect on the pore 

structures of ceramics as well as dimensional changes during sintering of porous tape-cast 

ceramics.   

Various techniques were employed for detailed analyses of the properties of the pore 

former particles such as size, shape, distribution, surface area and 

decomposition/oxidation behavior. The compositions of the ceramic slurries were 

developed for tape casting and lamination using identical volume fractions of the 

components for all of the pore formers for a consistent comparison. The analysis of their 

effects on the rheological properties of ceramic slurries in identical conditions provided 

additional information on their particle characteristics while characterization of their 
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thermal properties allowed determining heating profiles for their defect-free removal 

from tape-cast multilayer ceramics. Detailed investigations on the final microstructures 

led to a better understanding of the pore former – microstructure relationships of the 

sintered porous ceramics.    

 

2. Experimental procedure 

Commercially available high purity powders of flake and spheroidal graphite 

(Superior Graphite, Chicago, IL, USA), spherical polymethyl methacrylate (PMMA) 

(Sekisui, Osaka, Japan), random shaped sucrose (Alfa Aesar, Ward Hill, MA, USA) and 

spherical polystyrene (Alfa Aesar, Ward Hill, MA, USA) were selected. Although 

various starch types are also common pore formers, they were not included in this study 

due to the swelling phenomenon at elevated temperatures which makes it difficult to 

predict the final porosity by considering the initial properties and loading of the pore 

formers [41-43]. All pore formers were characterized as received except sucrose. Since it 

was not supplied with a certain particle specification, it was sifted through a 325 mesh 

screen.  

Pore former particles were dispersed in an ethanol (Sigma-Aldrich, St. Louis, MO, 

USA) - toluene (Sigma-Aldrich, St. Louis, MO, USA) mixture and lightly coated on 

aluminum stubs prior to analyzing their morphologies. The coated particles were 

investigated using a scanning electron microscope (FE-SEM, S-4700, Hitachi, Tokyo, 

Japan).  

Particle size distribution analysis was carried out in a laser diffraction analyzer 

(S3500, Microtrac, Largo, FL, USA) by using the conventional procedure [44, 45]. All 
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pore former particles were dispersed in distilled water at the sample preparation stage 

except sucrose. Sucrose was dispersed in isopropyl alcohol (Sigma-Aldrich, St. Louis, 

MO, USA) to avoid its solubility in water. Each measurement was repeated three times 

and the average was taken for the results.      

Surface area measurements of the pore former particles were conducted using a 

surface area analyzer (NOVA 2000e, Quantachrome, Boynton Beach, FL, USA). 

Measurements were repeated twice and compared for their accuracy. A standard 

procedure was employed for the analysis of the B.E.T. (Brunauer-Emmet-Teller) gas 

adsorption measurement results [46].     

Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) of the 

pore formers were performed in a TGA/DTA unit (STA 409C, Netzsch, Selb, Germany) 

simultaneously in order to analyze their decomposition/oxidation behavior. Heating rate 

of 10
o
C/min was used up to 1200

o
C for the measurements in air. The same thermal 

analyses were performed also for a conventional binder system, polyvinyl butyral (PVB-

79, Monsanto, St. Louis, MO, USA) plasticized with dioctyl phthalate (DOP, Sigma-

Aldrich, St. Louis, MO, USA), as a reference for developing heating profiles for 

laminated ceramic tapes. 

Ceramic slurries were prepared using a three stage preparation technique. In the first 

stage, YSZ powder (TZ-8Y, Tosoh, Tokyo, Japan), solvents (ethanol and toluene) and 

dispersant (KD-1, ICI, Barcelona, Spain) were mixed for one day by ball milling to 

achieve a homogeneously dispersed suspension. A mixture of ethanol (40 wt%) and 

toluene (60 wt%) was used as solvent for slurry preparation. The dispersant, KD-1, is a 

polyester/polyamine copolymer with an estimated molecular weight of ~10,000 g/mol 
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and has been efficiently used for dispersing a wide range of ceramic powders [47, 48]. In 

the second stage, the binder (PVB-79) and the plasticizer (DOP) were added to the slurry 

and milled for one day. The third stage consisted of the addition of pore formers to the 

slurry and further milling for one more day to achieve homogeneous distribution of the 

constituents. Sucrose is slightly soluble in ethanol [49] while it is insoluble in toluene 

[50]. The azeotropic mixture of toluene and ethanol [51] used for the slurry preparation 

demonstrated negligible solubility of sucrose. Therefore, sucrose particles maintained 

their physical features in the prepared slurries. The mixed slurries were then degassed for 

5 min under vacuum prior to viscosity measurements and tape casting. 

Viscosity measurements were performed to investigate the effect of the pore formers 

on the rheological properties of the slurries. A viscometer (VT550, Haake, Karlsruhe, 

Germany) was utilized for the measurements by applying shear rates ranging from 0 s
-1 

to 

100 s
-1

.
 
 

The measured thickness of the dry tapes were between 100-120µm. Tapes were 

laminated at 80
o
C using a pressure of 25 MPa to obtain an average thickness of 625µm 

(±25µm) after lamination. The laminates were then heated in air to remove the organic 

content as well as the pore formers. Binder removal was conducted using a controlled 

heating profile to avoid macroscopic defects such as cracks, delamination and blistering. 

TGA analysis of the components (pore formers and binder/plasticizer) was utilized to 

optimize heating profiles for their defect-free burnout [27]. All samples were sintered in 

air at 1350
o
C for 2h after the burnout of the pyrolyzable components (binder, plasticizer, 

dispersant and pore former particles). 
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Dimension and weight changes of the samples were measured before and after 

burnout and sintering steps to analyze the effect of burnout and sintering processes on the 

laminated tapes. Final microstructures of the porous YSZ samples were investigated 

using SEM on the fractured cross-sections. Porosity, pore size distribution and pore 

connectivity of the samples were characterized using a mercury intrusion porosimeter 

(PoreMaster 60, Quantachrome, Boynton Beach, FL, USA). The measurements were 

performed in a wide range of applied pressures [101.33 kPa-68.95 MPa] for a detailed 

analysis of pore structures [26, 52].  

 

3. Results and discussion 

3.1. Particle characteristics of the pore formers  

Flake graphite and sucrose showed the most anisometric and highly polydisperse 

particles while spheroidal graphite consisted of more monodisperse particles with higher 

isometric features as shown in the micrographs presented in Fig. 1. Although most 

synthetic polymers are polydisperse [38], polystyrene showed highly monodisperse 

particles with relatively high spherical isometry. PMMA revealed a relatively large 

amount of small particles beside the large particles indicating a bimodal distribution of 

particles as shown in Fig. 2(c).  

Quantification of the observations made on the micrographs is necessary for a better 

understanding of the characteristics of the pore formers. Therefore, laser diffraction 

measurements were performed on the pore former particles. As seen in Fig. 2., flake 

graphite (a) and sucrose (d) showed relatively broad number weighted particle size 

distributions (frequency histograms) that are in agreement with the obtained micrographs 
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in Fig. 1. Broad size distributions of flake graphite and sucrose particles involve 

deviation from ideal polydispersion as characterized by the distinguishable difference 

between their characteristic statistic parameters such as mode, median and average 

particle size as summarized in Table 1. The abundance of the smaller particles dominated 

the size distributions and resulted in smaller medians and average particle sizes. Since 

spheroidal graphite and polystyrene demonstrated relatively narrow particle size 

distributions, the analysis of these particles did not reveal any significant difference 

between the mode, the median and the average particle size. PMMA particles also 

showed a similarly narrow distribution; however, their tendency toward bimodal 

distribution resulted in considerable difference between the characteristic statistic 

parameters of their distribution. Although mode and median of the distribution were close 

to each other, higher number of small particles led to a relatively small average particle 

size.   

Although flake graphite was expected to have higher surface area considering its 

relatively smaller and anisometric particles, the surface roughness of the spheroidal 

graphite yielded considerably high surface area as shown in Table 1. While the measured 

surface areas of the hydrocarbon based pore formers were substantially lower due to 

limited surface roughness, size and distribution of their particles determined their surface 

areas. Therefore, the lowest surface area was measured on polystyrene pore formers due 

to relatively large size and highly monodisperse particles. Although both pore formers 

were nearly isometric, PMMA particles demonstrated an order of magnitude higher 

surface area than polystyrene due to polydisperse and smaller size of particles.     
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3.2. Effect of the pore formers on the rheological properties of the ceramic slurries   

Incorporation of pore formers results in distinguishable changes in the rheological 

properties of the slurries. Loading of the pore former particles in the slurries as well as 

their particle characteristics such as size, shape and distribution gives rise to particle to 

particle interactions which in turn lead to an increase in the viscosity. Thus, the recipe of 

slurries needs to be optimized by controlling the binder and dispersant ratios to obtain a 

suitable viscosity for casting of defect-free tapes. However, changing the binder loading 

may also alter the shrinkage of the sintered porous ceramics [27]. Since the binder itself 

acts as a pore former, any increase in the amount of the binder would introduce additional 

porosity to the tapes after the burnout process [28] and the comparison would be biased. 

Therefore, the slurry compositions were optimized by using the same volumetric loading 

of ceramic powder, dispersant, binder and pore former in ceramic tapes for a consistent 

comparison as shown in Table 2.  

The optimization of the slurry compositions involved their resultant rheological 

properties such as viscosity and shear thinning behavior to perform a successful tape 

casting using the same amount of solvents. The optimized ratio of the solvent to the 

ceramic powder was determined at ~90 wt% and kept constant for all of the slurries. As a 

result, slurry viscosities were maintained in a reasonable range (4-20 Pa.s) for tape 

casting [53, 54]. A desired shear-thinning behavior of the slurries was observed with the 

increase of the shear rate as shown in Fig. 3.  

Although addition of the pore formers to the slurries resulted in similar rheological 

properties, their particle characteristics gave rise to distinguishable differences in the 

resultant viscosities. Since relatively anisometric particles of flake graphite led to 
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increased particle to particle interactions, their incorporation resulted in a higher viscosity 

than the relatively isometric particles of spheroidal graphite. Even though both PMMA 

and polystyrene particles were relatively isometric, monodisperse polystyrene particles 

with relatively strong particle to particle interactions gave rise to the resultant viscosity of 

the slurry. Their significantly broad distribution especially in relatively small sizes 

limited the interactions of the sucrose particles. Therefore, incorporation of the sucrose 

particles to the slurry composition resulted in the lowest increase in the viscosity. 

   

3.3. Thermal analysis of the pore formers  

Thermal decomposition/oxidation behavior of the pore formers during the ceramic 

processes is determined by (i) the surrounding atmosphere, (ii) the heating rate and (iii) 

the temperature. Fig. 4. shows thermogravimetric curves of flake graphite, spheroidal 

graphite, PMMA, sucrose and polystyrene as well as PVB samples measured with a 

heating rate of 10
o
C/min in air. Although both polymer based pore formers, PMMA and 

polystyrene, started losing mass around 165
o
C and 250

o
C, their fastest mass losses were 

observed around 265
o
C and 350

o
C, respectively. PVB started losing weight around 213

o
C 

and its maximum decomposition and mass loss was observed around 350
o
C. All 

hydrocarbon based samples showed complete decomposition below 600
o
C as shown in 

Fig.4(a). 

Weight loss was not observed with either graphite sample up to 600
o
C as shown in 

Fig. 4(b). The initial mass losses of flake graphite and spheroidal graphite were observed 

around 619
o
C and 600

o
C, respectively. This is in a good agreement with the 

investigations reported in the literature [55, 56].
 
Oxidation of the crystalline graphite took 
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place at a relatively slow rate with respect to the decomposition of amorphous polymers 

(e.g. PMMA and polystyrene) and crystalline sucrose as summarized in Table 3. 

Although spheroidal graphite is expected to show faster oxidation kinetics than flake 

graphite considering its higher surface area (Table 1), oxidation of the flake graphite was 

significantly faster. The initial surface roughness of the spheroidal graphite gave rise to 

its initial oxidation kinetics at lower temperatures; however, the high aspect ratio and 

smaller size of flake graphite particles allowed its oxidation to reach higher rates and to 

complete at lower temperatures.  

Although all hydrocarbon based pore formers and the binder decomposed 

considerably faster than the oxidation of the crystalline graphites, sucrose decomposed 

significantly slower than the PMMA, polystyrene and binder. Sucrose melted before it 

started losing mass as it was characterized using simultaneous TGA-DTA measurements. 

An endothermic effect was observed at around 160
o
C corresponding to a melting process 

which was also confirmed by investigations performed on a temperature controlled hot 

plate. The slower decomposition kinetics of sucrose was attributed to the loss of its 

surface area as it was transformed to the liquid phase. 

 

3.4. Sintering characteristics and analysis of the microstructures  

Thermogravimetric analysis of the pore formers and plasticized binder allowed 

controlling of the burnout stages to eliminate rapid outlet of decomposition/oxidation 

gases and defect formation in the laminated tapes. Heating rate of 5.0
o
C/min was applied 

up to the sintering temperature of 1350
o
C after the soaking steps were applied at the 

identified controlled removal temperatures of the pore formers and the binder. The 
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identified controlled decomposition temperatures for polystyrene, PMMA and sucrose 

pore formers were 310
o
C, 210

o
C and 180

o
C, respectively. Their samples were first heated 

up to the decomposition temperature of pore formers with the heating rate of 0.5
o
C/min 

and held for one hour to complete the burnout followed by heating to the decomposition 

temperature of the binder at 320
o
C. Since the controlled oxidation temperature of flake 

graphite and spheroidal graphite was identified as 600
o
C, decomposition of the binder 

took place before their oxidation. Considering the sluggish oxidation of graphite, samples 

were kept at 600
o
C for two hours. The samples were then heated to the sintering 

temperature of 1350
o
C with the heating rate of 5.0

o
C/min and held for two hours 

followed by cooling to the room temperature at a rate of 5.0
o
C/min.  

Macroscopic defects, such as warpage, delamination, and cracks were not observed in 

the samples after sintering. It was the evidence that casting and drying did not result in 

inhomogeneous tape compositions. Dimensional changes and the weight losses of the 

laminated tapes after removal of the pore formers and binder are summarized in Table 4. 

The solvents used for the slurry preparation were expected to leave the tapes upon drying 

prior to lamination. It was confirmed by measuring the weight of the laminated tapes 

before and after burnout. Measured weight losses of all five tape compositions were in a 

good agreement with the dry tape compositions shown in Table 2.  

Although YSZ particles could not be sintered by firing at 800
o
C for one hour after the 

removal of the binder and the pore formers, dimensional changes were observed in the 

laminates (Table 4). It is known that excess binder allows further densification and 

increases shrinkage in tape-cast ceramics since it forms fine closed porosity by improving 

the packing density of ceramic particles due to its migration before decomposition [8, 28, 
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33]. Therefore, the observed partial densification of the laminated tapes after removal of 

their pyrolyzable content was attributed to an increase of the packing density of YSZ 

particles by migration of the binder. Since incorporated graphite particles were removed 

from the tapes at relatively high temperatures (Table 3), they did not leave pores 

available for migration of the binder before its decomposition. Thus, the effect of the 

binder migration was lower for graphite containing tapes. However, hydrocarbon based 

pore formers decomposes earlier than the binder. It allowed the binder to migrate into the 

pores and increase the packing density of the YSZ particles further as summarized in 

Table 4. Sucrose incorporated tapes exhibited relatively high shrinkage upon removal of 

the pore former particles and the binder. The additional increase in the packing of the 

YSZ particles were attributed to the migration of the molten sucrose similar to the binder 

prior to its decomposition.   

It is evident that the morphological features of the pore formers are replicated in the 

final porous microstructures as shown in Fig. 5. Isometric features of spheroidal graphite, 

PMMA and polystyrene particles resulted in nearly spherical pores. Flake graphite 

yielded anisometric pores representing its plate like geometry with the preferential 

orientation along the tape casting direction as sucrose also maintained its anisometry in 

the sintered microstructure but lost its broad particle size distribution due to melting of 

sucrose particles. Hence, the expected large pores left by the initial large particles of 

sucrose (Fig. 1(d)) were not observed in the sintered ceramics as shown in Fig. 5(d). 

The volume change after sintering was around 56% for all samples except the sucrose 

sample as summarized in Table 5. The aforementioned thermal behavior of sucrose 
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resulted in an additional densification of the porous matrix due to improved packing of 

the YSZ particles. 

Further characterization of the sintered microstructures was performed using mercury 

intrusion porosimetry. Although the intruded pore sizes between 2µm and 200µm were in 

a good agreement with the pore sizes observed in the micrographs shown in Fig. 5, 

significant amount of intrusion took place in a range of small pore sizes below 2µm for 

all samples except the sample prepared by removal of PMMA particles. Since it was 

previously observed in the investigations on the tape-cast YSZ electrolyte layers that near 

complete density can be achieved using identical sintering temperature (1350
o
C) and time 

(2h), the formed porosity is attributed to the removal of the incorporated pore former 

particles. However, this range of the pore sizes was relatively smaller than the initial 

particle sizes of the pore formers shown in Fig. 6. It suggests that the pores were 

connected through smaller channels which allow the intrusion of mercury at elevated 

pressures.  

Interconnected porosity can be achieved by percolation of the pore former particles 

[8, 28, 29]. High aspect ratio (>>1) of the particles of the flake graphite led to a 

percolating network by bridging of the pore former particles at the same volumetric 

loading [22]. Thus flake graphite allowed achieving almost completely open pores at 

around 35% bulk porosity. It demonstrated the highest amount of the intrusion of Hg and 

the lowest amount of closed porosity (~0.65%) among the fabricated porous ceramics in 

this study. Almost entirely open porosity achieved by one of the commonly used 

pyrolyzable pore formers, flake graphite, can be considered as a reference for the 
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comparison of pore forming characteristics of the other pore former particles at the same 

volumetric loading. 

Spheroidal graphite samples showed the highest amount of the large pores (2µm-

200µm) while sucrose samples showed the lowest amount of the large pores due to 

melting of its particles prior to decomposition. Higher densification of the sucrose also 

resulted in the lowest bulk porosity of 27.01%, as shown in Table 6. Spheroidal graphite 

yielded less open porosity (27.59%) than flake graphite due to its relatively isometric 

particles. Although PMMA yielded 27.08% bulk porosity, only 10% of the porosity was 

open due to disconnected PMMA particles in the initial tape. Since pores left by PMMA 

did not percolate, intrusion did not take place in the pore sizes below 2µm. Polystyrene 

particles achieved the percolation at the same volumetric loading due to their uniform 

size and resulted in more open porosity than PMMA although both are relatively 

isometric. Bimodal size distribution of PMMA particles resulted in disconnection of the 

final pores and the highest amount of measured closed porosity (24.38%). Moreover, 

although PMMA has a similar particle size distribution to the spheroidal graphite, its 

decomposition at lower temperatures prior to the decomposition of the binder, PVB, led 

to closing of the smaller pores. As the density of the matrix increased at the expense of 

closing small pores, the porosity left by larger PMMA particles got isolated and it gave 

rise to the closed porosity. The monodisperse particles of polystyrene left uniform pores 

surrounded with a dense matrix which resulted in 22.29% closed porosity.          

Although the binder left the laminated structure earlier than both flake and spheroidal 

graphites, it did not result in any cracks due to structural weakening during their 

oxidation. Moreover, earlier removal of the binder at around 320
o
C eliminated further 
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improvement of the packing of the ceramic particles in the graphite containing tapes by 

binder migration through the formed porosity. However, hydrocarbon based pore formers 

decomposing at temperatures lower than the decomposition temperature of the binder 

could not eliminate this phenomenon and yielded lower bulk porosities than the graphite 

based pore formers. Sucrose demonstrated the lowest amount of bulk porosity with its 

decomposition at the lowest measured decomposition temperature (~180
o
C) while 

polystyrene showed higher bulk porosity than both sucrose and PMMA with its 

decomposition at a temperature (~310
o
C) close to the decomposition temperature of the 

binder. Furthermore, both flake and spheroidal graphite yielded almost the same amount 

of bulk porosity (~36%) even though their particles have distinct morphological 

properties. As discussed earlier, the shape of the particles induced their percolation and 

identified the amount of open porosity; however, the amount of the bulk porosity was not 

significantly affected by the morphological features of the graphite based pore formers. 

Thus, the sequence of the removal of binder and pore formers can explain the higher bulk 

porosities achieved by utilizing graphite particles as pore formers (Table 6).  

 

4. Summary and conclusions 

Morphological and dimensional characteristics of pore formers were investigated 

using SEM micrographs and B.E.T. surface area measurements while distributions of the 

particle sizes were quantified using laser diffraction technique. Sucrose and flake graphite 

showed relatively broad size distributions with random shaped particles while spheroidal 

graphite, PMMA and polystyrene showed more spherical particles with narrow size 

distributions. Polydisperse particles of flake graphite and sucrose might be considered for 
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porous structures where decreased tortuosity is required with open porosity; however, 

melting of sucrose prior to decomposition may eliminate its pore forming capabilities. 

Polymer based pore formers, PMMA and polystyrene, demonstrated the largest 

portion of the mass loss between 250
o
C and 400

o
C which was comparable to the burnout 

profile of the evaluated conventional binder, PVB. Completing the burnout step for all of 

the pyrolyzable content in such a narrow temperature range allowed completing the 

heating profile of the porous ceramics in a short period of time. Since the controlled 

burnout can be completed at temperatures as low as 350
o
C, it may allow processing of the 

compositions sensitive to high temperature oxidation. 

Oxidation of both flake and spheroidal graphite pore formers took place relatively 

slowly with respect to the hydrocarbon based pore formers. Although spheroidal graphite 

had a larger initial surface area, flake graphite oxidized faster than the spheroidal graphite 

due to its plate-like shape and smaller particles allowing higher surface area as the 

oxidation proceeds. Therefore, size and shape as well as surface area of the graphite 

particles need to be taken into account while planning heating profiles for processing of 

porous ceramics. Incorporation of graphite to the ceramic tapes as pore former may not 

require a slow heating profile for a defect-free burnout step. 

Investigated pore formers acted as templates for the yielded porosities by means of 

pore shape, size and connectivity. Sucrose was the only exception since it lost the initial 

characteristics of its particles upon melting. All pore formers analyzed in this study 

resulted in similar amounts of volume change after sintering except sucrose. As highly 

isometric particles of PMMA yielded highest amount of closed porosity, anisometric 

particles of the flake graphite yielded highest amount of open porosity at the same 
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volumetric loading. The achieved bulk porosity was strongly affected by the removal 

sequence of the pore formers. While sucrose yielded the lowest bulk porosity with its 

decomposition at lower temperatures, graphite based pore formers oxidizing at elevated 

temperatures formed the highest amount of bulk porosity. Although the morphology of 

the pore former particles had a significant influence on the amount of the formed open 

porosity, the amount of the bulk porosity was not affected by the shape of the graphite 

particles. 

It is demonstrated that the thermal and morphological properties of the pore formers 

have a vital effect on the features of resultant microstructures. Desired tape-cast porous 

ceramics can be fabricated without defects by using various pore formers, provided that 

the processing parameters are identified and adjusted accordingly. Therefore, the 

obtained understanding of the relationships between pore formers and resulted pore 

structures as well as the identified processing parameters will be utilized for the 

improvement of multilayer structures and the development of planar SOFCs.  
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Figures: 

 

 

Figure 1. Scanning electron micrographs of (a) flake graphite, (b) spheroidal graphite, (c) 

PMMA, (d) sucrose and (e) polystyrene particles, respectively. 
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Figure 2. Number weighted particle size distributions of (a) flake graphite, (b) spheroidal 

graphite, (c) PMMA, (d) sucrose and (e) polystyrene particles, respectively. 
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Figure 3. Viscosities of the tape casting slurries with various pore formers as a function 

of applied shear rate. 

 

 

 

Figure 4. Thermogravimetric analysis of (a) the hydrocarbon based pore formers and (b) 

the graphite based pore formers with respect to the plasticized binder (PVB). 
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Figure 5. Scanning electron micrographs of the cross sections of the sintered porous YSZ 

samples prepared by removal of (a) flake graphite, (b) spheroidal graphite, (c) PMMA, 

(d) sucrose and (e) polystyrene pore formers, respectively. 

 

 

Figure 6. Pore size distribution of the sintered tapes characterized by the mercury 

intrusion porosimetry. 
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Tables: 

 

Table 1. Particle size and surface area characteristics of the pore formers. 

 

 

Table 2. Compositions of the green tapes in weight and volume percents for various pore 

formers. 
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Table 3. Decomposition/oxidation parameters of the pore formers and the plasticized binder 

(PVB). 

 

 

 

 

Table 4. Dimensional changes and weight losses of the laminated dry tapes after removal of 

pyrolyzable components and firing at 800
o
C for one hour. 
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Table 5. Dimensional changes and weight losses of the laminated dry tapes after sintering. 

 

 

 

 

Table 6. Measured bulk, open and closed porosities of the sintered tapes. 
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Abstract 

Microstructural features, especially pore structure, has a substantial effect on the 

properties of the anode layer determining the electrochemical performance of the solid 

oxide fuel cells (SOFCs). Various anode pore structures were obtained by removal of 

different pyrolyzable pore formers (e.g. flake graphite, spheroidal graphite, spherical 

polymethyl methacrylate, random shaped sucrose, and spherical polystyrene particles). 

Determined processing parameters for the constituent layers allowed fabrication of Ni-

YSZ anodes and complete multilayer fuel cells without macro defects (i.e. cracks, blisters 

and warpage). A systematic comparison was performed on the anode microstructures, as 

the fabricated fuel cells consisted of identical component layers (i.e. electrolyte, cathode 

and current collectors) supported by an anode layer with various pore structures. 

Voltammetric measurements and analyses of the corresponding impedance spectra on the 

developed fuel cells along with the investigations on the resultant microstructures using 

scanning electron microscopy and mercury intrusion porosimetry techniques led to the 

identification of the relationships between the anode pore structure and the 

electrochemical performance of the fuel cells. It was revealed that the anode pore 

structure has critical effects on the properties of the formed anode layers such as 
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electrical conductivity, gas permeability and electrochemical polarization. The novel 

findings on the anode pore structure allowed increasing the power density of the fuel cells 

with identical components from 0.45 W/cm
2
 to power densities over 1.75 W/cm

2
 at 

800
o
C using diluted hydrogen (10% H2 in Ar) as fuel. 

 

1. Introduction 

Increasing energy demand of the technology based modern life urges researchers to seek 

for alternative energy sources. As the solid oxide fuel cells (SOFCs) demonstrated 

highest chemical to electrical energy conversion efficiencies (>55%), they have attracted 

significant attention. The total efficiency of the SOFCs exceeded 85% when combined 

with the generated heat [1, 2]. Therefore, significant effort has been focused on the 

research and development of the individual components as well the integration of the 

systems leading to the realization of the SOFC technology. 

As the name implies, solid oxide fuel cells are based on solid oxide ceramic based 

electrolytes. The order of the electrochemical reactions, namely the reduction of the 

oxygen on the cathode side and the oxidation of the fuel (e.g. hydrogen) on the anode 

side, is completed by the transfer of the charged species (i.e. oxygen ions) through the 

electrolyte. The efficient transfer of the oxygen ions requires elevated temperatures to 

overcome the thermally activated energy barrier (activation energy) of the utilized 

electrolyte material. The most common type of the oxide based material used as 

electrolyte, yttria-stabilized zirconia (YSZ), limits the useful operation of the SOFCs at 

temperatures below 550
o
C due to the drastic drop in its ionic conductivity. 
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The operation of the SOFCs at elevated temperatures gives rise to the kinetics of the 

electrochemical reactions as well as the ionic conductivity of the electrolytes; however, 

material related challenges, such as changes in the microstructural features and undesired 

interactions among the component materials, lead to degradation of their electrochemical 

performance. Therefore, the thickness of the electrolyte was reduced by employing 

various SOFC configurations in order to minimize the ohmic losses at useful operating 

temperatures (≤800
o
C). SOFCs based on anode supported thin electrolytes gained 

importance and widely investigated as this particular fuel cell configuration demonstrated 

some of the highest performances up-to-date [3, 4].     

Effects of the component microstructures on the performance of the SOFCs were 

widely investigated in order to improve the electrochemical performance of the fuel cells 

[5, 6]. It was revealed that microstructural properties of the components layers, especially 

the anode layer, have a critical effect on the electrochemical performance of the anode 

supported SOFCs [7-10]. It is essential that the anode layer satisfies the requirements 

below for substantial electrochemical performance [11-14]. 

(i) Percolation and homogeneous distribution of the constituent phases (YSZ, Ni 

and pores) 

(ii) Substantial electronic and ionic conductivity 

(iii) Adequate gas permeability for transport of fuel and product gases  

(iv) Fine particles with high surface area for improved catalytic performance 

 

Miscellaneous configurations were proposed to provide the required properties of an 

efficient anode and improve the electrochemical performance of the fuel cells such as 
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adding functional layers processed with fine particles between the electrolyte and the 

supporting anode [15, 16], grading of the microstructure by means of pore and grain sizes 

from fine to coarse starting from the anode-electrolyte interface [17, 18], and 

incorporating catalytically active particles (e.g. samaria-doped ceria) to the anode layer 

[19, 20]. Although significant improvements were achieved as a result of those efforts, 

fundamental issues arose due to the distinct properties of the component materials (dense 

electrolyte and porous anode layers). The difference in the sintering shrinkages and the 

thermal expansion of the anode functional layer compositions with fine particles and 

anode layer compositions with coarse particles along with the densifying electrolyte layer 

resulted in macro defects (e.g. delamination, warpage and cracks) upon sintering [21-23]. 

Moreover, the use of additional materials (i.e. gadolina-doped ceria) resulted in formation 

of undesired phases upon sintering at elevated temperatures [24, 25]. Even though these 

issues might be addressed by modifying the compositions and processing routes, each 

modification brings new challenges to the processing of the SOFCs and also increases the 

cost. Thus, it is essential that an anode layer is developed utilizing reliable and 

reproducible materials and employing cost-effective processing methods. Furthermore, 

use of a single porous anode layer interfacing with the dense electrolyte and the electrical 

contacts would simplify processing of the anode as well as the complete fuel cells. 

However, the relationships between the processing parameters, development of the 

microstructures and the resultant electrochemical performance of the anode layers need to 

be identified for successful fabrication and operation of SOFCs. Employing the 

commonly used Ni-YSZ anode compositions and using the conventional processing 
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routes would allow optimizing the anode microstructures in an efficient and cost-

effective way.       

Conventional fabrication route for the anode supported planar SOFCs is based on 

tape-casting and lamination of the anode and electrolyte tapes and their co-sintering. Co-

sintering process requires elevated temperatures (i.e. 1300
o
C-1500

o
C) as the densification 

of the gas-tight electrolyte layer is achieved at this step [26, 27]. Cathode layers are 

screen-printed on the electrolyte layer supported by the anode. Since the relatively thin 

(5-50µm) cathode layers need to preserve their fine particles and high surface area while 

forming the structural integration of the constituent phases, their sintering temperatures 

are limited and do not reach the complete densification. Sintering temperatures range 

between 1100
o
C-1200

o
C for the most commonly used cathode composition based on 

YSZ and lanthanum-strontium manganite (LSM) [28]. 

Processing of the conventional SOFC based on LSM-YSZ cathode, YSZ electrolyte 

and Ni-YSZ anode is completed usually in-situ during measurements or operation by 

reducing the NiO component of the tape-cast, laminated and co-sintered NiO-YSZ to Ni. 

The reduction of NiO to Ni is accompanied by a volume change of ~40%. As the volume 

of the Ni based component decreases upon reduction, it forms porosity in the Ni-YSZ 

composite anode structure. Considering the useful NiO compositions, 40 vol% – 60   

vol%, utilized in the processing of the anode layers, ~24 vol% could be the highest 

amount of porosity formed in the anode microstructure upon reduction. However, this 

amount is not sufficient for efficient transport of gases through the supporting thick 

anode layer [12]. Therefore, additional porosity is required for effective delivery of the 

fuel gases to the active reaction sites and the removal of the product gases. 
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Various methods have been utilized for the processing of porous ceramics. 

Considering the technical feasibility for processing of multilayer SOFC configurations, 

efficiency and affordable cost, partial sintering and incorporation of pyrolyzable pore 

formers to the component layers and their removal at elevated temperatures are the most 

commonly employed techniques. Sintering process is retarded in the partial sintering 

method to maintain the remaining porosity. Therefore, the features of the obtained pore 

structure such as pore size, shape and distribution cannot be controlled. Furthermore, 

partial sintering does not allow achieving the desired mechanical strength since the 

development of the microstructure is limited with the formation of neck between particles 

and does not complete a dense matrix [29, 30]. 

Incorporation of pyrolyzable pore formers into the ceramic compositions and their 

removal upon heating to elevated temperatures allow obtaining stable pores [31, 32]. 

Since the formed porosity remains after sintering at relatively high temperatures, desired 

pore structures can be achieved along with the mechanical properties. As the formed pore 

structure resembles the morphology of the pore former particles, wide variety of former 

particles with different size, shape and distribution provides further control for processing 

of the desired pore structures [5, 33]. Moreover, it allows the required simultaneous 

densification of the electrolyte layer due to high temperature processing. Thus, 

incorporation of the pore former particles into the anode compositions and their removal 

prior to their co-sintering with the electrolyte layers is one of the most commonly used 

routes for processing of the SOFCs. 
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Previous studies demonstrated that the incorporated pore formers have a critical effect 

on the developed anode microstructures [11, 32, 34]. Although various investigations 

were performed on effects of the pore formers on the sintered single anodes, further 

insight was required on the influence of the pore structure on the electrochemical 

performance of complete SOFCs. Furthermore, successful fabrication of dense thin 

electrolyte layers on the supporting anodes is required while modifying the anode pore 

structure for a thorough analysis of the anodes in complete fuel cell configurations. 

Previously, we reported that the performance of the SOFCs was improved tri-fold and 

power densities over 1.5 W/cm
2
 were achieved by modifying the anode pore structure 

[34]. This study aims developing a further understanding of the relationships between the 

properties of the incorporated pore formers, features of the developed pore structures and 

the corresponding electrochemical parameters yielding the performance of the SOFCs. 

Therefore, five different pore formers with distinct properties (e.g. particle size, shape, 

distribution and thermal decomposition/oxidation) were employed for the investigations 

on the development of the anode pore structures. While identification of the processing 

parameters allowed successful fabrication of complete SOFCs with the investigated 

anode layers, the characterization of their electrochemical properties led to a novel 

understanding of the pore structure – electrochemical performance relationships in 

SOFCs. 

 

2. Experimental 

Investigations on the anode pore structures were performed both on single anode layers 

and complete SOFCs. Fabricated fuel cells consist of a tape-cast and laminated porous 
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Ni-YSZ anode, tape-cast YSZ electrolyte, screen-printed LSM-YSZ cathode and screen-

printed LSM current collector layers. All of the employed fabrication methods were 

conventional and the utilized materials were commercially available. 

Commonly used pore formers are usually in plate-like and spherical shape. In the 

previous study, flake graphite with plate-like particles and PMMA with spherical 

particles were utilized for the preparation of anode pore structures. Various pore formers 

with distinct properties were employed in this study to further analyze their effects on 

processing and performance of anode microstructures. Therefore, spheroidal graphite 

with nearly spherical particles, flake graphite with plate-like particles, PMMA with 

polydisperse spherical particles, sucrose with random particles and polystyrene with 

monodisperse spherical particles were investigated.   

 

2.1. Fabrication 

Employed conventional tape-casting and screen-printing techniques require preparation 

of ceramic slurries with the desired raw materials. Slurries for the electrolyte and anode 

layers were prepared using two and three-stage preparation methods. NiO (NiO-F, 

NexTech Materials, Columbus, OH, USA) and YSZ (8 mol% yttria stabilized zirconia, 

TZ-8Y, Tosoh, Tokyo, Japan) powders were mixed in a toluene/ethanol mixture using a 

dispersant (KD-1, ICI, Barcelona, Spain) to obtain a homogeneously dispersed slurry at 

the first stage. Addition of the NiO powder was excluded for the preparation of the 

electrolyte slurry. A binder configuration composed of PVB (PVB-79, Monsanto, St. 

Louis, MO, USA) and DOP (Dioctyl Phthalate, Sigma-Aldrich, St. Louis, MO, USA) 

was added to the slurries after mixing for 24 hours and the binder added slurries were 
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mixed for 24 hours to achieve a uniform mixture at the second stage. While the 

electrolyte tapes were required to yield dense and gas-tight layers after sintering, 

obtaining relatively porous (e.g. porosity over 50 %) layers were essential with the anode 

tapes [12]. Thus, the slurries of the anode tapes involved addition of the pore former 

particles. High purity flake (LBG2025, Superior Graphite, Chicago, IL, USA) and 

spheroidal graphite (SLA1518, Superior Graphite, Chicago, IL, USA), PMMA (2041, 

Sekisui, Osaka, Japan), sucrose (Alfa Aesar, Ward Hill, MA, USA) and polystyrene (Alfa 

Aesar, Ward Hill, MA, USA) were added to the NiO-YSZ slurries and mixed for 24 

hours to complete the third stage. Since incorporation of each type of pore former results 

in a change in the rheological properties of the slurries, the compositions of the anode 

tapes were optimized for this study [35]. Identical volumetric loadings of the components 

were employed during the optimization of the anode tapes to prevent the pore forming 

effect of the additional binder [5]. The slurry compositions used for a reliable comparison 

with identical loadings are shown in Table 1.   

Prepared ceramic slurries were degassed under vacuum prior to tape-casting. Casting 

was performed on a polyester film using a moving doctor blade setup. The tapes were 

dried at 25
o
C in air and thicknesses around 14 µm and 100 µm were achieved with 

electrolyte and anode tapes, respectively. Anode tapes and an electrolyte tape were 

laminated using a pressure of 25 MPa at 80
o
C. A thickness of 600±20 µm was measured 

with the prepared laminates. Pore former particles were removed from the anode layers in 

a controlled fashion to prevent formation of macro defects. Hence, the heating profiles 

determined in a previous study using identical pore formers for development of 

multilayer porous ceramics were employed [35]. The laminates with the anode layers 
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containing PMMA, sucrose and polystyrene pore formers were heated with a rate of 

0.5
o
C /min to the decomposition temperatures of 210

o
C, 180

o
C and 310

o
C, respectively. 

They were held at the decomposition temperature for 1 hour prior to heating to the 

decomposition temperature (320
o
C) of the binder (PVB). The laminates with the anode 

layers containing flake and spheroidal graphite heated to the decomposition temperature 

of the binder with a rate of 0.5
o
C/min. As the binder decomposition was completed, the 

laminates were heated to the controlled oxidation temperature of the graphite based pore 

formers (600
o
C) and held there for 2 hours to completely remove the pyrolyzable content. 

The sintering temperature and time were determined to obtain a gas-tight electrolyte layer 

and a porous NiO-YSZ anode. Thus, the minimum temperature and time was identified to 

densify the electrolyte layer while retarding the densification of the anode layer. As a 

consequence, all laminates were heated to the sintering temperature of 1350
o
C and 

sintered for 2 hours. 

Cathode and cathode current collector layers were applied on the sintered electrolyte 

layer supported by the porous anode layer by screen-printing the corresponding inks. The 

ink for the cathode layer was prepared by mixing LSM and YSZ powders with an organic 

vehicle (V-006, Heraeus, Conshohocken, PA, USA). Only LSM powder was mixed with 

the vehicle for the preparation of the cathode current collector layer. The composition of 

the cathode layer was 50 vol% LSM – 50 vol% YSZ and the cells were sintered at 

1150
o
C for 2 hours for the optimized performance as reported in a previous publication 

involving the optimization of the cathode layer [36].      
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2.2. Characterization 

The analysis of the pore former particles and the porous anode microstructures developed 

upon their removal were performed using scanning electron microscopy techniques. 

Captured images were processed using an analysis software (ImageJ, NIST, Bethesda, 

MD, USA) for the characterization of the constituent anode phases. The dimensions of 

the anode layers before and after the removal of the pyrolyzable content and the sintering 

steps were measured for the identification of the dimensional changes. Further analysis of 

the porosity, pore size distribution and pore connectivity of the anode layers were 

conducted using a mercury intrusion porosimeter (PoreMaster 60, Quantachrome, 

Boynton Beach, FL, USA). 

A combined potentiostat (CellTest 1470, Solartron, Mobrey, UK) and frequency 

response analyzer (1255B, Solartron, Mobrey, UK) setup was employed for the electrical 

and electrochemical analysis of the anode layers and the complete fuel cells. Electrical 

conductivity measurements of the anode layers were performed on 0.5 x 3.0 cm 

rectangular samples using a four-probe configuration. The voltammetric and impedance 

measurements of the fuel cells were carried out on samples around 2.7 cm in diameter 

with a cathode layer area of 0.3 cm
2
. All measurements were performed at 800

o
C by 

flowing diluted hydrogen on the anode side and air on the cathode side. Since 

consecutive fuel cells in stacks utilize hydrogen-poor fuel compositions, 10% hydrogen 

diluted in argon was used as the fuel to simulate realistic operating conditions.  
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3. Results and discussion 

Analysis of the pore formers by SEM revealed that the PMMA and polystyrene particles 

were highly isometric as shown in Figure 1. While PMMA consisted of polydisperse 

particles, polystyrene particles were relatively monodisperse. Significantly anisometric 

particles were observed with flake graphite and sucrose particles as spheroidal graphite 

particles were rather isometric. Relatively polydisperse particles of flake graphite and 

sucrose exhibited wide particle size distributions as reported previously [35].      

As it was expected, morphological features of the pore former particles were 

represented by the pore structure of the developed anode layers as shown in Figure 2. 

Relatively isometric particles of PMMA, polystyrene and spheroidal graphite particles 

resulted in the formation of nearly spherical pores. Significantly anisometric particles of 

flake graphite yielded pores resembling the shape of the initial particles and they were 

elongated in the tape casting direction. Since anode tapes were stacked by maintaining 

the horizontal layout of the tape-casting direction, the resultant pores are mainly 

perpendicular to the direction of gas flow from the bottom of the anode layer through the 

electrolyte interface. Therefore, the increased tortuous path formed by the elongated 

pores might not be preferable for efficient transport of gases through the supporting 

anode layer.  

Although larger pores were expected to be formed, sucrose particles left fine pores 

relatively smaller than their initial size as shown in Figure 2(d). The thermal behavior of 

the sucrose upon heating resulted in the unexpected pore structure. As it was reported 

before, sucrose undergoes melting prior to its decomposition at elevated temperatures 

[35]. Hence, the liquid sucrose loses its initial morphology and increases the packing 
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density of the consolidated ceramic particles in a fashion similar to binder migration. As 

a result, expected larger pores disappear and a relatively fine pore structure develops 

upon its removal.  

The analysis of the resultant microstructures indicated that the particle sizes of both 

Ni and YSZ phases were similar and around 0.5 µm. Considering the initial size of the 

YSZ (d50 = 25 nm) and NiO (d50 = 0.5 µm), it can be concluded that lowering the 

sintering temperature (1350
o
C) and time (2h) retarded the grain growth of the particles 

and maintained the high surface area of the anode layers. No distinguishable difference 

was observed between the microstructures processed by removal of different pore former 

particles. It suggests that the formed pore structure does not have a significant influence 

on the particle sizes of the solid phases after sintering [34]. 

The analysis of the mercury intrusion porosimetry results demonstrated bimodal pore 

size distribution for all of the investigated anode layers. The majority of the intrusion 

(>80%) took place through pore channels with a diameter below 2 µm and 1 µm in the 

anode pore structures formed upon removal of graphite based and hydrocarbon based 

pore formers, respectively as shown in Figure 3. The intrusion through the pores above 

these diameters resembled the morphological features of the initial pore former particles. 

The anode prepared by removal polystyrene particles allowed the highest amount of 

intrusion through the pores between 110 µm – 1 µm while the anodes formed upon 

removal of flake graphite and sucrose particles led to the lowest amount of intrusion. As 

seen in the intrusion profiles, pore structures formed by the removal of flake graphite and 

sucrose particles consists of pores connected through relatively small openings and more 

than 90% of the intrusion took place through pore channels smaller than 2 µm. The 
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relatively anisometric plate-like particles of flake graphite were connected through their 

smaller dimension when elongated during tape casting. It resulted in the percolation of 

the particles and also connection of the pore channels through shorter, sub-micron 

dimensions as also observed in the scanning electron micrographs shown in Figure 2.  

As sucrose particles melt before their removal, they formed a significantly fine pore 

structure which allowed connection of pores mainly through sub-micron channels. 

Relatively small pore connections were prone to closing upon sintering. Therefore, anode 

microstructures formed by removing flake graphite and sucrose demonstrated the highest 

amount of closed porosity as shown in Table 2. Graphite based pore former particles 

were removed at relatively higher temperatures (~600
o
C) compared to the decomposition 

temperature of the binder (320
o
C) and the other hydrocarbon based pore formers 

(≤310
o
C). Hence, the closing of the pores due to migration of the binder and the resulting 

increase of the packing of the ceramic powders were limited. Along with the expected 

easier percolation of particles with high aspect ratio, it allowed achieving the highest 

amount of bulk porosities as shown for flake graphite and spheroidal graphite. Removal 

of graphite based pore former particles at higher temperatures also allowed the smallest 

change in the dimensions of the corresponding anodes upon sintering as shown in Table 

3. Melting of sucrose particles resulted in the largest change in the dimensions upon their 

removal and sintering.      

While the investigated pore former could not be expected to form pores in submicron 

range, the reduction of NiO phase to Ni could produce fine porosity. As the volume of 

NiO particles decrease ~40% upon reduction, pores smaller than 0.2 µm in diameter are 

expected to be formed considering the initial size of the NiO particles (d50 = 0.5 µm) and 
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the final particle size of the sintered and reduced Ni phase (d50 = 0.5 µm) in the porous 

anode microstructures. Although a relatively high pressure (>200 MPa) was applied for 

the intrusion of Hg, no pores were observed smaller than 0.2 µm in diameter in the anode 

layer formed by removal of flake graphite. The intrusion of Hg took place at pore 

diameters down to 0.01 µm in the pore structures formed by removal of other pore former 

particles. The continuous intrusion through relatively small pore channels suggests the 

percolation of the pores accessing the high surface area of the solid anode phases and the 

active reaction sites. However, in the case of the anode pore structure formed by removal 

of flake graphite suggests that the available surface area of the anode microstructure and 

the reaction sites could not be utilized due to the interrupted percolation of the pores and 

limited intrusion through fine pores formed upon reduction. 

Properties of the anode layer such as (i) composition, (ii) pore structure, (iii) size of 

the constituent particles and (iv) percolation of the electrically conductive phase (i.e. Ni) 

determine its electrical conductivity [13, 15, 34]. Thus, four-probe electrical conductivity 

measurements were performed on individual anode layers with different pore structures 

and a significant difference between their conductivities was observed as shown in Table 

3. The lowest electrical conductivity (157 S/cm) was measured with the anode layer 

formed by removal of flake graphite particles as a relatively higher electrical conductivity 

(1137 S/cm) was measured with the anode layer fabricated upon burn-out of the PMMA 

particles. The high aspect ratio of the flake graphite particles and their preferential 

orientation along the tape casting direction did not only disturb the percolation of the 

pores, but also interrupted the percolation of the Ni phase and gave rise to its electrical 

resistance. The uniformly distributed isometric pores of the anodes prepared by removal 
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of PMMA and polystyrene particles allowed a continuous percolation of the pores while 

maintaining the percolation of the Ni phase. Although similar bulk and open porosities 

were formed with both types of anode pore structures, the change in the thickness of the 

pore walls also had a distinguishable effect in the resultant electrical conductivity of the 

anode layers. Hence, a higher electrical conductivity of 1335 S/cm was measured due to 

the higher pore wall thickness of the structure formed by removal of polystyrene particles 

as shown in Figure 2. As the anode layer processed by removal of flake graphite yielded 

a relatively low electrical conductivity, it might not be desirable for a successful current 

collection minimizing the ohmic losses on the SOFCs. 

As the fabrication of the fuel cells was based on the lamination of the electrolyte layer 

and the anode layers and their co-sintering, the integration of the component layers was 

crucial for their processing without macro defects. A relatively thin (~10 µm) electrolyte 

layer was applied on a significantly thick (~500 µm) porous anode layer. In case the 

electrolyte layer is exposed to tensile stresses due to the smaller changes in the diameter 

of the anode layer during sintering, it would cause warpage of the multilayer structure as 

shown in Figure 4(a) and ultimately form cracks on the electrolyte layer. Thus, the most 

critical dimensional change among the different dimensions shown in Table 4 was the 

diameter change. An electrolyte tape was prepared considering the minimum diameter 

change observed with the investigated anode layers to maintain compressive stresses on 

the electrolyte during sintering. Investigations on the samples of the electrolyte tape in 

the diameter of the button cells demonstrated that the change in its diameter was around -

20%. The removal of the pyrolyzable content and the sintering of the laminated tapes 

were carried out while maintaining their linear planar shape elongated between flat YSZ 
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based setter plates. The electrolyte layer was exposed only to compressive stresses during 

fabrication due to the applied relatively small confining pressure (~0.002 MPa). As a 

consequence, crack-free and flat anode supported electrolyte half-cells were obtained 

with all of the investigated anode compositions using identical electrolyte layers for a 

reliable comparison as shown in Figure 4. 

Figure 5 shows a typical cross-section of the investigated anode supported fuel cells 

after reduction of the NiO-YSZ anode layer to Ni-YSZ. A similar thickness of ~10 µm 

was achieved with crack-free electrolyte, porous cathode and cathode current collector 

layers. The microstructures and thicknesses of these layers were maintained for all of the 

fuel cells fabricated for this study.   

The results of the voltammetric measurements on the processed SOFCs are shown in 

Figure 6. All of the fuel cells demonstrated an open circuit voltage (OCV) over 1 V as 

expected considering the fuel composition and the operating temperature [34]. It 

confirmed the leak-free electrolyte layers and the reliable sealing of the measurement 

fixture. The current density – voltage dependence of all fuel cells except the fuel cell with 

the anode layer prepared upon removal of flake graphite demonstrated a similar slope and 

a deviation from linearity at high current densities. As the fuel cell operates at higher 

current densities, its operation requires delivery of a larger amount of fuel to the anode 

reaction interface and removal of the product gases. Even though the cell fabricated with 

the anode formed upon removal of flake graphite would exhibit a similar limitation, its 

performance and the corresponding current density was limited. While the lowest peak 

power density of 0.45 W/cm
2
 was obtained with that anode configuration, the fuel cells 

with the anodes prepared by removing spheroidal graphite and PMMA particles 
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demonstrated the highest peak power density of 1.54 W/cm
2
 at 800

o
C. The fuel cells with 

the anode pore structures formed by removing spheroidal graphite and PMMA particles 

also exhibited power densities of 1.31 W/cm
2
 and 1.29 W/cm

2
 at 0.7 V, respectively.  

Current density – voltage profiles of the investigated fuel cells demonstrated that the 

peak power densities were achieved around the potential of 0.5 V. Thus, the impedance 

spectroscopy measurements were mainly focused on that regime to reveal the 

performance limiting parameters. An equivalent circuit model was determined to 

characterize the measured impedance spectra. The model consists of a resistor and two 

constant phase elements in series as shown in Figure 7(a). The total magnitude of the 

resistances induced by the corresponding high frequency processes are represented by the 

high frequency x-axis intercept of the Cole-Cole plots (Figure 7) [18]. It is the total 

ohmic polarization resistance (R1 in the equivalent circuit model) and resembles the sum 

of the electrical resistances of the electrolyte, electrode and current collector layers of the 

fuel cells at the measurement temperature utilized for this study (i.e. 800
o
C). It was 

observed that the fuel cells with the anode layers fabricated by removal of flake graphite 

and PMMA demonstrated significantly different ohmic resistances of 0.085 Ohm cm
2
 and 

0.043 Ohm cm
2
, respectively as shown in Table 5. Since all other contributions to the 

measured ohmic resistance of the cells could not vary due to the identical layers and 

similar results were reproduced with multiple cells, the possible effect of the difference in 

the anode pore structures to the electrical resistances was investigated [34]. The measured 

electrical conductivity of the anode layers (Table 3) were compared with the yielded 

ohmic resistances deconvoluted from the impedance spectra (Table 5) and a strong 

correlation was observed. The interrupted percolation of the anode layer fabricated by 
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removal of flake graphite particles did not allow reaching the required conductivity for an 

efficient anode layer (>1000 S/cm). On the other hand, the uniform pore structures of the 

other investigated anode layers allowed the percolation of the Ni phase and led to 

significantly high electrical conductivities while reducing the contribution of the anode 

layer to the ohmic resistance of the fuel cells. The lowest total ohmic resistance of 0.041 

Ohm cm
2
 was achieved with the fuel cell utilizing the most conductive (1335 Ohm cm

2
) 

anode layer (formed upon removal of polystyrene) investigated in this study. It confirmed 

the effect of the pore structure on the percolation of the Ni phase and the resulting 

changes in its electrical conductivity.   

Two different dominating processes with distinguishable characteristic relaxation 

frequencies were observed in the impedance spectra of the investigated fuel cells. Their 

characterization by deconvolution of the impedance spectra using the equivalent circuit 

model indicated that the previously developed cathode layer utilized for the fabrication of 

the fuel cells did not induce any performance limitations [36, 37].  Both low and high 

frequency arcs arose due to the processes involving the anode layer. Investigations 

showed that the high frequency arc with the characteristic frequency range of 10
3
-10

4
 

correspond to the anode activation processes and it is in a good agreement with the 

previous studies on SOFCs with similar configurations [38-40]. The highest anode 

activation polarization resistance (0.169 Ohm cm
2
) was measured with the SOFC 

utilizing the anode layered prepared by removal of flake graphite as shown in Table 5. 

The fuel cell with the anode layer prepared by removing spheroidal graphite particles 

exhibited a relatively lower anode activation polarization resistance of (0.075 Ohm cm
2
). 

Similar characteristic frequencies (Figure 7) and the particle sizes (Figure 2) suggest a 
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similar nature for the reaction sites yielding the anode activation processes. However, 

there was a strong increase in the magnitude of the polarization resistance due to the 

interrupted percolation of the phases (i.e. closed pores and non-percolated Ni phase). As 

the anode layer prepared by removal of spheroidal graphite provided the required 

percolation of the all three phases, all active reaction sites were accessible and they gave 

rise to the electrochemical activity by decreasing the magnitude of the polarization 

resistance along with the increasing electrical conductivity [41].  

As the diluted hydrogen (10% H2 in Ar) was supplied to the anode side as a fuel, its 

flow through the anode layer and delivery to the active reaction sites was provided by the 

pore structure of the anode layer. The required improved delivery of the fuel gas for 

operation of the fuel cells at high power outputs might not be satisfied due to the tortuous 

path or closed pore structure of the anode layer. The analyses on the measured impedance 

spectra of the fuel cells demonstrated that the low frequency arc (~10 Hz) was associated 

with the retarded gas transport through the anode layer [36, 41]. Although the fuel cell 

with the anode layer prepared by removal of flake graphite particles exhibited the lowest 

power density and also the current density among the investigated SOFCs, its 

performance was limited mainly by the concentration polarization (0.288 Ohm cm
2
). The 

horizontal orientation of the pores perpendicular to the direction of the gas flow resulted 

in a relatively tortuous pathway. Moreover, the interrupted percolation of the pores due to 

the closed porosity gave rise to the corresponding polarization resistance. A similar 

problem was observed also with the anode layer fabricated by removal of sucrose 

particles. As the particles of sucrose melted, they resulted in a significant amount of 

closed porosity along with a very fine pore structure. Thus, the percolation of the pores 
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was interrupted and their connection was established through a relatively tortuous path. 

As a result, a concentration polarization resistance more than six times higher than its 

activation polarization resistance was measured as shown in Table 5. 

The highest polarization resistance due to transport of gases was measured with the 

anode layer formed upon removal of polystyrene particles. Although polystyrene 

particles left the largest pores among the investigated pore formers, the connection of the 

large pores was provided through relatively small pore channels (Figure 2). The 

connection through smaller pores was also confirmed by the shift through the smaller 

pore sizes for the intrusion of mercury as shown in Figure 3. Hence, a significantly high 

concentration polarization resistance of 0.5 Ohm cm
2
 was measured with the fuel cell 

operating near the peak power density at 0.5 V. 

According to the interpretation of the impedance spectra, the dominating low 

frequency process (i.e. concentration polarization) was expected to be minimized or 

eliminated by decreasing the length of the gas delivery/removal path through the anode. 

Therefore, the thickness of the anodes was lowered from ~500 µm to ~300 µm by using 

the identical components (electrolyte, cathode and current collector layers). Since the 

thickness of the anode layer was decreased, the electrical resistance of the thinner anode 

could add to the ohmic resistance of the cells. Hence, the anode layer with the highest 

electrical conductivity (i.e. anode layer formed upon removal of polystyrene particles) 

was selected to reduce its thickness for minimum increase in the ohmic resistance for the 

sake of a systematic comparison. Moreover, the highest concentration polarization of the 

selected anode layer could demonstrate a more pronounced decrease due to the change in 

the gas delivery path. 
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The impedance spectra of the fuel cells with the anode layers formed by removing the 

polystyrene particles demonstrated that the concentration polarization resistance 

eliminated by reducing its thickness to 300 µm as shown in Figure 8. The analysis of the 

polarization mechanism corresponding to the low frequency arc demonstrated that it was 

induced by the cathode surface processes as reported previously [36]. Although there was 

a slight increase in the ohmic resistance of the cell from 0.041 Ohm cm
2 

to 0.055 Ohm 

cm
2
 due to thinner anode layer, it could be considered negligible. The significantly 

decreased total resistance of the fuel cell (from 0.611 Ohm cm
2 

to 0.117 Ohm cm
2
) 

allowed minimizing the deviation from the linear current density – voltage trend and 

yielded a power density of 1.76 W/cm
2
 at 800

o
C in the same operating conditions as 

shown in Figure 9. The eliminated concentration polarization of the anode layer by 

reducing its thickness confirmed the pursued approach and the interpretation of the 

deconvoluted polarization resistances from the measured impedance spectra.  

 

4. Summary and conclusions 

Determined processing parameters (e.g. compositions, dimensions and heating profiles 

for removal of the pyrolyzable content and sintering) allowed successful fabrication of 

anode layers with distinct pore structures using various pore former particles with 

different properties. Anode supported thin electrolyte layers were obtained without macro 

defects and utilized as half-cells upon co-sintering. Previously developed cathode layers 

were applied on the sintered electrolyte layer at a subsequent step. As the dimensional 

changes upon sintering were controlled by the processing parameters, a composition was 

selected where all pore formers could be employed for forming anode microstructures 
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with distinct pore structures while co-sintering with a thin electrolyte layer. Obtained 

SOFCs had identical components and dimensions while varying only the anode pore 

structure. It allowed a reliable comparison between the development of the anode layers 

with different pore structures and their effects on the electrical and electrochemical 

properties of the fuel cells.  

Analysis of the developed anode layers demonstrated that the morphological features 

(e.g. particle size and shape) are resembled by the formed pore structures. It allowed 

forming desired pore structures by utilizing selected pore former particles. Only sucrose 

did not yield predictable pore structures due to melting of its particles prior to their 

removal. While sucrose formed relatively small pores after melting of its large particles, 

flake graphite formed pore channels with comparable dimensions due their high aspect 

ratio. As the fine pore channels were more prone to collapsing upon sintering, both pore 

structures led to formation of closed porosity. The other pore formers (spheroidal 

graphite, PMMA and polystyrene) with more isometric and uniform particles (aspect 

ratio ~1) resulted in anode microstructures with uniform and completely open porosity.  

The uniform and continuous distribution of the pores allowed the successful 

percolation of the other constituent phases. Therefore, the electrical conductivity of the 

anode layers with the identical composition demonstrated an eight-fold increase when the 

pore structure was changed from the non-uniform elongated plate-like pores left by flake 

graphite to uniform spherical pores formed upon removal of polystyrene particles. 

Electrochemical analysis of the developed fuel cells allowed revealing the 

correlations between the anode pore structures and the performance limiting parameters. 

The improved percolation of the phases also gave rise to electrochemical performance of 
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the anode layers. As a conclusion of the impedance analyses, it was found out that the 

uniformly distributed pores and percolation of the constituent phases minimize the 

sluggish anode activation processes by utilizing the active reaction sites while the large 

pores provide the main pathway for the gas transport. As the current density drawn from 

the fuel cells increase with the increasing power densities, the pore channels were not 

sufficient to provide the required gas transport due to their tortuous path even if the pores 

are completely open and percolated. Thus, the pore structure formed by removal of 

polystyrene particles was investigated by changing its thickness in the identical SOFC 

configuration. As a result, the concentration polarization resistance was eliminated by 

reducing the pathway for the gas delivery and removal. It allowed increasing the peak 

power density of the fuel cells to substantial power densities over 1.75 W/cm
2
 from 1.25 

W/cm
2
 and confirmed the applied impedance and voltammetric characterization approach 

for characterization of the performance limiting polarization mechanisms and 

development of efficient anode pore structures. 
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Figures: 

 

 

Figure 1. Scanning electron micrographs of flake graphite (a), spheroidal graphite (b), 

PMMA (c), sucrose (d) and polystyrene (e) pore former particles. 
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Figure 2. Scanning electron micrographs of the cross sectional fracture surface of the 

sintered and reduced Ni-YSZ anodes processed by removal of flake graphite (a), 

spheroidal graphite (b), PMMA (c), sucrose (d) and polystyrene (e) pore former particles. 

 

 

 

 

Figure 3. Cumulative intruded volume of Hg as a function of pore size in sintered and 

reduced Ni-YSZ anodes processed by removal of various pore formers. 
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Figure 4. Top and side views of the co-sintered anode supported thin electrolyte cells 

with reduced warpage by decreasing the electrolyte sintering shrinkage (a to c) and the 

fabricated planar fuel cell with no macro defects (d). 

 

 

 

 

 

Figure 5. Scanning electron micrograph of a typical cross-sectional fracture surface of a 

developed anode supported planar SOFC. Note that the shown porous anode layer was 

processed by removal of spheroidal graphite particles. 
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Figure 6. Measured current density - voltage curves and the associated power densities of 

the fuel cells with the anodes processed by removal of various pore formers. All 

measurements were performed at 800
o
C. 

 

 

 

 

Figure 7. Cole-Cole (a) and Bode (b) plots calculated from the impedance spectra of the 

fuel cells with the anodes processed by removal of various pore formers. All 

measurements were performed at 0.5 V and 800
o
C. 
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Figure 8. Cole-Cole (a) and Bode (b) plots calculated from the impedance spectra of the 

fuel cells with different anode thicknesses. All measurements were performed at 0.5 V 

and 800
o
C [37]. 

 

 

 

Figure 9. Measured current density - voltage curves and the associated power densities of 

the fuel cells with thin and thick anodes processed by removal of polystyrene particles. 

All measurements were performed at 800
o
C [37]. 
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Tables: 

 

Table 1. Compositions of the green NiO-YSZ anode tapes in weigth and volume percents 

for various pore formers. 

 

 

 

 

 

 

Table 2. Measured bulk, open and closed porosities of the sintered and reduced Ni-YSZ 

anodes processed by removal of various pore formers. 
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Table 3. Electrical conductivity of the sintered and reduced Ni-YSZ anodes prepared by 

removal of various pore formers. 

 

 

 

 

 

 

Table 4. Dimensional changes and weight losses of the laminated dry NiO-YSZ anode 

tapes after removal of pyrolyzable components and sintering. 
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Table 5. Deconvoluted components of the measured impedance spectra of the fuel cells 

with the anodes processed by removal of various pore formers. 
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4. CONCLUSIONS 

This study investigated the relationships between the processing parameters, 

microstructures, and the electrochemical performance of the SOFC components. The 

research resulted in a fundamental understanding of the relationships based on 

microstructural characterization and electrochemical analyses to identify the parameters 

limiting performance of the fuel cell materials.  The manuscripts then focused on 

performance improvements that were achieved by taking advantage of this progress in 

understanding. This section summarizes the conclusions of the research reported in the 

dissertation. 

1. The change in the LSM-YSZ composite microstructures were characterized with 

scanning electron microscopy and impedance spectroscopy techniques. It was 

found out that sintering temperature has a strong influence on the microstructure 

of the LSM-YSZ cathodes while LSM contents from 45 vol% to 55 vol% do not 

have a significant effect. Two dominant polarization arcs were identified for all 

compositions that were sintered at temperatures ranging between 1050
o
C and 

1250
o
C in air. The high frequency arc was correlated with the charge-exchange 

processes between the LSM and YSZ phases while the low frequency arc was 

induced by surface processes (adsorption and surface diffusion of oxygen). 

Although sintering at higher temperatures produced more efficient contacts 

between LSM and YSZ phases, which minimized the corresponding polarization 

resistance, coarsening of the LSM phase took place simultaneously and gave rise 

to the low frequency arc as surface area decreased. Therefore, the development of 

LSM-YSZ composite microstructures results in a trade-off between these 
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competing processes. The dependence of the distinct polarization resistances to 

the contact (neck) growth between LSM and YSZ phases and coarsening of the 

LSM phase – loss of surface area allowed predicting the conditions to achieve 

their lowest sum using the determined diagrams. As a result, the lowest total 

polarization resistances (0.040 Ohm cm
2
 at 800

o
C in air) were achieved at the 

minima of their combination (i.e., 50 vol% LSM – 50 vol% YSZ sintered at 

1150
o
C).   

2. Undesired insulating phases (La2Zr2O7 and SrZrO3) were not observed in the 

LSM-YSZ composite cathodes upon their interactions at elevated temperatures. 

Formation of zirconates has been a fundamental problem for the material 

processing aspect of the SOFC cathodes. Although some thermodynamic models 

were proposed to predict their formation, the multi-component nature of the 

composites (i.e., Zr, Y, La, Sr, Mn and O) limited their reliability. Thus, 

experimental data based on the diffusion couples formed the basis for the 

predictions. It was claimed in the literature that stoichiometric and A-site excess 

LSM compositions form La2Zr2O7 and SrZrO3 due to higher solubility of La
3+

 and 

Sr
2+

 cations in YSZ. Utilization of A-site deficient LSM was suggested to lower 

the activity of these cations and eliminate the formation of zirconates. The 

investigations in this study confirmed the proposed mechanism and the stability of 

A-site deficient LSM at elevated temperatures since no zirconate formation was 

detected upon sintering at temperatures as high as 1250
o
C in air.    

3. A model was developed to predict changes in the particles of the Ag matrix (i.e. 

coarsening and densification) and the Ag electrode – YSZ electrolyte contact 
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interface (i.e. active contact area and contact resistance) during electrical and 

electrochemical analyses at elevated temperatures (e.g. 800
o
C). The model 

involves the correlation between the identified properties of the induced Warburg 

polarization in semi-infinite space (i.e. characteristic relaxation frequency and 

polarization resistance) measured by electrochemical impedance spectroscopy 

technique and the active diffusion length of oxygen through Ag particles. The 

experimental data confirmed the predictions of the model by the ex-situ analysis 

of various Ag based electrodes by scanning electron microscopy.     

4. Porous microstructures of Ag composites were stabilized at elevated temperatures 

by incorporation of oxide particles. While Ag based porous electrodes could not 

be used for applications requiring microstructural stability at temperatures above 

550
o
C, incorporation of LSM and YSZ particles into powder based Ag 

composites with comparable particle sizes (d50~0.5 µm) and up to 25 vol% solids 

loading stabilized their porous microstructure at temperatures up to 800
o
C and 

allowed their use as stable current collectors. Although various parameters 

determine the degree of stabilization, ratio of the particle sizes and the loading of 

the incorporated particles have a strong influence on the resultant microstructures 

and the corresponding electrical and electrochemical properties. Therefore, stable 

microstructures were achieved with Ag particles (d50 = 0.5 µm) by additions of 

YSZ particles with a comparable particle size (d50 = 0.3 µm) while severe 

coarsening was observed with smaller YSZ particles (d50 = 25 nm) at the same 

solids loading (20 vol %) at 800
o
C. 



159 

 

5. Coating of the inner surface of the Ag based porous electrodes by nanostructured 

layers of various catalytically active perovskite based cathode materials (LSM, 

LSF and LSCF) was revealed as an effective method to stabilize the initial porous 

microstructures at temperatures as high as 800
o
C in air. The size of the 

nanostructured perovskite grains ranged between 50 nm and 100 nm while the 

particles of the Ag matrix preserved their initial size (~0.5 µm) during extended 

holds at 800
o
C in air. The electrochemical analyses of the nanocomposites 

demonstrated that the coatings contributed to the cathode reactions at the expense 

of their ionic conductivity and significantly lowered the polarization resistance of 

the Ag based porous composite layer. The decrease was from ~2.88 Ohm cm
2
 to 

~0.1 Ohm cm
2
 in the case of LSCF coating (more than 28 times improvement). 

Further analysis of the impedance spectra revealed that the Ag particles behave as 

the main oxygen conductor of the composite layers providing significant 

conduction of oxygen atoms due the solubility and diffusivity of oxygen in Ag. 

For the first time, Ag based composites were demonstrated as efficient and stable 

mixed oxygen-electron conducting cathodes/current collectors for high 

temperature applications (>550
o
C). 

6. Combination of the powder based stabilization of the Ag composites with 

infiltrated nanostructured oxides allowed improving the stability of the Ag-YSZ 

composites at temperatures as high as 900
o
C. It was demonstrated that an 

inexpensive, non-oxidizing metal such as Ag could be utilized as a stable 

combined cathode and current collector layer at operating conditions near melting 

temperature (i.e. 962
o
C) by tailoring the microstructures to retard the densification 
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and coarsening of their matrix. Since Ag particles were encapsulated by a 

continuous nanostructured coating of YSZ by a low temperature deposition 

process (i.e., polymeric precursor infiltration at temperatures below 500
o
C), the 

particle size of Ag was confined and no distinguishable change was observed after 

measurements at 900
o
C for 1 month. 

7. No diffusion or phase formation was detected at the interface of the Ag and YSZ 

phases upon their interactions under operating conditions (e.g. 800
o
C in air). The 

eliminated high temperature densification and coarsening of the Ag based 

composites allowed investigations on the interactions of Ag and YSZ phases upon 

treatment under various polarization regimes (anodic and cathodic) and current 

flow at elevated temperatures. The characterization of the fundamental material 

interactions was performed by preparation of specific interface samples (i.e. 

grain-grain and grain-grain boundary) using focused ion-beam (FIB) lift-out 

technique and their analysis by TEM. The results answered a long-lasting 

question and demonstrated that Ag does not diffuse or migrate through the grain 

or grain boundary of dense YSZ at 800
o
C in air.   

8. Investigations on the anode layers revealed that the Ni-YSZ composite anodes are 

required to possess bi-modal distribution of pores for efficient electrochemical 

performance. The effects of the anode pore structure on the development of the 

Ni-YSZ anode microstructures and on the resultant electrochemical polarization 

mechanisms were identified. As a result, it was found out that the sub-micron 

pores yielded by the reduction of NiO to Ni have a significant influence on the 

anode activation processes as they contribute to the formation of the reaction sites 
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where the required phases (Ni, YSZ and pores) converge. Larger pores (>1 µm) 

formed by the removal of additional pyrolyzable pore former particles create the 

main percolating pathway for transport of the fuel and product gases. Uniform 

distribution of isometric pores is desired as non-uniform pores with high aspect 

ratio form a tortuous pathway for the gas transport and give rise to the 

concentration polarizations. Moreover, the high aspect ratio of the pores and their 

preferential non-uniform distribution results in disconnection of other phases such 

as Ni and increases the contribution of the porous anode layer to the ohmic 

polarization. Thus, it can be concluded that uniform distribution of the percolating 

isometric pores with diameters above 5 µm is desirable for minimizing the 

performance losses in Ni-YSZ anodes due to transport of gases while the uniform 

distribution of sub-micron pores provide active reaction sites (i.e. triple phase 

boundaries).  

9. Polarization resistances were decreased and performance of the SOFC increased 

from 0.45 W/cm
2
 to 1.76 W/cm

2
 at 800

o
C by utilizing the developed composite 

layers (i.e., anode, cathode, electrolyte and current collectors). Determined 

processing parameters such as compositions and dimensional changes upon 

sintering allowed decreasing the electrolyte thickness (<15um) without forming 

macro defects. These studies led to the fabrication of complete high performance 

SOFCs with thin YSZ electrolytes for further evaluation of the components 

utilizing the gained fundamental understanding of the microstructure – 

electrochemical performance relationships. The results demonstrated that 

coupling microstructural characterization techniques with electrochemical 
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analysis methods for identification of the electrochemical polarization 

mechanisms is an effective approach for optimization of the component material 

microstructures and fabrication of efficient SOFCs. 

10. As a conclusion, the findings of this dissertation suggest that realization of the 

SOFC concept strongly depends on the understanding of fundamental material 

properties and interactions such as: 

(i) Bulk, interface and surface processes (ionic and electronic conductivity, 

diffusion mechanisms, surface adsorption-diffusion kinetics, charge-

exchange processes, solubility and phase formations) to determine the 

essential properties of the constituent materials through advance 

characterization techniques (e.g. electron microscopy and impedance 

spectroscopy)  

(ii) Microstructural evolution to control the densification and coarsening of 

the composite phases (porous LSM-YSZ composites, porous Ag 

composites and porous Ni-YSZ composites) and form desired 

microstructures 

(iii)Chemical compatibility and thermo-mechanical changes to eliminate 

formation of undesired phases and ensure the integrity of the multilayer 

SOFC structures.          
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5. FUTURE WORK 

This study was focused on the relationships between the processing parameters, 

evolution of the microstructures and the electrochemical performance of SOFCs. Based 

on the results and the gained understanding, some interesting topics were emerged. 

1. Nanostructured composites: Considering the gained knowledge on the 

improvement of the microstructural stability and the electrochemical activity of 

the cathodes by infiltration of nanostructured oxides, effects of various infiltrated 

coatings can be studied in porous composites to improve their desired properties 

such as electronic and ionic conductivity, microstructural stability, mechanical 

properties and electrochemical activity. Since it is a low temperature process, it 

may eliminate the requirements of high temperature sintering to for a dense 

skeleton and allow tailoring the microstructures for novel properties. 

2. Densification and coarsening kinetics of Ag composites: The stabilization of the 

Ag composites were investigated for high temperature applications and a strong 

correlation was revealed between the particle size ratio and composition of the 

composites. The fundamental percolation theories were not sufficient to explain 

the behavior of the Ag composites as they involve static states. Thus, along with 

the gained knowledge in the current work, the kinetics evolving the 

microstructures from the initial stacking and percolation of the constituent 

particles may be investigated to tailor their microstructures for various research 

and engineering applications. 

3. Deconvolution of the polarization mechanisms in composite cathodes: 

Characterization of the polarization mechanisms and their relationships with the 
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microstructural features can help improving the current cathode compositions 

such as LSCF, LSF and their composites with electrolyte phases. As it was 

performed in this study, identification of the competing mechanisms and 

determining the minima of the induced polarization resistances has potential to 

lower losses due to cathode reactions.      

4. Interface and grain boundary analysis: The investigations and improvements on 

the component materials were performed based on the scanning electron 

microscopy and impedance spectroscopy analysis in this study. More detailed 

investigations at the electrolyte-electrode interfaces, active reaction sites where all 

three phases merge and scaffold – nanostructured coating interfaces and grain 

boundaries with high resolution and analytical TEM will reveal further directions 

for tailoring electrochemically more efficient microstructures. 

5. Modeling the electrochemical losses: Considering the useful input of the 

impedance spectroscopy and voltammetry techniques in this study, a universal 

model is required to be developed to determine the electrochemical loss 

mechanisms involving each component. It will help determining and 

distinguishing problems which can be addressed by materials research and 

engineering design. Thus, it may help accelerating the realization of the SOFC 

technology.       
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ABSTRACT 

Long term stability has been a crucial issue for the future applications of the solid 

oxide fuel cells (SOFCs). Current collectors for the cathodes have been among the most 

vulnerable components of the SOFCs due to their operation in oxidizing atmospheres at 

relatively high temperatures. Ag and Ag based LSM (lanthanum-strontium manganite) 

composites were studied to develop highly stable and low-cost current collectors 

compatible with other fuel cell components. In this study, no degradation was observed in 

the electrical conductivity and the porous microstructure of the Ag-LSM composite 

current collectors after 600 hours of operation at 800
o
C in air. 

 

INTRODUCTION 

Power loss due to high resistance of contact materials has been a fundamental 

concern for the development of solid oxide fuel cells (SOFCs) [1, 2]. Current collection 

on the cathode side is more challenging than the anode side especially for the 

intermediate temperature (600
o
C-800

o
C) SOFCs due to high temperature oxidation [3-5]. 

Currently available current collectors include ceramics (e.g. LaCoO3 and LaCrO3) and 
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noble metals (e.g. Pt, Pd, Au and Ag) [6]. Ceramic materials have high stability in 

oxidizing conditions; however, their electrical conductivity is limited. Although noble 

metals such as Pt, Au or Pd are known as current collectors stable at high temperatures, 

their relatively high cost makes them less desirable for use in SOFC applications [6-8]. 

Ag is a relatively inexpensive candidate with various attributes such as high conductivity, 

high ductility and self-healing at operating temperatures [7, 9]. However, its structural 

instability has limited its use in operational conditions of SOFCs [7, 9, 10, 11]. Since 

operational temperatures of SOFCs (e.g. 800
o
C) are fairly close to the melting 

temperature of pure Ag (962
o
C), sintering between Ag particles results in near complete 

densification of initially porous microstructure within a relatively short time (<170 hours) 

with respect to the target lifetime of 40,000 hours [12] as seen in figure 1(a) and (b). The 

aim of this study was the development of a porous and structurally stable Ag based 

current collector. Current collectors were applied on stable electrolytes as symmetrical 

electrodes to analyze their degradation. Hence, the electrodes in this study should not be 

confused with actual anode and cathode materials of SOFCs. Porous Ag current collector 

was obtained by incorporating up to 20 vol% LSM (lanthanum-strontium manganite) 

particles into the Ag matrix. Percolation of Ag grains and wetting of the underlying 

electrolyte layer were maintained providing sufficiently high electrical conductivity to 

achieve efficient current collection and stable electrical contact.  

 

EXPERIMENT 

Ag and Ag-LSM inks were prepared using a polymeric vehicle (V006, Hearaeus, 

Conshohocken, PA, USA) and optimized for screen printing of symmetrical current 
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collectors on YSZ (8 mol% Y2O3-stabilized ZrO2) electrolyte. Since the previous studies 

showed that high surface area of Ag results in structural instability [7, 13], a relatively 

coarse (d50=1.1 µm) Ag powder (Alfa Aesar, Ward Hill, MA, USA) and an LSM 

(NexTech, Columbus, OH) powder with a compatible particle size (d50=0.5 µm) were 

used. Symmetrical cells were prepared by screen printing of current collector inks on 

both sides of 180 µm thick YSZ electrolyte (NexTech, Columbus, OH, USA). Impedance 

spectroscopy and scanning electron microscopy (SEM) techniques were employed for 

electrochemical analysis and microstructural characterization of the cells, respectively. 

Electrical measurements were performed at 800
o
C in air to simulate the operational 

conditions of the cathode side of SOFC.  

 

RESULTS AND DISCUSSION 

SEM micrographs shown in figure 1 demonstrate the microstructural development 

of pure Ag and Ag-20 vol% LSM composite after measurements for various times at 

800
o
C. Although pure Ag reached nearly full density by closing the initially open pores 

in a relatively short time, Ag-20 vol% LSM composite maintained its porous 

microstructure without any distinguishable grain growth and coarsening over 170 hours. 

The solubility and mobility of oxygen within the solid Ag were widely 

investigated by other researchers [14, 15]. Their studies demonstrated that atomic oxygen 

has a significant solubility and mobility in the bulk solid Ag. The characteristic relaxation 

frequency of the dominating polarization mechanism was identified by analyzing the 

measured impedance spectra of the symmetrical cells. The temperature dependence of the 

characteristic frequency allowed calculating the activation energy of the polarization 
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mechanism. The calculated activation energy was in a good agreement with their results 

suggesting that the diffusion of atomic oxygen through bulk Ag is the controlling 

transport mechanism for oxygen and induces the polarization. Thus, for diffusion 

coefficient, DO,Ag(s), the following equation can be used with reasonable precision: 

                                        DO,Ag(s)=4.9x10
-3

exp(-0.503eV/RT)                                 (1, [16]) 

Since the mean diffusion time of oxygen, τ, is not dependent on the surface area 

in the symmetrical cell configuration, the diffusion length of the charge carrier, oxygen, 

can be calculated according to the following equation: 

                                                             Ld = (Dτ)
1/2                                                                            

(2, [17]) 

The mean diffusion time of oxygen, τ, can be calculated by the following equation 

and be correlated with the characteristic relaxation frequency, f, of the polarization 

mechanism measured in the impedance spectrum: 

             τ=1/(2πf)                                                               (3)  

Impedance spectroscopy results of the symmetrical cell with pure Ag revealed 

that the characteristic relaxation frequency corresponding to the electrode reaction 

decreases with time (170 hours) as shown in figure 2(a). Diffusion length, Ld, was related 

to the frequency using the diffusion constant, DO,Ag(s), at the measurement temperature, 

800
o
C. Densification of initially porous Ag was reflected in the change of diffusion 

length through impedance spectra. The shift to the lower relaxation frequencies is 

attributed to higher diffusion length of oxygen atoms through larger grains of dense solid 

Ag as compared to shorter diffusion length of oxygen atoms through smaller grains of 

initially porous Ag, as shown in figure 2(b). Calculated diffusion lengths are in good 
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agreement with the grain sizes observed in the analysis of the densifying microstructure 

of pure Ag, as shown in figure 1(a-b). 

The symmetrical Ag-20 vol% LSM cell exhibited an increasing relaxation 

frequency over an extended period of time (600 hours) as shown in figure 2(a). The shift 

to the higher relaxation frequencies is attributed to lower diffusion length of oxygen 

atoms through smaller grains of porous Ag to the electrode-electrolyte reaction interface, 

as shown in figure 2(b). Although the kinetics of the dominating polarization mechanism 

was dictated by the diffusion of oxygen through solid Ag, the amount of the transferred 

oxygen atoms was determined by the size of the electrode-electrolyte interface. 

Therefore, an increase in the contact area between Ag electrode and the electrolyte with 

time gives rise to the amount of the transferred oxygen atoms while decreasing the 

electrode polarization resistance [8]. Moreover, the expansion of the contact area allows 

diffusion of oxygen atoms through shorter distances and increases the characteristic 

relaxation frequency [18]. Calculated diffusion lengths are also comparable to the size of 

Ag grains observed in the micrographs. These results are in a good agreement with the 

analysis of the stable porous microstructure composed of Ag-20 vol% LSM as shown in 

figure 1(c-d). 

The resistance of the YSZ electrolyte was measured by dc four-probe and 

impedance spectroscopy techniques to separate the ohmic resistance of the electrolyte 

from Ag based current collectors. An area specific resistance (ASR) of 0.25 Ohm.cm
2
 

was measured for 180 µm thick electrolytes at 800
o
C using both techniques. Ohmic 

resistance of symmetrical cells can be obtained from the high frequency x-axis intercepts 

of Cole-Cole plots. Since YSZ electrolyte, symmetrical pure Ag cell and symmetrical 
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Ag-20 vol% LSM cell revealed the same ASR of 0.25 Ohm.cm
2
, the contact resistance 

was negligible (~0 Ohm) and stable for both Ag based current collectors as shown in 

figure 3. 

Densification of Ag was hindered by pinning of homogeneously dispersed LSM 

particles at the grain boundaries of Ag by inhibiting grain growth. Since percolation of 

Ag was maintained by neck formation between Ag particles, the highly conductive nature 

of Ag matrix remained nearly unaffected by addition of LSM. Although the Ag matrix 

was loaded with a relatively high amount of LSM particles (20 vol%), a strong bond at 

the interface with YSZ electrolyte formed without any coarsening or delamination. Near 

zero ohmic loss in conductance of Ag-LSM contact demonstrated here and the recently 

reported Cr blocking feature of LSM may realize the use of Ag-LSM current collectors 

with fairly inexpensive Cr containing ferritic steel as interconnect material to build SOFC 

stacks [6]. 

 

CONCLUSIONS 

Highly stable silver based current collectors for cathodes of SOFCs were obtained 

from a mixture of LSM and Ag particles. Addition of LSM hindered densification of Ag 

particles and led to a stable porous microstructure of the composite current collector 

while the ohmic resistance remained unchanged after 600 hours of measurements at 

800
o
C in air.  
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Figures: 

 

 

Figure 1. SEM micrographs of pure Ag (a, b) and Ag-20 vol% LSM (c, d), both obtained 

after 2 hours and 170 hours measurements at 800
o
C, respectively. 
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Figure 2. Characteristic relaxation frequency (a) and diffusion length (b) as functions of 

time, calculated from the impedance spectra of the pure Ag and Ag-20 vol% LSM cells 

measured at 800
o
C, respectively. 

 

 

 

Figure 3. Area specific resistances of the YSZ electrolyte, symmetrical pure Ag cell and 

symmetrical Ag-20 vol% LSM cell at 800
o
C as a function of time. 
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PERFORMANCE OF SOLID OXIDE FUEL CELLS 
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Abstract 

Anode microstructure has a vital effect on the performance of anode supported solid 

oxide fuel cells. High electrical conductivity, gas permeability and low polarization are 

the required features of anodes to achieve high power densities. The desired properties of 

the anodes were obtained by modifying their microstructural development using 

pyrolyzable pore former particles without introducing any functional layers and 

compositional modifications. The microstructures of fabricated anodes were 

characterized using scanning electron microscopy and mercury intrusion porosimetry 

techniques while their electrochemical properties were identified using impedance 

spectroscopy and voltammetric measurements. Detailed investigations demonstrated that 

the pore structure has a major impact on the electrical conductivity, polarization and gas 

permeability of the anodes. Through tailoring of conventional anode microstructures, a 

significantly high power density of 1.54W/cm
2
 was achieved at 800

o
C using diluted 

hydrogen (10% H2 in argon) as fuel.   

 

Keywords  

Solid oxide fuel cells; Anode; Microstructure; Porosity; Pore former; Power density 
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1. Introduction 

Solid oxide fuel cells (SOFCs) are attractive power generation systems mainly due to 

their high conversion efficiencies and low emissions with flexible fuel options; however, 

cost and reliability are remaining concerns for their realization [1]. Increase in the 

performance can help reduce the cost for unit power production and allow feasible SOFC 

applications.   

Electrochemical performance of a fuel cell is limited by various polarization 

mechanisms such as (i) activation polarization, (ii) ohmic polarization and (iii) 

concentration polarization. They result in a decrease in the voltage of the fuel cell as it 

provides current to maintain a certain power output. The sluggish kinetics of the electrode 

reactions give rise to the activation polarization while the electrical resistance of the 

components (e.g. electrolyte, electrodes and contacts) induce the ohmic polarization. The 

concentration polarization also arises as the transport of the reactant and/or product gases 

is retarded [2-4]. 

The conventional SOFC configuration consists of a dense yttria stabilized zirconia 

(YSZ) electrolyte between a porous lanthanum-strontium manganite (LSM) – YSZ 

cathode and a porous Ni – YSZ anode [5, 6]. In order to increase the power density, the 

efficiencies of the electrodes need to be improved while the electrolyte and contact 

resistances are decreased to lower the ohmic losses. As many attempts were made to 

decrease the thickness of the electrolyte in order to minimize its contribution to the ohmic 

polarization, anode supported design with a thin electrolyte gained importance and has 

been extensively investigated recently [7, 8].  
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Several studies demonstrated that the microstructures of the component layers have 

crucial effect on the performance of the SOFCs [9-11]. Among all of the components, 

anode plays a critical role in oxidation of fuel and generation of electrons in the anode 

supported SOFC design [12-17]. Ni-YSZ anode layer is required to provide (i) high 

electronic and ionic conductivity, (ii) uniform distribution and percolation of all three 

phases (YSZ, Ni and pores), (iii) fine grain sizes with high surface area for enhanced 

catalytically activity and (iv) high permeability for the fuel gas and the reaction products 

[11, 18-23].  

Since it was relatively challenging to satisfy all of the requirements of a high 

performance SOFC in a single anode layer with a uniform microstructure and 

composition, various modifications in the cell design have been pursued to improve the 

electrochemical performance of the anode layers [24, 25]. Application of a functional 

layer between the anode and electrolyte layers was proposed to decrease the activation 

and concentration polarizations of the anode layer [3]. The functional layer consisted of 

finer grains and pore structure than the supporting anode layer. Outer supporting anode 

was relatively thick (~1mm) and provided the mechanical strength as well as delivery of 

gases through the open pore channels among its coarse grains. Since the electrochemical 

activity took place in the anode functional layer, it had to provide uniform distribution of 

the phases (e.g. YSZ, Ni and pores) while providing extended reaction sites for the 

electrochemical reactions to meet the requirements of a high performance SOFC [26]. 

Therefore, optimization of the fine microstructure of the functional layer gave rise to the 

power density of the fabricated cells. 
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Numerous approaches were suggested considering the prospective results obtained 

with functional layers. Grading the microstructure from coarse to fine towards the 

electrolyte has been one of the common approaches employed for improving the 

performance of the anodes. Grading of the anode microstructure was achieved by 

fabricating multi-layer configurations. Usually, composition, grain size, pore structure 

and porosity vary in each layer to provide the desired grading of the anode. Recently, 

improved power densities were reported by several researchers using this technique [27-

29]. Another common approach is based on incorporation of various catalytically active 

materials to the anode functional layer to decrease the activation polarization of the 

anode. Introduction of materials such as gadolina-doped ceria and samaria-doped ceria to 

the anode functional layer was resulted in distinguishable increase in the power density of 

the fabricated SOFCs [30-32]. 

Despite the significant success achieved by these methods, incorporated materials 

lead to various issues such as material interactions resulting in formation of undesired 

phases at elevated temperatures required for their processing or the operation of the 

SOFCs [33, 34]. The sintering shrinkage and the thermal expansion of the anode 

functional layer are affected by compositional modifications and give rise to structural 

incoherence between component layers during sintering as well as fuel cell operation. 

These dissimilarities between the fuel cell components lead to formation of macroscopic 

defects such as cracks, delamination and warpage [35-38]. Although some of these 

consequent challenges can be addressed by modifying the compositions and processing 

techniques, each additional step establishes new complications and increases the cost of 

fuel cell fabrication. Providing the desired properties in a uniform single Ni-YSZ anode 
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layer could address these challenges and lead to enhanced reliability of fuel cells. 

However, the microstructure needs to be optimized to meet the fundamental needs of a 

high performance SOFC and it requires a detailed understanding of the relationship 

between anode microstructure and SOFC performance. Moreover, use of conventional 

materials and fabrication techniques for this purpose would make the SOFCs more 

feasible by decreasing the cost further while providing enhanced reliability [39, 40].  

Although various methods have been employed for the fabrication of planar SOFCs, 

tape casting of both anode and electrolyte layers, lamination of tapes prior to sintering 

and screen printing of the cathode layer has been the most common production route 

[41,42]. Incorporation of pore former particles has been an effective technique to produce 

controlled porosity in the anode microstructures since the particles leave pores with 

adjustable properties as the green ceramic is introduced to elevated temperatures for 

sintering [19, 43].  

This study is focused on understanding the relationship between the anode 

microstructure and its resultant electrochemical performance to combine all of the 

required properties on a single anode layer without adding an anode functional layer or 

applying a compositional/microstructural grading. Distinct pore structures were 

fabricated by incorporating two pyrolyzable pore formers with significantly different 

powder characteristics such as morphology and thermal decomposition/oxidation 

behavior. Developed single anode microstructures were applied to a thin YSZ electrolyte 

(~10µm) and LSM-YSZ cathode configuration to fabricate complete SOFCs. Detailed 

analyses of the anode microstructures and the electrochemical performance of the cells 

revealed novel results with respect to performance improvements through modification of 
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the pore structure. Although identical compositions were used, utilization of a different 

pore former led to evolution of a significantly diverse microstructure and improved the 

cell performance more than three times. The developed Ni-YSZ/YSZ/LSM-YSZ cells 

exhibited power densities over 1.5 W/cm
2
 at 800

o
C using diluted hydrogen (10% H2 in 

Ar) on the anode side and air on the cathode side. 

 

2. Experimental 

The investigated anode supported SOFCs consist of a porous Ni-YSZ anode, YSZ 

electrolyte, LSM-YSZ cathode and a porous LSM current collecting layer. Anode and 

electrolyte tapes were tape cast and laminated together. Inks of LSM-YSZ and LSM were 

screen printed on the electrolytes after their co-sintering with anode tapes. All of the 

materials used for the investigations are commercially available.  

Various materials have been used as pore formers for the fabrication of porous SOFC 

anodes. They are usually either in spherical or plate like geometries. Flake graphite with 

plate like morphology has been widely investigated and used for porous electrode 

fabrication [10, 19, 43, 44]. Although there are various techniques to control the desired 

properties of graphite such as purity, they are relatively expensive and poor in yielding 

desired particle size, shape and purity of the graphite particles [45, 46]. Polymethyl 

methacrylate (PMMA) spheres have also been successfully utilized as pore formers for 

the fabrication of porous anodes. Recently reported high performance SOFCs using 

porous anodes formed by incorporating PMMA particles made it an attractive candidate 

for optimization of anode microstructures [39, 47-49]. Production of PMMA is relatively 

inexpensive and it allows controlling the size of the pore formers in a wide range with 
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nearly zero contamination [50]. Thus, the common pore former, flake graphite, and the 

promising pore former candidate, spherical PMMA, were employed as pore formers to 

form anode microstructures with distinguishable microstructural features such as shape 

and distribution of the pores, and percolation of the constituent phases.  

 

2.1. Fabrication 

Ceramic slurries of the electrolyte and anode tapes were prepared using two and three 

stage preparation techniques, respectively. The compositions used to make the anode 

slurries are shown in Table 1. The rheological properties of the slurry would vary 

according to the features of the incorporated pore formers. Therefore, compositional 

changes are required to be made on the slurries to obtain defect free tapes. Use of more 

binder would increase the porosity and the comparison would be biased as it is known 

that additional binder also has pore forming effect [11]. Thus, the compositions of the 

anode slurries were optimized for this study to be able to use the same volumetric loading 

of the components for both pore formers for the sake of a reliable comparison. 

In the first stage, YSZ powder (TZ-8Y, Tosoh, Tokyo, Japan), solvents (ethanol and 

toluene) and dispersant (KD-1, ICI, Barcelona, Spain) were mixed for one day to achieve 

a uniformly dispersed suspension for the electrolyte tape slurries. This stage also included 

the addition of the NiO (NiO-F, NexTech, Columbus, OH, USA) powder to the mixture 

for the anode tape slurries. In the second stage, the binder (PVB-79, Monsanto, St. Louis, 

MO, USA) and plasticizer (Dioctyl Phthalate, Sigma-Aldrich, St. Louis, MO, USA) were 

added to the slurry and mixed for one day. The third stage consisted of the addition of the 

pore formers to the slurry and further mixing for one more day to achieve homogeneous 



184 

 

dispersion of the constituents for the anode tapes. High purity pore formers of flake 

graphite (LBG2025, Superior Graphite, Chicago, IL, USA) and PMMA (2041, Sekisui, 

Osaka, Japan) were used for the fabrication of the anode tapes. The mixed slurries were 

then degassed for 5 min under vacuum and cast into tapes. The dried thicknesses of the 

anode and electrolyte tapes were around 100µm and 14µm, respectively. One electrolyte 

and six anode tapes were laminated together at 80
o
C using a pressure of 25 MPa. The 

thickness of the laminates ranged between 600-620µm. The laminated tapes of the anodes 

with PMMA and flake graphite were heated to 210
o
C and 600

o
C, respectively, to remove 

the binder and pore formers. The sintering step is required to allow the densification of 

the thin YSZ electrolyte for gas tightness while maintaining fine grains, high surface area 

and porosity of the NiO-YSZ composite by controlled grain growth and densification. 

Therefore, sintering conditions were optimized and the lowest temperature and shortest 

time was identified for the densification of the electrolyte for this particular 

configuration. As a result, laminated anode and electrolyte tapes were co-sintered in air at 

1350
o
C for 2 hours.   

Cathode current collector ink was prepared by mixing LSM powder (LSM20-HP, 

NexTech, Columbus, OH, USA) with an organic vehicle (V-006, Heraeus, 

Conshohocken, PA, USA). 50vol% of the LSM powder was replaced with the YSZ 

powder for the cathode layer. Cathode layer was screen printed on the co-sintered 

electrolyte and sintered in air at 1150
o
C for 1 hour. Cathode current collecting layer was 

screen printed on the cathode layer and sintered in air at 1150
o
C for 1 hour. The cathode 

and the cathode current collecting layers as well as the electrolyte layer were kept the 

same for all of the fabricated fuel cells. Hereafter, fabricated SOFCs with anode layers 
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prepared by incorporating flake graphite and PMMA will be called cell A and cell B, 

respectively.  

 

2.2. Characterization 

Utilization of scanning electron microscopy and mercury intrusion porosimetry methods 

provided a thorough analysis of the anode microstructures while impedance spectroscopy 

technique along with the voltammetric measurements allowed identification of the 

electrochemical performance loss mechanisms of the fabricated SOFCs. 

The microstructures of the anodes were characterized using mercury intrusion 

porosimetry and scanning electron microscopy techniques. Four probe electrical 

conductivity measurements were also employed for the analysis of the Ni-YSZ anodes. 

Electrochemical performance investigations and also impedance spectroscopy 

measurements were done using a combined potentiostat and frequency response analyzer 

(Solartron, 1470 CellTest, Mobrey, UK). Samples were around 27mm in diameter and 

500µm in thickness with a cathode layer area of 0.3cm
2
. Pt wires were used on both 

cathode and anode sides and fixed by Pt paste to provide reliable electrical contacts. All 

measurements were performed at 800
o
C. Considering operational conditions of SOFCs in 

stacks, a diluted hydrogen mixture (10% H2 in Ar) was used as fuel. It was humidified by 

bubbling through water at 20
o
C prior to introducing it to the anode side of the SOFCs 

during measurements. An oxygen partial pressure (pO2) of 2.99x10
-20

atm and a hydrogen 

to water ratio (pH2/pH2O) of 4.29 was estimated in the fuel at 800
o
C. Air flow was also 

maintained on the cathode side simultaneously. 
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3. Results and Discussion 

Fig. 1 demonstrates the typical cross section of a fabricated anode supported SOFC. 

Electrolyte, cathode and cathode current collection layers had the same thickness around 

10µm after sintering. The thicknesses and microstructures of these layers were identical 

for all of the investigated fuel cells.  Morphologies and particle sizes of the flake graphite 

and PMMA are shown in Fig. 2(a) and (c), respectively. Both flake graphite and PMMA 

particles were relatively polydispersed while the particles of the flake graphite exhibited a 

distinct anisometry. Since the final microstructures of the porous ceramics resemble the 

morphological features of the pyrolyzable pore formers, fabricated anode microstructures 

demonstrated distinct features mainly due to the dissimilar geometries of flake graphite 

and PMMA pore formers. Although the volume fractions of the pore former loadings in 

the anode tapes were identical, their shapes and particle size distributions resulted in 

significantly different pore structures. Flake graphite yielded pores representing high 

aspect ratio (>>1) of its plate like shape with preferred alignment along the tape cast 

direction (Fig. 2(b)) while PMMA left pores resembling its spherical shape and the 

uniform distribution in the sintered microstructure as shown in Fig. 2(d). The particles of 

flake graphite align parallel to the electrolyte as the tapes were stacked for the lamination 

and co-sintering. Alignment of the pore channels almost perpendicular to the gas flow 

direction towards the electrolyte may not be preferable for the efficient transport of gases 

due to the tortuous path it forms.  

The observed grain sizes of both Ni and YSZ phases were ~0.5µm and no 

distinguishable size difference was detected in all of the fabricated anodes. It suggests 

that lowering the sintering temperature (1350
o
C) and time (2 hours), allowed inhibiting 
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the exaggerated grain growth and maintained high surface area of the initial fine particles 

of NiO (d50=0.5µm) and YSZ (d50=25nm) upon sintering. Moreover, the incorporated 

pore former did not have any distinguishable influence on the final grain sizes of the solid 

phases.   

Analysis of the mercury intrusion porosimetry results allowed further characterization 

of the porosities of the reduced anodes. Although flake graphite yielded higher total bulk 

porosity (~60%) than PMMA (~50%), 8% of the pores were closed and could not be 

penetrated by mercury even at high pressures (over 200 MPa) while all of the pores were 

open in the anode of the cell B. Highly anisometric particles of flake graphite resulted in 

bridging of the pore former particles and yielded higher bulk porosity while isometric 

particles of PMMA formed less bulk porosity at the same volumetric loading. Smaller 

dimensions of the pores left by the pore formers with high aspect ratios are more prone to 

collapsing during further densification. Thus, some of the initially open pores of the 

anode of the cell A left by the flake graphite collapsed and got isolated upon sintering at 

1350
o
C.  

Similar amounts of open porosity were obtained with both pore formers; however, 

size, distribution, and connectivity of the pores exhibited distinct features. Although 

anodes of both cell A and cell B demonstrated the majority of the intrusion through their 

pore channels with a diameter below 2µm, abundance of their pores in two extreme pore 

size ranges were relatively different as shown in Fig. 3. Anode of the cell B allowed 

intrusion of ~15% of its total porosity in the pore size range between 100µm and 2µm 

while anode of the cell A allowed intrusion of only ~5% of its total porosity in the same 

pore size range. It suggests the improved connectivity of the large pores with uniform 
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distribution left by PMMA particles. The second major difference was observed in the 

submicron pores. Although incorporated pore formers could not be expected to yield any 

fine porosity due to their relatively large particles, the NiO constituent of the composite 

anode was capable of forming a significant amount of fine porosity upon reduction as the 

volume of the NiO decreases ~40% upon reduction to Ni. Considering the initial particle 

size of the NiO powder (d50=0.5µm) and the observed average grain size (d50=0.5µm) of 

the anode after reduction, submicron pores were expected to be observed. However, no 

pores were detected in the anode of the cell A smaller than 0.2µm in diameter, while the 

intrusion of the Hg into the anode of the cell B took place through the pores smaller than 

0.06µm in diameter. Considering the closed porosity and the limited intrusion of Hg at 

high pressures (>200 MPa), flake graphite did not yield a continuous pore structure. 

Moreover, formed pores did not access to the fine microstructure of the grains with pores 

smaller than 0.2µm in diameter. Thus, the anode of the cell A did not satisfy the 

requirement of the percolation of pores and could not be expected to allow transport of 

the gases to the reaction sites. On the other hand, completely open porosity (~50vol%) of 

the anode of the cell B along with the continuous intrusion into the pores with diameters 

below 0.06µm suggests a percolating pore structure which allows gas transport to 

relatively small pores surrounded by fine grains with significantly high surface area. 

Hence, the analyses of the results of mercury intrusion porosimetry measurements were 

in a good agreement with the microstructural features of the anodes observed in the 

micrographs shown in Fig. 2(b) and (d).  

Electrical conductivity of the anode is strongly affected by several parameters such as 

(i) composition, (ii) pore structure, (iii) size of the grains and (iv) percolation of the 
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electrically conductive phase, Ni [3, 20]. Thus, electrical conductivity measurements 

were performed on the anodes of the cell A and the cell B at 800
o
C in flowing humidified 

10% H2 in Ar to simulate the operational conditions. Four probe conductivity 

measurements of the anode of the cell A demonstrated a conductivity of 157 S.cm
-1

 

which is relatively lower than the required conductivity (>1000 S.cm
-1

) for an efficient 

anode layer [51, 52]. A significantly improved conductivity of 1137 S.cm
-1

 was measured 

in the anode of cell B. Although the same composition of the components was used and 

similar amounts of open porosity was measured with the anodes of both cell A and cell B, 

change of the pore structure improved the electrical conductivity of anode more than 

seven times and allowed achieving the required level for an efficient anode. It confirms 

the expected adverse effect of the non-uniform pore structure of the anode of the cell A 

on the connectivity of the conducting phase, Ni. The pore structure of the cell A did not 

only deteriorate the percolation of the pores but also the percolation of the Ni phase. 

Thus, discontinuity of the Ni grains resulted in the increase of the electrical resistance 

[53].  

Fig. 4 shows the results of the voltammetric measurements performed on the cell A 

and the cell B. Considering the partial pressures of oxygen maintained on the anode 

(pO2=2.99x10
-20

atm) and the cathode sides (pO2=0.209atm) a theoretical open circuit 

voltage (OCV) of 1.003V was expected at 800
o
C. Both configurations of the cells 

showed identical OCVs over 1V confirming their dense and leak-free electrolytes 

observed in the cross sectional micrographs shown in Fig. 1. The maximum power 

density of 1.54W/cm
2
 was obtained with the cell B while the cell A demonstrated the 
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maximum power density of 0.45W/cm
2
 at 800

o
C. Cell A and cell B also showed the 

power densities of 0.33W/cm
2 

and 1.29W/cm
2
 at 0.7V, respectively.  

Considering that the investigation of the fuel cells at their peak power densities would 

allow the analysis of all perfomance limiting contributions, impedance spectra were 

measured at the potential of 0.5V. Ohmic polarization resistance of the cells can be 

obtained from the high frequency x-axis intercepts of Cole-Cole plots [27]. Cell B 

demonstrated an ohmic resistance of 0.043 Ohm.cm
2
 while cell B demonstrated an ohmic 

resistance of 0.085 Ohm.cm
2
 as shown in Fig. 5(a). Since the anode layer was the only 

different component and identical results were reproduced with multiple sets of samples, 

it can be concluded that the change in the anode microstructure resulted in different 

ohmic resistances. This is in agreement with the results of four probe electrical 

conductivity measurements. Low electrical conductivity (157 S.cm
-1

) of the anode of cell 

A gave rise to the ohmic loss and led to an increase in the total cell resistance. Further 

analysis of the impedance spectra showed that the previously developed cathode did not 

demonstrate any limitation in these cell configurations and both low and high frequency 

arcs are associated with the anode layer [54]. Deconvolution of the spectra also revealed 

that the high frequency arc (~10 kHz) corresponds to the anode activation processes 

which is in a good agreement with the studies reported in the literature [55-57]. The 

anode activation polarization of the cell A was 0.169 Ohm.cm
2
 while it was 0.107 

Ohm.cm
2 

on the cell B. It confirms that the interrupted percolations of the pores and the 

Ni phase in the anode did not only decrease the electrical conductivity but also decreased 

the electrochemical performance of the Ni-YSZ anode. Thus, well developed percolation 

of all three phases in the anode of the cell B gave rise to the electrochemical performance 
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as well as the electrical conductivity. Even though the obtained identical size of the 

grains in both anode microstructures and the characteristic frequencies of their activation 

processes shown in Fig. 5(b) suggested similar natures, the lack of the percolation of the 

phases resulted in disconnected reaction sites in the anode of the cell A. Therefore, 

improved percolation of all of the three phases resulted in a relatively higher amount of 

active reaction sites and higher electrical conductivity which gave rise to the performance 

of the cell B [58].  

Since a diluted (10% H2 in Ar) and water-rich fuel (pH2/pH2O=4.29) was utilized to 

simulate the operational conditions of the SOFCs in stacks, the delivery of the fuel and 

removal of the product water could suffer and give rise to the concentration polarization 

on the anode side. The concentration polarization would also be more pronounced at the 

utilized cell potential (0.5V) for the measurements. Further analysis of the impedance 

spectra demonstrated that the low frequency arc (~10Hz) corresponds to the limitation of 

the gas transport through the anode [59]. Although a smaller amount of current (~0.9 

Amps.cm
-2

) was drawn from the cell A suggesting a lower utilization of fuel gas, a 

relatively high concentration polarization (~0.288 Ohm.cm
2
) was observed. A significant 

amount of current was (~3 Amps.cm
-2

) drawn from the cell B during the measurements; 

however, a lower concentration polarization resistance (~0.101 Ohm.cm
2
) was observed. 

The difference in the measured concentration polarization resistances also agree with the 

previously observed percolation of pores in the anode microstructures of the cell A and 

the cell B. Completely open porosity and the enhanced connectivity of the small and 

large pores in the anode microstructure of the cell B allowed a significant improvement in 

the delivery of the fuel gas as well as removal of the water-rich product gas through the 
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anode layer. Moreover, the effect of the concentration polarization would decrease 

further as the operational cell potential (0.5V) is increased to higher values (0.7V-0.9V) 

for improved fuel utilization in SOFC stacks.    

Since relatively large pores (1µm-100µm) were obtained upon high temperature 

sintering (1350
o
C) and submicron pores were formed by reduction of NiO, significant 

microstructural changes were not expected at the operational temperatures (e.g. 800
o
C). 

Although coarsening of Ni grains could take place after reduction, the investigations on 

the fuel cells and single anode layers after reduction and measurements in operational 

conditions for prolonged time (~200 hours) did not reveal any distinguishable change in 

grain and pore sizes as well as pore size distributions with time suggesting the stability of 

the formed anode microstructures.    

 

4. Summary and Conclusions 

The results reported here are based on the observed significant increase in the power 

density as a consequence of the difference in the anode microstructures formed by using 

identical volumetric loadings of two different pore formers. Although earlier percolation 

of the pore formers with high aspect ratios (>>1) such as flake graphite could be easily 

expected to create more porosity, the pore structure, uniform distribution and percolation 

of the phases (e.g. Ni, YSZ and pores) are more important criteria for high 

electrochemical performance of anodes. Thus, the pore formers with low aspect ratios 

(~1) such as PMMA produce more uniform anode microstructures and yield open 

porosity, which result in increased electrical conductivity by percolation of all phases and 
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improved electrochemical performance even at lower total porosity than the porosity 

formed by the flake graphite.  

Achieved significantly high power density of 1.54W/cm
2
 confirmed that conventional 

powder based fabrication techniques have potential to exhibit enhanced performances by 

tailoring the electrode microstructures. Considering the obtained novel results, highly 

efficient anode microstructures can be fabricated by adjusting the morphological 

properties and loading of pore formers without introducing functional layers or 

modifying the anode compositions.  
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Figures:  

 

 

Figure 1. Scanning electron micrograph of the cross sectional fracture surface of an anode 

supported planar SOFC. 
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Figure 2. Scanning electron micrographs  of the flake graphite (a) and PMMA (c) 

particles and the sintered porous anode microstructures of cell A (b) and cell B (d) they 

formed upon reduction, respectively. 
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Figure 3. Cumulative intruded volume of Hg as a function of pore size in reduced anodes 

of the cell A and the cell B. 
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Figure 4. Voltage and power density of the cell A and the cell B as functions of current 

density at 800
o
C. 

 

 

 

 

Figure 5. Cole-Cole (a) and Bode (b) plots calculated from the impedance spectra of the 

cell A and the cell B measured at 0.5V and 800
o
C. 
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Tables: 

Table 1. Compositions of the green anode tapes. 
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ANALYSIS OF THE HIGH TEMPERATURE STABILITY OF SILVER BASED 
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ANALYSIS OF THE HIGH TEMPERATURE STABILITY OF SILVER BASED 

POROUS COMPOSITES 

 

1. Introduction 

Ag based composites have been highly attractive materials for current collection (i.e. 

electrical contact) applications in electronic devices due to their substantial electrical 

conductivity. Ag has the highest electrical conductivity among metals and it introduces 

its superior properties to it composites. These properties include oxygen conductivity, 

ductility and lightweight with respect to other non-oxidizing metal options (e.g. Pt, Ag 

and Pd). However, the use of Ag is limited at elevated temperatures (<550
o
C) due to its 

relatively low melting point (962
o
C). Thus, the use of Ag is restricted in high temperature 

electrical applications such as solid oxide fuel cells and oxygen sensors.  

Recently, it was reported that the stability of porous Ag composites can be improved 

by addition of oxide particles and also by infiltration of nanostructured oxide layers. This 

study aims a further understanding of the stabilization mechanisms retarding the 

densification of porous Ag matrix and also limiting coarsening of its particles. Powder 

based mixtures various particle size ratios were investigated at a composition (20 vol % 

YSZ : 80 vol% Ag) near the previously identified percolation threshold (25 vol% YSZ : 

75 vol% Ag) of the Ag particles. The investigations were extended to nanostructured 

coatings of the same compositions (Ag-YSZ) at elevated temperatures (i.e. 900
o
C) and 

detailed analysis of the Ag-YSZ interfaces for possible formation of phases and diffusion 

of Ag under operating polarization conditions.   
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2. Experimental  

Powder based mixtures of Ag with various sizes of yttria-stabilized zirconia (YSZ) 

particles were prepared with identical amounts of a polymeric vehicle for screen-printing. 

Electrodes of the desired compositions were applied on YSZ electrolytes in symmetrical 

configuration to investigate the microstructural changes using the previously developed 

electrochemical analysis method based on electrochemical impedance spectroscopy.  

The study was extended to the infiltration of the identical YSZ nanostructured 

coatings into the porous Ag matrices (pure Ag and Ag-YSZ) to investigate the effects of 

the nanostructured oxides on the microstructural stability and electrochemical properties 

at temperatures up to 900
o
C in air. 

Further characterization of the microstructures was performed using transmission 

electron microscopy techniques. Electrodes under various polarization resistances and 

current flows were also investigated on identical samples to determine the possible 

diffusion of Ag through grain or grain boundary of the YSZ electrolyte. Detailed analyses 

were performed on the interfaces of samples prepared by focused ion-beam lift-out 

method. 

 

3. Results and discussion 

As it is shown in Figure 1, the characteristic relaxation frequency of the polarization 

arc shifted through lower frequencies with time and the polarization resistance increased 

significantly with the Ag composites incorporated with nano size (d50 = 25 nm) and 

coarse (d50 = 2 µm) YSZ particles at the same volumetric solid loading (20 vol% YSZ – 
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80 vol% Ag). On the other hand, the same Ag configuration with the intermediate size 

(d50 = 0.3 µm) YSZ particles did not demonstrate a considerable shift. Its polarization 

resistance increased from 0.175 Ohm cm
2
 to 0.275 Ohm cm

2
 while the other 

compositions exhibited colossal change, several degrees of order higher polarization 

resistances due to microstructural degradation at 800
o
C. Moreover, the expected 

resistance of the electrolyte (0.25 Ohm cm
2
) could not be achieved with the Ag based 

composites with nano size and coarse YSZ particles. The measured ohmic resistances 

(the high frequency x-axis intercept of the Cole-Cole plots) were 0.6 Ohm cm
2 

and 0.574 

Ohm cm
2
 for Ag- nano YSZ and Ag- coarse YSZ, respectively. It suggests that the 

degradation in their microstructures also affected their contact behavior adversely while 

the expected ohmic resistance 0.25 Ohm cm
2
 was measured with the Ag-intermediate 

YSZ composite electrode. It suggests that the stable microstructure of the Ag-

intermediate YSZ composite maintained the stable contact at the Ag-YSZ interface.  

The change in the microstructure of the Ag-YSZ composites was clearly seen as an 

exaggerated coarsening as shown in Figure 2. Although all different sizes of YSZ 

particles limited the densification of the Ag matrix at the measurement temperature for 

extended time, nano size YSZ and coarse YSZ could not retard the coarsening of Ag 

particles.  

Even though this composite configuration does not fit to the conventional percolation 

theories due to the kinetic component, coarsening and densifying Ag, the initial packing 

and coordination were calculated to model the initial dispersion of the constituent 

particles. As a result it was predicted that ~ 2000 nano size YSZ particles cover each Ag 

particle (d50 = 0.5 µm) while 250 Ag particles (d50 = 0.5 µm) cover each coarse YSZ 
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particle (d50 = 2 µm). As a result, the coarse YSZ could not eliminate the initial grain 

growth of the Ag particles as seen in Figure 2. Although coverage by nano-size YSZ 

particles would be expected to limit both densification and coarsening, the percolation of 

the Ag particles at this loading led to the coarsening due to the non-uniform particle size 

distribution of the Ag particles. While most of the Ag particles were encapsulated with 

nano-size YSZ particles, the larger Ag particles resulted in coarsening by merging the 

adjacent smaller Ag particles as seen in Figure 2. In the case of intermediate size YSZ 

particles (d50 = 0.3 µm), the ratio of the number of YSZ/Ag particles was close to unity 

(~1.15). Thus, the Ag particles at the threshold of their percolation were in 1 to 1 

interaction with YSZ particles at a similar size. It yielded the highest stability achieved 

with powder based Ag composites during this investigation. 

Electrodes based on partially sintered Ag and the powder based mixture of the same 

Ag particles with 20 vol% YSZ particles were infiltrated with a polymeric YSZ precursor 

to investigate the effect of the nanostructured YSZ coatings on the high temperature 

stability of Ag based composites. As it is shown in Figure 3 the electrodes without initial 

YSZ particles dispersed in the Ag matrix could not be stabilized while the YSZ infiltrated 

powder based Ag-YSZ composite reached a stable microstructure after 500 h at 900
o
C. It 

suggests that the incorporation of initial YSZ particles improve the stability of the 

composites based on infiltration of oxide layers. 

The analyses of the impedance spectra demonstrated that there was a significant 

improvement in the polarization resistance in the course of the first 10 hours. However, 

polarization arcs with relatively low characteristic frequencies arose with the partially 

sintered Ag as shown in Figure 4. It suggests that the composite layer was not stable 
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although it was encapsulated by a nanostructured YSZ layer and densification took place. 

It yielded concentration polarization at low frequencies as it retards the transport of air 

through closing pores. 

Ex-situ analysis of the measured YSZ infiltrated partially sintered Ag electrodes 

indicated that the higher amounts of YSZ infiltration improved the stability of the Ag 

matrix as shown in Figure 5. However, it was not sufficient to stop the movement of the 

Ag particles at 900
o
C which is relatively close to their melting temperature (962

o
C).  

On the other hand, the stability of the powder based Ag-20 vol% YSZ infiltrated with 

the same amount of YSZ (60x) demonstrated impressive stability as it preserved its initial 

microstructure after measurements at 900
o
C for 1 month as shown in Figure 6. A higher 

magnification analysis of the final microstructure showed that the infiltrated 

nanostructured YSZ coating was not damaged and maintained its continuous coverage 

(Figure 7) while it was cracked in the partially sintered Ag based electrodes (Figure 5). It 

demonstrated that the combination of powder based initial Ag-YSZ composites with 

infiltration of nanostructured YSZ coatings may allow microstructural and 

electrochemical stability of Ag based electrodes at temperatures as high as 900
o
C.  

Another major concern in the high temperature electrical applications of Ag based 

composites has been the diffusion and/or electromigration of Ag through insulating oxide 

substrates. Since an electrical short would be catastrophic for the operation of solid oxide 

fuel cells, the diffusion of Ag through the YSZ microstructure was investigated. Identical 

powder based Ag- 20vol% YSZ samples were prepared an treated with anodic and 

cathodic polarizations (100 mV), as well as current flow (1 Amp/cm
2
) at 800

o
C for 1 
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month in air. The specimens of electrolyte-electrode interfaces of each configuration 

were prepared by focused ion-beam lift out technique as shown in Figure 8. 

The investigations on the electrochemically treated samples demonstrated that the Ag 

did not diffuse into the YSZ substrate as no Ag was detected in the grains or at the grain 

boundaries. Moreover, no phase formation was detected at the Ag-YSZ interface. An 

example of the TEM analyses is shown in Figure 9 for Ag- 20 vol% YSZ after cathodic 

treatments.  

 

4. Conclusions 

A strong correlation was observed between the stability of the power based Ag-YSZ 

composites and the size ratio of the component particles. The ratio obtained for 

intermediate size YSZ particles incorporated to the standard Ag allowed significant 

improvement in the microstructural stability and electrochemical performance of the Ag-

YSZ composites. 

The addition of the infiltrated nanostructured YSZ coatings on the partially sintered 

Ag and Ag-YSZ composite led to increasing the possible operating temperatures of the 

Ag based composites. Although partially sintered pure Ag exhibited a continuous 

degradation trend, the results are encouraging by means of improving the stability of a 

low temperature metal, Ag, with coatings of nanostructured oxides. 

The stability achieved with the combination of nanostructured YSZ coating with the 

powder based Ag-YSZ composite layers suggest that the Ag based composites can be 

employed for solid oxide fuel cell applications as a combined cathode and current 

collector layer at 900
o
C.  
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The results of the diffusion analysis at the Ag-YSZ interface of developed Ag-YSZ 

composites under different electrical conditions allowed a further fundamental insight. 

Investigations on the high temperature interactions of the constituent phases 

demonstrated that the diffusion of Ag through the surface, YSZ grain boundary and grain 

does not take place under the given experimental conditions. Although further studies are 

required, the initial findings deserve their novelty as the known practical operating 

conditions of Ag based composites were extended and the temperature limitations were 

elevated near their melting temperature. 
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Figures: 

 

Figure 1. Cole-cole (a, c, e) and bode plots (b, d, f) calculated using the measured 

impedance spectra of powder based Ag-YSZ composite electrodes at 800
o
C in air. Initial 

Ag particle size (0.5 µm) was identical with all composite electrodes and YSZ particle 

size was varied from 25 nm (a, b), to 0.3 µm (c, d) and 2 µm (e, f).   
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Figure 2. Scanning electron micrographs of the Ag-YSZ composites after measurements 

at 800
o
C for various durations (a, d, g were captured after 2 hours, b, e, h were captured 

after 140 hours and c, f, i were captured after 340 hours). Note that a, b, c are the 

microstructures of Ag with nano size YSZ after measurements; d, e, f are the 

microstructures of Ag with intermediate size YSZ; g, h, i are with coarse YSZ at the same 

(20 vol%) loading.   
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Figure 3. Comparison of the change in the electrochemical polarization resistances of 

YSZ infiltrated partially sintered Ag and powder based porous Ag-YSZ composites at 

900
o
C.  
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Figure 4. Comparison of the change of the Cole-Cole (a, c) and Bode plots (b, d) of YSZ 

infiltrated partially sintered Ag and powder based porous Ag-YSZ composites at 900
o
C. 

Note that a and b were measured with YSZ infiltrated powder based Ag-YSZ electrode 

while c and d were measured with 60 times YSZ infiltrated partially sintered Ag. 
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Figure 5. Comparison of partially sintered porous Ag electrodes infiltrated with YSZ for 

40 (a), 60 (b) and 80 times (c). The images were captured on electrodes after 

measurements at 900
o
C for 1 month. 
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Figure 6. Microstructure of YSZ infiltrated powder based Ag-20 vol% YSZ electrode 

after measurements for 2 hours (a) and 1 month (b) at 900
o
C in air. 

 

   

 

  

 

Figure 7. Microstructure of the continuous nanostructured YSZ coverage on the inner 

surface of porous powder based Ag-YSZ electrode after measurements at 900
o
C for 1 

month. 
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Figure 8. Trenching of the Ag-YSZ interface using focused ion-beam technique for TEM 

sample preparation. Images in a and b are different perspectives of the determined area 

for trenching. Images in c and d are different perspectives of the same area after trenching 

prior to lift-out of the TEM specimen. 
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Figure 9. Compositional analysis of the Ag electrode – YSZ electrolyte interface with 

TEM-EDX after treatments with cathodic polarization and current flow. Note that the 

arrow indicates the boundary of the YSZ grains. 
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