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Abstract 

Solid-oxide fuel cells (SOFCs) have the potential to meet the critical energy needs of our 

modern civilization and minimize the adverse environmental impacts from excessive energy 

consumption. They are highly efficient, clean and can run on a variety of fuel gases, including 

hydrocarbons and gasified coal or different types of ample carbonaceous solids. However, the 

conventional anode for an SOFC, a composite consisting of nickel metal and yttria-stabilized-

zirconia (YSZ), is highly susceptible to carbon deposition and deactivation (poisoning) by sulfur 

contaminants commonly encountered in readily available fuels even in parts per million (ppm) 

levels. There is accordingly strong demand for development of alternative anode materials with 

tolerance to coking and sulfur poisoning. Among the novel anode electrodes, perovskite based 

materials (ABO3) are of great interest because they have been shown stable performance as 

redox stable anodes both in hydrocarbon and sulfur containing fuels. With an aim to improve the 

stability of perovskite related oxides and maximize the electrochemical performance, this 

dissertation focuses on perovskite-related oxide anode materials. 

The first part of this thesis describes the work done towards the development of a new Sc 

doped La0.8Sr0.2ScxMn1-xO3-δ and Y0.08Sr0.92Ti1-xFexO3-δ anode by infiltration on porous YSZ back 

bone. The composite anode exhibits enhanced electrochemical performance comparable to that 

of the conventional Ni-YSZ anode.  

Second, oxygen non stoichiometry and electrical conductivity of Sc doped 

La0.8Sr0.2MnO3-δ was measured by Coulometric titration at controlled temperature and oxygen 

partial pressure. The main goal of the work is to determine the oxygen vacancy formation and to 

provide a better understanding of the structural changes in perovskite related with a reduction of 

oxygen partial pressure.  In this respect, a suitable defect chemical model is also proposed and 

verified with the oxygen non-stoichiometry in both oxygen excess and oxygen deficient regions 

in order to predict the oxygen defect formation. Also the correlation between defect formation 

and thermodynamic properties such as partial molar enthalpy and partial molar entropy of 

oxygen vacancy formation reaction is elaborated. 
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Third, surfer tolerance of the conventional Ni-YSZ anode has been investigated by 

simple surface modification process. A single step infiltration of BaZr0.1Ce0.7Y0.1Yb0.1O3-δ 

(BZCYYb) infiltration on Ni-YSZ anodes significantly improves the sulfur tolerance anode.  The 

much-improved power output and sulfur tolerance of the BZCYYb modified Ni-YSZ anode were 

attributed to the adsorbed water uptake property of BZCYYb at microscopic levels and 

facilitated water-mediated sulfur removal reactions.  

The final part of this thesis outlined the work done towards the development of a new 

layered double perovskite PrBaMn2O5+δ anode materials. PrBaMn2O5+δ anode shows, superior 

electrochemical performance in both hydrogen and hydrocarbons fuels, with the high electrical 

conductivity in anode operating conditions. Transmission electron microscopy (TEM) analysis 

suggest that the most attractive properties of this material are the phase transition of disordered 

Pr0.5Ba0.5MnO3-δ perovskite, to  A-site ordered PrBaMn2O5+δ perovskite, under SOFC anode 

operating condition, showing [MnO2] square sublattice is sandwiched between two rock salt 

layers, [PrO] and [BaO] layers, along the c axis.  

Towards the end, these findings contribute to understanding the electrochemical 

performance of perovskite anode materials in relation to oxygen non-stoichiometry and 

commercial viability of SOFCs that are driven by cost-effective and renewable fuels. 
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Chapter 1.  Introduction 

 

1.1  Motivation Statements 

 

The demand for clean, secure, and renewable energy has been stimulated great interest in fuel cells. Fuel 

cell technology have been recognized as promising alternative energy system since it exhibits higher 

energy efficiency, fuel flexibility and zero emissions of greenhouse gases.
1-5 

These fuel cells, in principle, 

convert chemical energy directly into electricity without any moving parts, yielding high efficiencies.   

Fuel cells are principally classified by the electrolyte and their electrolyte classification determines the 

kind of chemical reactions that occur in the fuel cell.
5
 There are several types of fuel cells presently being 

developed; for example, proton exchange membrane fuel cells (PEMFC),
6-8 

molten carbonate fuel cells 

(MCFC),
9-10 

alkaline fuel cells (AFC),
11 

and solid oxide fuel cells (SOFC).
12-14 Among all types of fuel 

cells, SOFCs offer great promise for the most efficient and cost-effective utilization of a wide variety of 

fuels such as such as hydrogen, syngas, natural gas, bio-gas, coal gas, or even solid carbon 

hydrocarbons.
15-21

 

From the beginning of SOFC development, various kinds of materials have been used for SOFC 

components; for example, LaMnO3, LaCoO3-based perovskite oxides for the cathode and Ni/YSZ cermats 

for the anode.
22-24 

The most significant losses of SOFC performance occur at both the cathode and the 

anode.
25-26

 When hydrogen is used as a fuel, performance losses originate at the cathode due to the over 

potential of the oxygen reduction reaction.
27-28

 On the other hand, when hydrocarbon used as fuels the 

most important performance problems occur at the anode since the anode is easily poisoned by sulfur 

contamination and coke formation.
5,29-32

 In recent years research has also focused on finding alternative 

anode materials that is less susceptible to coking,
33

 poisoning
34

 and redox stable.
35-36 

In general, the 

alternative anode materials for the SOFC anode should meet the following requirements:  

 

(i) The materials should have good chemical stability and mechanical stability under the 

anode operation conditions;  

(ii) Material should possess high ionic and electronic conductivity reducing conditions;  

(iii) Finally, the materials should be tolerant to sulfur impurities and coke formation. 

 

However it has been difficult to find a materials system with an equally high catalytic activity. As 

a result, the development of novel anode materials for the SOFC anode is of great interest. 
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1.2 Research Objectives 

The major objective of this dissertation is to develop a novel perovskite anode and to gain fundamental 

understanding of the impregnation, microstructure structure-property-performance relationships of 

perovskite based anode materials.  

 

1) To explore perovskite anode materials that has high tolerance to carbon built up and sulfur 

poisonings by infiltration technique. 

2) To establish the correlation between the oxygen non-stoichiometry, defect chemistry and 

thermodynamic properties of perovskite oxides.  

3) To identify novel redox stable anode material with electrical conductivity and catalytic 

activity.  

 

1.3 Solid Oxide Fuel Cell Overview 

A solid oxide fuel cell (SOFC) is an electrochemical device that produces electrical energy directly by 

oxidizing fuel. It operates at very high temperatures, typically between 500 and 1000 
o
C, which allow the 

use of inexpensive metal oxides or composites of metal oxides and metals as the catalyst instead of 

expensive platinum catalyst. In addition high operating allow direct use of light hydrocarbon fuels 

including methane, propane and butane can be internally reformed at the anode. The cell can also be 

fueled by externally reformed hydrocarbons, such as gasoline, diesel, jet fuel or biofuels.
37

 

A solid oxide fuel cell is made up of three major components including the electrolyte, the 

cathode, and the anode. A typical fuel cell is shown in figure 1.1. These cells are mainly driven by the 

chemical potential difference between the fuel and the air compartments; i.e. low oxygen partial pressure 

and high oxygen partial pressure, respectively.
2
 

SOFCs have a dense electrolyte that blocks gas diffusion among the electrodes, are ionically 

conductive, and is electronically insulating. The electrolyte must be stable in reducing and oxidizing 

atmospheres and must be structurally and chemically compatible with the electrode materials. The 

cathode is the electrode on the “air” side of the cell and is responsible for reducing the oxidant. The 

cathode is electrocatalytically active for oxygen reduction and electronically conductive. The anode is the 

electrode on the fuel side of the cell and is responsible for fuel oxidation. The anode is electronically 

conductive and electrocatalytically active for the oxidation of the fuel.  
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At the cathode, oxygen molecules from the air are reduced into oxide ions (O
2-

) on the 

porous surface by electrons. These oxide ions are charge carriers that conduct through the 

ceramic electrolyte to the porous anode side where the oxide ions react with the fuel to generate 

electrons and water.
38

 The electrons travel through the external circuit providing electric power. 

The reactions that take place at the electrodes of a hydrogen and direct hydrocarbon based fuel 

cell are as follows: 

 

Anode:        
          

     Eqn. 1.1 

 

          (    ) 
             (    ) 

   Eqn. 1.2 

 

Cathode:   
 

 
     

           Eqn. 1.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1  The schematic diagram of solid oxide fuel cell 
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1.4 The anode three-phase boundary 

 

The performance of a SOFC is determined by strongly on the anode structure which is generally 

determined by the fabrication and processing method. In addition, electrochemical reactions are quite 

different from standard heterogeneous reactions in some aspects. It is well known that the electrochemical 

reaction can only occur at the three-phase boundary (TPB),
39-43

 where the gas phase (hydrogen and air), 

electron conducting metal phase, and  ionic conducting (the electrolyte) phase meets together. A 

schematic illustration of the region between the electrolyte and the anode where the TPB exists is shown 

in Fig. 1.2. If there is an interruption in connectivity in any one of the three phases, the reaction cannot 

occur. If ions from the electrolyte cannot reach the reaction site, if gas-phase fuel molecules cannot reach 

the site, or if electrons cannot be removed from the site, then that site cannot contribute to the 

performance of the cell. Hence, the structure and composition clearly affect the size of the TPB. 

Essentially, so long as the diffusion of ions through the electrolyte partially limits the performance, the 

concentration of excess ions in the oxide phase of the anode will be insignificant. The TPB concept has 

important implications for the optimization of both anodes and cathodes. State-of-the-art fuel cell 

electrodes typically have a complex micro/nano-structure involving interconnected electronically and 

ionically conducting phase, gas phase porosity, and catalytically active surfaces 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2  Schematic showing the TPB of a Ni-YSZ anode 
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1.5 SOFC Thermodynamics  

The electrical energy offered from a fuel cell is determined by the Gibbs free energy difference across the 

electrolyte membrane, ∆G. This determines the equilibrium voltage of the cell, E, through the Nernst 

equation, which is nothing more than a restatement in electrical units changes with pressure.
2
 

  
  

  
  {

 (          )
 
 ⁄

 (        )
 
 ⁄
}       Equ. 1.4 

Where, F is the Faraday’s constant. Since fuel is fed to the anode and p(O2 anode) is assumed to be 

fixed by equilibrium relationship. When H2 is used as the fuel,  

 (        )
 
 ⁄     {

    

  
} {
 (        )

 (        )
}      Equ. 1.5 

And the above equation becomes  

 

      
  

  
  {

 (        )(          )
 
 ⁄

 (        )
}     Eqn. 1.6 

Where E
o
 is the standard potential for oxidation of H2, ∆G

o
 is the free energy change for reaction under 

standard conditions. Similarly, for hydrocarbons fuels (CnH2n+2), 

      
  

 (    ) 
  {

 (             )(          )
(    )

 ⁄

 (         )
    (         )

 }   Eqn 1.7 

At the SOFC operating temperature, the standard potential for oxidation, E
o
, are similar for hydrocarbon 

fuels and for H2. 

 

1.6 Anode Materials for Solid Oxide Fuel Cells 

In the past few decades, the development of SOFC anode materials have studied with the aim of 

developing materials that can replace Ni which shows important drawbacks such as a low tolerance to 

sulfur
44

 and carbon deposition
45

 in hydrocarbon fuels. Furthermore, the Ni metal in the cermet anode 

tends to agglomerate after operation, causing a reduction in TPB and increasing cell resistance. As 

discussed earlier in literature, the general requirements for SOFC anode material include five basic 

requirements: 

 

1) Electronic conductivity. The anode materials need be electronically conductive under 

reducing condition in order to transfer the electrons from at the anode material surface to an 

external circuit. If the anode acts as a support for the thin ceramic electrolyte, the electrons 

must travel a longer distance in the anode to reach the current collector, which requires a 
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higher electronic conductivity of the catalytic anode material.  

2) Catalytic activity. The anode material should be catalytically active towards the electro 

oxidation of fuels.  The dissociative chemisorption of hydrocarbon fuels must be facilitated 

by the anode catalyst. This dissociative adsorption needs to be followed by a reaction of 

dissociative fuel with O
2-

 ions from the electrolyte. When Ni metal catalyst is used as the 

anode, the dissociative products of anode fuel must be transferred to the TPB and the 

dissociative products react with O
2-

 ion at the TPB sites. In the case of, a mixed 

ionic/electronic conductor (MIEC) is used; O
2-

 ions are conveyed from the electrolyte directly 

to the anode surface and both reactions of fuel oxidation occur at the MIEC material anode 

surfaces. The chemisorption involves transfer of electrons to a mixed-valent redox couple of 

the MIEC. In addition, the anode must not be poisoned by sulfur impurities in the feed gas or 

by carbonaceous residues if a hydrocarbon fuel is used.  

3) Thermal stability and compatibility. Due to the high operating temperature of SOFC, the 

thermal expansion of the anode need be matched to that of the electrolyte with which it 

makes chemical contact, and also to that of the current collect with which it makes physical 

contact. 

4) Chemical stability. The anode must be chemically stable when exposed to a reducing 

atmosphere and is in contact with the electrolyte, under SOFC operating condition. Interface 

phases that block electron transport between the anodes to the current collector or O
2-

 ion 

transport between anode and electrolyte must not be formed over time under operating 

conditions. Additionally, the anode must be chemically stable next to the electrolyte under the 

processing temperature to form a dense ceramic membrane or to provide mechanical support 

for thin electrolyte.  

5) Porosity. The anode must be fabricated with a porous structure that maintains its physical 

shape over time of operation. The three phase boundary of the anode or the MIEC surface 

must make contact with the gaseous fuel over an area as large as possible. In addition, the 

current collector that makes the physical contact with the anode surface must not cover the 

entire surface. 

 

1.7  Ni - YSZ anode 

Conventionally Ni-YSZ cermet is used as anode in SOFCs because it excellent catalytic activity for fuel 

oxidation, high electrical conductivity for current collection and ionic conductivity, chemical and 

mechanical stability, low cost and easy processing.
46

 This Ni-YSZ anode can be separated into two 
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conducting phases, ie., the nickel metal is used increase the catalytic activity of the anode towards 

oxidation of hydrogen and to improve the electronic conductivity under reducing condition. The ceramic 

phase YSZ is used to extend the ionic conductivity from the electrolyte; which expands the triple phase 

boundary (TPB) surface area.
47

 Consequently, this material fulfills most requirements of an SOFC anode. 

However, there some disadvantage that should be considered.  

When the Ni-YSZ anode is directly operated on hydrocarbon fuels, Ni-YSZ anode properties 

deteriorate significantly. Carbon deposition on the anode and sulphur poisoning are the two major 

problems with Ni-YSZ. Both can lead to severe degradation in the performance of the anode, as well as, 

its stability. Since nickel metal is an excellent catalyst for both steam reforming and hydrogen cracking, 

carbon deposition takes place immediately when hydrocarbon was used as the fuel.
48-50

 However, carbon 

built up can be avoided by using steam reforming and this adds to the complexity decreases the overall 

efficiency of the fuel cell.
51

 On the other hand, sulfur poisoning is another issue with Ni-YSZ anode. 

Upon exposure to sulfur containing fuels, sulfur poisoning is characterized by rapid initial drop in the 

power output. Thermodynamic analysis suggests that bulk sulfides (nickel sulfides in particular) will not 

form under the anode operating conditions when the H2S concentration is in the low ppm range.
52

 This 

indicates that the cell degradation in performance (i.e., sulfur poisoning) in low concentrations of H2S 

under typical anode operating conditions is due not to formation of nickel sulfides but to adsorption of 

sulfur on the anode surface.
53-54

 Hence, typical target is to find anode materials to solve the problem of 

carbon deposition and sulfur poisoning when using hydrocarbon fuels, with electrical conductivity of 100 

S/cm at operational conditions; however, this can be relaxed to even 1 S/cm with better microstructure 

engineering.
26

 

 

1.8  Cu-Ceria Based Anode Materials 

To avoid the carbon formation problems associated with Ni based anode materials is to simply replace the 

Ni with other metals that is tolerant to carbon formation. Unfortunately, it is not trivial to find d metals or 

alloys that have adequate catalytic activity and less affinity towards sulfur adsorption.
55

 First, the metal 

must be stable, in both high operating temperatures and p(O2) experienced in the anode. Metals with low 

melting point are omitted due difficulty in high temperature fabrication and metals such as Mo that would 

be oxidized by water in the anode compartment. Second, because the metals must be present in quantities 

sufficient to provide electronic conductivity, precious metals like Pt and Pd are excluded because of cost. 

Cu meta does not catalyze carbon formation reaction and is stable to higher p(O2).
56

 The disadvantage of 

Cu is that Cu and its oxides have relatively low melting temperatures. Unfortunately, it seems that 

conventional SOFC fabrication method cannot be applied to the fabrication of Cu cermets due to the low 
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melting temperatures of CuO. To avoid these fabrication problems, a novel fabrication method was 

developed in which the porous oxide component of the cermet is prepared first with additional 

components added in separate steps by infiltration, which does not require high-temperature processing. 

The catalytic activity of the Cu based anode toward fuel oxidation reactions is a dominant factor in 

determining SOFC performance, with hydrocarbon fuels.
57-58

 Indeed, it is necessary to add a catalytic 

phase, such as ceria or mixed oxides of ceria to Cu-YSZ anode in order to attain reasonable power 

densities.  Alternatively this strategy can be other metal or alloying;
59

 example in this category is the Ni–

Mo alloy-based anode , Ni–Mo and Ni–Mo–CeO2 were infiltrated into YSZ scaffolds via wet-

impregnation of Ni, Mo, and CeO2 precursors.
30,60

 

 

1.9 Ceramic Anode Materials 

The typical method to selecting materials for SOFC anodes that will be operated with hydrocarbon fuels 

is to look first at materials that are good reforming catalysts. Ni metal is one of the best steam-reforming 

catalysts and is used commercially for that reforming application. Similarly, Fe and Co metal can be used 

as the replacements for Ni since these metals, too, are good reforming catalysts. Unfortunately, the other 

metal also acts as catalysts for the formation of carbon. To overcome these problems and operate in 

hydrocarbon fuels without extensive reforming, it is possibly required to take a different method and look 

at electronically conductive materials that are not good reforming catalysts. 

 Accordingly, various oxides of different structures and compositions have been considered as 

potential alternative anode materials for SOFC to improved sulfur and carbon tolerance.
61-64

 For anode 

applications in SOFC, the electrode material must have high electronic conductivity under reducing 

atmospheres, which is quite different from that experienced in the cathode atmosphere. However, oxides 

with the perovskite structure can be tailor-made significantly to attain the desired characteristics. The 

perovskite oxide has the general formula ABO3 where A is a large cation with a coordination number of 

12 and B is a small cation with a coordination number of 6.
65

 Perovskite materials can accommodate 

oxygen vacancies; therefore, several perovskites are good oxygen ion conductors. When the overall 

valence of the A- and B-site metal cation (n+m) adds up to less than 6, the missing charge in the 

perovskite is made up by introducing vacancies at the oxygen lattice sites. Figure 1.3 shows the structure 

of the cubic perovskite ABO3 oxide. The smaller B-site in the perovskite oxide permits multivalent 

transition metal elements to be hosted in the lattice. These transition metal elements display mixed-

valency under different conditions, which is the source of high electronic conductivity. Good ionic and 

electronic conductivity is found in several perovskite oxides.  
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The perovskite structure is stable to comparatively large quantities of dopant ions on either A or 

B sites. Oxygen vacancies can be introduced into the lattice by transition-metal redox processes or by 

doping on the A or B sites with lower valence metal cations. Doping in the A and/or C sites can alter the 

structural stability, catalytic activity, and ionic and electronic conductivities of the perovskite oxides. For 

example, at oxygen contents just below oxygen stoichiometry, A-site doped perovskite of type             

La1-xSrxFeO3 show p-type conductivity, because of the Sr-induced charge deficiency was balanced by 

oxygen vacancies, and compared to the neutral lattice, positively charged Fe ions. Under reducing 

conditions, the electrical conduction mechanism is n-type as the Fe ions are reduced.
66-68

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3  Unit cell of the ABO3 perovskite structure.
65

  

 

 

Of the most attractive properties is that perovskite-based anodes do show a very good tolerance to 

carbon and sulphur containing fuels.
69-71

 Also, perovskite materials show good electronic conductivity, 

chemical and thermal compatibility with YSZ, redox stability and good fuel cell performance under 

hydrogen and hydrocarbon atmosphere. Recently, many new perovskite have been proposed as alternative 

anode materials in SOFCs. Studies on oxygen-deficient perovskite La0.75Sr0.25Cr0.5Mn0.5O3
61

 (fig 1.4) 

shows a comparable electrochemical performance to that of Ni/YSZ and with good catalytic activity for 

the oxidation of methane at high temperatures. Furthermore, this perovskite oxide also shown similar 
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thermal expansion coefficient that is compatible with that of solid oxide electrolytes. However, this anode 

material has a low electronic conductivity in the reducing anode operating condition and is also not 

resistant to small amounts of sulfur impurities in the fuel. On the other hand, La0.6Sr0.4Co0.2Fe0.8O3
72

 was 

also proposed SOFC anode for intermediate temperatures (550-700 
o
C). Also, titanium based perovskite 

(La,Sr)TiO3
64

 doped with some transition metals  like Ni, Co, Cu, Cr, and Fe and Ce provide promising 

conductivity. It was also confirmed that doped SrTiO3 based anodes shows excellent redox stability and 

tolerant to a carbon and sulfur-containing atmosphere. In addition, it was found that, this material can 

exhibit conductivities as high as 500 S/cm at 1000 
o
C when it has been reduced at very high temperatures 

and the electrical conductivity of SrTiO3 in a reducing atmosphere can also be improved by replacing Ti 

with Nb.
73

 

Recently, the double perovskite anode material Sr2Mg1-xMnxMoO6
69

 (fig 1.5) was reported with 

natural gas as a fuel and with high chemical and physical stability and enhanced tolerance to tolerance to 

sulfur. This material shows oxygen deficient stoichiometry which allows oxide ions conduction. The 

mixed valence state of Mo
4+/

Mo
5+

 ions provides electrical conductivity path with an ability to accept 

electrons from the electrolyte.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4 Fuel-cell performance of a (La0.75Sr0.25)0.9Cr0.5Mn0.5O3 anode in different wet               

(3% H2O) atmospheres.
61
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Figure 1.5 Cell voltage and power density as a function of current density for the single fuel cells 

with anodes of (A) Sr2MgMoO6-δ and (B) Sr2MnMoO6-δ in H2, H2/H2S, and CH4 fuels. 

Cell voltages are represented by open symbols, and power densities by closed 

symbols.
69

 

 

 

1.10  Structural Properties of Perovskite Oxides 

 

In agreement with the discussion of alternative anode materials for SOFCs, perovskite materials are 

promising to provide a mixed ionic/electronic conductivity. The unique property of perovskite material is 
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the display of a variety of features that are particularly results due to the variety of A and B site doping. 

The general formula of an ideal perovskite structure is ABO3, where the B-site cations are smaller than 

the A-site cations and similar in size to the oxide anions. Figure 1.6 shows the structure of ABO3 oxide, in 

which A-site cations are surrounded by twelve anions and the B-site cations are surrounded by six anions 

in octahedral coordination. The ideal structure of ABO3 perovskite adopts the cubic space group. 

However, the majority of ABO3 perovskite oxides are distorted due to distortion of BO6 network, first 

order Jhan-Teller of deviated distortions of the BO6 octahedra; and second order Jahn-Teller effects on A- 

and B-cation polyhedral.  

In order to realize the deviations from the ideal cubic perovskite structure, the ABO3 oxides are 

considered as purely ionic crystals. The ideal cubic structure is considered by the association between the 

ionic radii of the A, B and O ions as shown in the following.  

 

       √ (     )       Eqn. 1.8  

 

Using, Goldschmidt tolerance factor t,
74

 the geometric constraints needed for the formation of the 

perovskite structure can be expressed as followes: 

 

  
(     )

√ (     )
⁄       Eqn. 1.9 

Mostly, the tolerance factor value of  ABO3 perovskite oxides lies between nearly 0.80 and 1.10. 

For the cubic perovskite structure, the t value is close to 1. The observation of the crystal structure related 

t value reveals that lower values of t will lower the symmetry of the crystal structure.
75

 

 

The construction of superstructures such as double perovskite, Ordered double, triple, or complex 

perovskite are derivatives of the simple perovskite structure made when either A- or B-site cations are 

substituted and/or replaced by mixtures of other cations positioned at precise crystallographic sites. If 

cations are located at only one site the compound are generally mentioned as a double perovskite, while if 

the positioning happens at both A- and B-site cations they are referred to as complex or quadruple 

perovskite. Furthermore, if the structures display layered ordering of A-site cations with some oxygen 

vacancies located in the layer (often in the rare-earth layer e.g. YBaFe2O5+x) the structures are referred to 

as layered double perovskite. The most commonly studied ordered perovskite are layered double 

perovskite with A-site ordering for their high oxide ion conductivity in SOFC cathodes. In general, the A-
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site ordered perovskite have the general formula AA'BO5 where A and A' are different cations in 

octahedral coordination located at crystallographic distinct lattice sites. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 The perovskite ABO3 structure. 
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1.11  Experimental Techniques 

1.11.1 Cell fabrication 

The three layer wafer was made by tape casting, with the outer two layers having pore formers. The dense 

YSZ slurry was prepared by mixing YSZ powder (Tosoh-Zirconia, TZ-8Y, Tosoh corp.) in distilled water, 

into which dispersant (Durmax D 3005 polymer, Rohm & Haas), and binders (HA 12 and B 1000, Rohm 

& Haas) were added. The porous YSZ was prepared by adding YSZ powder (Tosoh-Zirconia, TZ-8Y, 

Tosoh corp.), dispersant (Durmax D 3005 polymer, Rohm & Haas), binders (HA 12 and B 1000, Rohm & 

Haas), and graphite (UCP-2 grade, Alfa Aesar) sequentially into distilled water. The resultant two slurries 

were tape casted separately. The porous-dense-porous YSZ structure was prepared by laminating three 

green tapes, followed by sintering at 1773 K for 4 h, of which the porosity was approximately 65%. The 

final thicknesses of the dense electrolyte and porous electrode were 85 µm and 50 µm, respectively. 

 

Single cells were prepared by infiltrating metal oxide into the anode side of the three layered YSZ 

backbone composites. The nitrate salts of  metal were dissolved in water at required molar ratio, along 

with citric acid. The concentration of a citrate ion was used in one to one mole of metal ions. The Metal 

oxide solution was infiltrated into YSZ by multi-step process followed by heating at 450 
o
C to decompose 

nitrates and citric acid. Infiltration has been repeated until the desired loading of oxide was achieved. 

Finally the wafer was heated in air at 850-1000 
o
C to get perovskite phase. The LSF (La0.8Sr0.2FeO3)-YSZ 

cathode was synthesized also by the same procedure, the infiltration with aqueous solution of 

La(NO3)3·6H2O, Sr(NO3)2 and Fe(NO3)3·9H2O followed by heating in air at 850 
o
C. 1-wt % Pd and 10-wt% 

ceria were also infiltrated into the anode and 1-wt% Pd into the  cathode as catalysts
13

 and heated in air at 

450 
o
C, to see the effects of the catalysts according to the fuels. 

1.11.2  Citric precursor synthesis and sample preparation 

The various samples for coulometric titration were prepared by the Pechini method. The desired metal 

oxide compositions were obtained by dissolving nitrate salts of the metals in distilled water with the 

addition of quantitative amounts of citric acid and ethylene glycol. Upon removal of excess resin by 

heating, a transparent organic resin containing metals in solid solution was formed. The resins were 

slowly decomposed at 873 K for 8 h. The resulting dark mixture was ball-milled in ethanol. The dried 

precursor powder was pressed into pellets, and calcined in air at 1673 K for 4 h. 
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1.11.3  Electrical and Electrochemical measurement 

Electrical conductivity of the anode sample were measured as a function of temperature in air and H
2
 

using the standard four-probe technique with a Bio Logic Potentiostat. All four probe electrodes for 

conductivity measurments were made of Pt wire and Ag paste. The current and voltage were 

controlled/measured using a potentiostat. 

1.11.4  Oxygen Non-Stoichiometry 

The oxygen non-stoichiometry at elevated temperature was studied through Coulometric titration 

(CT) by measuring the oxygen partial pressure of perovskite as a function of temperature. About 0.8 to 

1.5 g of the sample is placed inside an oxygen ion (O
2-

) conducting tube. In the present case, an YSZ tube 

(McDanel Advanced Ceramic Technologies, Z15410630) that is sealed from the atmosphere is used. Ag 

paste (SPI Supplies, 05063-AB) is painted on the inner and outer walls of the tube as electrodes. Pt wire is 

used as a lead wire to make electrical connections to the instrument. The Ag electrodes on either side of 

the tube are alternatively used for pumping in/out oxygen and to measure the potential across the 

membrane. The potential across the membrane is given by the ratio of the p(O2) outside and inside the 

cell according to the Nernst equation. Low p(O2) in the tube is achieved by flowing gas mixtures 

composed of 10% H2-90% N2. The oxygen content can be directly controlled by the electric charge 

passing through the YSZ tube. While measurements were being performed the potential across the 

membrane (oxygen partial pressure) is continuously monitored. When the potential across the membrane 

reaches the stationary value 1 mV/h, the equilibrium between the sample and gas in the tube is considered 

to be attained. 

Electrical conductivity of the perovskite oxides were measured as a function of p(O2) using the 

standard four-probe technique with a BioLogic Potentiostat. Samples for conductivity measurement were 

prepared from dense pellets (rectangular bars) with Pt wire winding across the surface of the pellet and 

Ag paste was used as a contact. Conductivity measurements were carried out corresponding to the oxygen 

non-stoichiometric points.    
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Chapter 2.  Assessment of Perovskite-type La0.8Sr0.2ScxMn1-xO3−δ Oxides as an Anode 

for Intermediate Temperature Solid Oxide Fuel Cells using Hydrocarbon 

 

2.1  Introduction 

Fuel cell is a flexible electrochemical device, which converts chemical energy directly into electrical 

energy with high efficiency and low pollutants. Solid oxide fuel cells (SOFCs) and polymer electrolyte 

membrane fuel cells (PEMFCs) have received most attention in past decades. Compared to other fuel 

cells, SOFCs are widely studied because of the advantages such as fuel flexibility along with high 

tolerance to impurities in the fuel and no noble metal catalysts required. The state‐of‐the‐art Ni‐based 

SOFC anodes are, however, limited to hydrogen fuel due to the carbon deposition on Ni anode in the 

presence of dry hydrocarbons.
1,2

 

Recently much efforts have been committed in developing IT-SOFCs working on hydrocarbon 

fuels, of which the working temperature is around 873~1073 K.
3,4

 In the past 20 years, many materials 

have been exploited as candidates of the anode for the efficient operation of the intermediate temperature 

solid oxide fuel cells (IT-SOFCs). Anodes of IT-SOFCs have to overcome many problems such as easy 

poisoning by sulphur, carbon deposition, and poor reduction-oxidation stability with existing nickel 

anodes in conventional SOFCs equipped with reformer. SOFC anodes should also be chemically and 

mechanically stable under SOFC operating conditions. High ionic and electronic conductive phases with 

proper porosity, good catalytic properties, and a matching thermal expansion coefficient to electrolyte 

over a wide p(O2) range are also needed. One of the well-known feasible ways is to develop perovskite 

based anodes. It is challenging to develop perovskite oxide materials that can satisfy all the above 

requirements and overcome the problems encountered with Ni-YSZ cermet. In this context, several 

perovskite type (ABO3) composite materials have been explored as potential SOFC anodes converting 

hydrocarbons to electrical energy, which are tolerant to gas impurities without the addition of steam. 

It has been reported that IT-SOFCs composed of the perovskite-YSZ conductive composite, e.g., 

LSCM or LST, as an anode and YSZ as an electrolyte showed promising electrocatalytic activity and 

electrical conductivity appropriate for IT-SOFCs. Kim et al. reported potential findings for composite 

anodes based on infiltration of LSCM
5
 and LST.

 6
 LSCM is a p-type conductor with conductivity of       

38 S cm
-1

 in air and 1.5 S cm
-1

 in 5% H2 at 1173 K.
3,7

 LST has been known to have conductivities greater 

than 20 S cm
-1

 at 973 K under anode operating condition.
8
 Both LSCM and LST show outstanding anode 

performances associated with the infiltration of LSCM and LST into porous YSZ. The composites 
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prepared by the infiltration showed long triple phase boundary (TPB) length due to the process which 

involves spreading of the ceramic under oxidizing conditions followed by the fracturing under reducing 

conditions.
9
  

Doping has been widely used to change properties of LSM and Sc
3+

 was reported as an 

outstanding dopant for perovskites.
10,11

 Shao et al. have recently demonstrated LSSM as an electrode for 

symmetric SOFCs. As the anode material, La0.8Sr0.2Sc0.2Mn0.8O3 shows good chemical and structural 

stability with electrical conductivity of 5.2 S cm
-1 

in dry H2/Ar at 1123 K which is somewhat higher than 

that of  LSCM (1.02 S cm
-1

) under dry hydrogen.  This LSSM oxide used as the anode in symmetric fuel 

cell performed reasonably well showing significant redox stability in methane fuel without carbon 

deposition with area specific resistance (ASR) of 0.81 Ω cm
2
 and power density of 310 and 130 mW cm

-2
 

under H2 and CH4 as fuel at 1173 K, respectively.
12

   

In this communication we demonstrated to prepare an LSSM-YSZ as anode for IT-SOFC via 

infiltration method. The fabrication procedure and performance of electrolyte-supported cell with 

(La0.8Sr0.2FeO3)-YSZ composite cathode were investigated to assess the feasibility of LSSM-YSZ 

composites as an alternative anode material. In addition, the oxygen isotherms and electrical 

characteristics are evaluated by the coulometric titration and four probe techniques, respectively, to better 

elucidate the findings. 

The present work indicates that LSSM-YSZ composites are partially reduced under anode 

operating conditions with sufficient electronic conductivity to produce high performance for methane fuel. 

LSSM-YSZ composites exhibit stable conductivity under wide p(O2) range and similar oxygen non-

stochiometry with different Sc dopant level. Promising cell performances have been obtained for 

methane combustion.  

2.2  Experimental 

The three layer wafer was made by tape casting, with the outer two layers having pore formers. The dense 

YSZ slurry was prepared by mixing YSZ powder (Tosoh-Zirconia, TZ-8Y, Tosoh corp.) in distilled water, 

into which dispersant (Durmax D 3005 polymer, Rohm & Haas), and binders (HA 12 and B 1000, Rohm 

& Haas) were added. The porous YSZ was prepared by adding YSZ powder (Tosoh-Zirconia, TZ-8Y, 

Tosoh corp.), dispersant (Durmax D 3005 polymer, Rohm & Haas), binders (HA 12 and B 1000, Rohm & 

Haas), and graphite (UCP-2 grade, Alfa Aesar) sequentially into distilled water. The resultant two slurries 

were tape casted separately. The porous-dense-porous YSZ structure was prepared by laminating three 
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green tapes, followed by sintering at 1773 K for 4 h, of which the porosity was approximately 65%. The 

final thicknesses of the dense electrolyte and porous electrode were 85 µm and 50 µm, respectively. 

LSSM-YSZ anode was prepared by infiltrating LSSM oxide into the anode side of the three 

layered YSZ backbone composites. The nitrate salts of La, Sr, Sc and Mn were dissolved in water at 

molar ratio of 0.8:0.2:0.1:0.9 (LSS01M), 0.8:0.2:0.2:0.8 (LSS02M), and 0.8:0.2:0.3:0.7 (LSS03M), 

respectively, along with citric acid. The concentration of a citrate ion was used in one to one mole of 

metal ions. The LSSM was infiltrated into YSZ by multi-step process followed by heating at 723 K to 

decompose nitrates and citric acid. Infiltration has been repeated until the desired loading of oxide was 

achieved. Finally the wafer was heated in air at 1123 K to get perovskite phase. The LSF (La0.8Sr0.2FeO3)-

YSZ cathode was synthesized also by the same procedure, the infiltration with aqueous solution of 

La(NO3)3·6H2O, Sr(NO3)2 and Fe(NO3)3·9H2O followed by heating in air at 1123 K. 1-wt % Pd and     

10-wt% ceria were also infiltrated into the anode and 1-wt% Pd into the  cathode as catalysts
13

 and heated 

in air at 723 K, to see the effects of the catalysts according to the fuels. 

For fuel cell performance tests, the cells were mounted onto alumina tubes with ceramic 

adhesives (Ceramabond 522, Aremco). Ag paste and Ag wire were used for electrical connections in both 

anode and cathode. The entire cell was placed inside the furnace and heated to a desired temperature. The 

anode was exposed to humidified (3% H2O) CH4 and H2 with a flow rate of 20 mL min
-1

 and the cathode 

was left open in air. Impedance spectra and V–i polarization curves were measured using a BioLogic 

Potentiostat. Impedance spectra were measured galvanostatically at various currents in the frequency 

range of 500 k Hz to 1 m Hz, with a 10 mA AC perturbation.   

Coulometric titration (CT) was used to quantify the oxidation/reduction state of the LSSM-YSZ 

composites, which has been described in more detail elsewhere.
14

 Electrical conductivity of the 

composites was measured as a function of p(O2)  using standard four-probe technique. Samples for CT 

and conductivity measurement were prepared by the infiltration of LSSM into a porous YSZ slab,         

2.2 mm x 5.3mm x 9.9mm in size. The composites were characterized by X-ray diffraction and scanning 

electron microscopy (SEM). 

2.3  Results  

The microstructure, porosity of the electrodes, physical binding between the electrodes and electrolyte, 

and cell processing are important parameters on cell performance even though the material itself has a 
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good electrochemical and electro-catalytic activity. We used X-ray diffraction and scanning electron 

microscope to understand the structure and morphology of an LSSM-YSZ composite.  

The XRD patterns of 40% LSSM-YSZ composite calcined at 1123K for 4 h in air are shown in 

Fig. 2.1. All the XRD measurements were performed on electrolyte-supported cell. Anode material 

should have high chemical, structural, and morphological stability under working conditions of the IT-

SOFC anode, i. e., low p(O2). The patterns clearly demonstrate that all LSSM-YSZ composite anodes 

keep the pervoskite lattice structure stable, which is produced from the decomposition of nitrate precursor 

solution. Also, the XRD patterns of La0.8Sr0.2ScxMn1-xO3−δ (x = 0.1, 0.2, 0.3) after treatment with H2 at 973 

K for 4 h are shown in Fig 2.1. The formed pervoskite structure is still stable after being treated at highly 

reducing atmosphere. No additional diffraction peaks were found, simply indicating that the perovskite 

structure was successfully preserved even after the deep reduction. 

 

 

 

 

 

 

 

Figure 2.1 XRD patterns of La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3) (a) composite calcined 

at 1123 K for 4 h in air, (b) composite after treatment with H2 at 973 K for 4 h. 

Figure 2.2 shows the SEM photos of LSSM-YSZ composites after calcination at 1123 K for 4 h 

in air and at 973 K for 4 h in H2. There are no significant changes in the microstructure of the electrode 

before and after the reduction. In general, the good wettability of oxide over YSZ ensures a good 

interconnection for electrical conduction, which minimizes the ohmic losses in the composite electrodes. 

Such a uniform interconnection was observed in LSSM oxide but this uniformity became weaker with the 

higher amount of Sc doping.  
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The dependence of the oxygen deficiency of LSSM in this composite structure was determined by 

the coulometric titration as a function of p(O2)  at temperature 973 K with 37% LSSM-YSZ composites. 

The oxygen stoichiometries shown in Fig. 2.3 are obtained through CT experiments after flowing a 5%   

H2-95% Ar mixture. There is a considerable change in the oxygen stoichiometry (δ) through the whole 

p(O2) range.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 A high-resolution SEM image of the La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3)       

(a) composites with LSSM calcined at 1123 K for 4 h in air, (b) The same composites 

after reduction in humidified H2 at 973K for 4 h. 

The data depict that the reduction-oxidation behaviors of LSSMs (x = 0.1, 0.2, 0.3) were similar in highly 

reduced state at each temperature. The equilibrium property of LSM is included from the literature for 

comparison purposes.
15

 The lattice oxygen in LSM is reduced much more rapidly with decreasing p(O2). 

The removal of lattice oxygen from the composites in the low p(O2) region results in the formation of 
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oxygen vacancies and partial reduction of Mn to match the neutrality. The Mn reduction occurs from 

Mn
4+

 to Mn
3+

 in anode operating conditions, which is partially stabilized by Sc
3+

 in LSSM simply 

minimizing the extent of reduction and therefore stabilizing the structure to low p(O2).
12

 At anode 

operating condition oxygen non-stoichiometry for LSS01M was around 2.84.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Equilibrium oxygen stoichiometries measured using coulometric titration at 973 K for    

37 wt% La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3). Data for Bulk  

La0.8Sr0.2MnO3-δ ( ○:LSM) from Ref [14] are shown for comparison. 

 

 

 

 

 

 

 

Figure 2.4 The electrical conductivity obtained using 4-probe measurements for 37 wt% 

La0.8Sr0.2ScxMn1-xO3−δ –YSZ  (x = 0.1, 0.2, 0.3) composite as the function of p(O2) at   

973 K. The p(O2) was controlled and measured using the coulometric-titration 

apparatus.  
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The electrical conductivities of LSSM-YSZ composites are shown in Fig. 2.4 as a function of 

p(O2) at 973 K. LSS01M demonstrates the maximum conductivity of 0.48 S cm
-1

 at p(O2) around 10
-23

 

atm. LSS02M shows 0.19 S cm
-1

 at p(O2) around 10
-22 

and LSS03M shows 0.06 S cm
-1

 at p(O2) around 

10
-22

, respectively. At lower p(O2), removal of lattice oxygen  leads to the formation of oxygen vacancies 

and partial reduction of Mn
4+

 to Mn
3+

, which inhibits electron hopping conduction mechanism to a 

degree
12

 and explains low electrical conductivity at low p(O2) in part. It is also shown that electrical 

conductivity decreases at higher Sc doping level. It seems that the constant valance state of Sc
3+

 in LSSM 

inhibits electron conduction between oxygen and Mn and, hence, Sc may act as a block for the electron 

conduction.
16

 This can be identified in Fig. 2.4 showing the decreasing conductivity with increasing Sc 

doping. The overall conductivity is enhanced at higher p(O2),  which indicates that this material is p-type 

electronic conductor. 

To demonstrate the performance of LSSM-YSZ composite anode, single cells with LSSM-

YSZ/YSZ/LSF-YSZ were fabricated. Figures 2.5 and 2.6 show the V-I polarization curve in humidified 

H2 and CH4, respectively. The open circuit voltage was near the theoretical Nernst potential, 1.1 V and the  

V-i relationships were nearly linear indicating that a reasonably gas tight sealing and gas tight dense YSZ 

was formed. The maximum peak power density is 395 and 341 mW cm
-2

 (LSS01M) in H2 and CH4, 

respectively, at 973 K. However, the power density of the cell is revealed to decrease with Sc doping.  

Figure 2.7 shows the corresponding impedance data at OCV. The high frequency offset is due mainly to 

the electrolyte resistance and the difference between high and low frequency intercepts with the real axis 

is associated with the electrode contribution.  An identically arranged single cell was employed for all 

LSSMs (x = 0.1, 0.2, 0.3) single cells. The ohmic losses for LSS01M and LSS02M are about 0.45 Ω cm
2
, 

which are in good agreement with expected ohmic losses associated with 85 µm thickness electrolyte.
17

  

There is a difference in the non-ohmic losses for LSS01M and LSS02M, 0.5 and 0.65 Ω cm
2
 for methane 

fuel, respectively. The lower non-ohmic losses of LSS01M are conjectured from the fact that the anode 

polarization resistance of LSS01M is lower than the LSS02M. Nevertheless, a big difference in ohmic 

losses with LSS03M about 0.7 Ω cm
2
 is thought to be originated from inadequate conductivity of 

LSS03M, 0.06 S cm
-1

 at p(O2) around 10
-22 

at 973 K. The electrochemical impedance was the 

combination of anode and cathode impedance. The cathode impedance for the LSF-YSZ composite 

prepared by infiltration was reported in the literature, approximately 0.1Ω cm
2
 at 973 K.

18
 Considering 

this, it was estimated that the anode impedance for LSS01M-YSZ composite is 0.4 Ω cm
2
 for methane 

oxidation.  
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Figure 2.5 V-i polarization curves for the cells having an anode prepared by infiltration of 40 wt % 

La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3) (a) at 973 K (b) at 1073 K with                  

Ce supported Pd catalyst (Open symbols designates V and closed symbols designates 

power density).The data were obtained in humidified (3% H2O) H2. 

 

 

 

 

Figure 2.6 V-i polarization curves for the cells having an anode prepared by infiltration of 40 wt % 

La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3) (a) at 973 K (b) at 1073 K with                 

Ce supported Pd catalyst (Open symbols designates V and closed symbols designates 

power density).The data were obtained in humidified (3% H2O) CH4. 
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Figure 2.7 Impedance spectra for the cells having an anode prepared by infiltration of 40 wt % 

La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3), with Ce supported Pd catalyst into a        

65% porous YSZ (a) humidified (3% H2O) H2  fuel, (b) humidified (3% H2O) CH4 

fuel at 973  K. 

 

To understand the catalytic activity of LSSM-YSZ composite anode for methane combustion, we 

examined identical fuel cells prepared without catalyst Ceria and Pd, because ceria supported Pd is a well-

known most active catalyst for methane oxidation.
19

 Figure 2.8 shows V-i polarization curve for the cells 

prepared without catalysts. In general, the oxidation mechanism of the CH4 on the anode is a complex 

reaction. The open circuit voltage (OCV) of these cells is near to the theoretical Nernst potential, 1.1 V in 

H2 fuel. On the other hand, the observed OCV 0.55 V in CH4 fuel is much lower than the theoretical 

Nernst potential.  The low OCV might be explained by the partial oxidation of CH4 due to the poor 

catalytic activity of LSS01M-YSZ composite anode towards CH4 oxidation. The performance of 

LSS01M-YSZ composite without catalysts is less than 30 mW cm
-2

 in methane fuel, which is too low. 

The performance of the cell with ceria supported Pd showed better performance, 395mW cm
-2

. The 

impedance data in Fig. 2.9 corresponds to the data in Fig. 2.8 at OCV for the cells without catalyst. The 

impedance data show that ohmic losses for this cell 0.45 Ω cm
2
 are good agreement with the expected 

loss for 85 µm thicker electrolyte. The big difference is in the non-ohmic losses for the cells with and 

without catalysts. The electrode losses in the cells with ceria supported Pd were much lower than that of 

the cells without catalysts as expected. LSSM-YSZ performance was improved by the infiltration of       

1-wt% Pd and 10-wt% ceria. The quantity of catalytic metal infiltrated in the LSSM-YSZ electrode seems 

to be insufficient to afford considerable conductivity in the composite electrode for methane combustion. 
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The added catalytic metals are inherent in TPB sites and promote oxidation of methane fuel with oxygen 

ions coming all the way through electrolyte. The performance of LSSM-YSZ composite anode for 

methane oxidation is superior to the recently reported LSSM symmetric cell.
12

 In the reported LSS02M 

symmetric cell, the anode is bulk material following a conventional fabrication technique, which delivers 

power density of 100 mW cm
-2

 at 1123 K.  Our results showed that, infiltration of LSS01M in porous 

YSZ anode with catalyst leads to a considerable enhancement in fuel cell performance with a peak power 

density 341 mW cm
-2

 at 973 K. 

 

 

 

 

 

 

 

 

Figure 2.8 V-i polarization curves for the cells having an anode prepared by infiltration of 40 wt % 

LSS01M, without Ce supported Pd catalyst (Open symbols designates V and closed 

symbols designates power density). The data were obtained in humidified (3% H2O) 

H2 (▲) and CH4 (◆) at 973 K. 

 

The micro structure of LSSM-YSZ composite and location of catalyst metal atom seem to be 

more efficiently accomplished by the infiltration. On the other hand, the migration of the metal atoms is 

thought to be restricted to TPB site in the conventional bulk anode. In LSSM-YSZ composite anode, 

catalytic activity is mostly provided by ceria for methane oxidation and electrical conductivity is given by 

LSSM-YSZ composite. The excellent performance of the electrolyte-supported cell observed in this study 

might be credited to the combined property of the thin YSZ film with low electrolyte ohmic losses and 

low polarization due to the improved microstructure by the infiltration technique. The composites with 

catalyst prepared by infiltration extensively show long TPB length for fuel oxidation. Among the 
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investigated LSSM-YSZ composite anode, LSS01M demonstrates best performance with lowest anode 

polarization resistance because of higher electrical conductivity at 973 K.  

 

 

 

 

 

 

 

 

 

Figure 2.9 Impedance spectra for the cells having an anode prepared by infiltration of 40 wt % 

LSS01M, without Ce supported Pd catalyst into a 65% porous YSZ. The data were 

obtained in humidified (3% H2O) H2 (▲) and CH4 (◆) at 973 K. 

 

 

2.4.  Conclusion 

This study showed that the anode performance can be improved by the addition of LSSM into a porous 

YSZ back bone via infiltration. The LSSM oxides are stable and provide excellent performance as        

IT-SOFC anodes operating on CH4 as fuel. In the reducing atmosphere under anode operating condition, 

LSS01M oxide show electric conductivity of 0.48 S cm
-1

, which is adequate for efficient current 

collection and electron transfer. This material shows higher stability under wide range of p(O2) and 

oxygen non-stoichiometry reduced from 3 to 2.84 at 973 K. The electrical conductivity of LSSM oxides 

shows a dependence on p(O2) and the increase in electrical conductivity with p(O2) can be explained by 

electron hopping mechanism. The electrolyte-supported cell equipped with 40-wt % LSS01M anode 

along with ceria supported Pd catalyst and LSF cathode delivers a peak power density of 395 and          

340 m Wcm
-2

 when H2 and CH4 were used as fuels at 973 K, respectively. LSS02M shows 341 and                 

272 mW cm
-2

 and LSS03M shows 198 and 177 m Wcm
-2

 when H2 and CH4 were used as fuels at 973 K, 

respectively. All of these results propose that La0.8Sr0.2ScxMn1-x-YSZ (x = 0.1, 0.2) composites with YSZ 

as electrolyte have great potential for application as anode material in IT-SOFCs. It is also found from the 

coulometric titration that the stability was increased with Sc doping as expected.  
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Chapter 3.  Thermodynamic Properties, Defect Analysis, and Electrical Conductivity of the 

La0.8Sr0.2ScxMn1-xO3−δ infiltrated into YSZ Scaffolds 

 

3.1  Introduction 

Mixed ion and electron conducting perovskite-type (AA')BO3 oxide materials based on (LaSr)MnO3 have 

been widely investigated as electrode materials in solid oxide fuel cells (SOFCs) on the strengths of their 

high electrical conductivity and compatibility with solid electrolytes. These strontium doped lanthanum 

manganite (LSM) oxides are, however, thermodynamically unstable under highly reducing atmospheres, 

as in the case of the anode environment. Since it is known that B site doped LSM oxides exhibit superior 

thermodynamic and chemical stability under a wide range of oxygen partial pressure, some transition 

metal (Cr, Ti, and Sc) doped Mn on site B are of particular interest. These B site mixed perovskite 

La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM),
1,2

 La0.8Sr0.2ScxMn1-xO3−δ (LSSM),
3,4 

and La0.33Sr0.67TixMn1-xO3 (LSTM)
5 

oxides are reported to show favorable properties, such as electrical conductivity, catalytic activity, and 

chemical/thermodynamic stability under anode operating conditions. 

La0.75Sr0.25Cr0.5Mn0.5O3 is one of the most extensively studied materials, showing good anode 

performance comparable to that of Ni–yttria stabilized zirconia (YSZ) cermets.
1,2,6,7

 Recent works on Sc
3+

 

doped LSM oxides (LSSM) have demonstrated good structural and chemical stability with comparable 

anode performance to LSCM in both H2 and CH4 fuel.
3
 These favorable characteristics originate from the 

good stability of B site doped LSM composite anodes stemming from the doped transition metal as well 

as the low anode polarization resistance by the catalytic effect of Mn on the anode oxidation reaction in 

methane fuel.
8
 

There is a lack of data on the fundamental characteristics of LSSM, with previous studies being 

mainly focused on electrochemical performances.
3,4

 Because anode materials are used under a highly 

reducing atmosphere, the reduction-oxidation behavior of LSSM–YSZ composites should be evaluated in 

terms of both oxygen non-stoichiometry and chemical stability in this environment. The dependence of 

the oxygen non-stoichiometry (δ) of LSSM on the temperature and the oxygen partial pressure can be 

studied by coulometric titrations. A couloumetric titration allows direct control of the oxygen 

stoichiometry of the sample and easy evaluation of thermodynamic quantities such as partial molar free 

energy and enthalpies and entropies of oxygen vacancy formation. To the best of our knowledge, no data 

have been reported for LSSM–YSZ composites in terms of thermodynamic and electrical properties.  
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In LSSM under the anode operating conditions, a decrease of the ambient oxygen partial pressure, 

p(O2), facilitates oxygen vacancy formation in the lattice and holes are subsequently formed to maintain 

the charge neutrality. According to Kröger-Vink notation,
9
 the oxygen vacancy formation reaction is 

expressed by 

 

 
     

     
          Eqn. 3.1 

The increase in intrinsic oxygen vacancy facilitates oxygen transport through the crystals, which 

provides a conduction path for the oxide ions and increases the available hopping sites. The hole 

concentration directly influences its electronic conductivity and chemical stability. In general the 

oxygen vacancy concentration is of importance for the oxygen ion diffusion in conducting perovskite and 

is arguably related with the oxygen reduction kinetics. It is, therefore, necessary to predict these vacancy 

concentrations with p(O2) for identification of its physical and chemical properties. A defect model 

primarily allows the prediction of the oxygen non-stoichiometry as a function of oxygen partial pressure 

for various combinations of the constituents (dopants) in the solids. Consequently, a mathematical 

approach is applied to calculate defect concentrations for better understanding of the mass and charge 

transfer phenomena.
10

 

Most previous studies have, however, focused only on the electrochemical performances of 

LSSM perovskite type oxides, without obtaining a fundamental understanding of the intrinsic properties 

of the material. In the present study, non-stoichiometric variations of oxygen content and electrical 

conductivities of La0.8Sr0.2ScxMn1-xO3−δ (x = 0.1, 0.2, 0.3) were measured as a function of oxygen partial 

pressure at 923–1023 K. Redox behaviour and electrical characteristics are evaluated to check the 

possibility of using LSSM as an anode material. Finally, a defect model is considered for oxygen non-

stoichiometry of LSSM composites in order to predict the oxygen defect formation. 

3.2  Experimental 

La0.8Sr0.2Sc0.1Mn0.9O3−δ (LSS01M), La0.8Sr0.2Sc0.2Mn0.8O3−δ (LSS02M), and La0.8Sr0.2Sc0.3Mn0.7O3−δ 

(LSS03M) were prepared using the citric acid method as reported elsewhere.
3
 Briefly, stoichiometric 

amounts of La(NO3)3∙6H2O, Sr(NO3)2, Sc(NO3)∙6H2O, and Mn(NO3)3∙6H2O were dissolved in distilled 

water and then mixed with aqueous citric acid to produce the desired solution. The citric acid-to-metal 

ions ratio in solution was 1:1. The porous YSZ was prepared by mixing YSZ powder (Tosoh-Zirconia, 

TZ-8Y, Tosoh corp.) with an appropriate amount of graphite (UCP-2 grade, Alfa Aesar) along with a 
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dispersant (Durmax D3005 polymer, Rohm and Haas) and binders (HA12 and B1000, Rohm and Haas). 

This solution was dried and sintered at 1773 K for 4 hrs to obtain approximately 65% porous YSZ bar.  

The La0.8Sr0.2ScxMn1-xO3−δ (LSSM)–YSZ composites were prepared by the infiltration of LSSM 

into the porous YSZ bar followed by sintering in air at 723 K. The infiltration step was repeated until the 

loading reached 37 wt % LSSM. Finally, the composites were sintered in air at 1123 K to form a clear 

perovskite phase. 

Coulometric titration (CT) was used to determine the oxygen stoichiometry of LSSM–YSZ 

composites as a function of temperature, as reported earlier.
11

  The sample is placed inside an oxygen ion 

(O
2-

) conducting YSZ tube (Z15410630, McDanel Advanced Ceramic Technologies). Ag paste (05063-

AB, SPI Supplies) is painted on the inner and outer walls of the tube as electrodes. Pt wire is used as a 

lead wire to make electrical connections to the instruments. The Ag electrodes on either side of the tube 

are alternatively used for pumping in/out oxygen and to measure the potential across the membrane. The 

potential across the membrane is given by the ratio of the p(O2) outside and inside the cell according to 

the Nernst equation. 

Electrical conductivity of the LSSM–YSZ composites was measured as a function of p(O2) using 

the standard four-probe technique with a Bio Logic Potentiostat. Samples for CT and conductivity 

measurement were prepared by the infiltration of LSSM into a porous YSZ slab (2.2mm x 5.3mm x 

9.9mm in size).  

The composites were characterized by X-ray diffraction (XRD) (Cu Ka radiation, Rigaku 

diffractometer) to confirm the structure with a scan rate of 0.5
o
 min

-1
 and a range of 20

o
<2θ<60

o 
. The 

morphological features of the composites were examined with a scanning electron microscopy. 

3.3  Results and discussion 

3.3.1  X-Ray diffraction and SEM observation 

Shown in Fig. 3.1 are the XRD patterns of the 37 wt% La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 0.1, 0.2, 0.3) 

composites calcined at 1123 K for 4 hrs in air. It is revealed that the LSSM oxide has a simple perovskite 

structure and the primary peaks of all the sintered samples show only LSSM and YSZ phases. It can be 

interpreted that there was good chemical compatibility between LSSM and YSZ, with no significant 
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chemical reaction between the two materials. This is favorable because high phase stability of the anode 

material under the SOFC working conditions is essential to maintain the electrical conductivity and 

oxygen diffusivity.  

 

 

Figure 3.1 XRD patterns of La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 0.1, 0.2, 0.3) (a) composite calcined 

at 1123 K for 4 hrs in air, (b) composite after treatment with H2 at 1073 K for 4 hrs. 

In order to evaluate chemical and structural stability under highly reduced conditions, the LSSM–

YSZ composite was exposed to H2 at 1073 K for 4 hrs and immediately quenched in liquid N2. Even after 

such exposure, the LSSM–YSZ composite preserved its perovskite structure and there was no evidence of 

additional new phases. This confirms that LSSM–YSZ possesses high chemical stability under SOFC 

anode operating conditions. Typical SEM images of the LSSM–YSZ cross-section (a) after calcination at 

1123 K for 4 hrs in air and (b) after reduction in H2 at 1073 K for 4 hrs are shown in Fig. 3.2. A negligible 

change in the microstructure of the electrode before and after the reduction was observed. LSS01M shows 

a good wettability over YSZ porous backbone with a well-covered dense layer; however, with higher 

scandium doping level this dense layer is broken a little bit and tends to become random structures 

because of poor wettability of LSS03M.  The LSSM particles coated and covered the porous YSZ 

backbone well to form a dense film, thus allowing a good electron conduction path. On the other hand, 

the microstructure of LSS03M had an overall dense coating including some clusters. 
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3.3.2  Oxygen non-stoichiometry and defect chemical analysis 

The dependence of the oxygen deficiency of LSSM in this composite structure (LSSM–YSZ composites) 

was determined by coulometric titration as a function of p(O2)  at temperature of 923–1023 K with 37 wt%  

 

 

 

 

 

 

 

 

 

Figure 3.2 A high-resolution SEM image of the La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 0.1, 0.2, 0.3) (a) 

composites with LSSM calcined at 1123 K for 4 hrs in air, (b) The same composites 

after reduction in 3% H2O humidified H2 at 973 K for 4 hrs. 

loading. The oxygen non-stoichiometry shown in Fig. 3.3 is obtained through CT experiments after 

flowing a 5% H2–95% Ar mixture. The oxygen isotherm was measured from 10
-24

 to 10
-5 

atm of p(O2) 

which corresponds to the actual working condition of the SOFC anode. The plot showed a plateau near 

10
-5 

atm, which was assigned as stoichiometric composition (δ = 0) for LSSM oxide sample in this study. 

There is a considerable change in the oxygen non-stoichiometry (δ) throughout the whole p(O2) range. 

The data depict that the reduction-oxidation behaviors of La0.8Sr0.2ScxMn1-xO3−δ (x = 0.1, 0.2, 0.3) 

were similar in a highly reduced state at each temperature. With an increase in Sc content on the B site, 

the vs log p(O2) curves shifts to the left, which means that the reduction is delayed to a lower p(O2). 
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This can be interpreted to mean that the higher Sc doped LSSM–YSZ composite structure becomes more 

stable and, thus, the formation of oxygen vacancies becomes more difficult. The equilibrium property of 

LSM and LSCM from the literature is included for comparison.
12,13

 Under anode operating condition 

LSM is chemically unstable at oxygen partial pressure p(O2) 10
-20 

atm at 973 K. Sc
3+ 

stabilizes extend of 

reduction over oxygen partial pressure p(O2) 10
-23 

atm at 973 K in LSSM oxide. At the anode operating 

conditions, oxygen non-stoichiometry for LSS01M was roughly 0.16.  

 

 

Figure 3.3 The isotherms of the La0.8Sr0.2ScxMn1-xO3−δ–YSZ composites at 923–1023 K              

(a) LSS01M, (b) LSS02M and (c) LSS03M. Data for bulk LSM  and LSCM from 

ref
12,13

 shown for comparison (○: LSM at 973 K and + : LSCM at 973 K). The solid 

curves are fitting curves calculated by the proposed defect model (Eq. (3.16)).  

 

In LSSM oxide, the electro-neutrality is maintained mostly by,     
  ie, Mn

4+ 
ions in Mn

3+
 site at 

higher p(O2) region if we consider the defect     
 , Sr

2+
 ions on La

3+
 site. With the decrease in p(O2),   

   

becomes predominant charge defect, which maintains electro-neutrality and consequently     
  

decreases.
14

 In other words the removal of lattice oxygen from the LSSM–YSZ composites in a reducing 

atmosphere results in the formation of oxygen vacancies and partial reduction of Mn to match the electro-

neutrality. The Mn reduction occurs from Mn
4+

 to Mn
3+

 in the anode operating conditions, which is 

thought to be stabilized partially by Sc
3+

 in LSSM. This stabilization effects is regarded to minimize the 

extent of reduction and therefore stabilize the structure to a lower p(O2).  
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Electronic conduction is considered to occur by electron hopping between     
  (Mn ions on 

regular lattice sites) and     
  (Mn

4+
ion occupying Mn

3+
site) via the Mn–O–Mn network of the 

perovskite-type frame.
14

 With a decrease in oxygen partial pressure,   
  becomes the predominant 

positively charged defect and     
  decreases. As a result, the electronic conduction decreases. 

In LSSM, the defect chemical equilibriums were considered among,     
 ,   

  ,   
 ,     

 ,     
  

and      
 , where     

 ,   
  ,   

 ,     
 ,     

  and      
 , indicate Sr

2+ 
in La

3+
 site, Mn

3+
 in Mn

3+
 sites, 

Mn
4+

 ions in Mn
3+ 

sites and Sc
3+

 in Mn
3+

 sites, respectively. The valence state of the Sc ion is assumed to 

be stable as the trivalent state. 

The reaction between surrounding oxygen gas and defects in LSSM can be described by the 

quasi-chemical Eqn. (3.2).  

 

 
  ( )    

        
     

       
     Eqn. 3.2 

The equilibrium constant for reaction (3.2), K, is:  

   (  )
  

 ⁄  
[    

 ] [  
 ]  

   

[    
 ]

 
[  
  ]  

    
      Eqn.3.3 

Where γ1, γ2, γ3, and γ4 denote the activity coefficients of     
 ,     

 ,   
 , and   

  , respectively. These 

coefficients can be related by the excess Gibbs free energy of the reaction (2), ΔGex, with a constant a 

reflecting regular solution theory, which represents the interaction among lattice ions and defects.
15

 

The condition for charge neutrality is given by  

 [    
 ]  [    

 ]   [  
  ]       Eqn. 3.4 

Further, the number of B-site cation is maintained as 1, hence 

 [    
 ]  [    

 ]  [     
 ]        Eqn. 3.5 

The standard Gibbs free energy change, G , of reaction (3.2) can be expressed in terms of equilibrium 

constant, K, as in Eqn. (3.6), where H and S represent the standard enthalpy change and the standard 

entropy change. 
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G H T S            Eqn. 3.6 

lnG RT K          Eqn. 3.7 

 

           (  )
  

 ⁄  
[    

 ] [  
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[    
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[  
  ]  

    
        

  
   

  
    

   Eqn. 3.8 

The second term in Eqn. (3.8) is defined as the deviation from the standard free energy change of the 

ideal solution, ΔGex, and is given as a linear function of oxygen non-stoichiometry, 

           
  
   

  
    

     [  
  ]      Eqn. 3.9 

Here we have 

  
             Eqn. 3.10 

    
             Eqn. 3.11 

  
             Eqn. 3.12 

    
           Eqn. 3.13 

And a combination of Eqns. (3.4–3.5) – (3.9–3.13) gives the following equation 

[    
 ]   [    

 ]   [  
  ]             Eqn. 3.14 

And 

[    
 ]      (      )      Eqn. 3.15               

Solving Eqs. (3.3) – (3.14–3.15) simultaneously, we have  

 
4 22 2

2

1 3 0.2 2
exp

1 (0.2 2 )

a
p O

K x RT

  

 

         
         

            

Eqn. 3.16 
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The oxygen non-stoichiometry data for all LSSM’s were fitted to the models described above.  

The interaction among the lattice ion and defects is included in Eqn. (3.16) as a function of of the 

parameter a as described in Eqn. (3.9). The theoretical curves calculated for LSSM (x = 0.1, 0.2, 0.3) by 

the fitted K and a values using Eqn. (3.16) are plotted with solid lines in Fig. 3.3. Data for which δ < 0.1 

have been used in determining K and a. The theoretical curves show good agreement with the 

experimental data except low p(O2) region, but deviate from the experimental results for LSS03M. The 

fitting parameters, K and a, providing the best fit to the measurements are shown in Fig.3.4 and Table 3.1. 

In Fig. 3.4(a), log K is the highest at x = 0.3, which shows that the oxygen vacancy formation can be most 

highly affected with Sc content on the B site of 0.3. The smaller equilibrium constant K means more 

favored oxygen vacancy formation. This behavior can also be observed in the log p(O2)-δ curve (Fig. 3.3). 

LSS01M and LSS02M have smaller K values, and their oxygen non-stoichiometry vary steeply against 

oxygen partial pressure when compared to LSS03M, verifying relative ease of vacancy formation, i.e., 

higher δ at the same p(O2). 

Table 3.1 The parameters providing the best fit to the measurements 

 

When a equals zero, the proposed defect model will behave like an ideal solution model. When a 

is positive, oxygen vacancies form more easily and the oxygen vacancy formation becomes more difficult 

compared to the ideal solution-like state with negative a. Thus, a negative value of a indicates that the 

effect of defect interaction inhibits oxygen vacancy formation.
14,16,17

 The larger absolute value of a 

(LSS03M) indicates that oxygen vacancy formation is the most unfavorable, because of the interaction 

among the defects. The absolute value of the interaction parameter, a, increases as the amount of Sc 

doping in the B site increases. The value, a, approaches zero with an increase in temperature; this means 

that defect interaction has a smaller effect on oxygen vacancy formation at higher temperature. These 

results suggest that the effect of defect interaction on oxygen vacancy formation considerably increases 

with Sc doping. The value of a for LSCM bulk
13

 was reported to be around -400 and -450 kJ mol
-2

 at 973 

and 1073 K, respectively. The value of a for LSS01M varies from -279 kJ mol
-2

 at 973 K to -117 kJ mol
-2

 

at 1023 K. Hence, the interactions among the defects in LSSM oxide are lower than in LSCM oxide. In 

other words, vacancy formation is easier for LSSM than LSCM. The absolute value of a for LSSM–YSZ 
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decreases with temperature, suggesting that interaction among the defects for the vacancy formation in 

oxygen sites is lower at higher temperature. In contrast to LSSM–YSZ composite, the absolute value of a 

of LSCM bulk increases with temperature, which shows that the nature of the dopant has greater 

influence. These different characteristics of a likely originate from the intrinsic properties of LSSM 

oxides–YSZ composites. It is clear that the partial replacement of B site cations in LSM not only affects 

electrical properties but also the interactions among the defects. All these result suggest that Sc doping 

considerably diminishes the effect of defect interaction on oxygen vacancy formation compared to LSCM.  

 

 

 

 

 

 

Figure 3.4 The equilibrium constants (a) K and (b) a of the La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 0.1, 

0.2, 0.3) composites at 923–1023 K as a function of x. 

3.3.3  Thermodynamic Characterstics 

Much of the thermodynamic data on oxides can be obtained by measuring the equilibrium stoichiometries 

as a function of the oxygen fugacity p(O2) that is in equilibrium with the oxide at several temperatures. 

The equilibrium constant, K, is the function of p(O2) and Gibbs free energy of oxidation of LSSM, ∆G, 

can be given by the relation with the equilibrium constant as in Eqn. (3.17). 

 2

1
ln ln

2
G RT K RT p O   

   
  

Eqn. 3.17 

At constant δ, the partial molar entalphy of oxygen vacancy formation as a function of 

temperature is given by Gibbs-Helmholtz equation. 
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Eqn. 3.18 

 

Similarly, by using Maxwell relation, partial molar entropy can be obtained as follows: 

 

 2ln

2

T p OG R
S

T T


   
      

   
     Eqn. 3.19 

 

From Eqns. (3.18) – (3.19), thermodynamic quantities such as partial molar entalphy -H and 

partial molar entropy S can be determined. G vs. temperature relations for different compositions (x = 

0.1, 0.2, 0.3) were obtained from the isothermal lines in Fig. 3.3 and shown in Figs. 3.5 and 3.6. The 

significant feature of Figs. 3.5 and 3.6 are: (a) for all composition (LSS01M, LSS02M and LSS03M), H 

varies linearly with 1/T at certain δ, indicating that H  and  S are temperature independentat fixed δ,   

(b) The different slopes for different δ values show that H strongly dependent on oxygen non-

stoichiometry. 

 

 

 

Figure 3.5 The relation between R/2lnp(O2) and 1/T of La0.8Sr0.2ScxMn1-xO3−δ–YSZ composites at 

923–1023 K (a) LSS01M, (b) LSS02M and (c) LSS03M.
 

The partial molar enthalpies, -H, calculated according to Eqn. (3.18) are also shown in Fig. 3.7 

as a function of . The partial molar enthalpies of oxidation for the LSSM–YSZ composites range from -

190 to -330 kJ mol
-1

. The partial molar of oxidation enthalpies (-H) are a strong function of oxygen non-
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stoichiometry in the LSSM–YSZ composite. This implies that there is a considerable interaction among 

randomly distributed defect species in these phases. This suggests that the difference in vacancies is large 

when compared to the initial vacancy concentration. The values of -H become higher for higher δ, 

implying higher energy is needed for lift-off of the oxygen inside the lattice as the reduction proceeds. In 

other words, the intermolecular forces attracting oxygen atoms inside the lattice may become stronger 

near the defect species. 

 

 

 

Figure 3.6 The relation between RT/2lnp(O2) and T of La0.8Sr0.2ScxMn1-xO3−δ–YSZ composites at 

923–1023 K (a) LSS01M, (b) LSS02M and (c) LSS03M. 

The data for partial molar entropies of oxidation calculated from the differences of the partial 

molar enthalpy, which are revealed as randomly distributed, are between -60 and -130 J mol
-1 

K
-1

 in      

Fig. 3.8. The S variation with oxygen non-stoichiometry for all LSSM–YSZ composites is not as 

straight forward as the partial molar enthalpies. Partial molar entropy S, the number of sites for oxygen 

removal in LSSM–YSZ composite, does not show a close relation with oxygen non-stoichiometry, i.e., no 

entropy effect of LSSM on the reduction mechanism.  

3.3.4  Electrical conductivity  

An ideal SOFC composite anode must possess adequate electronic conductivity, a minimum of 0.1 S cm
-1

, 

which corresponds to approximately 1 S cm
-1

 for bulk material at anode operating conditions.
18

 A poor 

electronic conductive phase will be undesirable in composite anodes, because it consequently increases 

the ohmic losses.  
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Figure 3.7 The partial molar enthalpy of oxidation (–∆H) of the La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 

0.1, 0.2, 0.3) composites. 

 

 

 

 

 

 

 

Figure 3.8 The partial molar entropy of oxidation (–∆S) of the La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 

0.1, 0.2, 0.3) composites. 
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LSS01M (Fig. 3.9) exhibits the conductivity of 0.48 S cm
-1

 around 10
-23 

atm at 973 K, which is 

the highest among the prepared composites (LSS01M, LSS02M and LSS03M). Meanwhile, LSS02M 

shows 0.19 S cm
-1

 at 10
-22 

atm and LSS03M shows very poor conductivity of 0.06 S cm
-1

 at 10
-22 

atm at 

973 K. Also, The electrical conductivities of LSSM are shown in Fig. 3.10 as a function of p(O2) at 973 K. 

LSS01M demonstrates the conductivity of 7.73 S cm
-1

 at p(O2) around 10
-21

 atm. LSS02M shows 1.11     

S cm
-1

 at p(O2) around 10
-23 

atm and LSS03M shows 0.19 Scm
-1

 at p(O2) around 10
-22

 atm, respectively. 

With a decrease in oxygen partial pressure, removal of oxygen leads to the formation of oxygen 

vacancies [  
  ] (a positively charged defect) and partial reduction of Mn

4+
 to Mn

3+
. This inhibits electron 

hopping conduction mechanism to a degree, which explains the low electrical conductivity at low p(O2) in 

part, as discussed earlier. Electronic conduction in perovskite oxide is created by B
n+

 site cations by 

strong overlapping with 2p oxygen orbitals, followed by capturing electrons with the neighboring B
(n-1)+

 

cations.
19

 The formation of oxygen vacancy consequently decreases the electron hopping transport 

between Mn
4+

 and Mn
3+ 

cations. The measured value represents electronic conductivity alone, because it 

is known that the oxygen ion conductivity in LSSM is negligible (873 to 1173 K).
20

 The overall 

conductivity is enhanced at higher p(O2), which indicates that this material is a p-type electronic 

conductor. 

 

 

 

 

 

 

 

Figure 3.9 The electrical conductivities of the La0.8Sr0.2ScxMn1-xO3−δ–YSZ (x = 0.1, 0.2, 0.3) 

composites at 923–1023 K. 

The electrical conductivity of LSSM oxide decreases with increasing Sc doping concentration. 

The electron transport between B site Mn cations in the LSSM oxide lattice is intervened by 2p oxygen 
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orbitals, which is known as Zener double exchange.
19

 This procedure is favored by the overlapping of 

filled oxygen 2p orbitals with empty or partially filled transition metal 3d orbital. Due to the constant 

valance of Sc
3+

, the overlapping of electron clouds between B site cations (Mn) with oxygen is reduced in 

LSSM oxides. Therefore, the doping of Sc into the Mn site decreases the electrical conductivity.  

 

 

 

 

 

 

 

Figure 3.10 The electrical conductivities of the La0.8Sr0.2ScxMn1-xO3−δ (x = 0.1, 0.2, 0.3) at 973 K. 

 

3.4  Conclusion 

A La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x = 0.1, 0.2, 0.3) composite has been prepared by the infiltration 

technique and examined as an anode material for IT-SOFCs. Sc
3+

 ion successfully stabilized the 

perovskite structure in the anode working conditions. The Sc
3+

 doping in LSM perovskite decreases the 

formation oxygen vacancy, so it might stabilize the structure down to an extremely low oxygen partial 

pressure. The defect analysis can describe the oxygen vacancy formation in La0.8Sr0.2ScxMn1-xO3−δ–YSZ 

composites reasonably well. Thermodynamic quantities ∆H and ∆S of the La0.8Sr0.2ScxMn1-xO3−δ –YSZ (x 

= 0.1, 0.2, 0.3) composites were obtained from measured oxygen non-stoichiometry (δ) by coulometric 

titration. The oxidation enthalpies are a strong function of oxygen non-stoichiometry and between -190 to 

-330 kJ mol
-1

. With a decrease in δ at the low p(O2) region, oxidation enthalpies become a strong function 

of δ and independent of temperature. This means that lift-off of the oxygen inside the lattice becomes 

more difficult for the LSSM–YSZ composite in the low p(O2) region. Even though the enthalpy needed 
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for the formation of one oxygen vacancy is higher for higher δ, the oxidation entropies do not show a 

typical trend with δ. Furthermore, it appears to be randomly distributed along a wide range of oxygen 

non-stoichiometry, which means there is no entropy effect of LSSM on the reduction mechanism. 

Impregnated La0.8Sr0.2ScxMn1-xO3−δ oxides provide acceptable and stable electrical conductivity in a wide 

range of p(O2). At 973 K, conductivity values are 0.48 S cm
-1

 around 10
-23 

atm (LSS01M) and 0.19 S cm
-1
 

at 10
-22 

atm (LSS02M), which is sufficient to decrease the ohmic losses significantly in composite anodes.  
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Chapter 4.  Oxidation-Reduction behavior of La0.8Sr0.2ScyMn1-yO3±δ (y = 0.2, 0.3, 0.4): 

Defect Structure, Thermodynamic and Electrical Properties 

4.1  Introduction 

Conducting perovskite LaMnO3±(LMO) oxides have been studied extensively for technological 

applications such as electrode materials in solid oxide fuel cells (SOFCs) owing to their high electrical 

conductivity and chemical compatibility with other SOFC components. Partial substitutions of a divalent 

cation in A-sites and/or a transition metal in B-sites have been shown to vary the electrochemical 

characteristics and electrical properties of these materials significantly.  The charge compensation due to 

A-site doping may lead to oxygen vacancy formation and/or an increase in the valence of Mn cations. 

Regarding LaMnO3±oxides, most studies have focused on the properties of A-site doped oxides in terms 

of phase stability, thermodynamic properties, and electrical properties for their potential application as air 

electrode in SOFC. Some reported results demonstrate that several A and B-site mixed LaMnO3± 

perovskite oxides provide superior performance to the conventional cermet anode.
1,2

 

In perovskite type oxides, the larger A-site cation is centrally located in the body center 

coordinated by 12 oxygen ions and the smaller B-site cation locates in an octahedron formed by a BO6 

network. The strong bond in the       network essentially determines the basic properties such as 

oxygen non-stoichiometry and electrical properties of perovskite type oxides.  The nature and 

concentration of the B-site doping element in LMO is therefore thought to determine relevant properties 

for SOFC anode applications. The La0.8Sr0.2MnO3 (LSM) perovskite containing Cr, Ti, Fe, and              

Sc
2-6 

transition metals in the B-site shows desirable properties, particularly redox stability and high 

electronic conductivity, for anode application. An A and B-site doped La0.8Sr0.2ScyMn1-yO3-LSSM) 

oxide has been reported to be a suitable material for intermediate temperature solid oxide fuel cell (IT-

SOFC) anode application
2
 owing to its high electrical conductivity and thermodynamic stability in IT-

SOFC operating conditions.  

It is known that the physical and electrochemical properties strongly depend on the oxygen non-

stoichiometry and defect species.
7
 At ambient temperature and p(O2), the amount of oxygen vacancy and 

the defect species present in the perovskite materials was determined by the A and B site dopants. The 

oxygen non-stoichiometry of LMO and substituted LMO have been widely studied by several groups in 

efforts to elucidate the defect chemistry of these compounds.
8-14

 The amount of oxygen vacancies in the 

perovskite materials depend on the oxygen partial pressure of the surrounding gas. The formed oxygen 

vacancies inhibit the electron conduction path in the Zerner double exchange process. Also, they may act 
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as active sites for oxygen ion diffusion from the electrolyte to the electrode in the electrode reaction 

process. Oxygen non-stoichiometry can be used to study the relation between electrical conductivity, 

defect chemical equilibrium, and other thermodynamic quantities.  

The aim of the present study is to determine the oxygen non-stoichiometry of A and B-site doped 

La0.8Sr0.2ScyMn1-yO3±(y= 0.2, 0.3, 0.4) oxides as a function of p(O2), temperature, and composition using 

high temperature coulometric titration. A suitable defect chemical model is also developed and verified 

with the experimental data in both oxygen excess and oxygen deficient regions. 

4.2  Experimental 

The Sc doped La0.8Sr0.2MnO3 samples were prepared by the Pechini method. The desired 

La0.8Sr0.2Sc0.2Mn0.8O3 (LSS02M), La0.8Sr0.2Sc0.3Mn0.7O3 (LSS03M), and La0.8Sr0.2Sc0.4Mn0.6O3 (LSS04M) 

compositions were obtained by dissolving nitrate salts of La, Sr, Sc, and Mn in distilled water with the 

addition of quantitative amounts of citric acid and ethylene glycol. Upon removal of excess resin by 

heating, a transparent organic resin containing metals in solid solution was formed. The resins were 

slowly decomposed at 873 K for 8 h. The resulting dark mixture was ball-milled in ethanol. The dried 

precursor powder was pressed into pellets, and calcined in air at 1673 K for 4 h. 

 The initial structural characterization of the sintered product was performed by X-ray 

diffractometry by Rigaku diffractometer (Cu Ka radiation, 40 kV, 30 mA) to confirm the structure with a 

scan rate of 0.5
o
 min

-1
 and diffraction range of 20

o
< 2θ<60

o
. 

The oxygen non-stoichiometry at elevated temperature was studied through Coulometric titration 

(CT) by measuring the oxygen partial pressure of LSSM oxides as a function of temperature, as reported 

elsewhere.
6
 0.8 to 1.5 g of the sample is placed inside an oxygen ion (O

2-
) conducting tube. In the present 

case, an YSZ tube (McDanel Advanced Ceramic Technologies, Z15410630) that is sealed from the 

atmosphere is used. Ag paste (SPI Supplies, 05063-AB) is painted on the inner and outer walls of the tube 

as electrodes. Pt wire is used as a lead wire to make electrical connections to the instrument. The Ag 

electrodes on either side of the tube are alternatively used for pumping in/out oxygen and to measure the 

potential across the membrane. The potential across the membrane is given by the ratio of the p(O2) 

outside and inside the cell according to the Nernst equation. Low p(O2) in the tube is achieved by flowing 

gas mixtures composed of 10% H2-90% N2. The oxygen content can be directly controlled by the electric 

charge passing through the YSZ tube. While measurements were being performed the potential across the 

membrane (oxygen partial pressure) is continuously monitored. When the potential across the membrane 
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reaches the stationary value 1 mV/h, the equilibrium between the sample and gas in the tube is considered 

to be attained. 

Electrical conductivity of the LSSM was measured as a function of p(O2) using the standard four-

probe technique with a BioLogic Potentiostat. Samples for conductivity measurement were prepared from 

dense pellets (rectangular bars) with Pt wire winding across the surface of the pellet and Ag paste was 

used as a contact. Conductivity measurements were carried out corresponding to the oxygen non-

stoichiometric points.    

4.3  Results and Discussion 

4.3.1  XRD 

The room temperature X-ray diffraction (XRD) patterns LSSM oxides with various Sc content are shown 

in Fig.4.1  All the LSSM oxide powders calcined at 1673 K  for 4 h show the formation of a perovskite 

structure with orthorhombic symmetry
15

 similar to that of the LSM parent material. No additional 

diffraction peaks were found, demonstrating that Sc was well incorporated into the B-sites of the LSM 

lattice. 

 

 

 

 

 

 

Figure 4.1 XRD patterns of La0.8Sr0.2ScyMn1-yO3−δ (y = 0.2, 0.3, 0.4) calcined at 1673 K for 4 h in 

air. 
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4.3.2  Oxygen non-stoichiometry and defect chemical analysis 

The oxidation-reduction behavior of perovskite-type metal oxides is influenced by their defect chemistry 

with respect to the concentration of defects. The concentration of B-site ions and oxygen vacancies 

directly affects the thermodynamic stability and electrical conductivity. Defect chemistry modeling in the 

ABO3 system facilitates understanding of the defect type, charge density, defect association, and carrier 

mobility.
16

 

Figure 4.2 shows the relation between oxygen non-stoichiometry and p(O2) for La0.8Sr0.2ScyMn1-

yO3- (y = 0.2, 0.3, 0.4) oxides at 923-1023 K. The plateau region corresponds to oxygen stoichiometry, 

the lower p(O2) region corresponds to an oxygen deficient region, and the higher  p(O2) region 

corresponds to an oxygen excess region. It is well known that both undoped and A-site doped LaMnO3± 

oxide shows both oxygen excess and oxygen deficient non-stoichiometry, which influences the 

thermodynamic and electrochemical properties. 

 

 

Figure 4.2 The isotherms of the La0.8Sr0.2ScyMn1-yO3−δ at 923–1023 K (a) LSS02M, (b) LSS03M 

and (c) LSS04M. Data for bulk LSM  and LSCM from ref 
12,17 shown for comparison         

(○: LSM at 973 K and □ : LSCM at 973 K). The solid curves are fitting curves 

calculated by the proposed defect model. 
 

It is clear that, as seen in Fig. 4.2, the oxygen vacancy () is nearly 0.1 for LSS02M, LSS03M 

and LSS04M.  With increasing Sc doping concentration, the non-stoichiometry curve shifts to the lower 

p(O2) region and  decreases with increasing Sc content at a given p(O2) and temperature. The oxygen 
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non-stoichiometric data of LSM
12

 and La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM)
17

 are included in Fig. 4.2 for 

comparison. It is seen that there is a substantial difference in the isotherms for LSSM, LSM, and LSCM.  

From Fig. 4.2 it can be observed that the oxygen non-stoichiomerty values at given p(O2) strongly 

depends on the concentration of the B site dopant.
17

 Substitution of Sc at the B-site presumably results in 

alteration of the bond strengths in the BO6 network in the main framework of perovskite oxides. In LSM 

oxides, B-site doping strongly influences the oxygen vacancy formation. At the higher p(O2) region, the 

partial replacement of  La
3+

 by Sr
2+

 is charge balanced mainly by the formation     
 , whereas at the 

lower p(O2) region,  the electrical neutrality condition is maintained mainly by the formation of oxygen 

vacancies   
   accompanied by the reduction of Mn

4+
 to Mn

3+
 and Mn

3+
 to Mn

2+
 . Partial substation of Sc

3+
 

in LSM stabilizes the chemical reduction of Mn
4+

 to Mn
3+

 and Mn
3+

 to Mn
2+

 under reducing 

atmosphere.
6,15

 In LSSM oxides, the excess oxygen content is nearly equal for all Sc (y = 0.2, 0.3, 0.4) 

doping concentrations. The range of oxygen non-stoichiometry () strongly depends on p(O2) and a weak 

dependence on temperature and Sc content.  At the high p(O2) region, the excess oxygen content is due to 

cation vacancies rather than the presence of interstitial oxygens, which is thermodynamically unfavorable  

in the LMO perovskite structure.
10,18

 The formation of cation vacancies has been verified by density 

measurement and neutron diffraction analyses.  

4.3.3  Defect Structure Analysis 

4.3.3.1  Oxygen deficient region 

LaMnO3 belongs to perovskite-type oxides with the general formula ABO3. Substitution of Sr and Sc in 

the A and B-sites, respectively, can form a solid solution. Partial replacement of trivalent La ions by 

divalent Sr ions leads to a change in the valence state of Mn from +3 to +4. The formula of LSSM (y = 

0.2, 0.3, 0.4) can thus be written as: 

[(    
  )   (    

  )   ][(    
  ) (    

  )       (    
  )   ][  

  ]   Equ. 4.1 

In general, the oxygen vacancy concentration in metal oxides depends on the oxygen partial pressure of 

the surrounding gas according to the following defect equilibrium: 

 

 
      

      
             Eqn. 4.2 
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Under low p(O2), LSSM oxide leads to the formation of oxygen vacancies, consequently holes decreases 

to maintain the charge neutrality condition in the crystal lattice. A random defect model can be considered 

by ignoring the interaction between defects at low   
   concentrations. 

The major defect species in LSSM are considered among     
 ,   

  ,   
 ,     

 ,     
 ,     

 , 

and      
 , where     

  indicates Sr
+2

 ions in La
+3

 sites,     
  indicates Mn

+3
 in Mn

+3
 sites,     

  

indicates Mn
+4

 in Mn
+3

 sites,     
 indicates Mn

+2
 in Mn

+3
 sites, and     

  indicates Sc
+3

 in Mn
+3

 sites, 

respectively. Sc is considered as stable in the trivalent state. 

The interaction between gaseous oxygen and the defects in the LSSM lattice can be expressed by the 

following quasi-chemical equation:  
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      Eqn . 4.3 

Accordingly, the formula of LSSM in the low p(O2) region can be represented in the following form: 

[(    
 )   (    
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 )(      )][(  

 )   (  
  ) ]   

          Eqn. 4.4 

The equilibrium constant for the above reaction can be expressed as subsequently 
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[  
 ][    

 ] 

[  
  ][    
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        Eqn. 4.5 

Additionally, the relation between     
  and     

  is given by the disproportionation reaction of     
 , 

     
        

       
        Eqn. 4.6 

The equilibrium constant for above reaction can be expressed as follows: 

    
[    

 ][    
 ]

[    
 ]

         Eqn. 4.7 

The charge neutrality condition in LSSM solid solution can be expressed as 

[    
 ]   [    

 ]   [  
  ]  [    

 ]      Eqn. 4.8(8) 
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We assumed that the B-site is fully occupied. Hence, 

    
       

       
       

         Eqn. 4.9 

Here, we know that 

[    
 ]              Eqn. 4.10 

[  
  ]             Eqn. 4.11 

[  
 ]              Eqn. 4.12 

and  

[    
 ]            Eqn. 4.13 

Combining equations (4.4), (4.6) - (4.12), we can arrive at the relationship between  and p(O2) as follows: 

(       (   ))    

(      )(   )   
 ( ) 

   
  

  

   
 
(   )   (    (   )   )

(      )( )    ( ) 
        

    
  Eqn. 4.14 

Based on experimental non-stoichiometric data ( vs p(O2)), the equilibrium constants     and    can be 

calculated. The theoretical curve calculated by equation (4.14) is shown by solid lines in Fig 4.2. The 

fitting parameters Ki and Kox are shown in Table 4.1. This relationship shows good agreement with the 

experimental data.  

4.3.3.2  Oxygen excess region 

Excess oxygen in LaMnO3+ can be considered as the formation of cation (metal) vacancies. Oxygen ions 

cannot be accommodated in the interstitial position of the closed packed ABO3 type perovskite structure 

due to their larger ionic radius. From a neutron diffraction study, Tofield and Scott reported the existence 

of cation vacancies at both La and Mn sites.
19

 Hence, it is assumed that metal vacancies on both La and 

Mn are predominant defects in the higher p(O2) region. In the oxygen excess region, the formation of 

cation vacancies in LSSM may be expressed as  

     
   

 

 
        

        
       

       
    Eqn. 4.15 
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 the equilibrium constant for the equation (4.15) can be expressed as 

    
[   
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   ][  
 ]
 
[    

 ] 

[    
 ]

 
[  ]

   
      Eqn. 4.16 

In the higher p(O2) region, the concentration of electrons, i.e., [    
 ], can be ignored. The charge 

neutrality condition can be expressed as 

[    
 ]   [   

   ]   [   
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 ]     Eqn. 4.17 
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 ]      Eqn. 4.18 

        [    
 ]       Eqn. 4.19 

Therefore, the formula of LSSM in the higher p(O2) region can be represented in the following form: 

[(    
 )   (    

 )   (   
   ) 

 

] [(    
 ) (    
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 )(      )(   

   ) 
 

] [(  
 )   ] 

          Eqn. 4.20 

Furthermore, it is assumed that if [   
   ]    [   

   ]. Combining the above equations, (4.15) – (4.20), results 

in the equilibrium constant Kj,  

Table 4.1 The parameters providing the best fit to the measurements 

Composition Temperature 

(K) 

Oxygen excess 

Region (Kj) 

Oxygen deficient region 

Kox (1/10
8
) Ki (10

3
) 

 

LSS02M 

923 10.90 234.51 1.109 

973 4.411 35.43 1.172 

1023 2.08 6.38 1.370 

 

LSS03M 

923 128.77 551.03 2.259 

973 97.44 115.86 3.186 

1023 62.15 25.00 4.050 

 

LSS04M 

923 190.97 1371.742 2.661 

973 72.69 214.36 3.429 

1023 27.48 58.27 3.671 
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(   ) (   ) (      ) 

(          )  (  )
         Eqn. 4.21 

 (  )
    

(   ) (   ) (      ) 

(          )   
      Eqn. 4.22 

Based on the experimental data for various doping concentrations, numerical values of Kj can be 

determined from the vs p(O2) plot using equation (4.22). The equilibrium constant Kj calculated from 

equation (4.22) is shown in Table 4.1. With the proposed defect model, theoretical curves at high p(O2) 

show good agreement with the experimental data. 

4.3.4  Thermodynamics 

Partial molar enthalpy and partial molar entropy can be directly calculated from the relation between  vs 

p(O2).  From the definition of Gibbs energy, the expression for the partial molar free energy of oxidation 

can be written as  

                    Eqn. 4.23 

Gibbs energy of oxidation of LSSM, G, can be given by the relation: 

                 
 

 
     (  )     Eqn. 4.24 

where Kox,j is the equilibrium constant for equation (4.3) and (4.15) (oxygen deficient and excess region). 

At constant , partial molar enthalpy and partial molar entropy of oxygen vacancy formation in LSSM 

can be calculated using the Gibbs-Helmholtz equation and Maxwell relation, respectively: 

 

     
 (
  

 
)

 (
 

 
)
  

 

 
 
   [ (  )]

 (
 

 
)
|
 

      Eqn. 4.25 
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      Eqn. 4.26 

 

˚ values are calculated from Fig. 4.3 using equation (4.25), as shown in Fig. 4.5.                   

Fig. 4.3 shows a plot of ln p(O2) vs (1/T), which was obtained from the isothermal lines in Fig 4.2. ΔH˚ 
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shows a weak dependence on oxygen non-stoichiometry and a strong dependence Sc doping amount. 

Also, from the slopes in Fig. 4.3, it is observed that H˚ is curve fitted quite linearly within the range of  

 

Figure 4.3 The relation between R/2lnp(O2) and 1/T of La0.8Sr0.2ScyMn1-yO3−δ at 923–1023 K          

(a) LSS02M, (b) LSS03M and (c) LSS04M. 

923-1023 K. The partial molar enthalpy of oxidation ranges from -310 kJ mol
-1

 to -253 kJ mol
-1

 and -34 

kJ mol
-1

 to -25 kJ mol
-1 

in the oxygen deficient and oxygen excess regions , respectively. H˚ decreases 

with decreasing  in the oxygen deficient reggion whereas it does not show a close relation with an 

increase in  in the oxygen excess region. In LSSM oxides, the energy required to lift off oxygen from the 

lattice, i.e., the oxygen vacancy formation reaction, decreases with increasing Sc content. In the oxygen 

deficient region, interaction among the randomly distributed defects plays a significant role in oxygen 

vacancy formation; in contrast, in the oxygen excess region, it is  less significant, as inferred from the 

difference in the calculatedH˚ values.
20

 The energy required for oxygen vacancy formation (H˚) 

becomes larger in LSSM oxides as the amount of oxygen vacancies increase. As the amount of oxygen 

vacancies   
   increase with lowering p(O2), the interactions among the randomly distributed defects 

increase. Near the stoichiometric composition, the partial molar enthalpy of oxygen shows an abrupt 

change, which indicates that the defect species changes at  = 0, i.e. from an oxygen vacancy to metal ion 

vacancy. In the oxygen deficient region, H˚ (absolute value) increases with  suggesting that the 

interaction among defect species becomes stronger and the oxygen vacancy formation is unfavorable.  

Figure 4.6 shows the partial molar entropy calculated using equation (4.26) determined from non-

stoichiometric data. Fig. 4.4 shows the plot of RT/2
*
ln p(O2) vs T for selected . The slope varies linearly 

with , indicating that S˚ is curve fitted quite linearly within the range of 923-1023 K.  In the oxygen 
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deficient region, S˚ values weakly decrease from -100 to -125 J mol
-1

  K
-1

, 90-120 J mol
-1

 K
-1

, and 60-

100 J mol
-1

 K
-1

 for LSS02M, LSS03M, and LSS04M, respectively, with . In the LSSM oxide, S˚ varies 

over the non-stoichiometry, Sc doping amount, and the temperature range studied. LSS02M showsthe 

maximum probability for oxygen vacancy formation at the oxygen sites. In the oxygen excess region, S˚ 

does not show any specific trend with oxygen non-stoichiometry. However, the calculated values for S˚ 

for all LSSM oxides are negative. A negative S˚ value is the evidence of the metal ion mechanism 

(equation 4.16) occurring at a higher p(O2) region.
18,19,21

 From Fig. 4.5 and Fig. 4.6, it is observed that the 

energy (H˚) required for the oxygen vacancy formation for LSS02M increases from -250 kJ mol
-1

 to -

310 kJ mol
-1

 with increasing . On the other hand, the probability (S˚) of oxygen vacancy formation 

decreases with oxygen non-stoichiometry.  

 

Figure 4.4 The relation between RT/2lnp(O2) and T of La0.8Sr0.2ScyMn1-yO3−δ at 923–1023 K           

(a) LSS02M, (b) LSS03M and (c) LSS04M. 

 

 

 

 

 

Figure 4.5 The partial molar enthalpy of oxidation (-∆H˚) of the La0.8Sr0.2ScyMn1-yO3−δ                    

(y = 0.2, 0.3, 0.4).  
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Figure 4.6 The partial molar entropy of oxidation (-∆S˚) of the La0.8Sr0.2ScyMn1-yO3−δ                        

(y = 0.2, 0.3, 0.4). 

4.3.5  Electrical Conductivity 

The results of electrical conductivity for the LSSM oxide with varying Sc content are presented in        

Fig. 4.7, where the values of log σ obtained at constant temperature are plotted against log p(O2). The 

electrical conductivity measurements show that electronic conduction in the LSSM oxide is p-type in the 

oxygen deficient region and the electrical conductivity is nearly constant in the oxygen excess region. The 

measured electrical conductivity shows a strong dependence on p(O2) and Sc doping amount. Electrical 

conductivity decreases with increasing Sc doping amount.  LSS02M shows a minimum conductivity of 

1.11 S cm
-1

 (973 K) at a p(O2) of around 10
-23

 atm. LSS03M and LSS04M exhibit  minimum conductivity 

of 0.19 S cm
-1

 and 0.045 S cm
-1

, respectively, at 973 K.  

 In LSSM perovskite type oxides, electrical conduction takes place by the Zerner double exchange 

process, as delineated below: 

  (   )                                   (   )  

The electrical conduction in perovskites is known to occur from cation to cation via an oxygen ion 

(electron hopping). The reduction of LMO leads to the formation of oxygen vacancies, which 

consequently decreases the electrical conductivity. Electrical conductivity is realized by the strong 

overlapping between B-site Mn cations with 2p oxygen orbitals. This overlapping procedure in the 

      network is facilitated by vacant or partially filled transition metal d-orbitals. In LSSM oxides, 

electron conduction is accomplished principally over the Zerner double exchange
22

 between Mn and 

oxygen ions. In other words, due to the constant valence state of Sc, the overlapping between Sc and 
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oxygen is inhibited in the       network.
23

 Thus, the electrical conductivity decreases with 

increasing Sc content. 

 

 

 

 

 

 

 

 

Figure 4.7 The electrical conductivities of the La0.8Sr0.2ScyMn1-yO3−δ (y = 0.2, 0.3, 0.4) at         

923-1023 K. 

 In the oxygen deficient region, electrical conductivity shows a strong dependence on p(O2). In the 

lower p(O2) region, oxygen vacancies   
   are formed and     

  decreases. The oxygen vacancy 

formation apparently inhibits electron hopping between     
  and     

   in the         

network.
15

 In the oxygen deficient composition of the LSSM oxide, the observed conductivity is p-type 

and the conductivity decreases with increasing oxygen deficiency due to ionic charge compensation. The 

electrical conductivity for all the oxides is almost constant in the oxygen excess region. The constant 

electrical conductivity observed in the oxygen excess region can be easily explained by assuming that 

excess positive charges would be trapped all over the metal vacancies. The trapped excess positive charge 

would not have a significant effect on the conductivity.
24

 Also, between 873-1173 K, the oxygen ion 

conductivity of the LSSM oxide is negligible; the measured electrical conductivity therefore characterizes 

the total electrical conductivity.
23
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4.4  Conclusion 

Oxygen non-stoichiometry and electrical conductivity of the perovskite type La0.8Sr0.2ScyMn1-yO3-oxide 

were measured as functions of temperature (923-1023 K), Sc (y= 0.2, 0.3, 0.4) doping, and p(O2) in both 

oxygen excess and deficient regions by high temperature coulometric titration. The oxygen isotherm 

shifts to the low p(O2) region with increasing Sc dopant. A defect structural analysis to explain the 

relation between oxygen non-stoichiometry vs p(O2) is presented for both oxygen excess and oxygen 

deficient regions. The defect chemical analysis results fit well in both regions and describe the oxygen 

vacancy formation and metal vacancy formation. At 973 K, the oxygen non-stoichiometry (p(O2) = 10
-23

) 

for LSSM oxides is 0.1. The standard reduction of Mn
4+

-Mn
3+

 and Mn
3+

-Mn
2+

 in the LSM oxide at low 

p(O2) is well stabilized B-site (Sc) doping. Thermodynamic quantities are calculated from the measured 

oxygen isotherms with the Gibbs-Helmholtz equation. The partial molar enthalpy of oxidation (H˚) 

shows a strong dependence on - (-310 to -250 kJ mol
-1

), and in the oxygen excess region H˚ 

approaches zero in the measured temperature range.  The partial molar entropy of oxidation (S˚) shows a 

strong dependence on both  and Sc. In LSSM oxides, however, the energy required for oxygen vacancy 

formation is higher, and the amount of sites available for oxygen vacancy formation decreases with 

oxygen deficiency. The measured electrical conductivity as a function of p(O2) shows that LSSM oxides 

are p-type conducting materials. In the low p(O2) region, the electrical conductivity strongly depends on 

the oxygen non-stoichiometry whereas the conductivity is independent of it in the high p(O2) region. At 

973 K, the LSS02M oxide exhibits a minimum conductivity of 1.11 S cm
-1

 (p(O2) = 10
-23

). The electrical 

properties of the LSSM oxide are associated with the mixed valence of Mn ions and oxygen vacancies, 

depending on the p(O2) region. 
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Chapter 5.  Enhancement of the electrochemical performance of IT-SOFC by Fe doping on 

YST infiltrated YSZ anodes 

5.1  Introduction 

In the last two decades solid oxide fuel cells (SOFCs) have shown great progress in terms of research and 

development activities. Beginning with the first working example of a SOFC demonstrated by Baur and 

Preis in 1937 
1
, many new materials and designs have been realized.

2-7
 The higher operating temperature 

of SOFC leads, however, to corrosion of SOFC components, high cost, and sealing difficulties. These 

problems have spurred the development of intermediate temperature solid oxide fuel cells (IT-SOFCs) 

that operate at 923 K to 1023 K. The electrode and electrolyte material used in IT-SOFC should be 

chemically, thermally, and mechanically stable at a wide range of p(O2) under SOFC operating conditions. 

SOFCs have much greater fuel flexibility due to the characteristic that O
2-

 anions are the species 

transported through the membrane to the anode forming carbon dioxide, for example, when using 

hydrocarbon as a fuel. However, Ni-YSZ anodes show carbon deposition when exposed to hydrocarbons, 

leading to cell failure.
8 
There is accordingly strong demand for the development of new materials capable 

of converting hydrocarbons while at the same time being tolerant to impurities. 

 The importance of identifying alternative anode materials for IT-SOFCs working on 

hydrocarbons has been recognized in the field of IT-SOFC research.
9
 A and/or B site doped perovskite 

metal oxides (AA'BB'O3) show stable performance as redox stable anodes both in H2 and hydrocarbon 

fuels.
10,11

 Among these metal oxides, donor doped SrTiO3 has garnered considerable interest as anodes for 

IT-SOFCs. The conductivity, however, displayed by SrTiO3is too low for anode application. For anode 

application, the conductivity of SrTiO3 can be increased either by partial substitution of Sr
2+

 by trivalent 

ions such as La
3+

, Y
3+

, and Gd
3+

 or by partial substitution of Ti
4+

 by pentavalent ions such as Nb
5+

.
12

 In the 

presence of trivalent ions in the A site and/or the reduction procedure, it is easier for Ti
4+

 to reduce to Ti
3+

, 

which improves electronic charge carrier concentration. Promising n-type conductivity of trivalent ions 

doped SrTiO3 is attained at the anode operating conditions. The electrochemical properties of perovskite 

metal oxides mainly depend on the B-O-B bond interaction, and any change in the electronic structure 

due to B-site doping modifies the electrochemical and electrical properties of the resulting material.  

Furthermore, B-site doping will significantly increase the thermodynamic stability in both oxidizing and 

reducing atmospheres. In SrTiO3, acceptor doping such as Co
3+

, Mn
3+

, and Fe
3+

 on the B-site (Ti
4+

) can 

increase the oxygen vacancy concentration.
13

 The formed oxygen vacancies may provide active sites for 

fuel oxidation in anodes. Meanwhile, A and B site doping with Y
3+

 and Fe
3+

 in SrTiO3 shows higher 
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electrical conductivity and phase stability in air and H2 atmospheres.
14

 Also, B-site doping by Fe can 

enhance the catalytic activity of the resulting material.
15

  

 In this paper we report the synthesis and fabrication of anodes by the infiltration of 

Y0.08Sr0.88TiO3- (YST) and Y0.08Sr0.92Ti1-xFexO3- (YSTF) into YSZ scaffolds. We study the effects of Fe 

doping in Y0.08Sr0.92Ti1-xFexO3- (x=0, 0.2, 0.4)-YSZ. In YST, A-site deficiency was introduced to suppress 

impurity (pyrochlore Y2Ti2O7) phase formation. The stability, electrical conductivity, and microstructure 

of YST and YSTF were investigated.  The electrochemical properties of the YST-YSZ and YSTF-YSZ 

composite anodes were studied between 973-1073 K.  

5.2  Experimental 

The electrolyte support cell used in this study was made by tape casting, with the outer two layers having 

pore formers. An 85 µm dense YSZ electrolyte disc was sandwiched between two 50 µm porous YSZ 

layers. The diameter of the porous YSZ region was 0.67 cm. A dense YSZ slurry was prepared by mixing 

YSZ powder (Tosoh-Zirconia, TZ-8Y, Tosoh Corp.) in distilled water, into which a dispersant (Durmax 

D 3005 polymer, Rohm & Haas) and binders (HA 12 and B 1000, Rohm & Haas) were added. The 

porous YSZ was prepared by adding YSZ powder (Tosoh-Zirconia, TZ-8Y, Tosoh corp.), a dispersant 

(Durmax D 3005 polymer, Rohm & Haas), binders (HA 12 and B 1000, Rohm & Haas), and graphite 

(UCP-2 grade, Alfa Aesar) sequentially into distilled water. The resultant two slurries were separately 

tape casted. The porous-dense-porous YSZ structure was prepared by laminating three green tapes, 

followed by sintering at 1773 K for 4 h, yielding porosity of approximately 65%.  

To prepare composites of YST-YSZ and YSTF-YSZ, we first prepared precursor solutions from 

Y(NO3)3∙6H2O (Acros Organics, 99.9%), Sr(NO3)2 (Sigma Aldrich, ACS 99%),  

[CH3CH(O)CO2∙NH4]2.Ti(OH)2 [dihydroxy-bis-ammonium lactate titanium (IV), Alfa Aesar], and 

Fe(NO3)3∙9H2O (Sigma Aldrich, ACS 98%) were dissolved in water at a molar ratio of 0.08:0.88:1 (YST), 

0.08:0.92:0.2:0.8 (YSTF 20), and 0.08:0.92:0.4:0.6 (YSTF 40), respectively, along with citric acid. 

Citrate ions were used in a concentration of one to one mole of metal ions. YST-YSZ and YSTF-YSZ 

anodes were prepared by infiltrating precursor solution into the anode side of the three-layered YSZ 

backbone. YST and YSTF were infiltrated into YSZ by a multi-step process followed by heating at 723 K 

to decompose nitrates and citric acid. Infiltration has been repeated until 40 wt% loading of oxide was 

achieved. Finally, the YST-YSZ and YSTF-YSZ wafers were calcined in air at 1273 K. The LSF 

(La0.8Sr0.2FeO3)-YSZ cathode was fabricated by infiltration with an aqueous solution of La(NO3)3·6H2O, 
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Sr(NO3)2, and Fe(NO3)3·9H2O on porous YSZ opposite the anode layer, and then calcined in air at      

1123 K. 1 wt % Pd and 10 wt% ceria were also infiltrated into the anode and 1 wt% Pd into the cathode as 

catalysts and heated in air at 723 K, to assess the effects of the catalysts according to the fuels.  

Electrical conductivity of YST-YSZ and YSTF-YSZ was measured as a function of temperature 

using the standard four-probe technique with a BioLogic Potentiostat. Samples for conductivity 

measurement were prepared by the infiltration of YST and YSTF into a porous YSZ slab (2.2 mm x 5.3 

mm x 9.9 mm in size).  

The initial structural characterization of the sintered product was performed by X-ray 

diffractometry using a Rigaku diffractometer (Cu Ka radiation, 40 kV, 30 mA) to confirm the structure 

with a scan rate of 0.5
o
 min

-1
 and a diffraction range of 20

o
<2θ<60

o
. The morphological features of the 

composites were examined with scanning electron microscopy. For fuel cell performance tests, the cells 

were mounted onto alumina tubes with ceramic adhesive (Ceramabond 522, Aremco). Ag paste and Ag 

wire were used for electrical connections in both the anode and cathode. The entire cell was placed inside 

the furnace and heated to a desired temperature. The anode was exposed to humidified (3% H2O) H2 with 

a flow rate of 20 mL min
-1

 and the cathode was left open in air. Impedance spectra and V–i polarization 

curves were measured using a BioLogic Potentiostat. Impedance spectra were measured galvanostatically 

at various currents in a frequency range of 500 kHz to 1 mHz, with a 10 mA AC perturbation.   

5.3  Results 

In order to effectively function as the anode for a SOFC, the anode material should possess both chemical 

stability and structural stability under the anode operating conditions. Other factors such as microstructure, 

porosity, and physical binding between the electrode-electrolyte interfaces are also important for cell 

processing parameters to achieve good electrochemical performance. The above requirements can be 

easily achieved by laminating YSZ green tape and by infiltration of respective metal salts on the porous 

YSZ backbone.
16

 

 X-ray diffraction and SEM were performed on the electrolyte support cell in order to understand 

the structural stability and morphological changes of the YST-YSZ and YSTF-YSZ anodes. The XRD 

patterns of 40 wt % YST-YSZ and YSTF-YSZ are shown in Fig. 5.1. It can be seen that YST and YSTF 

perovskite phases were formed after sintering and there is no evidence of solid state reaction with YSZ. 

The stability of YST-YSZ and YSTF-YSZ under the anode operating conditions was further explored by 
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annealing under a humidified (3% H2O) H2 atmosphere at 1073 K for 10 h, as shown in Fig. 5.1b. The 

formed YST and YSTF phases show chemical stability with YSZ and the perovskite structure is  

successfully preserved under a reducing atmosphere. Fagg et. al. also reported that substitution of La
3+

 for 

the Sr
2+

 site increases the stability of SrTi1-xFexO3- perovskite materials significantly in a H2 atmosphere 

and inhibits solid state reaction with YSZ.
17

 

The cross-sectional microstructures of YST-YSZ and YSTF-YSZ anodes of the electrolyte 

support cell observed by SEM are shown in Fig. 5.2. The impregnated YST and YSTF formed as particles, 

which are easily distinguishable from the porous YSZ scaffold.  In Fig. 5.2a the YST appear as well-

connected small particles spread over the porous YSZ scaffolds. The addition of 20% Fe in YST          

(Fig. 5.2b YSTF 20) forms more fine YSTF particles over the porous YSZ scaffolds. YSTF 40 (Fig. 5.2c), 

however, forms a dense covered layer over the entire porous YSZ scaffolds, which could decrease the fuel 

cell performance due to the reduction of the number of triple phase boundaries.  

In order to better understand the change in microstructure that occurred in the YST and YSTF 

layers under the fuel cell operating conditions, the YST-YSZ and YSTF-YSZ anodes were treated in 

humidified (3% H2O) H2 at 1073 K for 10 h. Figs. 5.2d, 5.2e, and 5.2f show micrographs of H2 treated 

YST, YSTF 20, and YSTF 40, respectively. Upon treatment at 1073 K in H2, the microstructure of YST 

and YSTF remains close to that of the sample treated only in air at 1273 K. There is no significant change 

in the microstructure of YST-YSZ and YSTF-YSZ.  

 To quantify the surface area in the YST and YSTF layers upon annealing at 1073 K in 

humidified H2, BET isotherms were obtained on the samples and the results are summarized in Table 5.1. 

The YSTF 20-YSZ electrode shows higher surface area (1.189 m
2
 g

-1
) than the YST (0.577 m

2
 g

-1
) and 

YSTF 40 (0.701 m
2
 g

-1
). In YSTF 20, under the anode operating conditions, a nanoporous conductive 

layer with larger surface area is formed on the porous YSZ scaffold. The higher surface area provides an 

extended TPB in the anode, which significantly improves the electrochemical performance.  

The electrical conductivities of 40 wt % YST-YSZ and YSTF-YSZ sintered at 1273 K in air are 

shown in Fig. 5.3a as a function of temperature in air. The electrical conductivity measurements in air and 

H2 were conducted during a cooling process from 1073 K to 673 K. It can be observed that the electrical 

conductivity for YST-YSZ and YSTF-YSZ, respectively, increases with increasing temperature. Fig. 5.3b 

shows the electrical conductivity measured in humidified   (3% H2O) H2, revealing an increase compared 
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with the results for YST-YSZ and YSTF-YSZ measured in air. The enhanced electrical conductivity in a 

reducing atmosphere can be explained as follows: 

  

 

 

 

 

 

Figure 5.1 XRD patterns of YST-YSZ and YSTF-YSZ.  (a) YST-YSZ and YSTF-YSZ sintered 

at 1273 K for 4 h in air. (b) YST-YSZ and YSTF-YSZ annealed in humidified H2     

at 1073 K for 10 h. 

 

 

 

 

 

 

 

 

 

Figure 5.2 A high-resolution SEM image of YST-YSZ and YSTF-YSZ. (a) YST, (b) YSTF20 

YSZ, and (c) YSTF40-YSZ sintered at 1273 K for 4 h in air. (d) YST, (e) YSTF20-

YSZ, and (f) YSTF40-YSZ after annealed in humidified H2 at 1073 K for 10 h. 
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Figure 5.3 (a) The Arrhenius plot of electrical conductivity measured in air for YST-YSZ and 

YSTF-YSZ sintered in air at 1273 K. (b) The Arrhenius plot of electrical 

conductivity measured in humidified H2 for YST-YSZ and YSTF-YSZ. 

 

Under a reducing condition, in a donor doped (Y
+3

) system electrons are generated by the creation of 

oxygen vacancies from the YST lattice according to the following reaction.    

     
     

        
     

    
 

 
   

The extra electrons generated at Ti sites may enter into the conduction band, and conductivity increases 

upon reduction.
18

 Similarly, acceptor (Fe
3+

) doping in SrTiO3 results in the formation of positive charged 

holes in the valence band.  

    
        

       

The positively charged holes formed in the valence band provide electron conduction paths.  

 In YSTF-YSZ, a donor (Y
3+

) and acceptor (Fe
3+

) co-doped system, the electrical conductivity 

decreases with increasing Fe content under a reducing condition, which suggests a decreased 

concentration of Ti
3+

 in YSTF-YSZ.
19

 In the YSTF co-doped system the electrical conductivity is the 

result of electronic defects generated by acceptors and donors.
12

 Therefore, extra electrons generated by 

the donor (Y
3+

) may be neutralized by the holes created by the acceptor (Fe
3+

).  
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        ′       

The electrical conductivity thus decreases with increasing Fe doping concentration in donor (Y
3+

) and 

acceptor (Fe
3+

) co-doped SrTiO3 (Fig. 5.3b).   

 

 

Figure 5.4 V-i polarization curves for the cells having an anode prepared by infiltration with          

Pd /CeO2 catalyst. The data were obtained in humidified (3% H2O) H2. (a) YST-YSZ, 

(b) YSTF20-YSZ and (c) YSTF40-YSZ. (Closed symbols designates V and open 

symbols designates power density) 

 

Figure 5.4 shows the V-i and power density curves for YST-YSZ and YSTF-YSZ anodes at 973-

1023 K for the fuel cells made with supported 85 m YSZ electrolytes with 50 m electrodes. An 

oxidation catalyst (1 wt% Pd supported on 10 wt% CeO2) is added in order to achieve high 

performance.
11,20

 Humidified hydrogen (~3% H2O) and ambient air were used as the fuel and oxidant, 

respectively. A 50 m thick LSF-YSZ was used as the cathode for all the cells. All the cells show a 

reasonable open circuit potential (OCV) close to the theoretical Nernst potential, ~ 1.1 V at 973 K, 

suggesting that the cell was tightly sealed and the YSZ electrolyte was dense without pinholes or micro-

cracks. The YST-YSZ, YSTF 20-YSZ, and YSTF 40-YSZ cells delivered power densities of 298, 421, 

and 321 mW cm
-2

, respectively, at 1073 K. The power density of the YSTF 20-YSZ shows 41% and 31% 

superior performance by compared to those of YST-YSZ and YSTF 40-YSZ, respectively, at 1073 K. The 

power densities of the YST-YSZ and YSTF-YSZ anodes at 973 K and 1073 K in humidified (3% H2O) 

H2 are also summarized in Table 5.2. YST-YSZ and YSTF-YSZ prepared by infiltration show improved 

performance compared to that obtained with conventional screen printing.
15,16

  In a reported YST-YSZ 

cell, YST is a bulk material fabricated by a screen printing technique and the cell delivers a power density 
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of 350 mW cm
-2

 at 1273 K. In the present work, the fuel cell with 20% Fe doped YST infiltrated on a 

porous YSZ scaffold shows higher cell performance of 421 mW cm
-2

 even at a low operating temperature 

of 1073 K.
15,16

 It should also be noted that Ni metals (10 wt%) were previously introduced to YST-YSZ 

composite anodes in an effort to enhance the electrochemical performance.
15,16

 However, in this study, 

even with cerium oxide (10 wt%) and Pd (1 wt%) as a catalyst instead of Ni, superior performance could 

be achieved while avoiding the vulnerability of Ni catalyst to sulfur contaminants. 

 Figure 5.5 shows the corresponding impedance plots of YST-YSZ and YSTF-YSZ anodes 

measured in humidified  H2 at 973-1073 K. The ohmic resistance due to the electrolyte is specified by the 

high frequency intercept with the real axis and the non-ohmic resistance offered by the electrode is 

specified by the difference between high and low frequency intercepts with the real axis. The ohmic and 

non-ohmic resistances are summarized in Table 5.3.  The ohmic losses of YST, YSTF 20, and YSTF 40 

are 0.34, 0.33, and 0.35 Ω cm
2
, respectively, at 1073 K. The ohmic resistances are higher than the losses 

expected for 85 m YSZ electrolyte, 0.20 Ω cm
2
. This may originate from the inadequate conductivity of 

YST-YSZ and YSTF-YSZ.
21

 

Table 5.1 Specific surface area of YST-YSZ and YSTF-YSZ anodes annealed in H2 at 1073 K for 

10 h. 

Composition Surface area (m
2
 g

-1
)  

YST-YSZ 0.577 

YSTF20-YSZ 1.189 

YSTF40-YSZ 0.701 

 

Table 5.2 The summary of electrochemical performance for YST-YST and YSTF-YST cells in 

H2 with Pd/CeO2 catalyst. 

Temperature YST + YSZ YSTF + YSZ 

      Fe 20%       Fe 40% 

  973 K 149 183 156 

  1073 K 298 421 321 

1273 K 
 

    1073 K 

350 

71 
    

The power densities are given in mW cm
-2

. 
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Table 5.3 The summary of ohmic and non-ohmic resistance for YST-YSZ and YSTF-YSZ cells 

in H2 with Pd/CeO2catalyst. 

Temperature   YST + YSZ   YSTF + YSZ  

    
 

                Fe 20%                 Fe 40%  

    ohmic non-ohmic   ohmic non-ohmic ohmic non-ohmic  

  973 K 
 

0.75 1.7 
 

0.72 1.17 0.74 1.48  

1023 K   0.34 0.76   0.33 0.73 0.35 0.66  

The ohmic and non-ohmic resistance is given in Ω cm
2
. 

 

In the YSTF 20-YSZ anode, the Fe dopant helps to form particles that are distinct from the YSZ 

scaffolds. The particles of YST were broken up into nanoscale particles by 20% Fe doping in YST, which 

covers the porous YSZ surface. Under fuel cell operating conditions, the formed nanoscale YSTF 20 

particles ensure a high TPB length for electrochemical reactions in the anode. However, the Fe doped 

YSTF 40-YSZ composite forms a dense coating layer on the YSZ scaffolds, which may limit the TPB 

length and subsequently increase the polarization loss in the anode.
22

 In this context, the better 

performance of the YSTF 20-YSZ anode is attributed to the significantly improved TPB. Among the 

investigated YST-YSZ and YSTF-YSZ anodes, YSTF 20-YSZ displays the best performance with the 

lowest anode polarization resistance, primarily due to the extended TPB at 1073 K.  

 

 

 

 

 

 

Figure 5.5 Impedance curves for the cells having an anode prepared by infiltration with Pd /CeO2 

catalyst. The data were obtained in humidified (3% H2O) H2. (a) YST-YSZ, (b) 

YSTF20-YSZ and (c) YSTF40-YSZ. 
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5.4  Conclusion 

The electrochemical properties of YST-YSZ and YSTF-YSZ composite anodes formed by infiltration on 

porous YSZ scaffolds were investigated. The XRD pattern shows YST and YSTF are stable with YSZ in 

both the as prepared state and anode operating conditions. Fe doping in YST plays an important role in 

optimizing the anode microstructure. The electrical conductivity of YST infiltrated YSZ and YSTF 

infiltrated YSZ anodes shows semiconducting behavior in both air and H2 atmospheres. The electrical 

conductivity of YST-YSZ strongly depends on the Fe doping concentration. An electrolyte support cell 

with 40 wt % YSTF 20 as an anode along with a Pd/CeO2 catalyst and LSF as cathode shows a peak 

power density of  421 mW cm
-2 

at 1073 K. YST and YSTF 40 show peak power density of 298 and 321 

mW cm
-2

, respectively, at 1073 K. 
 
The infiltration technique shows better performance compared to 

conventional fabrication processes such as the screen printing method. The excellent performance of the 

YSTF 20-YSZ anode is attributed to an increased TPB of YSTF 20-YSZ compared to YST-YSZ and 

YSTF 40-YSZ. The results show that YSTF 20-YSZ with an added catalyst is a promising anode for IT-

SOFC applications.   
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Chapter 6. Enhancing Sulfur Tolerance of a Ni-YSZ Anode through 

BaZr0.1Ce0.7Y0.1Yb0.1O3−δ Infiltration 
 

6.1  Introduction 

Solid oxide fuel cells (SOFCs) are promising energy conversion devices due to their advantages such as 

fuel flexibility, high efficiency power generation, low emissions, and system compactness. In particular, 

hydrocarbon fueled SOFCs have received considerable attention due to the abundance and accessibility of 

fuel, which significantly reduces the cost of SOFC technologies.
1-3

 Conventional SOFCs, which use a   

Ni-YSZ cermet anode and YSZ electrolyte, are commercially available with pure H2 as fuel; but this     

Ni-YSZ anode, when operated on hydrocarbon fuels, is highly susceptible to coking and deactivation by 

other contaminants.
4, 5

 For example, hydrogen sulfide (H2S), the most common impurity in reformed 

hydrocarbon fuels, can deteriorate the activity of conventional Ni-YSZ anode under SOFC operating 

conditions, even in parts per million (ppm) levels.
6-8

 Most previous studies indicated that sulfur is strongly 

adsorbed on the Ni surface and blocks the triple phase boundaries for electrochemical oxidation of the 

fuel, which results in performance degradation due to the considerably increased anodic polarization.
9-11

 

Efforts have thus been made to identify Ni free anode materials that provide improved sulfur 

tolerance and coking tolerance to operate on hydrocarbon fuels. Several anode materials including 

Sr2MgMoO6, La1-xSrxVO3, Sr1-xYxTiO3, and La1-xSrxCr0.5Mn0.5O3 have shown improved sulfur   

tolerance.
12-16

 However, due to reasons such as poor catalytic activity towards fuel oxidation, low 

electrical conductivity, and inadequate compatibility with other cell components, none of these materials 

can satisfy all the practical requirements for SOFCs . 

 Other approaches to improve the sulfur tolerance through the controlled surface modification on 

the entire Ni-YSZ surface with NbO2, CeO2 and Sm0.2Ce0.8O2 have also been introduced.
17-19

 A thin layer 

of ceria and/or NbO2 on Ni-YSZ appears to behave as a sulfur sorbent through the formation of 

oxysulfide, while the sulfur adsorbed on the uncovered Ni surface is extremely stable and desorbed only 

at temperature above 1230 
o
C. With surface modification, however, ceria and Nb particles are deposited 

randomly by multiple infiltration steps and the Ni-YSZ anode pores can be blocked by these catalysts. 

This pore size reduction has been shown to cause mass flow limitations in the electrodes. Therefore, 

proper surface modification of the anode backbone with a continuous thin-film coating on the Ni-YSZ 

surface is critical to obtain stable performance.  

Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3−δ (BZCYYb) composites recently have been studied as anodes, due to 

their high catalytic activity, coke resistance, and ability to use H2S containing fuel with minimum 
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degradation.
1
 Ni-BZCYYb shows no performance loss in power output upon exposure to H2S 

contaminated fuels, and appears to be the most preferable anode identified thus far. However, Ni-

BZCYYb readily reacts with YSZ at high temperature to form an electronically insulating phase, which 

hinders O
2-

 ion conducting paths in the YSZ electrolyte. The aforementioned materials thus cannot fully 

satisfy requirements for applicability to state-of-the-art Ni-YSZ fuel cell systems.  

In the present study, we report findings on the surface modification of a Ni-YSZ anode using 

BZCYYb to enhance the sulfur tolerance of anode. We show that only a single-step infiltration of 

BZCYYb significantly improves the sulfur tolerance of the Ni-YSZ anode over long periods of time. 

Furthermore, to investigate the behavior of the SOFC anode after the operation on a sulfur contaminated 

fuel, the modified Ni-YSZ anode before and after exposure to the sulfur contaminated fuel is 

characterized thorough Raman spectroscopy. The stability of the Ni-YSZ anode is discussed with regard 

to the amount of BZCYYb infiltration, based on a long term electrochemical stability test and ex-situ 

Raman spectroscopy analysis.  

6.2  Experimental 

A BZCYYb solution was prepared using quantitative amounts of metal precursors Ba(NO3)2 (Sigma-

Aldrich), ZrO(NO3)2•4H2O (Alfa Aesar), Ce(NO3)∙6H2O (Sigma-Aldrich), Y2O3 (Alfa Aesar), and Yb2O3 

(Alfa Aesar). First, Y2O3 and Yb2O3 were dissolved in HNO3, and then ZrO(NO3)2.4H2O was added to 

the solution with stirring and heating on a hot plate. After the solution became clear, Ba(NO3)2, and 

Ce(NO3)3·6H2O were then added. Citric acid was added in a 1:1 metal ions: citric acid molar ratio and the 

pH value was adjusted to about 7 with NH3·H2O to obtain a stable BZCYYb solution. A X-ray diffraction 

(XRD) analysis was used to examine the phase formation of the BZCYYb powder (derived from the 

BZCYYb solution) as well as the chemical compatibility between BZCYYb and YSZ. 

In order to study the morphology of the BZCYYb coating on the Ni-YSZ anode surface, dense 

Ni-YSZ pellets were used as substrates to facilitate the observation. The dense Ni-YSZ composite pellets 

were prepared by ball-milling a mixture of Ni powder (~ 300 mesh, Alfa Aesar) and YSZ (Tosoh) at a 

volume ratio of 50:50 in ethanol for 12 h. The dried powders were pressed into pellets in a 13 mm 

diameter die and the pressed pellets were sintered at 1400 
o
C for 4 h in 10 vol% H2 balanced by N2. The 

sintered pellets were mechanically polished to obtain a smooth surface finally. 5 L BZCYYb solutions 

with different concentrations, 0.2 M, and 0.1 M, were then coated on the polished Ni-YSZ surface using a 

micro-liter syringe to control the amount of loading. After being dried in air, the BZCYYb coated Ni-YSZ 
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pellets were fired at 950 
o
C in 10% H2/90% N2 for 4 h and cooled to room temperature for further analysis. 

The surface morphology of the BZCYYb coated pellets was examined using scanning electron 

microscopy (SEM).  

 For ex-situ Raman spectroscopy, unmodified Ni-YSZ and BZCYYb coated pellets were sealed in 

an alumina tube furnace and heated to 800 
o
C in a 50 ppm H2S-H2 gas mixture for 18 h. The samples were 

then examined at room temperature using Raman microspectroscopy (WITec, Helium Neon Laser 532 

nm). 

To evaluate the BZCYYb modification process under fuel cell operating conditions, electrolyte 

supported cells were fabricated with a configuration of Ni-YSZ/YSZ/SDC/LSCF. First, the NiO-YSZ 

anode and YSZ electrolyte were tape-casted separately, as reported elsewhere.
3,12

 The electrolyte 

supported NiO-YSZ/YSZ was then prepared by lamination, followed by sintering at 1450 
o
C for 5h to 

densify the YSZ electrolyte. A Sm0.2Ce0.8O2-δ buffer layer was deposited on the YSZ electrolyte surface. 

La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) cathode powders prepared by the Pechini method were mixed with V-006 

and acetone to form cathode slurry, which was screen-printed on the YSZ electrolyte, followed by firing 

at 1000 
o
C for 4 h. The final thickness of the anode and the electrolyte was 150 m and 100 m, 

respectively, with an anode active area of 0.36 cm
2
. 5 L BZCYYb solutions with different 

concentrations, 0.2 M, and 0.1 M, were then infiltrated on the NiO-YSZ electrolyte supported cell (3.5 wt% 

BZCYYb) and sintered in air at 950 
o
C for 4 h. NiO paste and Ag paste were used as the current collector 

in the anode and cathode, respectively. For a single cell performance test, the cell was mounted on an 

alumina tube with ceramic bond (Ceramabond 522, Aremco). The cell was placed inside an electrical 

furnace and heated to 700 
o
C. The anode was exposed to pure H2 and H2S containing H2 at a flow rate of 

50 mL min
-1

. The cell performance was monitored using a BioLogic Potentiostat, in galvanostatic mode, 

i.e., monitoring the cell voltage at constant current.  

6.3  Results 

BZCYYb powders derived from the BZCYYb solution were prepared to characterize the crystalline phase 

of the BZCYYb films coated on Ni-YSZ anodes. The XRD patterns of BZCYYb-YSZ (1:1 wt% mixture) 

calcined in air at different temperatures are presented in Figure 6.1a, and suggest that there was no 

evidence of a solid state reaction between BZCYYb and YSZ at temperatures below 950 
o
C. Figure 6.1b 

shows the XRD patterns for the BZCYYb powder calcined at 950 
o
C in air and in a H2 atmosphere. From 

the XRD patterns, it is clear that BZCYYb is stable under both oxidizing and reducing conditions. The 
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XRD patterns of BZCYYb at room temperature reveal sharp perovskite peaks without any additional 

peaks corresponding to other phases.  

 

Figure 6.1 (a) XRD patterns of BZCYYb-YSZ (50/50 by weight %) sintered in air at 25-1000 
o
C 

and in H2 at 900 
o
C for 4h.  (b) XRD patterns of BZCYYb prepared in air and H2 at 

950 
o
C for 4h. 

Figures 6.2a, 6.2b display SEM images of a polished surface of dense Ni-YSZ pellets. The Ni-

YSZ dense pellet was used to study the morphology of the BZCYYb coating on the Ni-YSZ surface.        

Figure 6.2c, 6.2d, and 6.2e show SEM images of 0.2M (5L) BZCYYb coated Ni-YSZ pellets.        

Figure 6.3a, 6.3b shows the morphology of 0.1M (5L) BZCYYb coated Ni-YSZ pellets. Compared with 

the unmodified Ni-YSZ pellet, 0.2M BZCYYb coated pellets show nano-scale BZCYYb particles which 

were mostly observed on the Ni surface rather than on the YSZ surface. The BZCYYb particles appear to 

preferentially coat the Ni surface; a fairly non-uniform coating of BZCYYb particles with a size of    

~100 nm (Figure 6.2d) was obtained. The BZCYYb catalyst nanoparticles partly cover the Ni surfaces 

and allow a significant fraction of triple phase boundaries (TPB) at the Ni-YSZ junctions. Notably, the 

BZCYYb modification may allow extension of TPBs so that some of the Ni surface can participate in the 

electrochemical reaction. In contrast, other modification processes require a fully covered Ni-YSZ surface, 

which may decrease the number of electrochemical reaction sites.  

 Figure 6.4a shows an optical micrograph of a Ni-YSZ polished pellet. Similar to the SEM image, 

the optical micrograph shows Ni regions as bright color and YSZ regions as dark gray color, respectively. 
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Figure 6.4b shows the corresponding Raman spectra of the clean Ni-YSZ anode surface. The Raman 

spectrum for the YSZ polycrystalline region has a Raman shift peak at 622 cm
-1

 and weaker bands at 

491cm
-1

.
9
  On the other  hand, in the Raman spectrum  for the  Ni region, no anomalous Raman  signal  is  

 

 

 

 

 

 

 

 

 

 

Figure 6.2  A high-resolution SEM image of (a, b) Ni-YSZ, and (c, d ,e) 0.2M BZCYYb Ni-YSZ.  

 

 

 

 

 

 

Figure 6.3 A high-resolution SEM image of 0.1M BZCYYb Ni-YSZ.  
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detected and the spectrum is essentially featureless. Figure 6.4c and 6.4d show an optical micrograph and 

Raman spectra of Ni-YSZ pellets exposed to a fuel mixture of 50 ppm H2S-H2 for 18 h at 800
o
 C, 

respectively. The Raman spectra for Ni regions exposed to H2S show a sharp band at 399 cm
-1

 and several 

weaker bands at 192 cm
-1

, 214 cm
-1

, 299 cm
-1

, and 318 cm
-1

, corresponding to Ni3S2.
9
 A close 

examination of the Ni surface by Raman spectra shows that Ni was well covered by Ni3S2. Meanwhile, 

the Raman spectra for YSZ regions have no observable change, suggesting that H2S does not contaminate 

the YSZ. The Ni3S2 identified in this work was formed during the cooling process, as the in-situ analysis 

shows that Ni3S2 is unstable under typical SOFC operating conditions.
9
 

Figure 6.4 display an optical micrograph and Raman spectra collected from a 0.2M (Fig. 6.4e, 

6.4f) and 0.1M BZCYYb (Fig. 6.4g, 6.4h) modified Ni-YSZ pellet following exposure to a fuel mixture 

of 50 ppm H2S containing H2 gases for 18 h at 800
o
 C, respectively. As expected, the acquired Raman 

spectra consist of similar features of uncontaminated Ni-YSZ, as shown in Figure 6.4, confirming that 

sulfur contamination does not occur on the BZCYYb modified Ni-YSZ surface. Raman spectra for the 

modified sample were collected point-by-point from all regions of the Ni-YSZ pellets. The Raman spectra 

collected from Ni-YSZ show that significant tolerance exists only in the presence of the BZCYYb 

catalyst.  

Figure 6.5a shows the cross section SEM image of 0.2M BZCYYb Ni-YSZ/YSZ/LSCF 

electrolyte supported cell. As shown in the SEM images of 0.2M (5L) BZCYYb modified NiO-YSZ 

(Figure 6.5b, 6.5c)), the BZCYYb nano scale particles are mostly observed on the NiO surface rather than 

on the YSZ surface. Figure 6.6a and 6.6b shows the electrochemical performance of Ni-YSZ/YSZ/LSCF 

and 0.2M BZCYYb Ni-YSZ/YSZ/LSCF. The 0.2M BZCYYb Ni-YSZ and Ni-YSZ anodes were exposed 

to 30 ppm and 20 ppm H2S-H2 fuel, respectively, after the cell was stabilized at 700 
o
C in H2 and the cell 

voltage was measured under a constant current of -0.054 Acm
-2

. Figure 6.7a and 6.7b shows the 

electrochemical performance of 0.2M BZCYYB Ni-YSZ/YSZ/LSCF and 0.1M BZCYYb Ni-

YSZ/YSZ/LSCF cells in 20-100 ppm H2S containing H2 fuel at 700 
o
C under a constant current of            

-0.054 Acm
-2

. Immediately after exposure to 20 ppm H2S containing H2 fuel, the cell voltage of the 

unmodified Ni-YSZ anode dropped to 620 mV. The cell performance of the unmodified Ni-YSZ anode 

gradually decreased under 20 ppm H2S at 700 
o
C and completely degraded after 25 hours of H2S 

contamination. The cell with 0.2M BZCYYb modified Ni-YSZ anode, however, shows a remarkably 

stable performance in 30 ppm H2S without any degradation for 500 hours. For the cell with BZCYYb 

modification, the initial cell voltage (810 mV) was higher than that (730 mV) of the unmodified anode at 

a constant current density of -0.054 Acm
-2

.  
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In this study, the unique microstructure of the BZCYYb modified anode prepared by the 

infiltration approach has two notable advantages compared to the anodes prepared via other modification 

processes.
15-17

 First, only a single-step of BZCYYb infiltration is sufficient to assure good sulfur tolerance.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 Optical micrograph of  (a) clean Ni-YSZ anode surface, (c) Ni-YSZ pellet after 

exposure to 50 ppm H2S-H2, (e) 0.2M BZCYYb and (g) 0.1M BZCYYb modified Ni-

YSZ composite after exposure to 50 ppm H2S-H2 at 800 °C for 18 h . Corresponding 

Raman spectra of the clean (b) Ni-YSZ anode surface, (d) Ni-YSZ polished pellet 

after exposure to 50 ppm H2S-H2, (f) 0.2M BZCYYb and (h) 0.1M BZCYYb 

modified Ni-YSZ composite after exposure to 50 ppm H2S-H2 at 800 °C for 18 h. 

The bright color in the optical micrographs shows Ni regions and gray-dark color 

shows YSZ regions. 
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Figure 6.5 A high-resolution SEM image of (a) 0.2M BZCYYb modifyed NiO-YSZ electrolyte 

supported cell, and (b) 0.2M BZCYYb NiO-YSZ dense pellet (c) 0.2M BZCYYb 

infiltrated  porous NiO-YSZ cell.  

 

 

 

 

 

 

Figure 6.6  (a) Shows the electrochemical performances of Ni-YSZ anode (3% H2O) H2 and 20 

ppm H2S balanced with H2 at 700°C under a constant current load of -0.054 A cm
-2

. 

(b) shows the electrochemical performances of 0.2M BZCYYb Ni-YSZ anode         

(3% H2O) H2 and 30 ppm H2S balanced with H2 at 700°C under a constant current 

load of -0.054 A cm
-2

.  

 

Second, the nano-sized BZCYYb particles appear to be distributed only on the Ni surface, and thus 

effective TPB sites are preserved, where oxygen ions, electrons, and fuel meet. 

In sulfur containing fuels, sulfur poisoning occurs due to the strong absorption of elemental 

sulfur on the Ni surface, which blocks the TPBs.
20

 For an unmodified Ni-YSZ anode, sulfur absorption 

(Equation 6.1) on the Ni surface and the removal process (Equation 2) can be expressed as,  
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2

*

2 HSNiSH Ni           Eqn. 6.1 

  eSONiOSNi 42 2

2*      Eqn. 6.2 

where SNi
*
 denotes sulfur absorbed on the Ni surface and TPB. For an unmodified Ni-YSZ anode, 

the elemental sulfur absorbed on the Ni surface cannot be removed by reaction (Equation 6.2), since this 

reaction (Equation 6.2) is expected to be slow due to (a) a larger amount of elemental sulfur blocking the 

TPB sites and (b) a larger number of electrons involved. Considering the blockage of the TPB sites by 

sulfur and the large number of electrons involved, reaction (6.2) may be the rate determining step for the 

recovery process when the fuel is switched back to clean H2. This recovery process, i.e., reaction (6.2), 

may not be 100% completed due to the microstructural change of the Ni-YSZ anode.
15 

 

 

 

 

 

Figure 6.7 Electrochemical performances of (a) 0.2M BZCYYb Ni-YSZ anode and (b) 0.1M 

BZCYYb Ni-YSZ anode in (3% H2O) H2 and 20-100 ppm H2S balanced with H2 at 

700°C under a constant current load of -0.054 A cm
-2

. 

On the other hand, the improved sulfur tolerance of the 0.2 M BZCYYb modified Ni-YSZ anode 

may be related to the water uptake property of proton conducting materials, BaZrO3-BaCeO3.
[1]

 Figure 6.8 

shows the weight change observed for BZCYYb powder samples upon exposure to humidifyed argon at 

750 
o
C. Recent studies have shown that BZCYYb, BaO,   BaZr1-xYxO3, and BaZr1-xYbxO3 materials have 

outstanding coking tolerance and sulfur tolerance due to their absorbed or adsorbed water uptake property 

at the microscopic level.
1,3,21-22

 The actual sulfur removal mechanism of the BZCYYb modified Ni-YSZ 

anode is still unclear, but it can be hypothesized as illustrated in Figure 6.9. The adsorbed sulfur on the Ni 

surface may be removed by a simpler pathway, which is the direct reaction of absorbed water on 

BZCYYb with absorbed sulfur on the Ni surface. The sulfur tolerance of the modified BZCYYb Ni-YSZ  
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Figure 6.8 Typical thermogravimetric traces for BZCYYb powder samples in wet argon at 

750 °C.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6.9 Schematic showing the anodic reaction pathways for the 0.2M BZCYYb Ni-YSZ / 

YSZ anode structure under SOFC operating conditions. The three step sulfur removal 

processes are as follows: Step 1: absorption of elemental sulfur in Ni surface,      

Step 2: interaction of absorbed water on BZCYYb with the elemental sulfur and  

Step 3: removal of sulfur from the Ni surface.  
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anode may be a three step chemical process and can be summarized as shown in Figure 6.9. Step 1: the 

absorption of elemental sulfur in the Ni-YSZ surface, which blocks the TPB sites (Equation 6.1). Step 2: 

interaction of absorbed water on BZCYYb with the elemental sulfur at TPB. Step 3: formation of SO2 or 

removal of sulfur from the TPB region. Also, the morphology of the 0.2M BZCYYb modified Ni-YSZ 

anode (Figure 6.2) shows that BZCYYb particles are mostly decorated on the Ni surface, which helps 

remove the adsorbed sulfur without blocking TPB sites. These results indicate that BZCYYb modified 

Ni-YSZ anodes could be used for operation with sulfur containing fuels. A single-step infiltration of 

BZCYYb leads to significant sulfur tolerance for a long period of time on a conventional Ni-YSZ anode. 

6.4  Conclusion 

A BZCYYb sulfur tolerant nanocoating, produced by a simple and economic infiltration method, on the 

conventional Ni-YSZ based SOFC anodes shows notably stable performance over 500 h, in humidified 

H2 containing 30 ppm H2S. The electrolyte supported cell with the BZCYYb modified Ni-YSZ anode 

shows stable performance under an applied current of -0.054 Acm
-2

 at 700 
o
C in a significant 

concentration of sulfur, whereas the unmodified Ni-YSZ anode was contaminated by H2S, which causes 

electrochemical degradation. The present work demonstrates the importance of BZCYYb, as well as 

morphology control, to achieve stable performance of Ni-YSZ in sulfur containing fuels. Surface 

modification of Ni-YSZ by BZCYYb provides stable electrochemical performance in sulfur containing 

fuels for a long time. The BZCYYb modified anodes are feasible for the steady operation at the 

intermediate operating temperatures as a crucial element of the state-of-the-art Ni-YSZ fuel cell systems.  
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Chapter 7.  Layered Oxygen Deficient Double Perovskite as an Efficient and Stable Anode 

for Direct Hydrocarbon SOFCs  

 

7.1  Introduction 

Solid oxide fuel cells are electrochemical energy conversion devices that directly convert the chemical 

energy in fuel to electricity with very high energy efficiency and excellent fuel flexibility.
1-3

 The 

conventional Ni/electrolyte composite anode, Ni cermet, has high catalytic activity towards fuel oxidation 

but it is deactivated during operation because of its sensitivity to carbon buildup from incomplete 

oxidation of hydrocarbons and sulfur poisoning by contaminants commonly encountered in readily 

available fuels.
4
 To overcome these problems, various alternative anode materials and/or material 

combinations prepared via incorporation of other materials have been studied as potential SOFC anodes. 

Gorte et al. reported Cu-CeO2-yttria-stabilised zirconia (YSZ) composite anodes operated on a range of 

dry hydrocarbons with good carbon and sulfur tolerance.
5
 Cu particles, however, tend to coarsen over 

time due to their relatively low melting point (1085 
o
C), causing poor electronic conduction

6
, they also 

have poor catalytic activity for direct hydrocarbon oxidation
7
, limiting the power output. To retain the 

high-performance of Ni based anodes in hydrocarbon fuels, a Ru-CeO2 catalyst layer was later applied on 

a conventional Ni-YSZ anode to prevent carbon coking due to the internal reforming of iso-octane.
8
 

However, drawbacks such as a large amount of CO2 and O2 being co-fed with iso-octane, difficulties in 

current collection, and the high cost of Ru may limit practical application of this catalyst.
8,9

 Recently, Liu 

et al, adopted a different strategy to achieve high tolerance to coking and sulfur poisoning. They replaced 

the oxide ion conductor in the conventional in Ni-YSZ anode with a mixed ion conductor (it conducts 

both H
+
 and O

2-
), e.g. co-doped Y and Yb at BaZrO3-BaCeO3.

10
 The BaZrO3-BaCeO3 anode, however, 

requires high sintering temperature (> 1700 
o
C) during cell fabrication due to its poor sinterability. As a 

result, it is incompatible with YSZ and it also shows poor chemical stability with CO2 and H2O under 

operational conditions.
11

 

Alternatively, mixed oxide-ion electron conductors (MIECs) have been developed as ceramic 

anode materials. Examples include La0.8Sr0.2ScxMn1-xO3-δ
12

, La0.33Sr0.67TixMn1-xO3-δ
13

, Y0.08Sr0.92Ti1-xFexO3-

δ
14

, La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM)
15

, Sr2MgMoO6 (SMMO)
16

, Pr0.8Sr1.2(Co,Fe)0.8Nb0.2O4 (K-PSCFN)
17

, 

and Ce0.6Mn0.3Fe0.1O2-La0.6Sr0.4Fe0.9Mn0.1O3 (CMF-LSFM).
18

 These anodes are stable in anodic operating 

conditions and demonstrate improved coking tolerance and sulfur poisoning under various fuel conditions. 

However, the catalytic activity, electrical conductivity, and power density of these MIEC anodes are 

much lower than those of the conventional Ni-YSZ anode. For example, without a Pd oxidation catalyst, 
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the LSCM anode backbone cannot perform reliably in H2 and CH4 below 900 
o
C.

19
 Meanwhile, it has 

been suggested that the electrochemical performance of the SMMO anode is sensitive to current 

collectors.
16

 Recently, a K2NiF4 type K-PSCFN anode with Co-Fe alloy as an oxidation catalyst was 

reported. The cell performance dropped significantly after oxidation back to a perovskite-type structure, 

although it provided coking resistance and sulfur tolerance.
17

 The CMF-LSFM composite oxide was also 

reported to be a good ceramic anode with improved power density in propane, e.g. ~1 W cm
-2

 at 800 
o
C, 

but the power densities in H2 and CH4 are unacceptably low.
18

 

 In this work, in order to obtain high electrochemical performance along with high tolerance to 

carbon coking and H2S poisoning, we present a novel redox stable MIEC anode consisting of an A-site 

layered double perovskite structure, PrBaMn2O5+δ (PBMO), for operation on hydrocarbon fuel. We 

selected this double perovskite system based on the following factors:  

a) Degree of A-site ordering: layered PBMO is thermally and chemically stable under fuel electrode 

conditions.
20,21

 

b) Higher electrical conductivity and oxygen kinetics: The layered PBMO perovskite structure supports 

mixed valent transition metal cations (Mn
4+

/Mn
3+

/Mn
2+

), which could provide high electrical conductivity 

and maintain a large oxygen vacancy content, contributing to fast oxygen ion diffusion.
22

 

c) Good catalytic activity toward both hydrogen and hydrocarbon oxidation: Perovskite oxides of first 

row transition metals containing Mn, Co, and Fe rich perovskite provide high activity in hydrocarbon 

oxidation.
23,24

 

7.2  Experimental 

The Pr0.5Ba0.5MnO3 sample was prepared by the Pechini method. The desired composition was obtained 

by dissolving nitrate salts of Pr, Ba, and Mn in distilled water with the addition of quantitative amounts of 

citric acid and ethylene glycol. Upon removal of excess resin by heating, a transparent organic resin 

containing metals in solid solution was formed. The resin was slowly decomposed at 600 
o
C and calcined 

in air at 950 
o
C for 4 h. A-site layered PBMO oxide anode obtained by annealing Pr0.5Ba0.5MnO3 oxide in 

H2 at 800 
o
C. The initial structural characterization of the layered PBMO oxide was performed by X-ray 

diffractometry by Rigaku diffractometer (Cu Kα radiation, 40 kV, 30 mA) and in-situ X-ray diffraction 

(PANalytical Empyrean, Mo Kα radiation).  



111 

 

To measure the electrical conductivity and thermal expansion coefficient (TEC), the powder of 

Pr0.5Ba0.5MnO3 was pressed into pellets, sintered at 1500 
o
C for 12 h. Electrical conductivity was 

measured as a function of temperature using the standard four-probe technique with a BioLogic 

Potentiostat. The electrical conductivity was measured in 5% H2 to convert Pr0.5Ba0.5MnO3 to layered 

PBMO and then that of layered PBMO was measured in air atmosphere.  

The oxygen non-stoichiometry at elevated temperature was studied through coulometric titration 

(CT) by measuring the oxygen partial pressure of layered PBMO oxides as a function of temperature, as 

reported elsewhere.
12

 In the present case, an yttria-stabilised zirconia (YSZ) tube (McDanel Advanced 

Ceramic Technologies, Z15410630) that is sealed from the atmosphere is used. Ag paste (SPI Supplies, 

05063-AB) is painted on the inner and outer walls of the tube as electrodes. The potential across the 

membrane is given by the ratio of the p(O2) outside and inside the cell according to the Nernst equation. 

Low pO2 in the tube is achieved by flowing gas mixtures composed of 10% H2-90% N2. The oxygen 

content can be directly controlled by the electric charge passing through the YSZ tube. While 

measurements were being performed the potential across the membrane (oxygen partial pressure) is 

continuously monitored. When the potential across the membrane reaches the stationary value 1 mV/h, 

the equilibrium between the sample and gas in the tube is considered to be attained. 

La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) powder was prepared by solid state reaction method and dense 

electrolyte substrate was prepared by dry pressing and followed by sintering at 1475 
o
C. Stoichiometric 

amounts of La2O3 (Sigma 99.99%), SrCO3 (Sigma, 99.99%), Ga2O3 (Sigma, 99.99%), and MgO (Sigma, 

99.9%) powders were ball milled in ethanol for 24 h. After drying, the mixture was calcined for 6 h. The 

thickness of LSGM electrolyte was adjusted about 300 m by polishing. LDC (La0.4Ce0.6O2−δ) was also 

prepared by ball milling stoichiometric amounts of La2O3 and CeO2 (Sigma, 99.99%) in ethanol and then 

calcined for 6 h. For preparation of the anode slurry, Pr0.5Ba0.5MnO3 was mixed with an organic binder 

(Heraeus V006) (1:2 weight ratio). NdBa0.5Sr0.5Co1.5Fe0.5O5+δ-Ce0.9Gd0.1O2−δ (NBSCF50-GDC) cathode 

slurry was prepared by pre-calcined cathode and GDC powders (at a weight ratio of 60:40) were mixed 

using ball milling, together with an organic binder. The electrode slurries was applied on the LSGM pellet 

by screen printing method, and then fired at 950 
o
C in air for 4 h. The porous electrode had active area of 

0.36 cm
2
 and thickness about 20 m. LDC layer was used as the buffer layer between the anode and the 

electrolyte to prevent inter-diffusion of ionic species between PBMO and LSGM. 15 wt% of PBMO or 

Co0.5Fe0.5 (Co-Fe) catalyst solution was infiltrated onto the anode side and heated in air at 450 
o
C. For fuel 

cell performance tests, the cells were mounted on alumina tubes with ceramic adhesives (Ceramabond 

552, Aremco). Silver paste and silver wire were used for electrical connections to both the anode and the 
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cathode. The entire cell was placed inside a furnace and heated to the desired temperature. V–

i polarization curves were measured using a BioLogic Potentiostat in the temperature range of 700-850 
o
C. 

7.3  Results 

A-site layered PBMO oxide is obtained by annealing Pr0.5Ba0.5MnO3-δ oxide (cubic/hexagonal) in H2 at 

800 
o
C (Fig. 7.1).  A-site layered compounds are best synthesized by a two-step sintering process. 

Pr0.5Ba0.5MnO3-δ was synthesized in air at 950 
o
C via the Pechini synthesis method and the air prepared 

sample was treated in a reducing atmosphere to step down the oxygen from the “O3” to “O5” phase
20

.  

               
         
→                    Eqn. 7.1 

where the “O5” phase is characterized by layered alternate stacking of Pr
3+

 ions and Ba
2+ 

O
2-

 layers along 

the c-axis. Subsequently, the A-site in the unit cell of the “O5” phase is doubled
21

 and can be 

characterized as A-site layered perovskite (“O5”). The phase change is associated with this reduction 

confirmed by DTA-TGA in Fig. 7.2, which clearly shows the presence of a sharp exothermic peak (*) 

upon heating at 400 
o
C. The phase change of Pr0.5Ba0.5MnO3-δ to layered PBMO is also observed by in-

situ XRD in reducing conditions (Fig. 7.3). 

Figure 7.1 The X-ray diffraction (XRD) patterns show (a) Pr0.5Ba0.5MnO3 and (b) layered PBMO, 

respectively by Rigaku diffractometer (Cu Kα radiation, 40 kV, 30 mA). 

Pr0.5Ba0.5MnO3 is synthesized at 950 
o
C in air which indicates a mixture of cubic (C) 

and hexagonal (H) phase. The phase change from the Pr0.5Ba0.5MnO3 to the layered 

PBMO occurs via reducing process in H2 at 800 
o
C. 
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Figure 7.2 Principle of the approach to prepare A-site layered perovskite PrBaMn2O5+δ. Phase 

change of Pr0.5Ba0.5MnO3 to layered PrBaMn2O5+δ occurs under reducing atmosphere. 

The DTA curve shows the presence of sharp exothermic peak (*) upon heating at 400 

o
C. A-site layered PrBaMn2O5+δ shows that MnO2 square sublattice is sandwiched 

between two rock salt layers, PrO and BaO layers, along the c axis. 

 

 

 

 

 

 

 

 

Figure 7.3 In-situ XRD patterns indicate phase change to layered PBMO in reducing condition. 

The Pr0.5Ba0.5MnO3 was prepared with the calcination in air. In-situ XRD patterns 

were measured with 200 
o
C intervals up to 800 

o
C in 5% H2 / 95% Ar gas flow. 

(PANalytical Empyrean, Mo Kα radiation). 
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Although Pr
3+

 and Ba
2+

 are close to isoelectronic, the Pr ion is significantly smaller than Ba in similar 

coordination, PBMO thus adopts a layered crystal structure, wherein an MnO2 square sublattice is 

sandwiched between two rock salt layers, PrOx and BaO layers, along the c-axis ([BaO]-[MnO2]-[PrOx]-

[MnO2]-[BaO]. A site layered PBMO has a remarkable structural feature: Under reducing conditions, 

oxygen atoms in the PrOx plane can be partially or entirely removed, creating many oxygen vacant sites in 

the crystal sites.  

Figure 7.4 shows transmission electron microscopy (TEM) images of air-prepared 

Pr0.5Ba0.5MnO3-δ and layered PBMO samples. The air-prepared powder sample shows a smooth surface 

morphology with a high crystal quality, as seen in bright-field (BF) TEM and high-resolution (HR) TEM 

images (Fig. 7.4a, 7.4b). However, it is notable that the morphology of particles is dramatically changed 

after annealing in H2 at 800 
o
C. Figures 7.4d, 7.4e show that layered PBMO particles have a rough surface 

morphology with many facets and defects, as represented by red arrows in Fig. 7.4e. This could result in 

the increase of a surface area (e.g., 2.42 and 5.32 m
2
 g

-1
 for Pr0.5Ba0.5MnO3-δ and layered PBMO, 

respectively) and electrochemically active site. Furthermore, the A-site ordering was observed by 

showing a weak additional spot in fast-Fourier transformed (FFT) pattern, which is indexed with (001) of 

tetragonal superlattice. It can be also confirmed in high-angle annular dark field (HAADF) scanning TEM 

(STEM) image Fig. 7.4f, indicating a periodic contrast change due to A-site ordering of PrO and BaO 

layers, compared to even contrast in Fig. 7.4c.    

 The novel PBMO layered perovskite structure retains high electrical conductivity in both air and 

hydrogen atmospheres. Figure 7.5a shows the electrical conductivity of layered PBMO as a function of 

temperature in air and wet 5% H2. An ideal SOFC anode must have sufficiently high electrical 

conductivity in order to provide efficient electron transfer paths. In this regard, for SMMO and LSCM 

electrical conductivities of 4.21 and 0.96 S cm
-1

 at 800 
o
C in 5% H2, respectively, were obtained

15,16
. 

Meanwhile, the electrical conductivity of layered PBMO is as high as 8.16 S cm
-1

 in 5 % H2 and 91.5 S 

cm
-1

 in air. Under reducing conditions, oxygen vacancies are formed and the predominant defect species 

in layered PBMO are mobile electronic holes,        
 . The interaction between the oxygen and the 

defects in the layered PBMO can be expressed as follows, 

     
  

 

 
     

      
        

           Eqn. 7.2 

The concentration of oxygen vacancies will increase under a reducing atmosphere according to 

equation (2). This may lead to enhanced oxide-ionic conductivity and oxygen ion transfer sites between 
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the anode and the electrolyte. Fig 7.5b shows the relation between oxygen non-stoichiometry and  p(O2) 

for  layered  

 

 

 

 

 

 

 

 

Figure 7.4 Transmission electron microscopy (TEM) analysis (a) Bright field (BF) TEM. (b) 

High-resolution (HR) TEM image and corresponding fast-Fourier transformed (FFT) 

pattern. (c) High angle annular dark field (HAADF) scanning TEM (STEM) image of 

Pr0.5Ba0.5MnO3 and its atomic arrangement viewed at [100] direction. (d) BF-TEM 

image. (e) HR-TEM image and corresponding FFT pattern, (f) HAADF STEM image 

of A-site layered PrBaMn2O5+δ and its atomic arrangement aligned along [100] 

direction. 

 

 

 

 

 

Figure 7.5 Temperature dependence of total conductivity (a) of layered PBMO in air and 

humidified 5% H2. Oxygen non-stoichiometry (b) of layered PBMO as a function of 

p(O2) at 650, 700, and 750 
o
C. Insets are schematics of layered PrBaMn2O5 and 

PrBaMn2O5+ at low and high pO2 region, respectively. 
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PBMO oxides at 650-750 
o
C. The initial oxygen content of the layered PBMO was determined by 

iodometric titration and a TGA analysis (Fig. 7.6). In the high p(O2) region, the electrical charge was 

mainly balanced by the formation of Mn
4+

 ions (although some Pr
4+

 may be present), while on reduction 

electroneutrality was maintained by the formation of oxygen vacancies followed by the reduction of Mn
4+

 

to Mn
3+

 and Mn
3+

 to Mn
2+

 ion in the low p(O2) region. From Fig. 3b, the amount of oxygen vacancies in 

the layered PBMO oxide after reduction is roughly δ = 0.74 or 2.49 wt %, indicating the layered phase 

has stoichiometry PrBaMn2O5.74 which is a much higher level of vacancies than that of other ceramic 

anodes, such as LSCM and SMMO
25,26

.  

 

 

 

 

 

 

 

Figure 7.6 TGA of layered PBMO was carried out in both air and reductive atmosphere with a 

portion of coulometric titrated sample to estimate the absolute oxygen content. On 

heating in air, the weight loss below 350 
o
C is probably due to desorption of water

 

and no weight loss happened from 400-800 
o
C under ramp heating process. 

Apparently, the layered PBMO shows only a slight decrease or gain in weight 

compared to initial weight. In 5% H2 gas, it is seen that the weight loss occurred in 

single sharp step around 400-650 
o
C. The weight loss in the layered PBMO mostly 

attributed to the oxygen vacancy formation or decrease in the oxygen content. The 

magnitude of weight loss at 700 
o
C is ~2.6 wt %, which agrees well with the oxygen 

non-stoichiometric value ~2.49 wt % expected for O5-O5.75 transformation. A slight 

weight gain for layered PBMO during cooling process may be due to the reoxidation 

of the layered PBMO sample.  
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To characterize the performance of the novel layered PBMO anode material in a practical fuel 

cell, we used electrolyte-supported cells based on a ~300 m thick La0.9Sr0.1Ga0.8Mg0.2O3-δ (LSGM) 

electrolyte. A-site layered PBMO was obtained by (in-situ phase change at SOFC setup) annealing 

Pr0.5Ba0.5MnO3-δ oxide in H2 at 800 
o
C. Instead of Pt, Ag paste was applied as the current collector to 

avoid possible extraneous catalytic effects on fuel oxidation. The fuel cell performance of a single cell 

with the configuration of PBMO/La0.4Ce0.6O2−δ (LDC)/LSGM/NdBa0.5Sr0.5Co1.5Fe0.5O5+δ-

Ce0.9Gd0.1O2−δ (NBSCF50-GDC) was tested using various humidified (3% H2O) fuels (H2, C3H8 and CH4) 

and ambient air as an oxidant. The maximum power density of the layered PBMO cell without any 

catalysts in H2 was 0.57 W cm
-2

 at 850 
o
C (Fig 7.7). We also evaluated the performance of a layered 

PBMO cell with a 15 wt % Co-Fe catalyst under humidified (3% H2O) H2, C3H8 and CH4 (Fig. 7.8, 7.9 

and 7.10). The maximum power densities of layered PBMO with the Co-Fe catalyst reached 1.77, 1.32, 

and 0.57 W cm
-2

 at 850 
o
C, in humidified H2, C3H8, and CH4, respectively, as shown in Fig 7.11.  

 

 

 

 

 

 

Figure 7.7 I-V curves and the corresponding power densities of layered PBMO scaffold without 

catalysts in H2. 

At fuel cell operation temperatures, propane pyrolysis would be anticipated
27

 yielding hydrogen, 

various short chain hydrocarbons and coke or tar, in accord with the initial C:H:O ratios of 27:23:0.3, 

which is within the thermodynamic range for coking at these temperatures
28

. This is indeed supported by 

our supplementary studies showing large concentration of hydrogen, methane and ethane in the gas 

stream (Fig. 7.12). Exit gases from the fuel cell test show similar gas products; however, there is also 

significant concentration of carbon oxides confirming direct and/or indirect oxidation of the hydrocarbon 

fuels by produced oxygen (Fig. 7.13 and Table 7.1). The observed absence of coking especially under the 

presented 500 h studies shows improved catalytic effects for higher  hydrocarbon  oxidation,  which  may 
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Figure 7.8 I-V curves and the corresponding power densities of layered PBMO with 15 wt % Co-

Fe catalyst in humidified H2. 

 

 

 

 

 

Figure 7.9 I-V curves and the corresponding power densities of layered PBMO with 15 wt % Co-

Fe catalyst in humidified C3H8. 

 

 

 

 

 

 

Figure 7.10 I-V curves and the corresponding power densities of layered PBMO with 15 wt % 

Co-Fe catalyst in humidified CH4.  
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Figure 7.11 I-V curves and the corresponding power densities of layered PBMO with Co-Fe 

catalyst using a humidified (3% H2O) various fuel and ambient air as the oxidant at 

850 
o
C.  

 

 

 

 

 

 

 

 

Figure 7.12 An off-line gas chromatograph (GC) was used to measure gas pyrolysis reactions of 

propane with different temperatures from 700 to 850 
o
C. At fuel cell operating 

temperatures, propane undergoes pyrolysis to form a H2, CH4, C2H4, C2H6 and other 

small fragments. 
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Figure 7.13 Final product gas compositions by electrochemical reaction at a PBMO electrode 

from 700 to 850 
o
C 

 

Table 7.1 Amounts of gas for propane pyrolysis and final product gas by electrochemical 

reaction from 700 to 850 
o
C 

1000 L Temperature H2 (L) CH4 (L) C2H4(L) C2H6(L) CO(L) CO2(L) 

Gas-phase 

pyrolysis 

850 
o
C 194 441 260 26.4 1.96 1.34 

800
 o
C 175 391 331 38.0 2.17 1.34 

750
 o
C 133 255 205 25.2 1.84 1.84 

700
 o
C 85.7 130 106 12.6 1.32 2.32 

Final product 

gases 

850
 o
C 176 337 253 20.9 46.8 13.1 

800
 o
C 136 248 208 30.3 33.8 15.7 

750
 o
C 91.4 152 125 12.1 22.3 15.0 

700
 o
C 49.3 76.5 67.1 7.26 9.47 12.5 
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originate from the Mn on the B-site in perovskite oxides
15,24

, although Pr is also known to facilitate 

electrode reactions due to its mixed valence capability. 

To assess the sulfur tolerance of PBMO with the Co-Fe catalyst, a constant current of 1.0 A cm
-2

 

was applied at 700 
o
C, while the fuel was changed from H2 to 30 ppm H2S/H2, as shown in Fig 7.14a. 

After stabilizing the cells for 50 h under pure H2, the atmosphere was changed to contain 30 ppm H2S. 

The cell voltage of layered PBMO with the Co-Fe catalyst shows no observable degradation, indicating 

that the layered PBMO anode has excellent sulfur tolerance. The coking resistance of the layered PBMO 

anode with the Co-Fe catalyst was demonstrated in humidified propane (Fig 7.14b). Normally, carbon can 

easily build up on a conventional Ni-based anode when directly operated on such fuel. However, no 

degradation was observed from carbon coking under a constant current load of 0.2 A cm
-2

 at 700 
o
C in 

C3H8 for more than 500 h.  

 

 

 

Figure 7.14  Short term stability (a) for a layered PBMO with Co-Fe catalyst under a constant 

current load of 1.0 A cm
-2

 at 700 
o
C in H2 and H2-30ppm H2S. Long term stability 

(b) test of layered PBMO with Co-Fe catalyst under a constant current load of 0.2 

A cm
-2

 at 700 
o
C in C3H8. 
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7.3  Conclusion 

In summary, a novel A-site layered double perovskite- manganese oxide demonstrates superior SOFC 

anode performance and stability in various fuels. Layered PBMO anodes exhibit high electrical 

conductivity, excellent redox and coking tolerance and sulfur tolerance. Furthermore, on the basis of its 

remarkable stability in reducing conditions, layered PBMO is an attractive ceramic anode material for 

SOFCs. 
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