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Abstract 

The interactions between different components of solid oxide cells (SOCs) are critical 

issues for achieving the tens of thousands of hour’s goal for long-term performance stability and 

lifetime. The interactions between the ceramic electrolyte, porous ceramic air electrode, and 

metallic interconnect materials — including solid state interfacial reactions and 

vaporization/deposition of some volatile elements — have been investigated in the simulated 

SOC operating environment. The interactions demonstrate the material degradation mechanisms 

of the cell components and the effects of different factors such as chemical composition and 

microstructure of the materials, as well as atmosphere and current load on the air electrode side. 

In the aspect of materials, this work contributes to the degradation mechanism on the air 

electrode side and provides practical material design criteria for long-term SOC operation. 

In this research, an yttria-stabilized zirconia electrolyte (YSZ)/strontium-doped 

lanthanum manganite electrode (LSM)/AISI 441 stainless steel interconnect tri-layer structure 

has been fabricated in order to simulate the air electrode working environment of a real cell. The 

tri-layer samples have been treated in dry/moist air atmospheres at 800°C for up to 500 h. The 

LSM air electrode shows slight grain growth, but the growth is less in moist atmospheres. The 

amount of Cr deposition on the LSM surface is slightly more for the samples thermally treated in 

the moist atmospheres. At the YSZ/LSM interface, La enrichment is significant while Mn 

depletion occurs. The Cr deposition at the YSZ/LSM interface is observed.  

The stoichiometry of the air electrode is an important factor for the interactions. The air 

electrode composition has been varied by changing the x value in (La0.8Sr0.2)xMnO3 from 0.95 to 

1.05 (LSM95, LSM100, and LSM105). The enrichment of La at the YSZ/LSM interface inhibits 

the Cr deposition. The mechanisms of Cr poisoning and LSM elemental surface segregation are 

discussed.   



iii 

A 200 mA·cm
-2

 current load have been applied on the simulated cells. Mn is a key 

element for Cr deposition under polarization. Excessive Mn in the LSM lessens the formation of 

La-containing phases at the YSZ/LSM interface and accelerates Cr deposition. Deficient Mn in 

LSM leads to extensive interfacial reaction with YSZ forming more La-containing phase and 

inhibiting Cr deposition.  
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Chapter 1 

Introduction 

Abstract 

This introduction chapter is organized into six sections. In the literature review, the 

background of the air electrode in the SOCs, the investigation of the interactions, and 

controversial of the Cr specie mechanism is reviewed. Section 4 and 5 provide the definition and 

analysis of the existing problems of the interactions and Section 6 discusses the issues of 

material characterization. 

 

Solid oxide cells (SOCs), including Solid oxide fuel cells (SOFCs) and solid oxide 

electrolyzer cells (SOECs), are promising electrochemical devices that generate electricity from 

fuel or produce hydrogen by splitting water. For the SOFC mode, electric power is generated by 

electrochemical process between the fuel gases (hydrogen or carbon hydride) and air [1-5]. For 

the SOEC mode, reversibly, hydrogen or carbon monoxide can be produced by the electrolysis 

process splitting water or carbon dioxide [6-10]. The SOCs have already shown great potentials 

in new decades of clean energy for its high energy transition efficiency and low pollution 

exhausting. 

SOFCs are being targeted for use in stationary power and heat generation for homes and 

businesses as well as auxiliary power units for electrical systems in vehicles. SOFCs also can be 

linked with a gas turbine, in which the hot, high pressure exhaust of the fuel cell can be used to 

spin the turbine, generating a second source of electricity [5,11]. On the other hand, hydrogen is 

considered as a clean energy resource and also one of the most acceptable forms of fuel available. 

SOEC, for hydrogen production, can be used as an efficient hydrogen generation device for instance 

surplus energy from wind turbines, nuclear power plants and geothermal plants [9,10,12]. 

The SOC materials, including electrolyte, air electrode, fuel electrode, interconnect, and 

sealing materials, must work at high temperature (600°C to over 1000°C) and in various 

atmospheres including fuel gases (hydrogen or hydrocarbon species) and air or oxygen. In order 

to commercialize SOCs for stationary and mobile applications, the requirement of long time 
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operation (10,000 – 40,000 h) must be achieved [13,14]. And lower the cost of the SOC 

materials is another critical issue. It is a great challenge to the materials. Extensive efforts have 

been devoted to develop new materials to improve the performance, stability, and economical 

efficiency of the SOC materials. One of the most noticeable achievements in years is that the 

SOC operational temperature is successfully reduced to 700 - 800°C by the advanced materials 

and processes. The SOCs working in the medium temperature require much lower cost of 

heating and give more chooses of materials. The most commonly used electrolyte material is 

yttria-stabilized zirconia electrolyze (YSZ), the fuel electrode and air electrode materials are 

Ni/YSZ and strontium-doped lanthanum manganite (LSM), respectively. The sealing and 

interconnect materials are very important to assembling cell stacks. At this lower temperature 

range, metallic interconnect materials can be applied replacing the ceramic interconnect, which 

greatly decreases the cost of material and processing.  

However, some technical obstacles from the materials properties still inhibit the long 

term operation of SOCs. The degradation of electrode materials is an essential issue of the SOC 

system [14-16]. On the air electrode side, the interaction between the cell components lead to 

degradation of the SOC stacks. The porous ceramic electrode (usually LSM or other Perovskite 

ceramics) can fail fast by the effects of the chromia species when the Cr containing metallic 

interconnect is applied. The phenomenon called Cr poisoning is caused by the diffusion of 

volatile Cr species evaporating from the Cr-containing metallic interconnect [17-35]. During the 

operating of the SOCs, the Cr poisoning process is very complicated, which is affected by the 

diffusion of the volatile Cr species, the atmosphere, the electrical polarization, and the nature of 

the air electrode material. Until now, the mechanism of the Cr poisoning is not totally clear yet 

and becomes attractive which is the critical topic to or reduce the degradation and improve the 

performance of the SOCs. Furthermore, study of other interactions between the cell components 

such as the air electrode/electrolyte interactions and sealing/interconnect interactions is also 

current research focus in the SOC stack development. 

From application point of view, the interactions are critical for the long-term stability of 

the SOC stacks. The detailed and quantification analysis of the interactions and degradation 

mechanism can provide knowledge of material evaluation and selection and microstructure 

design of the porous electrode layer and the interconnect.  
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1.1. SOCs: Principles, Materials, and Stacks 

1.1.1. Background of SOCs  

The concept of fuel cell has been known to science for more than one hundred years. In 

principle, fuel cells are designed based on the electrolyte providing ion conductivity to maintain 

the electrochemical reaction between the fuel and the oxidant. The applications of different 

electrolyte materials make the noticeable improvement of fuel cells. Fuel cells are classified by 

their electrolyte materials (Table 1-1).  

Table 1-1. Types of Fuel Cells 

Fuel Cell Type Electrolyte 
Operation 

Temperature 
Electrode Reactions 

Polymer Electrolyte Polymer Membrane 60-140°C 
H2 = 2H

+
 + 2e

-
 

1/2O2 + 2H
+
 + 2e

-
 = H2O 

Alkaline Potassium Hydroxide 150-200°C 
H2 + 2OH

-
 = H2O + 2e

-
 

1/2O2 + H2O + 2e
-
 = 2OH

- 

Phosphoric Acid Phosphoric Acid 180-200°C 
H2 = 2H

+
 + 2e

-
 

1/2O2 + 2H
+
 + 2e

-
 = H2O 

Molten Carbonate 
Lithium/Potassium 

Carbonate 
650°C 

H2 + CO3
2-

 = H2O + CO2 + 2e
-
 

1/2O2 + CO2 + 2e
-
 = CO3

2-
 

Solid Oxide Ionic Conductive Oxide 600-1000°C 
H2 + O

2-
 = H2O + 2e

-
 

1/2O2 + 2e
-
 = O

2-
 

 

The types of fuel cells under active development are summarized in Table 1-1. The 

alkaline fuel celsl (AFCs), polymeric-electrolyte-membrane fuel cells (PEMFCs) and phosphoric 

acid fuel cells (PAFCs) essentially require relatively pure hydrogen to be supplied to the anode. 

The AFC, PEMFC, and PAFC are easily to be poisoned by the impurity of the fuel gas 

(hydrogen) and oxidizing gas as well. Fox example, the potassium hydroxide electrolyte of the 

AFC is very sensitive to the carbon dioxide and depredates rapidly. These disadvantages restrict 
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their application. Accordingly, the use of hydrocarbon or alcohol fuels requires an external fuel 

processor to be incorporated into the system. This item not only increases the complexity and 

cost of the system, but also decreases the overall efficiency. In contrast, molten-carbonate fuel 

cells (MCFCs) and solid-oxide fuel cells (SOFCs) operating at higher temperatures have the 

advantage that both CO and H2 can be electrochemically oxidized at the anode. Moreover, the 

fuel-processing reaction can be accomplished within the stack, and the tolerances of the CO2, 

NOx and sulfur oxides of the MCFCs and SOFCs are relatively higher [36]. 

SOFC has been widely investigated for over forty years [3-5], some test SOFC generator 

systems plant in the range of 5-250 kW level have been built since then [11,37]. It has been also 

known over twenty years ago that SOFC can work in the reversed way electrolyzing water and 

producing hydrogen (SOEC mode) [7]. The oxide ceramic electrolyte/electrodes are the key 

materials to obtain the intrinsically high electrical efficiency of the SOCs, which is the reason 

once the SOFC was called ceramic fuel cell. Recently, the increasing interest in hydrogen 

production has raised the interest in the SOECs. Both SOFC and SOEC are attracting more 

attention. The new system can be designed as reversible SOC mode. The material is the critical 

issue for the development of the SOCs with higher performance, longer life time, and lower cost. 

For SOFCs, DOE target requirements are 40,000 hours of service for stationary fuel cell 

applications and greater than 5,000 hours for transportation systems (fuel cell vehicles) at a 

factory cost of $400/kW for a 10 kW system [38]. For SOECs, the data of long time operation is 

not sufficient yet. In some research institutes, the long term testing of stacks is ongoing [39]. 

Doped ZrO2 is recognized as the solid electrolyte material with the existence of oxygen 

vacancies at high temperature. The dense ZrO2 based ceramic materials providing the O
2- 

conductivity made the foundation of further development of the SOCs in 1940-50s, which is still 

one of the mainstream electrolyte materials now [40]. In the 1960s, electrode materials of early 

SOFC were also developed. The nickel/yttria-stabilised zirconia (Ni/YSZ) cermet (ceramic-metal 

composite) is still the state of the art material for the anode. The catalyst property of Ni to 

hydrogen and the low cost make the composite material of Ni/YSZ based ceramic the choice of 

anode material for the SOFCs with ZrO2 based electrolyte [41-45]. Another important 

improvement settled on the cathode material. Perovskite ceramic materials satisfied the 

functional requirements by its electron conductivity and catalytic properties to the oxygen 

reducing [3,4,28,41,42,46,47]. Doped LaMnO3 (LSM) became the choice of the cathode material 
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for its capability of adjusting CTE by different doses of doping to match with the electrolytes 

[48-50]. The good chemical stability and compatibility comparing other perovskite oxide 

materials make LSM the most commonly used cathode material for SOFC [28]. Also, in the 

SOEC mode, LSM is generally employed for its excellent stability [9,10,51]. Beside the cell 

components, the SOC stacks design requires interconnect and sealing materials for assembling 

multiple single cells to obtain desired power output or hydrogen production. The interconnect of 

SOC stacks electrically and physically connects the fuel electrode of one cell to the air/oxygen 

electrode of the adjacent fuel cell in the stacks. The interconnect can be ceramic or metallic materials 

[52-61]. The sealant of SOC stacks working with the interconnect separates the fuel gas and the 

air/oxygen to avoid the mixing of gases from the two electrodes. And the sealing materials are 

normally glass or glass-ceramic composite materials [62-68]. 

The stack design plays a critical role in the commercialization of the SOCs. In order to 

obtain the desired power output or the hydrogen production, single cells are connected together 

by the interconnect [5]. In the 1970s, tubular design of SOFC stacks by Westinghouse was state 

of the art. The tubular SOFCs used the LSM/YSZ/Ni-YSZ material system, and LaCrO3 was 

employed as the interconnect [37]. The comprehensive performance has been proved very good 

and stable in thousands of hours, which made it the mostly noticeable SOFC system at that time. 

Some other types of stacks such as segmented-cell-in-series tubular design and monolithic stacks 

design. After 2000, planar design of SOFC stacks attracted more attention and became the 

predominant design of SOCs for its advantages of lower cost by the much simpler cell shape 

[2,5,11,36,37,39,51,53]. The stack design of SOCs will be discussed in detail in 2.1.3. 

Comparing with SOFC, there have been much fewer studies focused on SOEC. Since the 

investigation of hydrogen production by high temperature steam electrolysis (HTSE) utilizing 

was reported in early 1980’s, SOEC has been designed for synthetic fuel (H2 or CO) production 

[8,49]. SOEC has great potential for efficient and economical production of hydrogen fuel. In 

1990’s, the lower fossil fuel price made the SOEC unfavorable in the cost. After 2000, hydrogen 

has been identified as a potential alternative fuel as well as an energy carrier for the future 

energy supply. SOEC is attracting much attention due to its inherently high efficiency of electric 

energy conversion (over 50%) [5-10,39,51,53,69,70]. Now days, the SOECs are developed based 

the SOFCs systems, with similar structures and materials, and the working temperature (700-

1000°C). In this case, the SOEC can be considered as a reversibly operated SOFC. Some of the 
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SOECs are reversible systems capable of operating both as a fuel cell and as an electrolyzer 

[70,71]. The SOEC is a promising energy conversion device to produce hydrogen or other fuel 

gas by electrolysis. By SOECs, hydrogen can be effectively produced by using wind energy, 

solar energy, geothermal energy, and nuclear energy, which is a valuable method in developing 

of alternative clean energy [9].  

SOFC system based on the ZrO2 based electrolyte such as most widely used Sr-doped 

lanthanum manganite (LSM)/yttria-stabilized zirconia electrolyze (YSZ)/Ni-YSZ SOFC, has 

been considered as a mature and success system [36]. On the other hand, in the early works, the 

performance of single tri-layered cells has been extensively studied. The electrochemical 

properties of the high temperature ceramic electrolyte and ceramic electrodes have been carefully 

evaluated. More material systems have been developed and investigated based on the different 

electrolyte materials [72]. For each given electrolyte material, the electrode materials must be 

evaluated to obtain the chemical and thermal compatibility with the electrolyte. The manufacture 

process should also be designed to compromise the materials [73,74]. There are more SOFC 

systems based on other electrolyte materials [75]. Of all the electrolyte materials, beside YSZ, 

two other types of representative materials have been studied: CeO2 and LaGaO3. Gadolinia 

doped ceria (GDC) and LaGaO3-based perovskite type oxides, in particular, Sr- and Mg-doped 

LaGaO3 (LSGM) both exhibit higher oxygen ion conductivity than YSZ [76-79]. The oxygen ion 

conductivities of GDC and LSGM at 500°C approximately equal to the oxygen ion conductivity 

of YSZ at 800°C, which shows a great potential of GDC and LSGM for the application in 

intermediate temperature SOFCs (ITSOFCs) [41]. However, the phase stability and chemical 

compatibility of these new electrolyte materials lead to some more problems. The different CTE 

also requires choosing the CTE matching cathode materials working with GDC and LSGM.  

Each electrolyte material needs a specific system of electrode materials to avoid the failure 

caused by the chemical interaction and CTE mismatch [80]. In summary, the ZrO2 based 

electrolyte and its SOFC system is the most developed materials systems, the SOFCs based on 

GDC, LSGM, and other new electrolyte materials are still in development and need more work 

to improve their stabilities.  

For the commercialization of the SOC devices, target of the SOCs long term operation 

requires the stability of all the components including sealing and interconnect materials to be 

stable in the various atmospheres and at the operating temperature. Lowering operational 
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temperature attributes to the long term stability by decreasing the degradation of cell components. 

The materials selection should also be considered as a factor to balance the performance and 

durability. Now days, more long term test of SOCs and SOC stacks are ongoing. The target 

proposed of 40,000 h of operating without significant degradation is still a challenge [38,41,42]. 

Lowering the operating temperature of SOCs to about 600–800°C is one of the main 

goals of the researchers in recent years. A reduction in operating temperature can reduce material 

degradation such as coarsening of the porous electrodes, lessen the coefficient of thermal 

expansion (CTE) mishmashes and sealing problems, and enable replacement of ceramic 

interconnects by cheaper metallic materials [42,47]. Furthermore, reducing the operational 

temperature also reduces the cost of fuel for heating all the cell stacks. So lowering the 

operational temperature has been recognized as the most important method to build more cost-

effective and large scale SOC systems in the power general and clean fuel industry. The efforts 

have been devoting on the developing of new intermediate temperature SOCs. 

1.1.2. Principles and Materials 

As introduced above, the working principle of the SOCs is achieving electrochemical 

reactions of the fuel gases and the oxidant gases to generate electric power without involving the 

process of combustion (in the SOFC mode), or reversibly electrolyzing water (or other 

compounds) to general fuel gases and oxidant gases. The electrolyte is the part to obtain the 

electric/chemical energy conversions. If simply using the H2/O2 to represent the fuel/oxidant 

gases. The overall reaction of the SOCs can be expressed as: 

 

SOFC: 2H2+ O2 → 2H2O + heat + electrical energy     (1-1) 

SOEC: 2H2O + heat + electrical energy → 2H2 + O2     (1-2) 
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(a)                                                                      (b) 

Fig. 1-1. Principle of SOCs: (a), SOFC mode, (b), SOEC mode. 

On each side of the electrolyte, there is an electrode/electrocatalyst obtaining the catalytic 

functions of oxidizing/reducing the gases to the correspondent ions. Beside the electrolyte, the 

activation and catalytic properties of the electrode can demandingly affect the performance of the 

SOCs.  

The electrodes of the SOCs work with the fuel/oxidant gases and the solid oxide 

electrolyte with solid-solid interface. The surface and interface properties become very important 

as well as the internal properties. In order to provide efficient gas flow route, the electrodes are 

designed with particular porosity (generally around 40%). On the two sides of the electrolyte, 

Oxidant is fed to the air electrode, or oxygen electrode (cathode of SOFC), which is almost 

always oxygen in the form of air, and fuel is supplied to the fuel electrode (anode of SOFC). In 

SOFC mode, oxygen is reduced at the cathode, producing oxide ions (O2−) which migrate 

through the electrolyte and react with the fuel at the fuel electrode. In SOEC mode, for the 

electrolysis of water with a solid oxide, water vapor is fed to the steam electrode to produce 

oxygen (on the air or oxygen electrode) and hydrogen gas (on the steam electrode, corresponding 

to the fuel electrode of SOFC). 

Like other fuel cells, SOFC can provide more effective, high power density, and low 

waste way of electric power generation. For the SOFCs, the higher operation temperature 

produces high-quality waste heat which can be used. One of the most significant and noticeable 

feature of the SOFC is its high feasibility of fuel gases. Hydrogen is the most favorable fuel for 

SOFC. On the other hand, the hydrocarbon fuels have been investigated in the SOFC for a long 

time. The application of natural gas and large molecular hydrocarbon fuels gives SOFC a larger 
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range of using both fossil and hydrogen fuels [81,82]. Also, for SOFC, the tolerance of sulfur 

and other catalytic poisoning species is better than other fuel cells, which is potentially lower the 

cost of purifying the fuel gas [36]. For SOEC, the efficiency is potentially higher that other water 

electrolysis devices, for its high working temperature [9]. The other advantage is that the 

revisable mode can work as both SOFC and SOEC, which means that one electrochemical 

device can work as both electric power generator and hydrogen producer [70].  

Materials of the SOC components are essential to the cell performance. Many 

improvements in the SOC research are brought by the development of new materials. In order to 

improve the performance and the durability, there are also challenges to the materials 

development and selection [36,41,42]. 

The electrolyte is the key material always first selected in one particular SOC system, 

which decides the working temperature and the CTE requirement of other cell component. The 

standards of selection of electrolyte materials are more established by practical method. The 

chemical and thermal compatibility with electrode must be considered comprehensively with the 

selection of the electrode materials. The main issue on the electrolyte is reducing the ohm 

resistance and reducing solid/solid interaction with the electrodes.  Beside the YSZ and GDC 

electrolyte, the perovskite LSGM exhibit high oxide ion conductivity. The conductivity of 

La0.9Sr0.1Ga0.8Mg0.2O3-x is 0.12 S/cm at 800°C and 0.32 S/cm at 1000°C, which is higher by a 

factor of two compared to 8YSZ (0.16 S/cm) [40,83]. Although the investigation of the ion 

conductor electrolyte materials has been carried on for decades, there are just a few candidates, 

such as YSZ, GDC and LSGM, have been investigated extensively. For the processing issue, the 

dense electrolyte layer is preferred to be made very thin, which can effectively reduce the ohm 

resistance attributed by the electrolyte [74]. 

For the fuel/steam electrode, the material selection is mostly porous materials composited 

by metal (Ni or Cu) and ceramic (generally the corresponding electrolyte material to minimized 

the interfacial reaction) such as Ni/YSZ and Ni/GDC. The development of the fuel electrode of 

SOFC is normally aimed to improve the flexibility to different fuel gas. For the hydrocarbon fuel 

gases, the resistance to the carbon deposition must be considered for the long term stability. Also, 

the tolerance to the sulfur and other species potentially poisoning gases in the fuel gas should 

also be considered [84].  
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The air/oxygen electrode materials has been mostly investigated in the entire SOC 

electrochemical process and is still the most complicated and controversial part. There are many 

candidate materials have been applied as the air/oxygen electrode. The requirement of decreasing 

the polarization resistance is the essential issue. Furthermore, for the SOCs employing Cr-

containing metallic interconnects, Cr poisoning becomes a major degradation mechanism of the 

air electrode. The more detailed discussion of the air/oxygen electrode will be in the following 

sections. 

The electrolyte and electrodes make up a single cell, the sealing and interconnect 

materials play important roles in the stacks to connect the single cells together. Glass and glass-

ceramic materials are considered as the most desirable candidates to seal ceramic electrode-metal 

interconnect and ceramic electrolyte-metal interconnect at high temperatures because of their 

ability of forming a hermetic seal [63-65]. The thermal properties and surface/interface stability 

of the glass based sealing materials are the requirements.  

The purpose of the interconnect materials is to connect each cell in series, so that the 

electricity each cell generates can be combined. Because the interconnect is exposed to both the 

oxidizing and reducing side of the cell at high temperatures, it must be very stable. Both ceramic 

and metal materials can be used as the interconnect materials. A detailed introduction of 

interconnect will be in the following section. 

1.1.3. SOC Stacks  

In order to obtain desired electric power output or hydrogen production, the single SOCs 

must be fabricated together to form meet the requirements of application. Since a single cell only 

produces voltage less than 1 V and power around 1 W/cm
2
, many cells are electrically connected 

together in a cell ―stack‖ to obtain higher voltage and power [2,85,86]. The power and voltage of 

the fuel cell is increased by connecting individual cells in series to form a stack, with each cell 

connected to its adjacent cell using an electrically conducting interconnect which also serves to 

distribute reactant across the surface of the electrodes using flow channels[57,58,86]. 

In this case, beside the performance of single cells, more issues are brought out such as 

the more complicated gas flow situation and the temperature distribution in a much larger scale 

which need to be carefully designed [2,85]. Concerning the material issues, sealing and 
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interconnect materials play important roles in the SOC stacks, which requires the compatibility 

of these materials with the electrode and the electrolyte materials.  

For the SOFC mode, tubular design is used in high temperature and the planar design is 

used in intermediate temperature SOFCs (Fig. 1-2). The tubular stacks designed by 

Westinghouse have been operated for long time [37]. The cells are LSM/YSZ/Ni-YSZ tri-

layered and cathode supported. The tubular stack design is for the operational temperature about 

1000°C, the interconnect material is LaCrO3, and with a simple sealing solution. The main 

disadvantage of the tubular stack is the fabrication is relatively complicated so that the 

manufacture cost is hard to be reduced. The forming of electrolyte layer on the cathode support 

layer is obtained by vapor deposition or spry method. For the reasons above, the planar designs 

(―Flat-plate design‖ in Fig. 1-2) of the SOFC stacks are developed by many researchers 

[73,74,87]. The fabrication of planar cells can be finished by simpler process such as tape casting 

and screen printing. The planer cell stacks are mostly used for the intermediate temperature 

SOFCs. So the material selections and geometry designs are various. Anode support, cathode 

support and electrolyte support have all been tested. For different material system, the design 

needs to be adjusted. One of the widely used planar SOFC stacks is still LSM/YSZ/Ni-LSM but 

with anode support. The sealing becomes important in the planar stacks, and the interconnect 

materials are normally metal for the lower temperature. For the SOEC mode, just a few reports 

with stack design have been published, where planar stacks are mostly used. 
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Fig. 1-2. Tubular and planar SOC stacks design [2,86]. 

1.2. Air Electrode of SOCs  

1.2.1. Requirements of Air Electrode Materials  

The function of the air electrode to the efficiency and operation stability of SOC devices 

has been believed critically important. The electrochemical reactions of oxygen occur on the air 

electrode side require the catalytic activity to oxygen at the first. The overall electrochemical 
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reactions catalyzed by the air electrode of SOFC/SOEC have been expressed in Equation 1-1 and 

1-2, where the detailed process is much more complicated.  

Like all the materials in the SOC devices, the air electrode material must maintain the 

demanding selection criteria. The air electrode materials must maintain the catalytic activity at 

the high operation temperature and in various atmospheres (the oxygen partial pressure effects). 

The compatibility with other cell components (such as the electrolyte and the interconnect) 

including the match of the CTE and the acceptable chemical interaction between the components 

in touch with each other requires more beside the basic electrochemical property. Furthermore, 

the air electrode material must keep all the properties stable in order to achieve the long term 

operation target. Other issues such like processing and cost are also need to be considered 

[1,2,41,47]. The general requirements of the air electrode materials of the SOCs are listed below: 

 

Intrinsic Properties 

o High electrocatalytic activity towards oxygen reduction: to effectively catalyze the 

oxygen reducing reaction. 

o High electronic conductivity: to minimize the ohmic resistance of the air electrode 

o Thermal expansion compatible with other SOC materials: to avoid the stress caused by 

CTE mismatch between cell components, which can lead to cracks of cells. 

o Minimal chemical interaction with the electrolyte and interconnect materials during 

fabrication and operation: prevent the possible solid phase interaction between the 

electrolyte and the air electrode leading to increasing of interface resistance. 

 

Processing Related 

o Porous, stable microstructure to allow gas transport: to optimize the flow paths fuel and 

oxidant gases to obtain high energy conversion efficiency. 

o Adhesion to electrolyte surface: to obtain a stable and conductive electrolyte/air 

electrode interface. 

o Ease of fabrication and low cost: to make the SOCs feasible and promising as alternative 

energy generation and conversion devices. 

 

Stability 
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o Stability (chemical, phase, microstructural, dimensional) at high temperature in 

oxidizing atmosphere: long term stability is the critical requirement for SOC 

commercialization. 

 

As the SOCs are designed, the air electrode materials should possess high electrical 

conductivity and high electrocatalytic activity for the oxygen reduction reaction (SOFC) or 

oxygen ion oxidization reaction (SOEC).  

For the SOFC mode, the SOFC cathode must meet the requirements of high catalytic 

activity for oxygen molecule dissociation and oxygen reduction. Although the SOFC cathode 

reaction have been investigated for several decades, the process of electrochemical reduction of 

oxygen reducing remains controversial and lack of explanation Because the oxygen reducing 

contains a series of elementary reactions and involves the transfer of multiple electrons. The 

experimental results show that the different steps can be rate-determine for different cathode 

materials. This difficulty of characterizing and analyzing the oxygen reducing process is not only 

from the complexity of the multi-step process but also enhanced by the geometric complexity of 

the porous microstructure where the oxygen reduction reaction occurs. These reasons make it 

difficult to provide a step-by-step prescription to for the cathode process of the SOFCs 

[47,48,87,88]. More discussion about the electrochemical process on the air electrode side of the 

SOCs will be in Section 2.2.3. 

Comparing to the activity to the oxygen reducing, the electron conductivity of the 

cathode of SOFC is simpler. The adoption provides the electron conductivity to the materials. 

The ohm resistance is relatively low and stable in the working atmosphere and at the operational 

temperature. The ohm resistance can be decreased by thinner the air electrode thickness. 

However, the ohm resistance from the electrode material is not the main part of the full cell 

[89,90].  

The cathode must have a stable, porous microstructure so that gaseous oxygen can readily 

diffuse through the cathode to the cathode/electrolyte interface. The microstructural parameters 

such as grain size, porosity, and pore size leading to different surface property, geometry of the 

porous air electrode and the gas flow route. The can significant affect the polarization resistant 

and the cell performance. However, the porous air electrode layer are mostly formed by screen 

printing or tape casting and sintered. The effects of grain size, porosity, pore size and even the 

http://electrochem.cwru.edu/ed/dict.htm#c100
http://electrochem.cwru.edu/ed/dict.htm#c100
http://electrochem.cwru.edu/ed/dict.htm#m34
http://electrochem.cwru.edu/ed/dict.htm#d21
http://electrochem.cwru.edu/ed/dict.htm#o01
http://electrochem.cwru.edu/ed/dict.htm#e43
http://electrochem.cwru.edu/ed/dict.htm#c02
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pore geometry cannot be easily analyzed separately. Many researches considered the effects of 

ceramic powder size or sintering conditions getting qualified results [91-94]. Mathematical 

model is also employed to study the porous structure [95]. Some regular shaped electrode are 

made by special methods to help studying the three phase boundaries (TPBs) [96,97]. 

CTE mismatch during the SOC cell fabricating and operation can lead to cracks and 

failures of the full stacks [98]. The only way to solve the CTE mismatch is choosing compatible 

materials such like perovskite ceramics for the electrode of the SOCs can obtain different CTEs 

by adjusting the adopting mount. CTE gives a strict standard of materials selection. The LSM air 

electrode usually works with YSZ electrode, which has very similar CTE (10.8×10
-6

 K
-1

) to the 

LSM (11.8×10
-6

 K
-1

) [99]. Another important air electric material for SOFC, La1-xSrxCo1-yFeyO3 

(LSCF) has higher CTE which is designed to work with GDC electrolyte (CTE ~12.8×10
-6

 K
-1

) 

[100,101] . 

At the interface between the air electrode and the electrolyte, for example, LSM cathode 

and YSZ electrolyte, interaction occurs, where, La2Zr2O7 
and/or SrZrO3 

may be formed, which 

degrades the long-term performance of SOFCs for the new phases show large electric resistance 

and CTE mismatch on the interface. The interaction can be inhibited by changing the 

stoichiometry of the LSM by adding more Mn in the LSM, forming nonstoichiometery 

compound [102].  

As mentioned above, stability is an essential requirement of the target of 

commercialization of the SOC devices. Extensive efforts have been devoted to lowering the 

operation temperature which can significantly improve the durability of the SOCs, especially the 

SOC stacks. Because many harmful degradation processes become much slower in lower 

temperature, such as chemical interactions between the electrodes/electrolyte or 

electrode/interconnect interfaces, the change of the porous microstructure, and the inner stress 

caused by the mismatch of the CTEs. For the SOEC studies, there are few studies about the air 

electrode process. There is the lack of experimental results and the polarization resistance plays a 

minor role in this electrolysis mode. 

1.2.2. ABO3 Perovskite Oxides 

Since the researchers have been seeking the ways to lower the operational temperature, 

the sufficient catalytic property of the electrode material to the oxygen must be maintained at the 
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lower temperature (600–800°C). Excluding precious metals such as Pt by their high cost, 

perovskite ceramics with particular catalytic activity and conductivity is the only kind of air 

electrode materials successfully applied in the SOCs [50]. 

A typical perovskites oxide material can be usually presented as ABO3, which 

crystallizes in cubic close-packed lattice structure. The larger ions (e.g., La) occupy the 12 

coordinated A-sites and the smaller ions (normally transition metal ions e.g., Mn) occupy the 

octahedral B-sites. The typical crystal structure of the ABO3 perovskite oxide material is shown 

in Fig. 1-3 The crystial structure and the electronic structure of the metal ions make the 

perovskite oxide materials performing a great flexibility inherent in the structure and there are 

many different types of distortions which can occur from the ideal structure. The diversity of 

perovskite structure compounds which can be partly doped by other metal ions to introduce 

desired distortions, which provides the wide range of electrical, magnetic, optical and chemical 

(catalyst) properties over a wide temperature range [49,103-105]. 

 

Fig. 1-3. Crystal structure of ABO3 perovskite oxide [103]  

As discussed above, some perovskite oxide ceramics provide the properties meeting the 

requirement of SOFC air electrode. The properties researchers concerning are the electric 

conductivity, the catalyst property to oxygen, and the ionic conductive (which is not necessary). 

The electric and catalyst properties are also affected by the temperature and the atmospheres 

(oxygen partial pressures). Of course the CTE must be pre-evaluated to choose the compatible 

electrolyte system. Many perovskite oxide materials have been tested [80]:  
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Table 1-2. Perovskite-type oxide materials for the air electrode of the SOCs: coefficient of 

thermal expansion, electronic (σe), and ionic conductivities (σi) in air [102]. 

Composition CTE 

(×10
−6

 K
−1

) 
T (

°
C) σe (S·cm

−1
) σi (S·cm

−1
) References 

La0.8Sr0.2MnO3 11.8 900 300 5.93 × 10
−7

 [99] 

La0.7Sr0.3MnO3 11.7 800 240 – [106] 

La0.6Sr0.4MnO3 13 800 130 – [107] 

Pr0.6Sr0.4MnO3 12 950 220 – [107] 

La0.8Sr0.2CoO3 19.1 800 1,220 _ [108,109] 

La0.6Sr0.4CoO3 20.5 800 1,600 0.22 [101] 

La0.8Sr0.2FeO3 12.2 750 155 – [108,110] 

La0.5Sr0.5FeO3 – 550 352 – [111] 

– 800 369 0.205 [112] 

La0.6Sr0.4FeO3 16.3 800 129 5.6 × 10
−3

 [101]  

Pr0.5Sr0.5FeO3 13.2 550 300 – [113] 

Pr0.8Sr0.2FeO3 12.1 800 78 – [113] 

La0.7Sr0.3Fe0.8Ni0.2O3 13.7 750 290 – [110] 

La0.8Sr0.2Co0.8Fe0.2O3 20.1 600 1,050 – [113] 

La0.8Sr0.2Co0.2Fe0.8O3 15.4 600 125 – [114,115] 

La0.6Sr0.4Co0.8Mn0.2O3 18.1 500 1,400 – [116] 

La0.6Sr0.4Co0.8Fe0.2O3 21.4 800 269 0.058 [117] 

La0.6Sr0.4Co0.2Fe0.8O3 15.3 600 330 8 × 10
−3

 [101,115] 

La0.4Sr0.6Co0.2Fe0.8O3 16.8 600 – – [115] 

La0.8Sr0.2Co0.2Fe0.8O3 14.8 800 87 2.2 × 10
−3

 [101] 

La0.8Sr0.2Co0.8Fe0.2O3 19.3 800 1,000 4 × 10
−2

 [101,117] 

La0.6Sr0.4Co0.9Cu0.1O3 19.2 700 1,400 – [107] 

Pr0.8Sr0.2Co0.2Fe0.8O3 12.8 800 76 1.5 × 10
−3

 [101] 
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Pr0.7Sr0.3Co0.2Mn0.8O3 11.1 800 200 4.4 × 10
−5

 [101] 

Pr0.6Sr0.4Co0.8Fe0.2O3 19.69 550 950 – [109] 

Pr0.4Sr0.6Co0.8Fe0.2O3 21.33 550 600 – [109] 

Pr0.7Sr0.3Co0.9Cu0.1O3 – 700 1236 – [118] 

Ba0.5Sr0.5Co0.8Fe0.2O3 20 500 30 – [119] 

Sm0.5Sr0.5CoO3 20.5 700 ~ 900 >1,000 – [120,121] 

LaNi0.6Fe0.4O3 11.4 800 580 – [122] 

Sr0.9Ce0.1Fe0.8Ni0.2O3 18.9 800 87 0.04 [101] 

 

As shown above, the electronic and ionic conductivity are relatively simple and inert 

properties of the electrode materials. The electric conductivity is the required property, which all 

tested air electrode materials shows acceptable electronic conductivity. The electronic 

conductivity can also be significantly increased by thinner the cathode layer and optimized the 

porous structure. 

The ionic conductivity is related to the atmosphere. In air, LSM shows very low ionic 

conductivity and make the oxygen ion diffusion path controlled by the surface and TPB. Many 

other perovskite materials with improved ionic conductivity can affect the performance by 

providing oxygen ion diffusion path through the bulk of the cathode. The investigation of ionic 

conductivity provide two different processes of the air electrode operations: surface diffusion of 

non-ionic conductors (e.g LSM), and mixed electronic/ionic conductors (e.g LSCF) [48].  

The catalyst property with oxygen is much more complicated which is related with the 

stoichiometry and also strongly affected by the oxygen partial pressure in the atmosphere. The 

process of the oxygen reduction is even more complicated, the electron/ionic conductivity work 

together with the surface/interface catalyst and more than one steps are involving. Furthermore, 

the phase stability of the perovskite in the range of different partial oxygen pressure needs to be 

considered. The material properties, porous properties, and the atmosphere  

Oxygen nonstoichiometry is critical to the performance of the perovskite materials. The 

major non-stoichiometric defects of this type of perovskite oxides are cation vacancies and the 

oxygen vacancies are also present [46]. The electronic conductivity is introduced by the cation 
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vacancies. The oxygen vacancies introduces considerable oxygen ionic conductivity in some 

materials which are called mixed conductors [123]. 

The typical oxygen stoichiometries of the representative air electrode materials is shown 

in Fig. 1-4. First of all, the La1-xSrxCo1-yFeyO3-σ (LSCF) shows oxygen-deficient 

nonstoichiometry. In comparison, La1−x Sr x MnO3±δ (LSM) can have both the oxygen-excess as 

well as the oxygen-deficient nonstoichiometries. In the SOC air electrode environment, the 

oxygen partial pressure is high enough making the LSM in the oxygen-excess state. So the 

significant difference lead by the oxygen stoichiometry is the oxygen ion conductivity. The very 

large concentrations of oxygen vacancies in LSCF generated in these leads to rapid bulk oxygen 

ionic transport as well as increased rates [99].  
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Fig. 1-4. Oxygen stoichiometry samples of LSF, LSC, and LSM [28,48]. 

Numbers of other perovskite oxide materials have been also applied for the air electrode 

of the SOFCs, such as Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) and LaNi0.6Fe0.4O3 (LNF). BSCF has been 

investigated for the cathode of SOFC working at low temperature (600-650°C) and for the single 

chamber design. The performance of the BSCF is very high at that low temperature [124-127]. 

LNF is designed as an air electrode material with higher resistance to the Cr poisoning. However, 

more long term tests are needed for developing new perovskite oxides for the air electrode [28]. 

The thermal and chemical stability becomes very important in the long time tests. Mn is 

generally less reducible than other transition metals (Co, Fe) in a perovskite matrix, and thus 

LSM exhibits little or no chemical expansion [128]. Generally, LSM is that it is more 

thermodynamically stable than mixed conductors containing cobalt or iron (LSCF) [129].  

As discussed above, many other perovskite materials show good properties and higher 

performance as the air electrode. However, the stability is not always good enough for many of 

the materials. In the temperature range 800-1000°C, LSM is still the state of the art air electrode 

material for SOFCs [102].  

In SOEC mode, the available data is not sufficient and almost all the test has been done in 

LSM oxygen electrode [6,8-10,39]. Until now, LSM is the most well-investigated and promising 

air/oxygen electrode material for the SOCs. 
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1.2.3. Electrochemical Processes and Triple Phase Boundary 

The electrochemical processes of the SOCs are fairly complicated for the materials for 

the gas catalyst reactions affected by many external conditions such as the atmospheres and 

electric polarization. Furthermore, the geometry parameters of the porous electrodes and the gas 

flow give more difficulties of the reaction condition control. On the aspect of SOFC efficiency, 

the cathode polarization causes the major voltage loss of the SOFC. The resistant loss from the 

air electrode/electrolyte interface cause by cathodic polarization has been investigated widely by 

the electric impedance spectroscopy (EIS) [47,130,131]. The cathode polarization is more 

significant in the LSM/YSZ system because the relatively poor ionic conductivity of LSM, 

which can contribute 60% of voltage loss of the whole SOFC [130]. For the SOEC mode, there 

is lack of detailed result to analyze the polarization loss. 

In order to clarify the electrochemical reaction on the air electrode side of the SOFC, the 

basic concepts such as chemical reaction, electron/ion diffusion path, and materials and 

conditions of the process must be carefully defined and classified to study the mechanism.  

First of all, the electrochemical reducing reaction of oxygen in the air electrode of SOFC 

is: 

O2 (gas) + 2e
-
 (cathode)  O

2-
 (electrolyte)      (1-3) 

 

where three reaction path can be listed below [47]: 

 

1. The electrode surface path includes oxygen gas diffusion, adsorption of oxygen on the 

electrode surface, diffusion of (possibly dissociated and partly ionized) oxygen species 

along the surface toward the TPB where electrolyte, electrode, and gas phase meet, 

followed by complete ionization and ionic transfer into the electrolyte. The 

incorporation into the electrolyte does not necessarily occur directly at the TPB; surface 

or interface diffusion of the ionized species could lead to a certain broadening of the 

incorporation zone. 

2. The bulk path consists of oxygen gas diffusion, adsorption on the air electrode surface, 

dissociation and ionization, incorporation into the air electrode, oxide ion transport 

through the electrode, and the transfer of the ion into the electrolyte.  
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3. The electrolyte surface path includes oxygen gas diffusion, adsorption, and ionization on 

the electrolyte surface (with electrons being provided by the electrolyte), followed by a 

direct incorporation into the electrolyte. The very low electronic conductivity of most 

relevant electrolytes (particularly of zirconia) can be expected to restrict the active zone 

to a region very close to the TPB. Hence, this path is, from a geometrical point of view, 

similar to the electrode surface path discussed above. 

 

The three possible reaction paths briefly demonstrate the locations where oxygen 

reducing reactions occur which helps the investigation of geometric parameters. However, for 

each path, excluding the geometric parameters, the more detailed reaction mechanism should be 

analyzed [48]. Also, modifications of the paths (e.g., adsorption of a molecular rather than an 

atomic species or diffusion along the air electrode/electrolyte interface) and a combination of 

electrode and electrolyte surface paths (adsorption on air electrode and surface diffusion onto the 

electrolyte surface) are also possible [47,132]. 

 

 

Fig. 1-5. Sketches of three reaction paths of the oxygen reduction and incorporation reaction and 

some possible rate-determining steps [47]. 

Second, in order to analyze the reaction detail of the air electrode, parameters influencing 

the corresponding reaction or transport rate and thus the polarization resistance can be divided 

into three groups [47]: 

 

1. Independent of the material properties, the external parameters oxygen partial pressure 

p(O2) (or, more general, gas composition), overpotential, and temperature explicitly 

enter the reaction rates and thus the polarization resistance.  
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2. Reaction or transport rates depend on materials properties. For a given material, these 

properties are determined by the structure and composition of the bulk air electrode 

material (and thus also by factors such as doping level, impurities, number and 

microstructure of grain boundaries) and the structure and composition of the 

surfaces/interfaces (i.e., termination, orientation, segregated species, nonequilibrium 

interface defects, etc.). The materials properties usually depend on temperature and can 

also be affected by p(O2) and overpotential/bias voltage.  

3. Geometrical parameters such as TPB length, surface area, interface area, porosity, 

electrode thickness, and exact distribution of all phases constitute a third group of 

parameters that strongly affect the reaction rate. 

 

The strategies to study the oxygen reducing reaction mechanism are based on carefully 

control the parameters and analyze the EIS characterization. The complexity of the three groups 

of internal and external parameters and their interferences (for example, atmosphere and electric 

current can easily change the vacancy structure of the perovskite materials [49,104]) give 

extensive difficulties to analyze the contribution of each particular parameter. 

In the early works of SOFC air electrode material selection, many perovskite materials 

have been investigated in different atmospheres (p(O2)). As listed above, the effects of 

parameters group 1 (external: temperature, atmosphere and electric current) to parameter group 2 

(internal properties: conductivity) has been studied. There are many useful results of the 

important internal material properties, such as ionic/electronic conductivity have been provided. 

The major representative perovskite air electrode materials are divided into two groups: LSM 

family (electronic conductors) and LSCF family (electronic/ionic mixed conductors) [48]. The 

dependences of materials properties with temperature and atmosphere are relatively simple. The 

electric current brings the most complex effects to the air electrode. 

For LSM, the electronic conductivity is dependent to temperature, which is about 100-

300 S·cm
−1

. And the ionic conductivity is as low as 10
−7

 S·cm
−1

.[99,106,107,133,134]. Due to 

the very low ionic conductivity of LSM phases, the oxygen reduction is thought to be located at 

the TPB between air electrode, electrolyte and gas. However, the oxygen diffusion path makes 

the overall process far more complex than the reaction happens only on the TPB.  
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Comprising with the LSM family, the LSCF family with much higher ionic conductivity 

attracts considerable attention. The bulk path of oxygen ion diffusion becomes a considerable 

mechanism. The oxygen reducing mechanism on the mixed conductor air electrode has been 

identified as the combination of bulk and surface transport paths [99,114,115,135]. The LSM is 

more interesting in this work. The process of oxygen reducing in the LSM air electrode will be 

briefly reviewed below. 

As discussed above, the air electrode materials can be classified as electronic conductor 

and electronic and ionic mixed conductor, which give out the different oxygen diffusion paths 

and makes different electrochemical processes (Fig. 1-6) [48,132]. 

 

Fig. 1-6. Electrochemical processes of different air electrode materials of SOFC [136]. 

Among the steps for the oxygen reduction reaction, there are at least two steps associated 

with oxygen diffusion: oxygen surface exchange between the electrode and gaseous phase, and 

surface and/or bulk diffusion of oxygen species. In the LSM air electrode, the TPB is not the 

only effect of the reaction. The surface diffusion path has been found by the 
16

O/
18

O isotope 

exchange measurement. A gradual decrease of isotope oxygen concentration was observed in the 

LSM layer followed by a flat profile at the interface. This shows that the oxygen diffusion in the 

LSM layer is slow [137,138]. The result indicates that the oxygen can be reduced on the LSM 
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surface and diffuses to the TPB. There is also some work proves that the bulk diffusion path is 

also present in some case with polarization.  

The term ―three phase boundaries (TPB)‖ is where electrolyte and electrode contacts, and 

gases are feed on. The SOCs must obtain proper gas flow designs for their electrochemical 

processes of generating electrical power from fuel gas and oxygen (SOFC mode) or producing 

hydrogen (SOEC mode). So the porous electrodes are employed for the gas feeding. In order to 

investigate the processes of fuel gases/oxygen, the TPB is considered playing an important role 

in the electrochemical catalysis and ion/electron diffusion [48,138-140]. 

First of all, in order to figure out the behavior of the TPB and achieved the quantitative 

result, the geometry of the porous electrode must be well controlled to obtain the length of the 

TPB. The early research of Fukunaga et al quantitatively calculates the length of TPB of porous 

LSM air electrode, revealing that the cathode overpotential of the SOFC can be effectively 

decreased by increasing of the TPB length [139,141]. Furthermore, new technology such as laser 

deposition technique has been used to make micro-electrodes with regular shape to quantify the 

geometry parameters and obtain the precise controlled TPB [97,142,143]. The impedance results 

show the electric current plays a very important role in the oxygen diffusion. As shown in Fig. 1-

7, the bulk path and surface path are coexist when the current is applied on the LSM electrode 

[143].  
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Fig. 1-7. Sketch to illustrate that the electrode geometry influences the ―weight‖ of the current 

via bulk path IB and via surface path IS and, therefore, the transition from dominating bulk to 

dominating surface path. (a) Sketch of the two current–voltage characteristics assumed in these 

qualitative considerations. (b–d) Sketch of the corresponding current via bulk and surface path. 

The thickness of the arrows indicates the value of the current via bulk and via surface path. The 

three boxes correspond to IB=IS and, hence, to the transition from surface path to bulk path. 

Obviously, the voltage at which this transition occurs depends on the electrode geometry [143]. 

After all, the mechanism of the oxygen reducing on the air electrode of the SOFC (both 

LSCF and LSM) is not well defined yet. The bulk/surface transport of oxygen ion is competing 

and strongly dependent to the electric current. Furthermore, fabrication is another famous factor 

affecting the performance [28,48].  

Significant advances have been made in recent years in the development of air electrode 

materials and it is now essential that efforts are directed toward the optimization of the air 

electrode fabrication and structure.Although there are still issues not clear for the oxygen 

reducing mechanism in the porous air electrode especially with the polarization, some general 

agreements have been achieved. For the LSM porous electrode, increasing the TPB and surface 

area improves the performance contributed by the active surface area. The functional layer 

thickness is confirmed as several μm to about twenty μm. On the technology side, LSM/YSZ 

composite air electrode has been widely applied to improve the air electrode performance by 

increasing the TPB area. 

1.3. Metallic Interconnect  

1.3.1. Requirements of Interconnect 

To connect multiple cells together, an interconnection is used in SOC stacks [52-61]. As 

stated above, the purpose of the interconnect materials is to electrically and physically connect 

each cell in series, so that the electricity each cell generates can be combined. The metallic 

interconnect can also supply mechanical support for the SOC stacks. The requirements of the 

interconnection are the most severe of all cell components and include:  
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1. Nearly 100 percent electronic conductivity: to maintain the current in the stacks and 

minimized the loss from the internal resistance. 

2. Stability in both oxidizing and reducing atmospheres at the cell operating temperature: 

since it is exposed to air (or oxygen) on the air electrode side and fuel on the anode side, 

it is important to keep the electric conductivity and mechanical properties, avoiding 

degradation and failure during long-term operation. 

3. Low permeability for oxygen and hydrogen: to minimize direct combination of oxidant 

and fuel during cell operation. 

4. A thermal expansion coefficient close to that of the air electrode and the electrolyte; and 

non-reactivity with other cell materials: the thermal and chemical compatibilities with 

the ceramic cells are critical to the long term performance of the whole stack.  

 

To satisfy these requirements, the ceramic interconnect materials have been employed in 

the earlier researches [53,54]. The most well-known ceramic interconnect material, doped 

lanthanum chromite (LaCrO3, LSC) is used as the interconnection for cells intended for 

operation at 900-1000°C [54,144-146]. The ceramic interconnects generally shows matching 

CTE with ceramic cells and good chemical stability in the different atmospheres [54,60]. 

However, there are some disadvantages of the ceramic interconnects. The conductivity of 

ceramic interconnect is not high, such as doped LSC with electric conductivity of 40-60 S cm
-1

 at 

1000°C. The conductivity of LSC at lower temperature and in lower oxygen partial pressure is 

even lower, which is harmful to the power generation efficiency and restricts the application of 

the ceramic interconnect (especially in lower temperature such as 600-800°C). Furthermore, the 

material cost of ceramic interconnect such as LSC is high and the fabrication of ceramic 

interconnect is more complicated than metallic interconnect which also lead to a higher cost [74]. 

The interconnect, which in some case also works as the bipolar plate and support of the stacks, 

needs larger amount of materials. The higher cost also makes ceramic interconnect less favorable. 

In SOC cells intended for operation at lower temperatures (<900°C), it is possible to use 

oxidation-resistant metallic materials for the interconnection. Compared to ceramic interconnects 

(LSC), metallic alloys offer advantages such as improved manufacturability, significantly lower 

raw material and fabrication costs, and higher electrical and thermal conductivity [2,53,57-

61,147]. But to be useful for the interconnect application, the metallic alloys must satisfy 
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additional requirements, including resistance to surface oxidation and corrosion in a dual 

atmosphere (simultaneous exposure to oxidizing and reducing atmospheres), high electrical 

conductivity not only through the bulk material but also in in-situ-formed oxide scales, 

mechanical reliability and durability at the cell operating temperature, and strong adhesion 

between the as-formed oxide scale and the underlying alloy substrate [44,60]. Ni based, Cr based, 

and ferritic alloy haven been tested for the metallic interconnect material [57].  

For the metallic interconnect, most studies are focused on ferritic stainless steel. 

Chromium is the necessary ingredient in the interconnect to reduce oxidation under SOFC/SOEC 

operating conditions [56]. Compared with nickel-based and chromium based alloys, ferritic 

stainless steels are the most promising candidates for its low cost. Some specially designed 

alloys in the stainless steel family offer a protective and conductive chromium-based oxide scale, 

appropriate thermal expansion behavior, ease of manufacturing. Although these alloys 

demonstrate improved performance over traditional compositions, several critical issues remain; 

among these are chromium oxide scale evaporation and subsequent poisoning of air electrodes; 

scale electrical resistivity in the long term; corrosion under interconnect exposure conditions; and 

compatibility with the adjacent components such as seals and electrical contact layers. To 

overcome some of these problems, some surface coatings can be applied onto metallic 

interconnects to minimize scale growth, electrical resistance and chromium volatility [57,58]. 

1.3.2. Oxidization and Evaporation of Cr-containing Alloys 

A variety of alloy systems have been investigated as interconnect materials, such as Fe-

Cr, Ni-Cr, and Fe-Ni-Cr alloys [56-58]. The common trait of these systems is that they all form a 

surface layer of Cr2O3, or chomia, under the oxidizing atmosphere, and this layer provides high 

temperature oxidation resistance. The surface scale growing is considered as a method to resist 

the high temperature corrosion. Si, Al and Cr oxide scales are normally designed as the oxidation 

resistant scale on the alloy surface. Si and Al scales show better oxidation resistance than Cr 

scale, but for the interconnect of the e SOCs; the electric conductivity of the oxidization scale is 

necessary. So Cr-containing alloys forming Cr oxidation surface scale (sometimes including 

other elements such as Mn) become the choice of the SOC interconnect material [59]. Among 

the Fe-Cr, Ni-Cr, and Fe-Ni-Cr alloys, ferritic stainless steel (Fe-Cr alloy, with 10-30 wt% Cr 

and other minor components) is more promising for its low cost [58]. 
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Chomia (from the oxide scale on the surface of Cr-containing alloys) evaporates at high 

temperatures and forms gaseous CrO3 species. The pressure of the gaseous CrO3 increases with 

oxygen partial pressure. The moisture in the oxidizing environment can cause chomia to 

evaporate as well, in the form of CrO2(OH)2. Water contents above 0.1% in air result in the 

partial pressure of CrO2(OH)2 to exceed the partial pressure of CrO3 [23,56,148,149]: 

 

Cr2O3+3/2O22CrO3         (1-4) 

Cr2O3+3/2O2+2H2O2CrO2(OH)2       (1-5) 

 

 

Fig. 1-8. vapor pressure of the Cr volatile species in different water vapor containing air at 

1223K [23]. 

There are many alloys (all of them contain considerable chromium) have been applied as 

the interconnect materials for the SOCs [57,150]. The chromium-based alloys and nickel-based 

alloys have been considered by their capability of working in high temperature. Also, ferritic 

stainless steel was designed for SOC applications after the working temperature is lower than 
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900°C. Stanislowski et al. and Fergus [57,150-152] compared the component of different 

metallic interconnect materials and the amount of Cr evaporation of each sample. 

Table 1-3. Nominal compositions of alloys for the SOC interconnect [57,150-152]. 

Alloy  Concentration (wt%) 
 

Cr Fe Y2O3 

Ducrolloy 

(Cr5FeY2O3) 
Bal 5 1.0 

 Concentration (wt%)  
 

Ni Fe Cr Mo Mn Co Si Al  Zr 

Haynes 242 Bal <2 8 25 <0.8 <2.5 <0.8 <0.5 
 

 Concentration (wt%)  
 

Fe Cr Ni Al Si Mn Ti Mo Nb 

AISI 441 Bal 17.6 0.20 0.045 0.47 0.33 0.18  0.46 

E-Brite Bal 24.1 o.11  1.7 1.3 0.05 0.96 
 

Crofer 22 APU Bal 22.7 0.02 0.02 0.02 0.38 0.07  
 

 

In Table 1-3, Ducrolloy (also referred as Cr5FeY2O3) is a representative Cr based alloy, 

which has been tested in many early researches [153-156]. Haynes 242 is a representative Ni 

based alloy, which shows good conductivity and CTE close to YSZ [151,157-160]. And all 

others are Fe based alloy. In the chosen alloys, the requirements of CTE and electric conductivity 

at high operating temperature of SOCs mostly have been matched. The CTE of the alloys is 

controlled by the composition to be 10.0-12.0×10
-6

·K
-1

 which is a little higher than YSZ [55,57]. 

The acceptable resistance is 25-50 mΩ cm
2
 [55]. The primary different between the Cr and Ni 

based alloy and the Fe based alloy is the surface oxidization. Cr and Ni based alloys such as 

Ducrolloy and Haynes 242 mainly form Cr2O3 on their surface during oxidization at SOC 

operational temperature. For ferritic stainless steel with small content of Mn (< 0.5 wt%) can 

form a (Mn,Cr)3O4 spinel top layer on the surface. Although the volatile Cr species are still 

released, the evaporation rate is slower. Some works investigated the (Mn,Cr)3O4 spinel top layer 
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[56,160,161]. Crofer 22 APU is one of the ferritic stainless steel designed to form spinel layer for 

the SOC application and E-Brite forms Cr2O3 on the oxidized surface. For Crofer 22 APU and E-

Brite are widely investigated metallic interconnect materials [56,62,162-165]. The Cr 

vaporization rates of different high-temperature steels were measured directly [150]. It was 

shown that the Cr vaporization rates of the ferritic stainless steels, specifically developed for 

application as interconnector materials in SOFCs, such as Crofer 22 APU are very similar. These 

alloys form a well-adhered (Cr, Mn)3O4 spinel top layer that reduces Cr vaporization rates in 

humid air at 800°C by 61–75% when compared to alloys that form pure chromia scales like 

Ducrolloy and E-Brite [150].  

AISI 441 (also referred as T 441), a similar ferritic stainless steel alloy with higher yield 

strength and lower cost, is also being considered as an alternative interconnect material 

[147,166-169]. Like Crofer 22 APU the surface scale growth is also (Cr, Mn)3O4 spinel layer 

[160]. The CTE of AISI 441 matches the other SOF components [170]. The AISI 441 alloy is 

considered as an economical and promising interconnect material for the SOCs, the long term 

test in SOC stacks is no going [152,169].  

From the previous quantitative measurements of Cr volatile species vaporization rate, the 

release rates of Cr volatile species from ferritic stainless steel (with similar Cr content) are 

similar [30,150]. However, the reduced Cr evaporation rate still cannot inhibit the Cr poisoning 

in SOC application [30,156,160]. So coating on the metallic interconnect is an effective way to 

reduce the Cr evaporation [59]. The coating materials mainly include spinel and perovskite oxide 

materials for their similar structure and CTE to the air electrode materials obtaining the thermal 

and chemical compatibility. The electric conductive of the coating is also need to be high enough 

to avoid the extra ohmic resistance. (La,Sr)CrO3 and (La,Sr)FeO3 perovskite oxides was tested as 

the coating for the interconnect. (La,Sr)CrO3 shows better conductivity and the Cr-containing 

coating need to be further evaluated to make sure it can effectively reduce the Cr evaporation 

[171]. (Mn,Co)3O4 oxide is the most common spinel coating, which can be fabricated by slurry 

method, sol-gel technique, and electro deposition method [172,173]. Some tests have been 

delivered, which shows the Co, Cu and Ni-containing metal oxide coatings can reduce the Cr 

evaporation rate in 1000 h test [174]. More long-term test of coated interconnect needs to be 

provide to further evaluate the stability. Another solution was reported by Konysheva et al. In 

this work, the thickness of LSM contact layer between the LSM/YSZ composite air electrode 
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and the Cr-containing interconnect is controlled between 0-50 μm. The contact layer is also 

working as a ―coating‖ or ―buffer layer‖ which probably adsorbs Cr on the surface and reduces 

the Cr diffusion. The result shows that the thick LSM contact layer can reduce the amount of Cr 

volatile species. The concentration of the gaseous Cr species could be diminished due to their 

adsorption in the thick porous LSM contact layer at 800°C in over 1000 h [29]. 

1.4. Interactions between Cell Components on the Air Electrode Side 

Due to the high operational temperature of the SOCs, the interactions between the cell 

components including sealing and interconnect materials must be considered for the long term 

durability of the whole system. Degradation of the SOC performance along the time is almost 

entirely caused by the degradation of the materials. For the porous fuel electrode and air 

electrode, the aging or over-sintering of the porous microstructure leads to decrease of the active 

site of the electrochemical reaction [84]. The interfacial interactions between the electrodes, 

electrolyte, and also the sealing/interconnect materials is also the major factor of materials 

degradation under the SOC operation. Beside the solid state interfacial reactions, the catalyst 

poisoning caused by volatile Cr species from the interconnect plays another important role of the 

degradation. For some long term stack experiments from 2000–6000 h, the degradation is 

attributed to the interaction between the electrolyte and the air electrode, the Cr deposition at the 

air electrode, and the interaction of glass-ceramic sealant with metallic interconnect [136,175-

177]. Understanding the interaction and compatibility of the SOC components is critical to 

choose the materials and improve the long term stability.  

1.4.1. Interactions between Air Electrode and Electrolyte 

One single SOC cell contains three layers: fuel/hydrogen electrode, electrolyte and 

air/oxygen electrode, which are generally thin ceramic layers. Both of the electrodes are porous 

to maintain the gas flow. On the air electrode side, the electrolyte/electrode interaction is a well-

known issue affecting the contact resistance of the cell. For the commonly used YSZ/LSM 

system, the La2Zr2O7 and SrZrO3 are the phases formed in the interfacial interaction. Obviously, 

these undesired phases are formed predominantly at the TPB area causing an increase of the 

resistance [13,178-181]. The interaction is affected by temperature and chemical composition, as 
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well as cathodic polarization. Higher temperature is beneficial to the formation of La2Zr2O7 

phase. For LSM, a larger amount of La and Sr in the stoichiometry leads to easier formation of 

La2Zr2O7 and SrZrO3 [178,180]. In some reports, the polarization accelerates the formation of 

the foreign phases, but the effects are not very clear, which is because the undesired phases 

forms and change the resistance and the polarization accordingly [182]. 

 

 

Fig. 1-9. Formation of La2Zr2O7 [178,179]. 

For the ferric based air electrode such as La1-xSrxCo1-yFeyO3 (LSCF), the chemical 

compatibility with YSZ electrolyte is much worse than the LSM air electrode, where the SrZrO3 

formation is extensive [131]. Gadolinium doped ceria (GDC) is generally applied as the barrier 

layer in between the LSCF air electrode and the YSZ electrolyte (Fig. 1-10) [183-185]. The 

diffusion of Sr can be inhibited. However, the GDC barrier layer leads to complex structure and 

higher manufacturing cost, and the long term stability needs to be tested.  
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Fig. 1-10. Cross section of a single cell with an anode (fuel electrode)/YSZ electrolye/ CGO 

(GDC) barrier layer/LSCF cathode (air electrode) structure [185]. 

1.4.2. Interactions between Other Components 

Besides the electrolyte and the electrodes, sealant and interconnect materials are critical 

for the SOC stacks. Glass or glass-ceramic sealant and metallic interconnect are the main-stream 

materials for the planar SOCs [63,66,186,187]. The interactions related to the sealant and 

interconnect are also very important. For their application, different cell components need to be 

hermetically sealed at all times in order to prevent gas mixing, leakage, or internal combustion. 

This requirement places extreme demands on a seal glass to perform in severe environments 

involving high temperatures, thermal stress, and chemically aggressive conditions [22,188-190]. 

Undesirable interaction at the metal/glass interface can lead to cracking of the glass seal and 

mixing of fuel and oxygen containing gases [57,62,191,192]. The interconnect/glass sealant 

interfacial behavior is also affected by different atmospheres. These issues are often exacerbated 

by long term operation (>40,000 hrs), high temperatures (750-900°C), and corrosive 

atmospheres (wet reducing), which frequently drive materials into regimes where conventional 

understanding of material behaviors and transport processes is not sufficient.  

The sealing must be chemically and structurally stable in SOFC/SOEC high temperature 

reactive environments (moist reducing and/or oxidizing conditions), and demonstrate chemical 
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compatibility with interconnect materials [64,193-198]. Also, seals should have good bonding 

with the cell components that they seal. In addition, a seal glass must have high devitrification 

resistance. Volatile constituents (e.g., alkaline oxides) should be avoided. If there are any volatile 

species, they should not have a deleterious effect on cell performance.  

The vapor phase deposition happens in the porous air electrode layer as well as the solid 

state interfacial interactions. When the low-cost Cr-containing ferritic alloy is used as the 

interconnect to collect the current and support the stacks, the volatile Cr species can cause 

serious poisoning to the air electrode, which is one of the major degradation mechanisms. 

Furthermore, other impurities such as Si from the sealant and S or P from the contaminated air 

flow are also found to be related to some deposition [199,200]. The Cr poisoning behavior will 

be discussed in detail in the following section.  
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Fig. 1-11. Some possible leaking of the sealant/interconnect area [201,202]. 

1.5. Chromia Poisoning 

1.5.1. Cr Deposition Behavior on the Air Electrode Side of SOCs 

The Cr volatile species generated by the Cr-containing alloy interconnect of the SOCs 

lead to degradation of the cell stack. Chromium poisoning of SOC air electrodes occurs by gas-

phase transport of chromium from the interconnect material to the air electrode [23,149]. The 

chromium transport occurs primarily through the formation of Cr
6+

-containing species, such as 

CrO3 or CrO2(OH)2, from oxidation of chromium oxide in the interconnect [22-27,29-33]. 

Hilpert et al [23]. used thermodynamic calculations to investigate the Cr evaporation and 

deposition processes, and claimed that the Cr volatile species are sensitive to the water vapor 

content, even the water vapor was over 0.1%, the major gaseous Cr phase becomes CrO2(OH)2 

instead of CrO3 in dry air. Also, Hilpert et al. [23] pedicted the electrochemical and chemical Cr 

deposition reactions [23]. 

Cr evaporation: 

Cr2O3+3/2O22CrO3         (1-4) 

Cr2O3+3/2O2+2H2O2CrO2(OH)2       (1-5) 

 

Cr depostion: 
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1) Electrochemical reaction 

CrO3 (g) + 3e
-
 = 1/2Cr2O3 (s) + 3/2O

2-
      (1-6) 

CrO2(OH)2 (g) + 3e
-
 = 1/2Cr2O3 (s) + H2O(g) + 3/2O

2-
    (1-7) 

 

2) Chemical reaction 

La1-xSrxMnO3(s) + 1/2Cr2O3(s)= La1-xSrxMn1-yCryO3(s) + (Cr1-yMny)O1.5-δ(s)+ δ/2O2(g) 

            (1-8) 

La1-xSrxMnO3(s) + yZrO2(s) + (1-y)/2Cr2O3(s) = La1-xSrxMn1-yZryO3(s) + (Cr1-yMny)O1.5-

δ(s)+ 1/2(δ + 0.5y)O2(g)         (1-9) 

 

The Cr vaporation mechanisms have been confirmed by experimental work [149]. After 

metal interconnects started to be applied in SOCs, chromium poisoning on the air electrode 

leading to degradation was recognized and the behaviors were detailed studied. Based on the 

early research by Taniguchi et al. [33] and Hilpert et al. [23] fifteen years ago, more work has 

been done. The proposed Cr deposition mechanisms are more clearly understood based on new 

experimental results yet the controversy of polarization effect is still going on. 

Considering the mechanism research, there are two parts which need to be evaluated: the 

degradation of the electrical performance and the Cr species deposition on the porous air 

electrode and the electrolyte. 

Chromium poisoning in SOFC (LSM/YSZ based) was first investigated by Taniguchi et 

al. [33]. The SOFC with LSM air electrode working with Cr volatile species showed a rapid 

voltage drop of over 60% in 200 h at 1000°C. The polarization resistance increase accordingly. 

Large amounts of Cr were found on the LSM air electrode layer and close to the LSM air 

electrode/YSZ electrolyte interface in the test conditions [33]. Significant degradation of the cell 

performance indicated the interaction mechanism of Cr species on the air electrode side needed 

to be clarified. Badwal et al. [17] tested the SOFC (LSM/YSZ based) with chromium-based 

interconnect material at 900-1000°C. The cell voltage dropped 50% in 16 h in the operation with 

high current density (250 mA·cm
-2

). The most noticeable phenomenon was the current density 

strongly affected the degradation rate, while the effect of current loading time was that much 

smaller (Fig. 1-12). With a current density of 125 mA·cm
-2

 and lower, the decrease of the cell 

voltage was much slower. In the condition of high current density and fast degradation, the Cr 



38 

deposition (identified as Cr2O3 and spinel Cr, Mn oxides) were found to fill the pores of the 

porous LSM electrode close to the YSZ electrolyte. Quadakkers et al. [32] reported the solid 

phase interaction between the air electrode or contact layer (LSM) with the Cr-containing 

metallic interconnect forming oxides such as MnCr2O4. However, the Cr volatile species were 

considered as the main cause of the cell degradation, while the solid phase interaction just 

affected the interfacial resistance. 

 

 

Fig. 1-12. A plot showing dependence of cell degradation as a function of the current density 

[17]. 

The early works discussed above are about the experiments carried out at high 

temperature, which causes large amounts of Cr deposition in the electrode and at 

electrode/electrolyte interface [17,33]. However, even working at lower temperature and reduced 

Cr deposition, Cr poisoning still happened [203-206]. The degradation of the cell voltage 

becomes a critical problem of using metallic interconnect materials. Mostly, the cathodic 

polarization was considered as the driving force of Cr deposition.  
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In order to address the problem, more detailed tests have been carried out to clarify the 

mechanism. The researchers focus on how the Cr species deposits and distributes on the air 

electrode and electrolyte. The simulated cell environment with external electric power to supply 

the current has been used. Jiang et al. [25-28,207,208] investigated the Cr deposition of the 

LSM/YSZ simulated cell in different conditions, and published a series of papers in which the Cr 

deposition behavior was characterized. First of all, it should be noticed that Cr can deposit not 

only on the TPB like the electrochemical reaction proposed by Badwal et al. [17] as Eq. 6 and 7. 

The crystals indentified by EDS as Cr2O3 and (Cr, Mn)3O4 deposit on all the YSZ surface, which 

is more favorable than the LSM surface with the cathodic polarization. Second, the effects of 

polarization show that the Cr species deposited on the YSZ surface when both cathodic 

polarization (oxygen reducing reaction) and anodic polarization (oxygen ion oxidization reaction) 

applied. When there is no electric current, the Cr deposition is minimized. These results 

indicated that at least the electrochemical reaction of Cr (VI) gaseous species reducing and 

depositing on the TPB is not the only reaction of Cr deposition. Furthermore, observation of the 

early stage polarization showed that the Cr deposits randomly on the YSZ surface first without 

preference of depositing on the TPB [208]. 

Paulson et al. [31] also characterized the Cr deposition in a LSM/YSZ half cell with 

cathodic polarization. The LSM porous air electrode layer partly covered the YSZ electrolyte 

disc. The Cr deposition was found on the YSZ surface outside the LSM layer as far as 500 μm. 

The Cr deposition of this case was not random, which extended from the edge during the 

polarization. The deposition process proposed is that of deposition on the extended TPB of the 

Cr2O3/YSZ. Wang et al. [209,210] investigated the behaviors of Cr deposition of the YSZ 

surface using a Mn, Co and Fe doped and undoped YSZ surface with a Pt electrode. The result 

showed that the Cr species rarely deposited on the undoped YSZ surface while the doping of Mn, 

Co and Fe accelerated the Cr deposition under cathodic polarization. However, Cr deposition 

was hard to detected clear the same condition of the doped and undoped YSZ without 

polarization. 

For the Cr distribution in the porous LSM air electrode layer, many researches analyzing 

the Cr distribution have shown that the Cr deposition on the LSM electrode/YSZ electrolyte 

interface and porous LSM layer occurred simultaneously [21,29,30,206,211,212]. The interfacial 

deposition was strongly promoted by the current density, while the deposition on the LSM layer 
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was likely to be independent of the polarization and current density [30]. Liu et al. [212] 

analyzed the Cr deposited species by a microfocused synchrotron X-ray scattering and 

radiographic experiment. The result showed that there were about 10% MnCr2O4 and 90% Cr2O3 

in the LSM/YSZ interfacial layer, and almost 100% MnCr2O4 in the LSM layer far away from 

the interface. It should be noticed that in different experiments, the amounts of Cr deposition 

were hard to compare because the different porous layer microstructures and the different 

evaporation rate from the Cr-containing alloys led to variations in the concentration of the 

volatile Cr species. 

 

Fig. 1-13. LSM/8YSZ interface after a polarization for 100 h with a current density of 0.3 A cm
-2

 

with the alloy current collector at 1073 K: (a) cross-sectional SEM photograph and 

(b)distribution of Cr element obtained by electron probe micro-analyzer (EPMA) [203]. 

Beside the LSM air electrode, other materials such as La1-xSrxCo1-yFeyO3-σ (LSCF) have 

been tested in the condition of volatile Cr species [18,24,30,213-218]. Unlike LSM/YSZ, the 

LSCF/GDC cell did not show the Cr deposition on the interface and TPB. The Cr deposition was 

more likely to deposit on the surface of LSCF forming SrCrO4 which also led to cell degradation. 

Some newly developed air electrode materials without Mn and Sr (which can form compounds 

with Cr) are considered as Cr-tolerant electrode materials such as LaNi1-yFeyO3 (LNF) and 
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(La0.6Sr0.4-xBax) (Co0.2Fe0.8)O3 (LSBCF) have been developed and more evaluation work needs to 

be carried out to evaluate their tolerance to Cr poisoning [219,220]. 

For SOEC mode, Cr evaporation and deposition have also been observed in a SOEC 

stack test [177]. It confirmed that Cr deposition can happen under the anodic polarization 

condition (the electrochemical or non-electrochemical process is not clear) [25]. The Cr 

deposition was also suspected to affect the electrically active sites and led to the degradation of 

the SOEC stacks. 

In summary, for the most widely studied LSM/YSZ cell components, Cr poisoning 

behavior comes from the deposition of volatile Cr species and leads to cell degradation. The Cr 

deposition contains interfacial deposition and surface deposition on the LSM. External 

conditions affecting Cr deposition mainly include temperature, polarization, and type of 

atmosphere. Higher temperature causes a higher Cr evaporation rate and volatile Cr species 

concentration which lead to large amounts of Cr deposition. The polarization condition is the 

main factor, which promotes interfacial Cr deposition. The atmosphere determines the volatile Cr 

species, especially with water vapor in the atmosphere. However, the above external factors must 

be considered carefully because they also play important roles in other aspects of cell operation. 

The temperature determines the conductivities and activities of electrolyte and electrode. The 

water content of the atmosphere also accelerates the electrode degradation [18,200]. So the 

external conditions affecting Cr poisoning must be comprehensively evaluated.  

In addition, the internal factors such as the chemical composition of the cell components 

and the microstructure of the porous layer can be designed to improve tolerance to Cr poisoning. 

As discussed above, new air electrode materials have been tested, and surface coating of the Cr-

containing alloy can effectively reduce Cr evaporation. Also, the microstructure of the porous air 

electrode layer can help to minimize Cr poisoning. For example, a thicker interconnect layer 

made of porous LSM or similar provskite materials can work as a ―filter‖ to slow the diffusion of 

Cr species and inhibit the Cr poisoning [29].  

Theoretically, further understanding of Cr diffusion and deposition processes would be 

helpful to develop SOC stacks with a high tolerance to Cr poisoning. However, there are still 

controversies with regard to the Cr deposition process, such as is the interfacial deposition a 

competitive process with the oxygen reducing reaction or a nuclei growth process related to 

Mn
2+

. The porous electrode microstructure and the difficulties of quantitative analysis of Cr 
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make the mechanism of Cr species deposition/interaction in the SOC air electrode not totally 

clear. 

1.5.2. Electrochemical and Non-electrochemical Mechanism  

Based on the Cr deposition behavior discussed in the last section, there are three 

scenarios for deposition of the volatile Cr species:  

 

1. Cr species deposit on the TPB. 

2. Cr species deposit on the surface of the electrolyte. 

3. Cr species directly deposit on the surface of the porous air electrode layer. 

 

Scenarios 1 and 2 are believed to happened mainly in the presence of polarization and 

scenario 3 is considered independent of the polarization [1,25,30,31,33,203]. Disagreements over 

the electrochemical and non-electrochemical mechanisms occur in scenarios 1 and 2 (with 

polarization). The proposed electrochemical and non-electrochemical (chemical) mechanisms are 

demonstrated in Figs. 1-14, 1-15, and 1-16.  

Badwal et al. [17] proposes that the deposition of the Cr volatile species competes with 

oxygen in the air electrode of the SOFC (the TPB sites, scenario 1). 

 

2Cr(OH)O2(g) + 6e
-
  Cr2O3(s) + 2H2O(g)+ 3O

2-
 (electrolyte)   (1-10) 

2CrO3(g) + 6e
-
 Cr2O3(s) + 3O

2-
 (electrolyte)     (1-11) 

 

The electrochemical mechanism of Cr poisoning is shown above, where the Cr volatile 

species are reduced by the electrochemical process on the air electrode (mostly considered as the 

TPB).There are additional researchers who support the mechanism of electrochemical reaction of 

Cr reduction [18,24,29,30,203-206].  

Some of the most convincing evidence for this assumption is that the Cr deposition is 

dependent on the cathodic polarization. The observation of Cr deposition on the air electrode 

layer close to the electrolyte is affected significantly by the polarization voltage. At the same 

temperature and under other test conditions, for the case of no electric current applied, the Cr 
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deposition is hardly seen. When the voltage gets higher, more Cr species can be seen by the 

SEM/TEM [204]. 

Another important phenomenon is that all the experimental results show that the Cr 

deposition on the LSM porous electrode is close to the LSM/YSZ interface and considered to 

block the TPB active sites (Fig. 1-14(a)).  

In many cases, especially in long-term operation samples, the Cr deposition is observed 

not only at the TPB sites (scenario 2). The Cr species can be found in the porous air electrode, 

layer several microns away from the interface, and as far as 500 μm away from the porous 

electrode depositing on the uncovered electrolyte surface [30,31,203]. The Cr deposition in this 

case is not considered as a random deposition process, which extended from the TPB during the 

polarization. The deposition process proposed was that of deposition on the extended TPB of the 

Cr2O3/YSZ [31] (Fig. 1-14(b)) . 

 

  

(a)                                                                                        (b) 

Fig.1-14. Electrochemical mechanism of scenario 1 and 2: (a), Cr depositon in TPB; (b), the 

extending of Cr2O3 TPB [22]. 

On the other hand, Jiang et al. [25-28,35,99,208] propose that the deposition of Cr is not 

dominated by electrochemical reduction of the high valence Cr volatile species. The driving 

force of the Cr deposition is suggested to be related to the Mn species. The equations are 

[25,208]: 

 

Mn
2+

 + CrO3  Cr-Mn-O (nuclei)       (1-12) 

Cr-Mn-O (nuclei) + CrO3  Cr2O3       (1-13) 
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Cr-Mn-O (nuclei) + Mn
2+

 + CrO3  (Cr,Mn)3O4     (1-14) 

 

Experimental evidence supporting the non-electrochemical mechanism are [28]:  

 

1. Cr deposition on the YSZ electrolyte occurs under cathodic as well as anodic 

polarization. 

2. the initial polarization behavior is reversible, indicating no blocking effect of the active 

sites for the oxygen reduction as a consequence of the deposition of the Cr2O3 solid 

phase at the early stage of the reaction.  

3. no preferential deposition of Cr at the LSM air electrode and YSZ electrolyte TPB area. 

4. deposition of Cr can occur on the YSZ electrolyte surface far away from the LSM 

electrode that is not directly in contact with the Cr-containing alloy. 

 

The non-electrochemical mechanism above considers the deposition on the YSZ is a 

chemical process and driven by thermodynamics and that the Cr deposition on the LSM is not an 

electrochemical process itself. Mn acts as the nuclei for the volatile Cr species deposition which 

is a chemical process. It should be pointed out that even the non-electrochemical mechanism 

considers that the polarization causes the Cr deposition of scenarios 1 and 2. The non-

electrochemical explanation is that the polarization causes the valence change of a particular 

element (Mn) on the electrolyte surface which becomes the nuclei of the volatile species 

deposition [28,208]. The Mn species are affected by the polarization, which can be used to 

explain the dependence of the deposition rate on the polarization voltage. 

 



45 

 

Fig. 1-15. Non-electrochemical mechanism of scenario 1 and 2 [22]. 

 

For scenario 3, the formation of the (Cr,Mn)3O4 spine1 phase is also reported in the LSM 

cathode[17,33]. It should be noted that in the early work reviewed above [17,23,33], the test 

temperature is relatively high (900-1000°C) for the large amount of Cr2O3 found on the LSM air 

electrode/YSZ electrolyte interface. When the temperature decreases to around 800°C, the Cr 

deposition becomes not so obvious which makes the characterization more difficult [18,221].  

Furthermore, some researchers also proposed that scenario 3 generally occurrs at the 

same time with scenarios 1 and 2 and is showed independent to the polarization. Konysheva et al. 

[29] analyzed both LSM surface deposition and deposition close to the TPB as causing cell 

degradation. With cathodic polarization, the deposition on the electrode/electrolyte interface is 

fast, and the LSM surface deposition is the minor process. Because the contribution of scenario 3 

is likely minor in Cr poisoning; however, there is no detailed research of this process.  

It should be noticed that the LSM/YSZ system is a combination of an electron-conductive 

air electrode and an ion-conductive electrolyte. When using other materials such as LSCF/LSGM 

(mixed conductive materials), the mechanisms will be different. Horita et al. [24] compared the 

elemental distribution of LSM/GDC and LSF/GDC. The results also show that the deposition on 

the LSM/GDC interface (TPB area) is the major Cr poisoning process in SOFC operation 

(Fig. 1-16). 
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Fig. 1-16. Cr species deposition on the surface of LSCF [22]. 

Considering the Cr poisoning of the LSM/YSZ air electrode/electrolyte system, the main 

controversies of the Cr deposition mechanism have been discussed above. There are also some 

disagreements with regard to the experimental results. In a LSM/YSZ half cell with polarization, 

Jiang et al. [208] found that the Cr deposited particles formed on the YSZ surface randomly even 

far away from the LSM/YSZ interface (TPB) in a few minutes. Jiang et al. proposed that the 

Mn
2+

 on the YSZ surface reacted with the volatile Cr species. However, Wang et al. [209] used a 

Mn doped YSZ and Pt/YSZ half cell to study the same process and observed that the Cr only 

deposited on the Pt/YSZ interface (TPB) but not randomly on the YSZ surface. Although the 

experimental conditions are different in this comparison of results, the disagreement reveals the 

complexity of the Cr deposition process. More work should be done to improve the 

understanding of this problem. 

1.6. Characterization Issues 

As discussed above, the controversies surrounding interaction of the SOCs during long 

term operation is partly from the lack of a detailed and precise characterization technique. In the 

older work, the chemical composition analysis of the Cr deposition is qualitative and rough, 

which leads to problems in explaining the mechanism [25,33]. Improving the characterization 

technique will help to clarify the interactions affecting \SOC long-term operation. 
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For the porous air electrode layer, the definition of the microstructural parameters is a 

key point to studying microstructure changes during operation. Traditionally, scanning electron 

microscopy (SEM) has been the most popular method for observing the porous microstructure. 

However, the disadvantage of SEM is that it cannot supply quantitative results. Many new 

techniques and statistical methods are used for microstructure characterization. Focused ion 

beam (FIB) is the most notable technology in recent years. FIB tomography uses an ion beam to 

perform nanoscale sectioning of a sample; subsequent imaging can be performed using an 

electron beam. Repeating the milling and imaging procedure can build up a sequence of two-

dimensional images that can be effectively reconstructed in three-dimensional space, affording 

access to a wide range of microstructural parameters [222-224]. The ―reconstruction‖ is a great 

improvement for microstructure analysis, where all the parameters such as porosity pore size 

distribution and topology, even the special parameter such as TPB lengh for the SOC electrodes, 

can be clearly measured.  
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Fig. 1-17. Schematic of FIB milling with combined SEM imaging and the reconstruction and 

TPB analysis [222] 

Chemical composition analysis is another important part to studying the interactions 

including the diffusion of the elements. The space resolution (probe size) and detect limit of the 

chemical analysis must be improved to match the requirement. For example, the SOC air 

electrode layer is generally tens of micrometers in length. The interaction zone at the 

electrolyte/electrode interface and at the electrolyte surface is normally on a nanometer scale. 

The detection must have enough resolution for these purposes. On the other hand, the lower the 

detection limit is, the better the results for the low amount element that can be achieved. 

 Energy dispersive spectroscopy (EDS) is a widely used method for elemental analysis. 

When EDS is used for Cr deposition analysis, the small amount of Cr is close to the detection 

limit (0.1 atom %) and the Cr EDS peaks are found overlapping with La, the major element in 

many electrode materials. These issues make Cr analysis hard and most of the early work just 

used EDS in a qualitative analysis [30,35,203]. Schule et al. [221,225] used La peaks to calibrate 

the Cr amount. A thin slice of the sample can also be used to improve the space resolution of the 

EDS with transmission electron microscopy (TEM) [226,227]. EDS is a fast and easy way for 

the elemental analysis of the SOCs. However, the quantitative results need to be carefully 

analyzed. 

For SOC research, surface analysis has attracted more and more attention in recent years. 

Air electrode materials such as perovskite LSM have shown that surface segregation and surface 

chemistry are critical for oxygen reduction activity [132,228-230]. Furthermore, the surface is 

also sensitive to foreign phases which promote the catalyst poisoning [230]. Surface analysis is 

generally done by X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy. 

Surface chemistry and the interaction have not been widely studied, particularly with regard to 

some surface behaviors such as time relaxation, which remain open questions. 

Many other new techniques are used to improve SOC characterization. For the phase 

analysis in the interaction research, high resolution XRD is used and greatly increases the 

resolution. TEM is also applied more for the nanometer scale phase and elemental analysis. 

Another improvement in characterization is in situ analysis during operation by advanced 

equipment [231,232]. These novel characterization techniques nowadays give us opportunities to 
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go further in dealing with old issues and clarifying the controversies in the SOC research which 

have existed for over forty years.  

1.7. Objectives and Outline of This Dissertation 

As introduced in the literature review, the interactions of the air electrode with electrolyte 

and Cr-containing ferritic stainless steel interconnect material are critical to the performance and 

long-term stability for the SOCs. The interactions include the solid phase reaction and vapor 

phase transport in the SOC operating conditions, which cause the Cr poisoning of the air 

electrode and interface degradations. 

These degradation issues have been extensively investigated. However, there is 

considerable disagreements on the mechanism of Cr-containing species interaction with and 

deposition on the air electrode. Some studies suggested that the deposition of Cr species is 

closely related to the oxygen activity at the electrode/electrolyte interface (TPB) [17,33]. In 

contrast, others believed that the interfacial degradation by Cr poisoning could be caused by (i) 

blocking of electrochemically active sites by electrochemical reduction of Cr-containing species, 

and (ii) decomposition of the air electrode by the formation of Cr-containing mixed oxide, driven 

by the thermodynamics without influence of the electrical potentials [233]. There were also 

claims that the deposition of Cr species depends strongly on the nature of the air electrode 

materials and that Cr species deposition at the air electrode is most likely controlled by a non-

electrochemical process [22,28,208]  

Besides the polarization status, other factors discussed above must be considered. In the 

operation environment of the air electrode side of the SOCs, the material interactions are 

complicated. The external factors such as atmosphere also affect the interactions as well as the 

chemical composition and microstructure (porosity and thickness of the porous air electrode). 

The atmosphere and microstructure affect the Cr deposition by affecting the concentration and 

transport path of the volatile Cr species. The different composition of LSM air electrode will 

cause different interface interaction with the YSZ electrolyte. Particularly, Mn in the LSM will 

be beneficial to the Cr deposition. The polarization will accelerate the Cr deposition at the TPB. 

By analyzing the factors during the thermal treatment, the mechanism of the interactions will be 

clarified for the SOC application. 
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This research is to reveal the materials interaction behaviors and their contribution to the 

material degradation of the SOCs. The material degradation mechanisms can contribute to 

develop new materials with better stability and compatibility and help to design new SOC stack 

structures to reduce materials degradation and increase the life time. Furthermore, the long-term 

operating performance can be better evaluated based on the understanding of the materials 

degradation. 

Based on these motivations, the objectives of this study are to understand the material 

interactions in the SOC operating conditions. The contents in this dissertation are outlined: 

1. Simulated samples including SOC electrolyte, air electrode, and interconnect will be 

developed in this research. The configuration of the samples with the different 

components should be well designed and assembled for the thermal treatment and 

characterization. The thickness effect of the porous air electrode layer will be 

investigated. 

2. Water vapor leads to an increase of volatile Cr species from the Cr-containing 

interconnect. The electrolyte/air electrode/interconnect tri-layer samples will be 

thermally treated in atmospheres with different moist level to investigate the atmosphere 

effect. 

3. Stoichiomtry effect of the LSM air electrode will be studied by using different LSM 

compositions in the thermal treatment. The mechanism of the interaction and Cr 

deposition will be discussed. 

4. A cathodic polarization will be applied on the tri-layer sample during the thermal 

treatment to study the polarization effect in the SOFC mode.  

The potential issues to be investigated in this research are: 

1. Cr deposition on the LSM electrode surface. The direct deposition of the volatile Cr 

species on the LSM surface is considered as a non-electrochemical process or chemical 

process. The phase formed by the Cr-LSM interaction on the LSM surface and the 

affects of the different volatile Cr species (Cr2O3 or CrO2(OH)2) are not clear. 

Furthermore, the distribution of Cr in the porous LSM layer also needs to be addressed, 

which is important to understand the transport of the volatile Cr species. 

2. The Cr deposition on (or close to) the LSM/YSZ interface under polarization is a 

controversial issue. How the Cr deposition forms on the particular region is not solved. 
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More detailed elemental analysis needs to be carried out to clarify the relation between 

the geometry of TPB and the deposition of Cr species. 

3. The characterization of elements in this work is another issue. Cr and Mn are the 

critical elements in the interaction. However, Cr is present in small amounts on the air 

electrode surface, and one of the major elements of LSM, La, strongly interferences 

with Cr defection. It is hard to quantify the Cr distribution in the porous LSM layer 

[35,221]. Mn on the YSZ surface is the key of the non-electrochemical mechanism, 

which has not been clearly analyzed. By improving the surface characterization and 

quantitative elemental analysis procedure, the interactions can be better understood.  
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Chapter 2 

Chemical Compatibility between Sr-doped Lanthanum Manganite 

Air electrode and AISI 441 Interconnect 

Abstract 

Chromium poisoning in the air electrode of solid oxide fuel/electrolyzer cells is a 

critical issue when stainless steel with high Cr content is used as an interconnect material. The 

mechanism of the diffusion and deposition of the Cr species is not totally clear yet. In this work, 

an yttria-stabilized zirconia electrolyze (YSZ)/strontium-doped lanthanum manganite electrode 

(LSM)/AIS I441 alloy interconnect tri-layer structure has been fabricated by screen printing in 

order to simulate the working environment of a real cell. The samples are thermally treated in 

moist air atmosphere at 800°C for up to 500 h. The porous LSM layer thickness has been 

controlled to investigate the Cr distribution in the porous layer and the diffusion behaviors of the 

Cr species. The microstructure and elemental analysis show that Cr species diffuses into the 

porous LSM layer and deposits on the LSM surface. The deposition occurs simultaneously with 

the LSM grain growth. 

2.1. Introduction 

Solid oxide fuel cells (SOFCs) and solid oxide electrolyzer cells (SOECs) are 

electrochemical devices that produce electricity from fuel or hydrogen by splitting water [1,2].  

In a SOFC/SOEC stack, an interconnect is placed between the air electrode and the fuel electrode 

in order to electrically connect single cells [3,4]. According to the planar stack design, the 

electrical resistance of the electrodes, the electrolyte, the interconnect, and their interfaces should 

be low enough to minimize the current loss and achieve a high energy conversion efficiency. 

High oxidation and corrosion resistance in oxidizing atmospheres, suitable coefficient of thermal 

expansion match with other cell components, good chemical compatibility with other cell 

materials, and long-term stability are also needed [5,6].  
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Conductive perovskite ceramics have been considered as air electrode materials, such 

as Sr-doped lanthanum manganite (LSM) and Sr-doped lanthanum ferrite (LSF) [7,8]. A variety 

of alloy systems have been investigated as interconnect materials, such as Fe-Cr, Fe-Ni, Ni-Cr, 

and Fe-Ni-Cr alloys. Ferritic stainless steel with high Cr content is widely studied as a more cost 

effective interconnect material [5,6,9].The common trait of these systems is that they all form a 

surface layer of Cr2O3, or chomia, under the oxidizing atmosphere, and this layer provides high 

temperature oxidation resistance. However, chomia evaporates at high temperatures and forms 

gaseous CrO3 species. The pressure of the gaseous CrO3 increases with oxygen partial pressure. 

The moisture in the oxidizing environment can cause chomia to evaporate as well, in the form of 

CrO2(OH)2. Water contents above 0.1% in air result in the partial pressure of CrO2(OH)2 to 

exceed the partial pressure of CrO3 [10,11]: 

Cr2O3+3/2O22CrO3      (2-1) 

Cr2O3+3/2O2+2H2O2CrO2(OH)2    (2-2) 

During the SOFC/SOEC operation, interconnect/air electrode interfacial evolution and 

structure/performance degradation encompass diffusion and reaction as well as the 

corresponding microstructure changes. The air electrode materials such as LSM show good 

durability in a single cell [12,13]. However, during the operation with Cr-containing metallic 

interconnect materials, the volatile Cr species transport to the air electrode and the air 

electrode/electrolyte interface. The interaction between the porous air electrode and the volatile 

Cr species is generally called Cr poisoning, which causes the major degradation on the air 

electrode side [14].When the porous LSM air electrode works with the interconnect forming 

volatile Cr species, the Cr poisoning leads to a dramatic increase of the cathode polarization 

resistance and a fast drop of the output voltage of the cell in several hundreds of hours [15-19]. 

In SOFCs, the Cr poisoning is undoubtedly the most serious problem. The atmosphere strongly 

affects the composition of the volatile Cr species [10,11]. The high humidity of the atmosphere 

in the air electrode of SOFCs can lead to large drop of the output cell voltage and degradation of 

the air electrode/electrolyte interface [20]. In SOECs, it is an even bigger problem because the 

interfacial degradation is 10 times faster than that in SOFCs due to the moist condition [21].  

The interaction between the Cr-containing species from the interconnect and the air 

electrode has been investigated. However, there is considerable disagreements on the mechanism 

of Cr-containing species interaction with and deposition on the air electrode. Some studies 
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suggested that the deposition of Cr species is closely related to the oxygen activity at the 

electrode/electrolyte interface--triple phase boundaries (TPB) [15,19]. In contrast, others. 

believed that the interfacial degradation by Cr poisoning could be caused by (i) blocking of 

electrochemically active sites by electrochemical reduction of Cr-containing species, and (ii) 

decomposition of the air electrode by the formation of Cr-containing mixed oxide, driven by the 

thermodynamics without any influence of the electrical potentials [22]. There were also claims 

that the deposition of Cr species depends strongly on the nature of the air electrode materials and 

that Cr species deposition at the air electrode is most likely controlled by a non-electrochemical 

process [17,23,24].  

As seen from the discussion, a fundamental issue is still in heated debate for the 

interconnect/air electrode interface: the location of the chemical reactions. The primary reasons 

for the disagreements is that to date there is no detailed knowledge of Cr species transport at the 

interface, interfacial reactions, and the corresponding electrode microstructure evolution. The 

accelerated interconnect/air electrode degradation in moist atmosphere and its relation to the 

reactions above need to be understood. Currently there is a lack of materials design, testing, and 

characterization efforts to systematically answer these questions. 

In this work, La0.8Sr0.2MnO3 (LSM) powder was made into air electrode and assembled 

with the AIS I441 alloy interconnect and yttria-stabilized zirconia (YSZ) electrolyte to simulate 

the air electrode side of SOFCs/SOECs. The microstructure and elemental distribution are 

investigated to evaluate the Cr poisoning of the porous air electrode layer. Focused ion beam 

(FIB) was used to assist the sample preparation for microstructure and surface analysis. The 

elemental analysis was carried out by energy dispersive spectroscopy (EDS). The EDS results 

were corrected to minimize the interferences of multiple elements. The effects of thickness and 

thermal treatment time on the Cr poisoning were investigated.  

2.2. Experimental Procedures 

2.2.1. Sample Preparation 

LSM powder was prepared by conventional solid state reaction method [25]. SrCO3 

(99.9%, Sigma Aldrich, St. Louis, MO), La2O3 (99.98%, Alfa Aesar, Ward Hill, MA), and 

MnCO3 (99.9%, Alfa Aesar, Ward Hill, MA) at designed composition ratios were mixed in a ball 
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mill for overnight. The mixed oxide and carbonates were calcined in a box furnace (Lindberg, 

Model No. 51314, Watertown, WI) at 1200°C for 20 h.The LSM powder was ground in a ball 

mill for 72 h after the calcination. The particle size of the LSM powder was measured by a laser 

light scattering analyzer (LA-750, Horiba Ltd., Japan).  The particle size followed a normal 

distribution curve. The mean particle diameter of the LSM powder was 2.92 μm (based on three 

measurements, Fig. 2-1). 

 

Fig. 2-1. Particle size distribution of the LSM powder. 

AISI 441 ferritic stainless steel samples (ATI Allegheny Ludlum Corporation, 

Brackenridge, PA) were prepared as rectangular substrates (25.4 × 25.4 mm, thickness 2.08 mm). 

They were polished to optical finish to remove the oxidized layer, if any, and to obtain a scratch 

free flat surface. The polished samples were cleaned by ultrasound in water first and then in 

acetone.  

The LSM air electrode was fabricated on the polished AISI 441 surface by screen 

printing. A polyvinyl butyral (PVB) based organic binder (B-73225, Ferro Co., Cleveland, OH) 

was used to make the LSM ink for the screen printing. The ink was obtained by mixing 52 wt% 

of the LSM powder, 30 wt% of the PVB binder, and 18 wt% of ethanol (99.5% purity, Sigma 

Aldrich, St. Louis, MO) and ball milling for over 12 h. 8 mol% yttria-stabilized zirconia (YSZ) 
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was chosen as the electrolyte material (Nextech Materials, Lewis Center, OH). The LSM ink was 

directly printed on the YSZ substrates (20 mm diameter, 250 -290 μm thickness) using a #120 

mesh. Multiple prints were used in order to obtain different thickness for the air electrode layer. 

LSM/YSZ sample coupons were sintered at 1100°C for 2 h. The heating and cooling rates were 

1°C/min. The bi-layer was kept at 200°C for 3 h and 400°C for 1 h to burn out the binder. After 

sintering, the thickness of the air electrode was measured by a micrometer. 

The AISI 441 alloy coupon was placed on the LSM electrode side of the LSM/YSZ bi-

layer as the interconnect. The configuration of the YSZ/LSM/AISI 441 tri-layer was shown in 

Fig. 2-2. A pressure of 450 Pa was applied on each tri-layer sample during the thermal treatment. 

 

 

Fig. 2-2. Configuration of the YSZ/LSM/AISI 441 tri-layer. 

2.2.2. Thermal Treatment 

Thermal treatment was carried out in 25 vol% moist air at 800°C for 100, 200, and 500 

h. The thermal treatment set-up was shown in Fig. 2-3. Water vapor was generated by heating a 

flask on a hot plate. The water vapor concentration in the gas flow was monitored by flowmeters 

#1 and #2 and controlled by the temperature of the water flask. The flow rates were 30 ml/s for 

air and 10 ml/s for water vapor, respectively. 
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Fig. 2-3. Schematic drawing of the thermal treatment set-up. 

2.2.3. Characterization 

After the thermal treatment, the tri-layer samples were mounted into epoxy, and then 

cut, ground, and polished to obtain cross-sections. To study the microstructure, scanning electron 

microscopy (SEM, Quanta 600 FEG, FEI, Hillsboro, OR) was used to examine the cross-sections 

of the YSZ/LSM/AISI 441 samples. Backscattering electron images were used in order to obtain 

optimal contrast. The EDS module (Bruker AXS, MiKroanalysis Gmbh, Berlin, Germany) 

attached to the SEM was used for composition spot analysis, line scan, and elemental mapping 

across the interface. To improve the resolution of the composition analysis, FIB (FEI Helios 600 

NanoLab, FEI, Hillsboro, OR) was used to cut a thin piece of a tri-layer sample. 

2.3. Results and Discussion 

2.3.1. Microstructure 

Fig. 2-4 shows the microstructures of the as-sintered LSM/YSZ samples. For the 1 print, 

2 prints, and 3 prints samples, the thicknesses are well controlled, which are 10-15 μm (Fig. 2-

4(a)), 20-30 μm (Fig. 2-4(b)), and 30-45 μm (Fig. 2-4(c)), respectively. The air electrode layer 

shows good adhesion with the YSZ electrolyte. No visible cracks or voids in the porous air 
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electrode or at the interface are observed. There is some air electrode thickness variation but the 

darker color on the layer top is from the region farther into the air electrode. Based on the 

thickness, the surface area, and the weight of the air electrode layers, the relative density of the 

LSM air electrode is estimated to be 55-60%. 

 

 

 

Fig. 2-4. SEM images of sintered LSM/YSZ bi-layers with different thicknesses. 

The SEM images of the YSZ/LSM/AISI 441 tri-layer samples are shown in Fig. 2-5. 

The LSM electrode is in direct contact with the YSZ electrolyte and the AISI 441 interconnect. 

Before the thermal treatment, the microstructure of the porous LSM layer shows grain sizes 

around 3 μm (Figs. 2-5(a), (d), and (g)). After the thermal treatment for 200 h, the LSM grains 

grow larger (Figs. 2-5(b), (e), and (h)), some grains show sizes over 5 μm. After the thermal 

treatment for 500 h (Fig. 2-5(c), (f), and (i)), many of the grains grow to 5-10 μm in size.  

After being thermally treated at high temperature, the grain growth of the porous LSM 

air electrode is caused by diffusion. The ionic diffusion is mainly influenced by defect chemistry 

[26]. The microstructure strongly affects the performance of the air electrode. Generally, in 
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SOFC mode, the polarization resistance increases with the grain growth of the air electrode, 

because the decrease in surface area caused by the grain growth simply decreases the active sites 

for oxygen reducing [27]. However, the effect of grain size is always hard address separately 

because the gas flow paths are also changed as a consequence. In this work, in order to 

investigate the surface deposition of the Cr species, the grain growth caused by ionic diffusion of 

the LSM must also be considered. 
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Fig. 2-5. SEM images of YSZ/LSM/AISI 441 tri-layer before and after thermal treatment in air 

with 25 vol% water vapor at 800°C: (a) 1 print as-prepared, (b) 1 print 200 h, (c) 1 print 500 h, 

(d) 2 prints as-prepared, (e) 2 prints 200 h, (f) 2 prints 500 h, (g) 3 prints as-prepared, (h) 3 prints 

200 h, and (i) 3 prints 500 h. The three layers are YSZ, LSM, and AISI 441 from left to right. 

2.3.2. Elemental Analysis 

In order to analyze the elemental distribution across the porous LSM layer, an EDS 

quantitative analysis is carried out. However, the sample surface obtained by mechanical 

polishing is uneven. This is because the porous LSM layer is sandwiched in-between the YSZ 

and the AISI 441 layers and the dense YSZ and AISI 441 have a much higher hardness than the 

porous LSM. During the polishing process, the porous LSM layer is preferentially removed over 

that of the YSZ and AISI 441 layers on the sides. The unevenness of the tri-layer cross-section 

leads to variations in the EDS analysis, especially for the line scan and elemental mapping. To 

address the issue and obtain an even tri-layer cross-section, a FIB is used to cut a thin slice of the 

tri-layer sample that has 2 prints of the air electrode thickness which have been thermally treated 

for 200 h. 

Fig. 2-6 shows a cross-section of the 200 h thermally treated sample with 2 prints 

obtained by the FIB. The thickness of the slice is ~2 μm. Pt has been deposited on the cross 

sectional surface before the FIB cutting in order to keep the porous LSM electrode intact and 

provide electrical conductivity. Through this ~25 μm thick sample, a very even surface is 

obtained and the data scattering because of the sample surface unevenness can be effectively 

minimized. 
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Fig. 2-6. SEM image of a thin layer across the YSZ/LSM/AISI 441 tri-layer by FIB cutting. The 

tri-layer has 2 prints and is thermally treated for 200 h.  

The EDS spot analysis for the LSM electrode of the as-prepared and 200 h thermally 

treated YSZ/LSM/AISI 441 tri-layer with 2 prints is shown in Fig. 2-7. For the as-prepared LSM 

sample, the L lines of La and the Kα line of Mn are in the energy range of 4.0-7.0 keV. After the 

thermal treatment, unfortunately the K lines of Cr overlap with the lines from other elements: 

CrKα(5.415 keV)/LaLβ2(5.484 keV) and CrKβ(5.989 keV)/MnKα(5.899 keV). Because CrKβ is a 

minor line of Cr and MnKα is a major line of Mn and Mn is a major component of the LSM 

electrode, it is hard to estimate the Cr content by the overlapping CrKβ/MnKα line. The CrKα line 

that overlaps with the LaLβ2 line (a minor line of La) is used to analyze the presence of the Cr 

species. In the EDS pattern of the 200 h thermally treated sample, the relative height of the 

CrKα/LaLβ2 line is higher than the one in the EDS pattern of the as-prepared LSM, indicating that 

Cr diffusion into the air electrode and deposition on its surface occur during the thermal 

treatment. However, the amount of Cr is small based on the peak height difference. 
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Fig. 2-7. EDS profiles of the as-prepared the LSM and LSM after 200 h of thermal treatment. 

The numbers in (a) and (b) show the data point locations in (c). 

In this study, the quantitative EDS analysis of different species is corrected based on the 

equation [28]: 

  

    
       

  

 
                                                          (2-3) 

where    and      are the weight fractions of the element i in the sample and in the standard 

sample respectively;    and      are the line intensities of the element i in the examined sample 

and the standard sample, respectively; Z, A, and F are the factors related to atomic number, x-ray 
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absorption, and x-ray fluorescence. ZAF in combination can be called correction factor. Since 

the conversion from the mass fraction to the atomic fraction is linear, the correction factor from 

the standard LSM sample (the as-prepared sample) can be used to correct the Cr content in the 

thermally treated samples. When the Cr content is zero (the case for the as-prepared sample), the 

correction factor   
   

   
             (ALa and ACr

pseudo
 are the atomic fractions of La and Cr 

obtained in the as-prepared LSM sample where the actual Cr atomic fraction is zero). In the 

sample with La and Cr coexisting (the thermally treated sample): 

       
                                                             (2-4) 

ALa and ACr  are the atomic fractions of La and Cr obtained in the Cr-containing LSM 

sample, and ACr is the corrected Cr atomic fraction. It should be mentioned that the correction 

process does not consider the change of the ZAF factors during the conversion from the mass 

fraction to the atomic fraction, because for the standardless EDS analysis, the ZAF factors of the 

weight fraction are easier to apply in the calculation. Furthermore, the ZAF factors are close to 1 

leading to very small errors for the approximate quantitative analysis. Thus, equations 2-3 and 2-

4 can help to estimate the error from the overlapping lines in the EDS analysis.  

Fig. 2-6 shows the 5 spots analyzed by the EDS. Table 2-1 shows the quantitative EDS 

analysis results of the spots in Fig. 2-6. In Table 2-1, the as-prepared LSM sample is used as a 

reference. By considering Cr (which does not exist in the sample) in the quantitative calculation, 

a pseudo-Cr content of 0.53 atom% and a correction factor of La/Cr = 25.87 are obtained to 

correct the EDS line overlapping error.  

Table 2-1. Quantitative EDS spot analysis, #1-5 corresponds to spots 1-5 in Fig. 2-6. 

Atomic % La Sr Mn Cr O 

As-prepared
*
 13.63 8.41 17.40 0.53 60.04 

#1 11.85 3.37 14,76 0.44 69.58 

#2 14.88 6.29 17.23 1.14 60.47 

#3 11.76 3.75 14.89 0.41 69.19 

#4 11.91 3.46 14.94 0.44 69.26 

#5 11.57 7.49 13.91 1.14 65.89 

*Average of 3 spots 
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In Fig. 2-6, spots 1, 3, and 4 are from large LSM grains with over 2 μm size. These spots 

show the Cr content at 0.41-0.44 atom% and the ratio of La/Cr close to 25.87, which means the 

actual Cr content is zero. Also, the La/Mn ratio for these three spots is ~ 0.8, which indicates the 

chemical composition maintains the initial LSM stoichiometry. On the other hand, spots 2 and 5 

are chosen along the edges of the LSM grains. The Cr atom percents calculated are significantly 

higher. After the correction, the Cr content on spots 2 and 5 are 0.56% and 0.69%, respectively.  

The Cr content difference between the LSM grain centers and edges shows that the Cr 

species mainly reacts with the LSM grain surface by vapor diffusion instead of by solid state 

diffusion, leading to a surface deposition of Cr of less than 1%. Furthermore, the La/Sr ratios in 

the tested spots show large variations. In spots 1, 3, and 4, the La/Sr atomic ratio is 3.0-3.5, 

which is less than the original ratio of 4. In spots 2 and 5, the La/Sr atomic ratio is much lower, 

around 1.5-2.5. In the as-prepared LSM sample, the La/Sr ratio is 1.6. The different La/Sr ratios 

show that the Sr content is lower inside the LSM grains (spots 1, 3, and 4 are the cross-sections 

of large size LSM grains). For the as-prepared LSM in Table 2-1, the sample is not cut by the 

FIB, so the EDS spot analysis represents more of the surface La/Sr ratio, which matches with the 

results of spots 2 and 5 from the surface of the LSM grains. Sr segregation on the LSM surface 

has been investigated for the sintered LSM electrode [29]. The spot analysis of the FIB cut 

sample shows that after the thermal treatment in the moist air atmosphere, the surface Sr 

enrichment remains. 

Fig. 2-8 shows the line scan result from the FIB cut sample along the line shown in 

Fig. 2-6 and the content of Cr is corrected by a factor of 25.87 based on the discussion related to 

the spot analysis. The La and Mn contents are mostly determined by the morphology of the 

porous layer. When the scan goes across the particle cross-section (dense LSM), La and Mn 

maintain their ratio in the LSM and show high atomic fractions. When the scan goes across the 

pores between the LSM grains, La and Mn show low atomic fractions, since the EDS detects 

more signals from the polish mounting material epoxy. The Sr/La ratio shows the same Sr 

surface segregation as from the spot analysis. Cr shows very low content across the porous LSM 

layer. There is no significant difference of Cr content along the porous LSM layer from the left 

to the right, which means the Cr vapor species diffuses fast and deposits on the LSM surface 

simultaneously across the porous layer. Also, there is a Cr concentrated region on the AISI 441 

surface, which is believed to be the Cr2O3 oxide scale formed on the AISI 441 interconnect.  
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Fig. 2-8. EDS line scan of Cr , La, Mn, and Sr atom fractions across the YSZ/LSM/AISI 441 tri-

layer sample with ~ 25 μm thickness and thermally treated for 200 h. The microstructure is 

shown in Fig. 2-6. The three layers are YSZ, LSM, and AISI 441 from left to right. 

2.3.3. Thickness Effect and Distribution of Cr Species 

The LSM electrode thickness also affects the Cr species diffusion and deposition on the 

porous LSM electrode. The elemental distribution profiles for the YSZ/LSM/AISI 441 tri-layers 

with different LSM thicknesses are shown in Fig. 2-9 before and after the thermal treatment. The 

Cr atomic fraction for the line scan is corrected by a factor of 25.87 based on the discussion 

related to the spot analysis. It should be pointed out that the tri-layers are from mechanical 

polishing only and uneven sample surfaces cause larger data variation for the line scan results. 

Fig. 2-9 is more suited for a qualitative trend analysis on Cr diffusion. For each figure, the Cr 

atomic fraction shows insignificant change from left to right across the porous LSM electrode, 

which means the Cr species diffuse into the LSM layer from the interconnect and distribute 

randomly on the porous air electrode layer. In air atmosphere and at 800°C, the vapor phase 
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diffusion of the volatile Cr species can reach hundreds of microns across the porous air electrode 

[30]. That means through the 10–40 μm thick air electrodes in this study, the Cr content through 

the porous layer is not obviously different regardless of the LSM thickness.  
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Fig. 2-9. EDS line scan of Cr content across the YSZ/LSM/AISI 441 tri-layer samples with 

different LSM thicknesses. (a) 1 print, 10-15 μm thick, (b) 2 prints, 20-30 μm thick, (c) 3 print, 

30-45 μm thich. The three layers are YSZ, LSM, and AISI 441 from left to right. Each curve is 

averaged by 3 random scans. 

In SOFCs, a thicker air electrode layer is proved to be beneficial for decreasing Cr 

poisoning. The reason is that there are more active sites not blocked by the Cr deposition [19]. 

Fig. 2-9 shows that in the thicker porous LSM layer (2 prints and 3 prints), the Cr atomic fraction 

is lower. That means the surface Cr deposition can be reduced by increasing the total surface 

area of the porous air electrode layer. Furthermore, the pathway of the gas flow affects the vapor 

phase diffusion and Cr deposition. Investigation of the morphological effects on Cr poisoning in 

the porous air electrode will provide useful information. It should also be noticed that the Cr 

fraction in the LSM layer does not significantly increase with the thermal treatment time. 

Thermodynamically, increasing the thermal treatment time should increase the Cr species 

diffusion. However, the current result occurs because that the deposition of the Cr species on the 

surface of the LSM electrode diminishes over time because of the reduced sites availability. In 

addition, the LSM electrode surface area also decreases with the thermal treatment time because 

of LSM grain growth. More experiments need to be carried out to clearly answer these questions. 
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2.4. Conclusions 

LSM electrodes with different thicknesses are made and assembled with YSZ electrolyte 

and AISI 441 interconnect into a tri-layer configuration using screen printing. The tri-layer 

samples are thermally treated in air with 25 vol% water vapor at 800°C for up to 500 hrs. The 

porous LSM air electrode show grain growth during the thermal treatment. EDS elemental 

analysis shows that Cr species generated from the AISI 441 interconnect diffuses into the porous 

LSM layer and deposits on the LSM grain surface, mainly through vapor diffusion. Sr 

segregation on the LSM surface is also found for the as-sintered and thermally treated electrodes. 

The EDS line scan shows that the Cr atomic fraction decreases with LSM layer thickness 

increase but is not significantly affected by with thermal treatment time. 
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Chapter 3 

Surface and Interface Behaviors of Sr-doped Lanthanum 

Manganite Air Electrode in Different Moisture Atmospheres 

Abstract 

Surface and interface reactions of the air electrode with the contacting components of 

solid oxide cells are essential for the long term operation stability and performance. In this work, 

an yttria-stabilized zirconia electrolyte (YSZ)/strontium-doped lanthanum manganite electrode 

(LSM)/AISI 441 alloy interconnect tri-layer structure has been fabricated in order to simulate the 

working environment of a real cell with Cr-containing interconnect. The samples are thermally 

treated in moist air atmospheres (0 vol%, 10 vol%, and 25 vol% moistures) at 800°C for up to 

500 h. The interactions among different cell components are characterized. The LSM air 

electrode shows slight grain growth but the growth is less in moist atmospheres. High moisture 

level affects the bonding between the LSM and the YSZ and leads to formation of small particles 

on the YSZ surface. The amount of Cr deposition on the LSM surface is slightly more for the 

samples thermally treated in the moist atmospheres and shows no significant difference between 

the 10 vol% and 25 vol% moist air. At the YSZ/LSM interface, La enrichment is significant and 

facilitates the Cr deposition while Mn depletion occurs. The YSZ surface composition is not 

strongly affected by the atmosphere.  

3.1. Introduction 

Solid oxide cells (SOCs), including solid oxide fuel cells (SOFCs) and solid oxide 

electrolyzer cells (SOECs), are promising electrochemical devices that generate electricity from 

fuel or produce hydrogen by splitting water. In order to obtain desired power output or hydrogen 

production, SOC stacks of planar geometry is widely investigated [1-5].  

Ferritic stainless steel with a high Cr content has been intensively studied as a cost 

effective interconnect material for SOC stacks working at 700-900°C [6-8]. Perovskite materials 

have been widely investigated as air electrode materials, such as Sr-doped lanthanum manganite 
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(LSM) and Sr-doped lanthanum ferrite [9-11]. The air electrode is fabricated on the electrolyte, 

such as yttria-stabilized zirconia (YSZ), to reduce the oxygen molecules into oxygen ions (in the 

SOFC mode) or oxidize the oxygen ions to oxygen molecules (in the SOEC mode): 

SOFC: ½ O2 (gas) + 2e
-
 (cathode)  O

2-
     (3-1) 

SOEC: O
2-

 (electrolyte)  ½ O2 (gas) + 2e
-
     (3-2) 

The ceramic air electrode of SOCs sintered with the electrolyte should have certain 

porosity and thickness in order to provide gas flow route and active sites for the above 

electrochemical reactions. At the contact between the electrolyte and the air electrode, the triple 

phase boundary (TPB) is the active area for the oxygen reduction/oxidation reactions, which is 

essential to the cell performance and determined by the microstructure of the electrolyte/air 

electrode interface [12]. For the long term operation, the air electrode should be stable in the high 

temperature oxidizing environment and chemically compatible with other contacting cell 

components [13,14]. Undesirable interactions can cause the degradation of the cell stacks. For 

the air electrode, grain size and porosity as well as TPB structure influence the cell performance 

[15-17]. Foreign phases formed at the interface due to the solid state reactions can also affect the 

active sites. For example, La2Zr2O7 and SrZrO3 formed at the YSZ/LSM interface block the 

TPBs and cause an increase in the ohmic resistance [18-20]. Furthermore, the deposition of 

poisoning species such as Cr species from the ferritic stainless steel across the air electrode and 

at the TPBs is a critical issue in cell degradation [21-25]. 

The degradation of the air electrode caused by the Cr-containing alloy interconnects 

(chromium poisoning) [26,27] includes three steps: oxidation and vaporization of Cr species 

from the surface of the interconnect, the diffusion of the Cr species, and the interaction between 

the vapor phase Cr species and the air electrode. Formation of the vapor phase Cr species is 

believed to be strongly dependent on the atmosphere. CrO3 and CrO2(OH)2 are the two major 

compounds of the volatile Cr species, and CrO2(OH)2 is the dominant phase when water vapor is 

present in the atmosphere [28,29].  

Cr2O3 + 3/2O2  2CrO3      (3-3) 

Cr2O3 + 3/2O2 + 2H2O  2CrO2(OH)2    (3-4) 

Besides that the volatile Cr species are strongly affected by the water vapor in the 

atmosphere, Nielsen et al. observed that the SOFC voltage dropped 70% in 12.8 mol% moist air 

and small particles appear on the YSZ surface [30]. Kim et al. observed ~25% cell voltage drop 
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when using a 40 vol% moisture content. Composition analysis showed that La2O3 forms on the 

LSM air electrode surface and decreases conductivity [31]. 

AISI 441 is a promising stainless steel interconnect material that shows good stability in 

the SOFC working environment, forms a (Mn,Cr)3O4 layer, and decreases the Cr evaporation 

[7,32]. The composition of the alloy is shown in Table 3-1. As seen, AISI 441 has a high content 

of Fe (80.7 wt%) followed by Cr (17.6 wt%). However, the stability of AISI 441 with the air 

electrode in high moisture atmosphere has not been reported. 

Table 3-1. Nominal composition of AISI 441 alloy (wt%). [7,33] 

Cr Fe Mn Ti Si Al C S P Ni Nb Re 

17.6 80.68 0.33 0.18 0.47 0.045 0.01 0.001 0.024 0.20 0.46 - 

 

In order to improve the understanding of the Cr species interaction with the air electrode,  

different moisture atmospheres are introduced in this study through the electrolyte/air 

electrode/interconnect tri-layer configuration (8% yttria-stabilized zirconia (YSZ) 

/La0.8Sr0.2MnO3 (LSM)/AISI 441). The samples are thermally treated at 800°C for up to 500 h in 

dry air, 10 vol% moist air, and 25 vol% moist air, respectively. Scanning electron microscopy 

(SEM) is used to characterize the morphology changes of the LSM porous air electrode and the 

YSZ/LSM interface.  

After the thermal treatment, the tri-layer samples were broken to examine the cross-

sections. Some samples were mounted into epoxy, and then cut and ground to detect different 

positions (distances away from the AISI 441 layer) in the porous LSM air electrode. Along the 

30 μm thick LSM layer, the examined locations were shown in Fig. 3-1. They were labeled as 

YSZ/LSM, LSM left, LSM middle, LSM right, and LSM/AISI 441 from the YSZ to the AISI 

441. X-ray photoelectron spectroscopy (XPS) is used to obtain surface chemistry and elemental 

distribution across the LSM layer. X-ray diffraction (XRD) and energy dispersive spectroscopy 

(EDS) are used to investigate the Cr deposition difference in the different atmospheres. 
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Fig. 3-1. The examination locations of the porous LSM air electrode. XPS is carried out at five 

locations: YSZ/LSM, LSM Left, LSM Middle, LSM Right, and LSM/AISI 441.  

3.2. Experimental Procedures 

3.2.1. Sample Preparation 

LSM powder was prepared by conventional solid state reaction method [34]. AISI 441 

ferritic stainless steel samples (ATI Allegheny Ludlum Corporation, Brackenridge, PA) were 

prepared as rectangular substrates (25.4 × 25.4 mm, thickness 2.08 mm). They were polished to 

optical finish to remove the oxidized layer, if any, and to obtain a scratch free flat surface. The 

polished samples were cleaned by ultrasound in water first and then in acetone.  

The LSM air electrode was fabricated on the polished AISI 441 surface by screen 

printing [35]. The LSM layer on the YSZ substrates (20 mm diameter, 250–290 μm thickness, 

Nextech Materials, Lewis Center, OH) was 20-30 μm thick after being sintered at 1100°C for 2 h. 
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After the sintering of the LSM/YSZ bi-layer, the AISI 441 alloy was placed on the LSM 

electrode side as the interconnect. The details of the tri-layer sample configuration can be found 

in the previous chapter.   

Thermal treatment was carried out in dry air (compressed air), 10 vol% and 25 vol% 

moist air at 800°C for 500 h. The thermal treatment set-up was given in Chapter 2. The flow 

rates were 10 ml·s
-1

 for the dry air, 10 ml·s
-1

 air/1.1 ml·s
-1

 water vapor for the 10 vol% moist air, 

and 30 ml·s
-1

 air/10 ml·s
-1

 water vapor for the 25 vol% moist air, respectively. 

3.2.2. Characterization 

After the thermal treatment, the tri-layer samples were broken to examine the cross-

sections. SEM (Quanta 600 FEG, FEI, Hillsboro, OR) was used to study the microstructure. The 

EDS module (Bruker AXS, MiKroanalysis Gmbh, Berlin, Germany) attached to the SEM was 

used for compositional spot analysis. Some samples were mounted into epoxy, and then cut and 

ground to detect different positions (distances away from the AISI 441 layer) in the porous LSM 

air electrode by an X-ray photoelectron spectrometer (XPS, PHI Quantera SXM-03, Physical 

Electronics Inc., Chanhassen, MN). An Al Kα radiation (1486.6 eV) was used as the X-ray 

source. Along the 30 μm thick LSM layer, the examined locations were shown in Fig. 3-1. They 

were labeled as YSZ/LSM, LSM Left, LSM Middle, LSM Right, and LSM/AISI 441 from the 

YSZ to the AISI 441. In order to identify the phases, X-ray diffraction (XRD) studies were 

carried out in an X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, The Netherlands). 

The step size was 0.030° s
−1

 with Cu Kα radiation (λ= 1.5406 Å). 

3.3. Results 

3.3.1. Microstructure 

Fig. 3-2(a) shows the microstructure of the LSM layer at the LSM/AISI 441 interface 

before and after the thermal treatment in the different atmospheres. The AISI 441 interconnect 

was removed after the thermal treatment; the SEM images in Fig. 3-2(a) are taken at the LSM 

―top‖ surface, which is directly in contact with the AISI 441 polished surface. Before the thermal 

treatment, the microstructure of the porous LSM layer shows grain sizes around 3 μm (Fig. 3-
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2(a)). After the thermal treatment in dry air for 500 h, the grains grow larger, whereas some 

small grains adhere together and form large grains with about 5 μm size. Also, the grains become 

more roundish compared with those before the thermal treatment. The air electrode looks dense. 

For the samples thermally treated in 10 vol% and 25 vol% moist air atmospheres, the 

microstructures are almost the same, with the latter having more roundish grains. The grain 

growth and morphology change are both relatively less than those of the dry air treated sample. 

Based on this observation, it can be concluded that dry air induces more sintering than moist 

atmospheres during the thermal treatment. 

 

  

Fig. 3-2. SEM images of the LSM porous layer before and after the thermal treatment in the 

different moisture atmospheres at 800°C for 500 h: (a) the LSM side in contact with the AISI 

441 interconnect, (b) fractured cross section, the dense YSZ electrolyte is on the left.  

The cross sections of the LSM layer and the YSZ/LSM interface are shown in Fig. 3-2(b). 

The YSZ/LSM samples were fractured to obtain the cross sections and avoid morphological 

alteration from polishing. The LSM air electrode layer shows good adhesion with the YSZ 

electrolyte after sintering and after the thermal treatment. No visible cracks in the porous air 

electrode or at the interface are observed. The microstructure of the LSM porous air electrode is 

homogeneous across the LSM thickness, where no differences are seen from the left (YSZ/LSM 

interface) to the right (LSM/AISI 441 interface). The microstructure of each sample is consistent 

with the LSM ―top‖ surface. The sample thermally treated in dry air shows the most significant 
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grain growth among all the samples, where small grains adhere together and form large grains 

over 5 µm. For the samples thermally treated in 10 vol% and 25 vol% moist air, the grain growth 

and bonding are observed but less than those for the dry air treated sample. The 25% moisture 

sample shows more sintering than the 10 vol% moisture sample. 

The YSZ/LSM interfacial behaviors of the thermally treated samples are also examined 

(Fig. 3-3). Fig. 3-3(a) is the original surface of the YSZ substrate (without any LSM layer) after 

sintering, which shows clear grain boundaries. Figs. 3-3(b)–3-3(e) are the SEM images taken 

from the YSZ surface after the LSM layer being mechanically peeled off. In order to preserve the 

morphologies at the interfaces, the LSM layers were carefully scratched off and no further 

disturbance was involved. Bonding spots and some remaining LSM grains can be seen on the 

YSZ surface. For the YSZ/LSM interface after sintering, small contact spots with mostly less 

than 500 nm sizes are observed on the YSZ surface (Fig. 3-3(b), pointed by the arrows). The 

YSZ grain boundaries are still visible. After the thermal treatment at 800°C for 500 h in dry air 

(Fig. 3-3(c)), the bonding spots substantially increase and the spot size increases to ~1 µm 

(pointed by the arrows). No YSZ grain boundaries can be seen. This means more extensive 

contacts are formed during the thermal treatment. This result is consistent with the 

microstructure of the LSM layer (Fig. 3-2(b)). The bonding spots for the sample thermally 

treated in dry air, however, are clean. For the sample thermally treated in 10 vol% moist air 

(Fig. 3-3(d)), individual bonding spots are flatter but harder to distinguish. On the YSZ surface, 

the grain boundaries are hard to be seen and many small particles with less than 50 nm size are 

observed. These small particles tend to distribute along the boundaries of the YSZ grains. For the 

sample thermally treated in 25 vol% moist air, the bonding merges into a continuous layer and 

the YSZ grain boundaries are invisible (Fig. 3-3(e)). More small particles are seen with larger 

sizes (~100 nm and more scattering over the interface).  



101 

\ 

 



102 

 

 



103 

 

Fig. 3-3. SEM images of the YSZ/LSM interface after the LSM porous layer removal: (a) YSZ 

surface, (b) as-sintered, (c) thermally treated in dry air, (d) thermally treated in 10 vol% moist air, 

and (e) thermally treated in 25 vol% moist air.  

EDS spot analysis is used to determine the composition of the YSZ surface after the LSM 

layer removal (Fig. 3-4). The examination locations are marked as ―+‖ in Fig. 3-3. The results 

show that the main elements are Zr and Y (the peaks are very strong and not shown in Fig. 3-4). 

This is expected because of the presence of the YSZ substrate. The minor elements are La and 

Mn (approximately less than 1 atom%), which means the analyzed spots contain small amounts 

of La and Mn. Cr deposition on the surface is of a very small amount and the main EDS peak 

CrKα overlaps with LaLβ2, one of the minor peak of La; and MnKα, the main peak of Mn, overlaps 

with a minor Cr peak CrKβ (Chapter 2). Since La shows relatively strong peaks, for comparison 

purposes, the LaLα peak is used as a reference to compare other elements. Fig. 3-4 is rescaled to 

obtain approximately the same intensity for the LaLα peaks. The as-sintered sample shows a very 

small MnKα/CrKβ peak. After the thermal treatment, the peak height increases for all the samples. 

However, the MnKα/CrKβ peak increases the most for the sample thermally treated in dry air and 

the least for the samples thermally treated in the 25 vol% moist air. Compared with the main 
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LaLα peak, the CrKα/LaLβ2 peak shows no significant difference between the as-sintered state (no 

Cr deposition) and the thermally treated samples (with Cr deposition), which means the CrKα 

peak is very weak. From this, it can be deduced that the contribution of the CrKβ peak is very 

weak and the MnKα/CrKβ peak intensity represents the Mn content. This result means using La as 

a reference, Mn deposits relatively less in the high moisture atmosphere.  

 

Fig. 3-4. EDS spot analysis of YSZ/LSM interface after the LSM porous layer removal. The 

analyzed spots are on the YSZ surface. The corresponding locations are shown in Figs. 3-3(b), 

(c), (d), and (e), marked by crosses. 

3.3.2. Deposition and Distribution of Different Species 

After the thermal treatment at 800°C for 500 h in different atmospheres, the AISI 441 

interconnects were removed and XPS analysis was carried out at different locations across the 

LSM layer. Along the porous LSM air electrode layer (~30 μm thick), five different locations are 

obtained for the XPS analysis (Fig. 3-5). The thickness of each layer is controlled by a 

micrometer at ~8 μm. The results are normalized to 100% by considering La, Sr, Mn, and Cr 
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only in order to avoid errors by oxygen from the mounting epoxy. The elemental concentrations 

are averaged by three measurements at each location. 
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Fig. 3-5. Composition of the LSM layer before and after the thermal treatment at 800°C for 500 

h in different atmospheres: (a) dry air, (b) 10 vol% moist air, and (c) 25 vol% moist air. All the 

concentrations are normalized to 100% by considering La, Sr, Mn, and Cr only. Atomic ratios: (d) 

(La+Sr)/Mn ratio, (e) La/Sr ratio. The solid and dash lines mark the values and standard 

deviations of the ratios before the thermal treatment. 

The surface compositions of the LSM ―top‖ layer after sintering at 1100°C for 2 h 

(shown in Fig. 3-2(a), ―As-sintered‖) show significant enrichments of La and Sr (not shown in 

Figs. 3-5(a)–3-5(c)). The content of La, Sr, and Mn is 49.6%, 14.3%, and 36.1%, which is very 

different from the designed 40% La, 10% Sr, and 50% Mn (It should be mentioned that all the 

elemental analysis data in this paper are presented in atomic percent). La and Sr increase by 24% 

and 42%, respectively, and Mn decreases by 28%. This means that the surface composition has 

changed after sintering, where Sr enriches the most, La enriches less than Sr, and Mn content 

depletes accordingly at the LSM surface. Such Sr and La surface segregation and the Mn 

depletion have been observed before and are believed to result from the strain energy driven re-

distribution of the ions. 

After the thermal treatment in dry air, at the LSM/AISI 441 interface, the content of La, 

Sr, Mn, and Cr is 45.0 ± 1.0%, 15.6 ± 0.3%, 30.7 ± 0.3%, and 8.7 ± 1.3%, respectively. The 

surface composition is very close to that of the as-sintered state if Cr is excluded. In the 10 vol% 

moist air, the content of La, Sr, Mn, and Cr is 50.6 ± 1.5%, 12.3 ± 1.2%, 27.9 ± 0.5%, and 9.2 ± 
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0.2%, respectively. In the 25 vol% moist air, the content is 50.3 ± 0.7%, 14.3 ± 0.5%, 24.4 ± 

1.1%, and 11.1 ± 1.5%, respectively. This indicates that the thermal treatment leads to Cr 

deposition. As the moisture content increases, La enrichment increases, Sr enrichment decreases, 

and Mn depletion worsens. For the samples treated in the 10 vol% and 25 vol% moist air, La 

surface enrichment is ~10% higher than that for the dry air treated sample. At the same time, Cr 

deposition increases monotonically with the water content, from 8.7% to 9.2% to 11.1%, which 

is a considerable amount and reflects the Cr deposition on the air electrode.  

Across the LSM porous layer, the contents of La, Sr, and Mn show different changes 

from right to left of the tri-layer assembly. For the LSM sample thermally treated in dry air, the 

La, Sr, and Mn content is almost the same as that at the LSM/AISI 441 interface. For the sample 

thermally treated in 10 vol% moist air, the composition is also fairly consistent with some 

random variations such as the higher Mn content in the LSM Middle location. For the sample 

thermally treated in 25 vol% moist air, the content of La and Sr decreases by about 10% and 

20%, respectively, and Mn increases by about 20% at the LSM Right location compared with 

those at the LSM/AISI 441 interface. These results indicate that higher water vapor content in the 

atmosphere causes more La and Sr composition segregation at the LSM/AISI 441 interface, but 

the segregation is limited to the interface.  

At the YSZ/LSM interface, a much higher La content is detected at 61.3 ± 9.0% in dry air, 

59.5 ± 6.3% in 10 vol% moist air, and 64.8 ± 3.5% in 25 vol% moist air. On the other hand, the 

Mn content is lower than those across the LSM layer and at the LSM/AISI 441 interface, are 

20.1 ± 8.4% in dry air, 16.2 ± 3.2% in 10 vol% moist air, and 15.4 ± 2.7% in 25 vol% moist air. 

Sr content also decreases compared with that across the LSM layer at 9.6 ± 1.8% in dry air, 10.0 

± 0.6% in 10 vol% moist air, and 9.8 ± 0.5% in 25 vol% moist air, even though the content is 

close to that for the samples thermally treated in dry and moisture atmospheres. This means that 

La is more favorable to interacting with the YSZ electrolyte and likely forms La-containing 

compounds at the interface. Sr and Mn segregate inwards to the LSM layer. Water vapor in the 

atmosphere increases the La enrichment and Mn depletion, while having negligible effect on the 

Sr composition at the YSZ/LSM interface.  

After the thermal treatment, Cr is detected in all the locations of the tri-layers for all three 

conditions. At LSM Right (close to the AISI 441), the Cr contents are 12.2 ± 3.9% in dry air, 9.4 

± 2.1% in 10 vol% moist air, and 14.4 ± 5.9% in 25 vol% moist air, which are similar to the Cr 



109 

contents at the LSM/AISI 441 interface and show no clear impact from moisture. The lowest Cr 

contents of the samples are 4.4 ± 3.9% shown in LSM Right in dry air, 6.4 ± 1.0% shown in 

LSM Middle in 10 vol% moist air, and 6.6 ± 1.2% shown in LSM Middle in 25 vol% moist air, 

respectively. This means that the high moisture leads to higher Cr deposition at the ―deeper‖ 

locations close to the YSZ, which is probably because of the different concentration of the 

volatile Cr species. According to the work of Opila et al. [29], compared with dry air, the Cr 

evaporation rate could be ten times higher in moist air with less than 5 vol% water vapor. This is 

because the gas phase CrO2(OH)2 has lower formation energy than CrO3 ( in equation 3-3 and 3-

4). In the present work, at the YSZ/LSM interface, the Cr content increases to 9.0 ± 2.5% in dry 

air, 14.4 ± 8.6% in 10 vol% moist air, and 10.0 ± 1.7% in 25 vol% moist air. Thus, here as well,  

high moisture content aggravates Cr deposition at the YSZ/LSM interface. For all the thermal 

treatment conditions, the Cr content first decreases from right to left along the cross section of 

the LSM layer and then increases, which shows the preferential deposition of Cr at the 

YSZ/LSM interface, i.e., at the TPBs. For the samples thermally treated in 10 vol% and 25 vol% 

moist air, the Cr content increases at the LSM Left location compared with that of the LSM 

Middle location. Cr accumulates at the YSZ/LSM interface and shows even higher concentration, 

as much as over 50% compared with the lower values at LSM Middle or LSM Left. The higher 

Cr content at the LSM Left location for the moist air conditions is a propagation of the high Cr 

content at the YSZ/LSM interface. This means high water vapor not only accelerates Cr 

accumulation at the YSZ/LSM interface but also causes a larger extent of Cr deposition in the 

adjacent region. 

That the surface composition changes for the thermally treated samples at different 

conditions can be more clearly seen from the atomic ratios of the elements involved (Figs. 3-5(d) 

and (e)). The solid and dashed lines mark the values and standard deviations of the (La+Sr)/Mn 

and La/Sr ratios of the LSM layer before the thermal treatment. At this condition, the 

(La+Sr)/Mn ratio is 1.8±0.2, which is much higher than the designed ratio of 1.0 and shows the 

surface enrichment of La and Sr and the depletion of Mn; and the La/Sr ratio is 3.5±0.4, which is 

less than the designed ratio of 4.0 and indicates that the Sr surface enrichment is more significant. 

After the thermal treatment in different atmospheres, these two ratios do not show significant 

changes across the LSM porous layer (LSM Left, LSM Middle, and LSM Right in Figs. 3-5(d) 
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and (e)). These results mean that the composition of the LSM layer does not change significantly 

during the thermal treatment in the different atmospheres.  

At the LSM/AISI 441 interface, the (La+Sr)/Mn ratios are all higher than that of the as-

sintered state, and the moist air treated samples show higher values than the dry air treated 

sample. This means that water vapor leads to more La and Sr enrichments on the LSM ―top‖ 

surface. The chemical composition at the YSZ/LSM interface shows more remarkable 

enrichment of La (Fig. 3-5(e)), which is consistent with the microstructure (Fig. 3-3) and the 

EDS results (Fig. 3-4). At the YSZ surface, the (La+Sr)/Mn ratios are 4.0 ± 1.7% in dry air, 4.4 ± 

0.9% in 10 vol% moist air, and 5.0 ± 1.1% in 25 vol% moist air; the La/Sr ratios are 6.5 ± 1.8% 

in dry air, 5.9 ± 0.7% in 10 vol% moist air, and 6.7 ± 0.6% in 25 vol% moist air. La accumulates 

and forms new species such as La2Zr2O7 with YSZ (Figs. 3-3 and 3-4) [18,36].  

3.3.3. LSM/AISI 441 Interfacial Phase Evolution  

XRD is used to analyze the phases of the LSM porous layer in contact with the AISI 441 

interconnect (the LSM ―top‖ surface as shown in Fig. 3-2(a)) after the interconnect is removed 

(Fig. 3-6). Before the thermal treatment, the LSM air electrode shows a pure perovskite phase. 

After the thermal treatment at 800°C for 500 h in dry and moist air, some minor new phases are 

indentified. They are Mn1.5Cr1.5O4 and SrMn3O6-x. The main LSM phase maintains and all the 

other phases show very weak peak intensities, which mean the new compounds formed during 

the thermal treatment are in small amounts. It should be noted that the YSZ phase shown in some 

of the XRD patterns is from the electrolyte, which is not considered in the phase analysis of the 

LSM layer. 
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Fig. 3-6. XRD patterns of the LSM surface in contact with the AISI 441 interconnect before and 

after the thermal treatment at 800°C in different atmospheres for 500 h.  

For the LSM sample thermally treated in dry air, only Mn1.5Cr1.5O4 is indentified. For the 

samples thermally treated in moist air (10 vol% and 25 vol% moisture), both Mn1.5Cr1.5O4 and 

SrMn3O6-x are detected. Mn1.5Cr1.5O4 formation is due to the surface deposition of the volatile Cr 

species and the interaction on the LSM surface. For the samples thermally treated in 10 vol% and 

25 vol% moist air, the formation of SrMn3O6-x should be caused by the Sr surface segregation, as 

indicated by the XPS results in Fig. 3-5. This result means that the Sr surface segregation is more 

significant in the wet air atmosphere. However, the amount of SrMn3O6-x is too small to be 

compared between the 10 vol% and 25 vol% moisture conditions.  
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3.4. Discussion 

3.4.1. LSM Grain Growth and Sintering 

From the SEM images, the microstructure of the porous LSM air electrode changes 

during the thermal treatment. For the as-sintered samples, the LSM particles bond with each 

other, forming a homogeneous network structure. During the thermal treatment at 800°C, the 

grain growth and bonding continue. The LSM grains grow and bond more extensively for the 

sample treated in dry air, while the extent is less for the samples treated in moist air, even though 

the sample treated in 25 vol% moist air exhibits more sintering than the 10 vol% moist air 

sample. Overall, the samples thermally treated in 10 vol% and 25 vol% moist air show 

significantly less sintering than that in dry air with a slight difference of grain size. This means 

that the LSM sintering is likely to be suppressed by the water vapor in the atmosphere. Also, the 

atmosphere has no significant influence on the surface composition of the LSM grains. The 

increase in the contact between the LSM grains in the porous layer after the thermal treatment 

should be beneficial for reducing the ohmic resistance [15]. However, the activation polarization 

increase is generally much larger than the ohmic resistance from the materials and the 

microstructure effects have not been well established [13,37,38]. There is more work needed to 

correlate the microstructure to the cell performance. On the other hand, at the LSM/AISI 441 

interface, the microstructure of the LSM is the same as that across the LSM porous layer. This 

means that the thermal treatment temperature of 800°C is not high enough to lead to extensive 

morphological changes between the LSM and the AISI 441.  

3.4.2. Interfacial Behaviors of the Cell Components 

The LSM air electrode porous layer is in direct contact with two other cell components: 

the YSZ electrolyte and the AISI 441 interconnect, during the thermal treatment. For the 

YSZ/LSM interface, bonding forms during the sintering at 1100°C. The bonding spot size 

enlarges after being treated in dry air but stays about the same after being treated in moisture 

atmospheres, which is consistent with the grain growth (Figs. 3-2 and 3-3). This result can be 

explained as the influence of the atmosphere on the diffusion during the thermal treatment. A dry 

atmosphere likely facilitates the diffusion and bonding between the LSM grains while the 
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moisture atmosphere induces the formation of substantially higher amounts of the volatile Cr 

species, which suppress the diffusion of other elements such as La and Mn. Mn deposition at the 

YSZ surface is much less than that of La, and is further inhibited in the moisture atmospheres. Cr 

shows significant enrichment at the YSZ/LSM interface in different atmospheres. More detailed 

elemental analysis should help to understand the YSZ/LSM interface interaction process. 

Small particles appear on the YSZ surface after being thermally treated in moist air and 

the size and number of the particles are larger for the higher moisture condition (Fig. 3-3). Both 

EDS spot analysis and XPS surface analysis show that La compounds form on the YSZ surface 

at the as-sintered state and after the thermal treatment. Similar microstructure change has been 

observed in the work of Nielsen et al. [30] and Hagen et al.’s work [39]. Nielsen et al. [30] 

observed small particles on the YSZ surface when the cell was treated in moisture atmosphere; 

while the YSZ surface was clean when thermally treated in dry air. Hagen et al. [39] proposed 

that the microstructure change is attributed to the enhanced diffusion of Mn and the impurity 

elements such as Si, Ca, and S. In our elemental analysis, no impurity elements are detected and 

La is considered the major component causing the particle-like feature on the YSZ surface. The 

EDS spot analysis has better lateral resolution of a few µm
2
; the XPS, on the other hand, shows 

the average composition in tens of nanometers of depth on the surface. For both the EDS and 

XPS analyses on the YSZ surface, Zr and Y are still the dominant elements and La is less than 1% 

for the EDS and less than 10% for the XPS, respectively (the La atomic percent at the YSZ/LSM 

interface in Fig. 3-5 is the value after excluding Zr and Y). Additionally, the quantitative result 

of the surface concentration of La does not show a significant difference caused by the 

atmosphere. La is concentrated at the YSZ surface. Combining the EDS and XPS results, the 

particles are likely La-containing species such as La2Zr2O7 [18,40].  

At the LSM surface, the deposition of Cr is considerable for all the three samples, but 

there are no visible Cr-containing particles. It is believed that the Cr-containing phases form a 

thin layer at the LSM surface. The surface chemistry is critical to the electrochemical reaction in 

the air electrode; however, the surface reaction mechanism has not been well-established [41,42]. 

Detailed investigation of the air electrode surface reactions involving Cr deposition will be 

needed to improve our understanding. On the other hand, it is believed that the TPBs are the 

major area to determine the performance of the porous LSM air electrode; and Cr deposition can 

block the TPB area, causing cell performance degradation 
 
[43]. In our work, the different 
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atmospheres cause variable YSZ/LSM interfacial bonding; the stronger bonding in dry air should 

be beneficial for increasing the active sites (TPB length) and reducing the ohmic resistance of the 

interface. However, there is no evidence that the Cr deposition at the YSZ/LSM interface is 

related to the TPB area.  

3.4.3. Elemental Diffusion and Distribution 

The distribution of La, Sr, and Mn across the LSM layer is fairly uniform except for at 

the YSZ/LSM interface. For the Cr, the amount decreases from the right side, where the Cr 

source from the AISI 441 interconnect is located, to the left side, which is further away from the 

AISI 441 interconnect. The surface deposition of Cr is considerable. However, it does not cause 

a significant difference in LSM surface composition across the LSM porous layer. There is no 

visible morphological change at the LSM grain surface for all the thermal treatment conditions 

(Figs. 3-2 and 3-3). Mn1.5Cr1.5O4 and SrMn3O6-x phases are detected by XRD. Cr also deposits on 

the YSZ surface. (Cr,Mn)3O4 spinel is generally believed to be the phase [44,45]. Current density 

can significantly accelerate this process [46] and will be reported in future work. In the present 

work, no visible Cr-containing particles are found and the Cr deposition amount is small. This 

could be due to the following: (i) without polarization the driving force for Cr deposition at TPBs 

is not strong enough; (ii) the AISI 441 is designed to form a Mn-Cr spinel protection layer on its 

own surface to inhibit the release of the volatile Cr species.  

At 800°C, the volatile Cr species are affected by the water vapor in air. In moist air, the 

amount of the volatile CrO2(OH)2 phase is higher than that of the CrO3 [29]. In this study, the Cr 

content is slightly higher for the moist air conditions after the thermal treatment. This reflects the 

moisture effect. However, the deposition process without current is slow in both dry and 

moisture atmospheres, and the deposition amount is small. 

3.5. Conclusions 

The YSZ/LSM/AISI 441 tri-layer is thermally treated at 800°C for 500 h to investigate 

the interaction between different SOC components in dry air, 10 vol% moist air, and 25 vol% 

moist air. The LSM microstructure shows more grain growth and bonding in dry air than in the 

moisture atmospheres. The bonding between the YSZ and the LSM is more extensive as the 
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moisture content increases. At the YSZ/LSM interface, moisture leads to La-containing particle 

formation on the YSZ surface. Higher moisture leads to more extensive particle formation and 

Mn depletion at the YSZ surface. Cr deposition is detected across the porous LSM layer where 

the deposition amount decreases from the AISI 441 side to the YSZ side and shows 

accumulation at the YSZ/LSM interface. The Cr deposition amount is slightly higher for the 

samples thermally treated in the moisture atmosphere. A small amount of Cr1.5Mn1.5O4 is 

detected on the LSM surface for all the samples, and SrMn3O6-x is identified for the samples 

thermally treated in the moisture atmospheres. 
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Chapter 4 

Surface and Interface Behaviors of (La0.8Sr0.2)xMnO3 Air Electrode 

for Solid Oxide Cells 

Abstract 

In solid oxide cell operation, the stoichiometry of the air electrode is an important factor 

for its interaction with electrolyte and interconnect and long-term cell performance. In this study, 

tri-layer samples of yttria-stabilized zirconia (YSZ)/(La0.8Sr0.2)xMnO3 (LSM)/AISI 441 stainless 

steel are made and thermally treated in dry air atmosphere at 800°C for 500 h. The air electrode 

composition is varied by changing the x value in (La0.8Sr0.2)xMnO3 from 0.95 to 1.05 (LSM95, 

LSM100, and LSM105). The LSM composition segregation, YSZ/LSM/AISI 441 interfacial 

interaction, and the reaction of volatile chromium species with the LSM surface are characterized 

by scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and X-ray 

diffraction (XRD). Surface segregation of Sr and La is detected for all the LSM samples. Cr 

deposition is found across the LSM surface under the same thermal treatment condition. For the 

LSM95 sample, Sr-containing compound leads to a high Cr content at the YSZ/LSM interface. 

On the other hand, for the LSM105 sample, the enrichment of La at the YSZ/LSM interface 

inhibits the Cr deposition, leading to a very low Cr content. The mechanisms of Cr poisoning and 

LSM elemental surface segregation are discussed.   

4.1. Introduction 

Solid oxide cells (SOCs), including solid oxide fuel cells (SOFCs) and solid oxide 

electrolyzer cells (SOECs), are promising electrochemical devices in high efficiency electricity 

generation and novel hydrogen production technologies [1-5]. In order to obtain desired power 

output or hydrogen production, single cells are connected together by the interconnect. In recent 

years, lowering the operating temperature of SOCs to 700-900°C has attracted attention because 

a reduction in operating temperature means less material degradation such as coarsening of the 

porous electrodes, stresses and failures caused by mismatches of coefficient of thermal 
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expansion (CTE), and sealing problems, and enables replacement of ceramic interconnects by 

cheaper metallic materials [6,7]. In this temperature range, ferritic alloy (stainless steel) 

containing 15-25 wt% chromium becomes the choice of interconnect material because it is more 

cost effective and easier to fabricate [8-12].  

However, the degradation of the SOC air electrode has been a challenging problem when 

the Cr-containing alloy is employed as the interconnect material. This is often caused by Cr-

containing species evaporation and transport to the air electrode, which is also called Cr 

poisoning [13]. Cr poisoning has been observed in both SOFC and SOEC stacks, leading to fast 

decreases in power output (SOFC) [14,15] or hydrogen production (SOEC) [16,17]. At 700-

900°C, a chromia oxide scale forms on the surface of Cr-containing alloys, which evaporates and 

forms volatile Cr species. In the oxidizing atmosphere, the volatile Cr species are Cr(VI) 

compounds and the composition is dependent on the moisture level in the atmosphere. The 

evaporation occurs as [18] : 

Cr2O3 + 3/2O2  2CrO3      (4-1) 

Cr2O3 + 3/2O2 + 2H2O 2CrO2(OH)2    (4-2) 

When the water content is more than 0.1 mol%, CrO2(OH)2 becomes the dominant volatile Cr 

species in the atmosphere [18,19]. 

The volatile Cr species diffuse through the porous air electrode and deposit on the 

electrolyte/air electrode/air triple phase boundaries (TPB) and the interface of electrolyte and air 

electrode materials. For different provskite air electrode materials, Cr poisoning is observed in 

the widely used strontium-doped lanthanum manganite (LSM) and lanthanum strontium cobaltite 

ferrite (LSCF) for SOFCs [20,21]. In the SOEC mode, Cr deposition on the LSM oxygen 

electrode is also believed to cause the degradation of SOEC stacks [17]. However, the 

mechanism of Cr-containing species interaction with and deposition on the air electrode remains 

controversial. For the extensively investigated yttria-stabilized zirconia (YSZ)/LSM half cell, the 

Cr deposition concentrates on the YSZ/LSM interface and blocks the pores of the air electrode 

under cathodic polarization in the SOFC mode [15,22]. Some studies suggest that the deposition 

of the Cr species is closely related to the oxygen activity at the electrode/electrolyte interface 

(TPB) and competes with the oxygen reduction [15]. In contrast, others believe that the 

interfacial degradation by Cr poisoning is caused by the blocking of electrochemically active 

sites by electrochemical reduction of Cr-containing species, which is driven by the 
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thermodynamics without direct influence of the electrical potentials [23,24]. In some further 

studies, the Cr deposition is observed not only at the TPBs, but also in the porous air electrode 

layer several microns away from the interface [25,26]. Overall, the surface interaction between 

the LSM air electrode and the volatile Cr species has not been well defined. First, the overall Cr 

poisoning process is complicated, and there are many different parameters, such as temperature, 

atmosphere, and cell structure, leading to varying results. Second, the Cr species deposition on 

TPBs, electrolyte, and electrode surface have different but convoluted mechanisms. Third, the Cr 

species have very low concentrations in both gaseous and solid phases, which make the 

characterization difficult. The interference of different elements during the characterization also 

presents problems. 

The resulting phases of the Cr species interaction with the LSM air electrode have not 

been well defined [26]. Although MnCr2O4 and (Mn,Cr)3O4 spinel phases as well as Cr2O3 have 

been identified in the LSM air electrode and contact layer [27,28], the surface chemistry of the 

Cr poisoning and the degradation mechanism of the LSM electrode are not clear. Previous work 

indicates that Mn is an important factor for the reactions between the volatile Cr species and the 

LSM electrode [23]. Different LSM stoichiometry such as excessive or deficient Mn can lead to 

differences in such surface reactions. Detailed study of the interactions of the electrolyte/air 

electrode/interconnect tri-layer can improve the understanding of the Cr poisoning process and 

the interaction at the interfaces. 

In this chapter, LSM air electrodes with different stoichiometry ((La0.8Sr0.2)MnO3, 

(La0.8Sr0.2)0.95 MnO3, and (La0.8Sr0.2)1.05MnO3 (LSM100, LSM95, and LSM105)) are prepared on 

YSZ electrolyte. AISI 441, a stainless steel, is applied on the YSZ/LSM bi-layer as a SOC 

interconnect material. The tri-layered samples are thermally treated at 800°C for 500 h. The LSM 

electrode composition and the Cr distribution in the porous air electrode are analyzed to examine 

the LSM stoichiometry effect on the Cr deposition and the interface reactions. The phases at the 

interfaces are determined.  
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4.2. Experimental Procedures 

4.2.1. Sample Preparation 

LSM powders with different stoichiometry were prepared with a conventional solid state 

reaction method [29]. SrCO3 (99.9%, Sigma Aldrich, St. Louis, MO), La2O3 (99.98%, Alfa 

Aesar, Ward Hill, MA), and MnCO3 (99.9%, Alfa Aesar, Ward Hill, MA) at designed 

composition ratios (LSM95, LSM100, and LSM105) were mixed in a ball mill overnight. The 

mixed oxide and carbonates were calcined in a box furnace (DelTech, Model DT-31-Fl-8-C, 

Denver, CO) at 1200°C for 20 hrs. The LSM air electrode was fabricated on the YSZ surface by 

screen printing [30]. The LSM layer on the YSZ substrate (8 mol% yttria-stabilized zirconia, 20 

mm diameter, 250 -290 μm thickness, NexTech Materials, Lewis Center, OH) was 20-30 μm 

thick after being sintered at 1100°C for 2 h. 

After the sintering of the YSZ/LSM bi-layer, the AISI 441 alloy was placed on the LSM 

electrode as the interconnect. The configuration of the YSZ/LSM/AISI 441 tri-layer was given in 

chapter 3. Also, some YSZ/LSM bi-layer samples were prepared without the AISI 441 

interconnect layer. All the tri-layer (with AISI 441) and bi-layer (without AISI 441) samples 

were thermally treated in a tube furnace (1730-20 HT Furnace, CM Furnace Inc. Bloomfield, NJ). 

The thermal treatment was carried out in dry air (compressed air) at 800°C for 500 h. The 

thermal treatment set-up was also shown in chapter 3. In order to observe the TPB region, the 

LSM porous layers were peeled off to show the YSZ/LSM interface for the 500 h thermally 

treated samples. 

4.2.2. Characterization 

After the thermal treatment, the tri-layer samples were broken to examine the cross-

sections. Some samples were mounted into epoxy, and then cut and ground to detect different 

positions (distances away from the AISI 441 layer) in the porous LSM air electrode. Along the 

30 μm thick LSM layer, the examined locations were shown in Fig. 4-1. They were labeled as 

YSZ/LSM, LSM left, LSM middle, LSM right, and LSM/AISI 441 from the YSZ to the AISI 

441. To study the microstructure, both secondary electron images and backscattered electron 

images of scanning electron microscopy (SEM, Quanta 600 FEG, FEI, Hillsboro, OR) were used. 
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Surface analysis was carried out in an X-ray photoelectron spectrometer (XPS, PHI Quantera 

SXM-03, Physical Electronics Inc., Chanhassen, MN). An Al Kα radiation (1486.6 eV) was used 

as the X-ray source. In order to identify the phases, X-ray diffraction (XRD) studies were carried 

out in an X’Pert PRO diffractometer (PANalytical B.V., EA Almelo, The Netherlands). The step 

size was 0.030° s
−1

 with Cu Kα radiation (λ= 1.5406 Å). 

  

Fig. 4-1. The examination locations of the porous LSM air electrode. XPS is carried out at five 

locations: YSZ/LSM, LSM left, LSM middle, LSM right, and LSM/AISI 441.  

4.3. Results  

4.3.1. Microstructure 

The SEM images of the YSZ electrolyte/LSM air electrode/AISI 441 interconnect cross 

sections are shown in Fig. 4-2. The top images are before the thermal treatment and the bottom 

images are after that. The images are taken from the polished tri-layer samples mounted in epoxy. 

The thickness of the LSM porous layer is 25-30 μm. Fig. 4-2 shows that the tri-layer 

configuration is maintained. Before the thermal treatment, the LSM grains appear to have been 

sintered (top of Figs. 4-2(a), (b), and (c)). The porous LSM air electrode layer is homogeneous 
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for all the three different compositions (LSM95, LSM100, and LSM105). The grain size 

distribution of the LSM electrode increases from LSM95 to LSM105. For the LSM95 sample, 

the grains are 2-4 μm and almost no small grains below 1 μm can be seen. For the LSM100 and 

LSM105 samples, smaller grain sizes below 1 μm are apparent and some large grains of ~5 μm 

are observed. The grain size of the LSM100 sample is slightly larger than that of the LSM105 

samples. The LSM95 sample shows the most compact network among the three samples. For the 

other two samples, local porous regions are more prevalent. Also, the grains in the LSM100 and 

LSM105 samples do not bond well. 

Fig. 4-3 shows the SEM images of the unmounted, fractured YSZ/LSM bi-layer cross 

sections, before (top) and after (bottom) the thermal treatment. The porous LSM layer can be 

observed without the possible damage from grinding and polishing. In the SEM images, the YSZ 

electrolyte is dense although small closed pores are present. Among the three studied samples, all 

the interfaces show good contact between the YSZ electrolyte and the LSM electrode before the 

thermal treatment (top of Figs. 4-3(a), (b), and (c)). The LSM grain size difference is consistent 

with that in Fig. 4-2. The LSM95 sample has more uniform grain sizes. The LSM100 and 

LSM105 samples show a larger grain size distribution, especially for the LSM100 sample. For 

the LSM95 sample, the LSM grains and the YSZ surface seem to form a better contact. For the 

LSM100 and LSM105 samples, the contact of the LSM grains with the YSZ surface may be 

slightly less. These different microstructures indicate that the Mn-excessive sample (LSM95) is 

easier to sinter and forms a better contact with the YSZ electrolyte. 

After the thermal treatment of the tri-layer and bi-layer samples in air at 800°C for 500 h, 

the microstructure (bottom of Figs. 4-2(a) and 4-3(a)) of the LSM95 layer becomes more porous 

without singnificant change in the LSM grain size. This is mainly because the sintering process 

at 1100ºC has consumed the excess surface energy and the LSM microstructures such as porosity, 

pore size, and pore structure are mostly determined by the sintering process. The thermal 

treatment at 800°C causes no substantial change. For the LSM100 sample, however, 

microstructure changes after 500 h of thermal treatment are more visible (bottom of Figs. 4-2(b) 

and 4-3(b)). Some small LSM grains (< 1 μm) disappear and large grains connect and form a 

continuous network. The grain size is about 2–5 μm after 500 h of thermal treatment. For the 

LSM105 sample, the microstructure shows the smallest sintered grain sizes (bottom of Figs. 4-

2(c) and 4-3(c)) and there is no fundamental grain size change after the thermal treatment. For 
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the YSZ/LSM interfaces, after the thermal treatment, the LSM105 sample shows the most 

contact with the YSZ followed by the LSM100 sample and then the LSM95 sample. However, 

the bonding between the YSZ and the LSM does not necessarily follow the contact trend, as seen 

in 4.3.2.  

   

 

Fig. 4-2. SEM images of YSZ/LSM/AISI 441 tri-layer cross-sections before and after thermal 

treatment in air at 800°C for 500 h: (a) LSM95, (b) LSM100, and (c) LSM105. For each figure, 

the top is before the thermal treatment and the bottom is after the thermal treatment. The samples 

are mounted in epoxy and polished. 
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Fig. 4-3. SEM images of YSZ/LSM bi-layers before and after thermal treatment in air at 800°C 

for 500 h (unpolished cross section): (a) LSM95, (b) LSM100, and (c) LSM105. For each figure, 

the top is before the thermal treatment and the bottom is after the thermal treatment. 

4.3.2. YSZ/LSM interface Analysis  

To examine the microstructure at the YSZ/LSM interface, the LSM porous layer was 

mechanically peeled off from the YSZ substrate. The resulting YSZ surface morphologies are 

shown in Fig. 4-4 for different conditions. Fig. 4-4(a) is the surface of the YSZ substrate, which 

shows no change during the sintering and the thermal treatment. The grain boundaries of the 

YSZ are shown and the grain size is about 5 μm. For the LSM95 sample, the LSM layer forms 
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extensive bonding spots with the YSZ layer even before the thermal treatment (Fig. 4-4(b) top). 

For the LSM100 and LSM105 samples, the bonding with the YSZ diminishes at the as-sintered 

state (top of Figs. 4-4(c) and (d)). This result is different from the interface contact trend 

discussed in 3.1. After the thermal treatment, the LSM95 sample still shows extensive bonding 

with the YSZ; the YSZ surface is almost totally covered with LSM. Fig. 4-4(b) bottom shows the 

low and high magnification images respectively. The YSZ grain boundaries cannot be seen. For 

the LSM100 and LSM105 samples (Figs. 4-4(c) and (d) bottom, also with low and high 

magnification images), the bonding spots with the YSZ surface and the residual LSM on the 

YSZ surface diminish in the same order. For the LSM100 sample, the bonding spots increase 

compared to the as-sintered sample, which means more contacts are formed during the thermal 

treatment (Fig.4-4(c)). However, the grain boundaries of the YSZ surface are still visible and the 

high magnification image shows less extensive bonding struts. For the LSM105 sample (Fig. 4-

4(d)), there are very few bonding spots after the thermal treatment and very little LSM residual is 

seen on the YSZ surface. The high magnification image clearly reveals the YSZ grain boundaries 

and very few weak bonding spots with negligible bonding struts. This trend is consistent with the 

adhesion strength observed between the LSM and the YSZ layer for the different samples. 
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Fig. 4-4. SEM images of the YSZ/LSM interface after the LSM porous layer removal. (a) YSZ 

surface, (b) LSM95, (c) LSM100, (d) LSM105. For (b), (c), and (d), the top is the as-sintered 

sample and the bottom is the thermally treated sample with low and high magnifications. 

4.3.3. LSM/AISI 441 Interfacial Composition Analysis 

In order to examine the LSM layer chemical composition and understand the interfacial 

interaction between LSM and AISI 441, the AISI 441 interconnect is removed for the XPS 

analysis. The elemental compositions at the LSM/AISI 441 interface at different conditions are 

shown in Fig. 4-5. The scan area is 200 × 200 μm
2
. Since the LSM samples are mounted in 

oxygen-containing epoxy, oxygen is excluded from the analysis. The atomic percentages of La, 

Sr, Mn, and Cr are normalized to 100%. Each atomic percentage result from the XPS analysis is 

averaged by three scans, the standard deviations are also shown in Fig. 4-5.  

The initial composition of the LSM samples is shown in Fig. 4-5 as a reference. After 

being sintered at 1100°C for 2 h, the surface compositions of the LSM samples are different from 

the initial compositions (Fig. 4-5(a)). Sr and La show enrichment on the LSM surface. Sr 

increases by 46% in LSM95, 42% in LSM100, and 23% in LSM105; La increases by 31% in 

LSM95, 24% in LSM100, and 33% in LSM105. Accordingly, Mn decreases on the LSM surface 

by 32% in LSM95, 28% in LSM100, and 33% in LSM105. It should be noted that oxygen is 

excluded from the analysis and these changes are for the relative change of the respective metal 

elements only. The surface Sr and La segregation can be understood as follows. The crystal 
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structure of the LSM surface is different from that in the bulk. Broken bonds and strain energy 

drive composition re-distribution [31,32]. For LSM, Sr surface segregation is a well-known 

phenomenon [33-37]. La
3+

 (1.36Å) and Sr
2+

 (1.44 Å) have much larger ionic radii, whereas those 

for the  Mn
3+

/Mn
4+

 ions are relatively small (less than 1 Å) [38]. As a result, La and Sr are more 

likely to reside on the surface for size accommodation. Sr shows more surface enrichment than 

La for the LSM95 and LSM100 samples, which causes the La/Sr ratio to decrease to 3.5 from the 

initial ratio of 4 (Fig. 4-5(b)). For the LSM105 sample, the La/Sr ratio increases to 4.3. This is 

likely due to the excessive A sites of the LSM perovskite structure which offer more 

accommodation to La. Ar the same time, Mn ions decrease significantly (Fig. 4-5(a)), likely due 

to Mn migration to the LSM bulk as a result of its small size. The (La+Sr)/Mn ratio, thus, 

increases significantly. Initially the (La+Sr)/Mn ratios are 0.95, 1, and 1.05, respectively (Fig. 4-

5(c)). At the as-sintered state, this ratio increases to 1.8-2.0. The significant change of the A/B 

site ratio in the LSM indicates that the LSM surface may not maintain the perovskite crystal 

structure.  

For the YSZ/LSM bi-layers without the presence of the AISI 441 interconnect after the 

500 h thermal treatment, the surface compositions of the LSM samples change continuously 

(Fig. 4-5(a)). La slightly decreases by 4% in LSM95 and LSM100, and 11% in LSM105. The 

surface segregation of Sr continues, increasing by 9% in LSM95, 19% in LSM100, and 46% in 

LSM105. The La/Sr ratios of LSM95, LSM100, and LSM105 are 3.1, 2.8, and 2.6, respectively 

(Fig. 4-5(b)). These values are drastically lower than the designed value of 4.0. Mn stays almost 

the same in all the LSM samples, where the Mn contents of the three samples are close to each 

other at 33-36%. As a result, the LSM95 and LSM100 samples show very similar surface 

compositions. For the LSM105 sample, the surface shows more Sr and less Mn contents. Since 

La decreases and Sr increases for all the LSM samples, the (La+Sr)/Mn ratios stay similar to the 

as-sintered samples at 1.8-2.0 (Fig. 4-5(c)). These values again are very different from the 

designed value of 0.95-1.05 and indicate likely crystal structure change on the LSM surface.  

For the YSZ/LSM/AISI 441 tri-layers, after the thermal treatment for 500 h, Cr is 

detected on the LSM surface. For the LSM105 sample, the Cr concentration on the surface is 

13.7%, which is higher than those for the LSM95 and LSM100 samples at 7.1% and 8.7%, 

respectively (normalized to 100% of La, Sr, Mn, and Cr). If oxygen were included in the atomic 

percent calculation, the Cr deposition amounts would be 2-5%, much higher than those from the 
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energy dispersive spectroscopy (EDS) analysis in Chapter 3. The reason is that XPS collects 

composition data from at most ~ 10 nm of depth while EDS collects composition data from ~ 1 

μm of depth [39]. For the Cr deposition on the LSM surface, XPS surface analysis is a more 

sensitive technique.  

After the tri-layer sample thermal treatment, La decreases for all the three samples 

compared to the as-sintered samples, i.e., by 21% in LSM95, 9% in LSM100, and 17% in 

LSM105, respectively. At the same time, Mn decreases by 5% in LSM95, 15% in LSM100, and 

23% in LSM105; and Sr increases by 37% in LSM95, 10% in LSM100, and 28% in LSM105. 

The Sr enrichment and Mn depletion on the surface follow the same trends as the bi-layers. 

However, La decreases more significantly on the surfaces than for the bi-layer samples. This is 

believed to result from Cr
3+

 taking the place of La
3+

 in the surface structures and causing La
3+

 to 

diffuse into the LSM samples. For LSM95, Sr increases by 37% compared to the as-sintered 

state, which is much higher than the increase for the bi-layer sample (9%). For LSM100 and 

LSM105, the Sr increases are much less than those for the bi-layers. This is likely due to the fact 

that the Mn decreases in the opposite direction instead of remaining unchanged for the tri-layer 

samples, which provides more room for the Sr to resist segregation. Interestingly, after the tri-

layer thermal treatment, the Mn surface concentrations of the LSM95 and LSM100 samples are 

very close, at 31% and 33%, respectively (Fig. 4-5(a)), whereas the LSM105 samples shows a 

lower Mn surface concentration at 25%. Apparently, higher La and Sr contents lead to more Mn 

segregation. Since the LSM95 sample has more Sr and less La, the La/Sr ratio of the LSM95 

sample is 2.1 while those for the LSM100 and LSM105 samples are 2.8 and 2.9, respectively 

(Fig. 4-5(b)). In any case, these values are much lower than the designed ratio of 4.0 and indicate 

crystal structure instability. The (La+Sr)/Mn ratios of the LSM95 and LSM100 samples are very 

close to the same value of 1.9 (Fig. 4-5(c)) while for the LSM105 sample it is 2.4, still all much 

higher than 1. For the LSM95 sample, Cr leads to a 15% decrease in La and a slight decrease in 

Mn, while Sr increases more significantly than that of the no-Cr condition. For the LSM100 

sample, both the La and Mn decrease and the Sr increase are less than those of the no-Cr 

condition. The final result shows similar (La+Sr)/Mn ratios. For the LSM95 and LSM100 

samples, Cr likely froms Mn-Cr compounds with Mn. For the LSM105 sample, the Mn content 

is less than those of the LSM95 and LSM100 samples and the Cr is significantly higher; this 

result may be caused by the excessive La and Sr interaction with the Cr species, which also 
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increases the amount of Cr surface deposition. However, other analysis such as with XRD cannot 

verify this conjecture.  
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Fig. 4-5. Elemental concentrations of the LSM samples: (a) atomic concentrations, (b) La/Sr 

ratio, (c) (La+Sr)/Mn ratio. 

4.3.4. LSM/AISI 441 Phase Evolution  

XRD patterns of the LSM with different stoichiometries (LSM95, LSM100, and LSM105) 

are shown in Fig. 4-6. Before the thermal treatment, the LSM95, LSM100, and LSM105 air 

electrodes show an almost pure perovskite phase. The excessive and deficient Mn contents in the 

non-stoichiometric samples (LSM95 and LSM105) do not lead to visible phase separation of the 

LSM. After the thermal treatment for 500 h at 800°C in air and without contact with the AISI 

441 interconnect, the XRD patterns of all the three samples show no detectable change (not 

shown in Fig. 4-3). The surface segregation detected by the XPS analysis is located only on the 

very surface, which is beyond the detection limit of the XRD. The bulk phases of the LSM 

samples with different stoichiometries are stable during the thermal treatment. This also explains 

why the drastic LSM surface composition segregation has not been widely reported. 

For the tri-layer samples, after the thermal treatment at 800°C for 500 h, the LSM layers 

with different stoichiometries mainly contain the same perovskite phase. However, some other 

phases are identified. SrMnO3-x is a minor phase identified in the LSM95 sample, which cannot 

be detected in the other two samples. The SrMn6O3-x phase may correspond to the surface phase 

of the LSM95 sample with higher Sr concentration. A minor Mn1.5Cr1.5O4 phase is detected in 

the LSM95 and LSM100 sample. For the LSM105 sample, no other phase can be identified 

besides the perovskite LSM. As indicated in 3.3, the Cr species may interact with La and Sr and 

form (La,Sr)CrO3. However, no new phase is detected by the XRD because the possible phase 

should be at the very surface. This shows again that the XRD is more of a bulk detection 

technique and its result cannot be correlated with the XPS results. Other experiments such as 

high resolution X-ray technique and electron diffraction should be sought to confirm the phases 

related to the Cr surface deposition.  
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Fig. 4-6. XRD patterns of the LSM layer before and after the thermal treatment at 800°C for 500 

h in air. The latter case is the tri-layer arrangement. 

4.3.5. Cr Distribution  

In order to investigate the Cr species diffusion through the porous LSM air electrode and 

deposition at both the LSM surface and the YSZ/LSM interface, XPS elemental analysis is 

employed at different locations along the LSM layer after the thermal treatment. Before the XPS 

analysis, the AISI 441 interconnect is removed and the porous LSM air electrode on the YSZ 

electrolyte is mounted in epoxy. The mounted LSM samples are carefully grinded layer by layer 

from the top (the surface in contact with the AISI 441 interconnect) to the bottom (the YSZ/LSM 

interface) as shown in Fig. 4-1. The results are normalized to 100% by considering La, Sr, Mn, 

and Cr only. Along the porous LSM air electrode layer (~30 μm thick), five different locations 

are obtained for the XPS analysis (Fig. 4-7). The thickness of each layer is controlled by a 

micrometer to 8-10 μm.  
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Along the cross sections of the LSM layer, from the LSM/AISI 441 interface to the 

locations close to the YSZ/LSM interface, the distribution of La, Sr, and Mn stay almost the 

same. There are some composition variations, but the differences are not significant. The Cr 

content, however, decreases from right to left for all the samples. The Cr amounts at the 

LSM/AISI 441 interface reflect the effect of the stoichiometry. The LSM95 sample shows the 

lowest Cr concentration at about 7.1%; the LSM100 sample shows about 8.7%, and the LSM105 

sample shows 13.7%. Excessive A sites lead to more Cr deposition, consistent with the La 

replacement explanation. For all the samples, the Cr content shows a decrease from the AISI 441 

side to the YSZ side through the porous LSM layer (except at the YSZ/LSM interface). 

Compared to the Cr content of 7-14% at the LSM right and the LSM/AISI 441 interface, the Cr 

content shows only 2-5% at the LSM left (Fig. 4-7). 

At the YSZ/LSM interface, the Cr content shows an increase for the LSM95 and 

LSM100 samples but a decrease for the LSM105 sample. For the LSM95 sample, the Cr content 

at the YSZ/LSM interface is 12.7 %. For the LSM100 sample, it is 9.0%. For the LSM105 

sample, the Cr content is only 2.4%, much less than those of LSM95 and LSM105, which is 

because the Cr deposition is affected by the La content in a manner, similar to the LSM surface 

Cr deposition. This La effect to the Cr deposition will be discussed more in the discussion 

section. Other than Cr, the Sr content is 16.4% for the LSM95 sample, much higher than those of 

9.6% for the LSM100 sample and 11.5% for the LSM105 sample. La content increases to 51.9% 

for LSM95, 61.3% for LSM100, and 69.0% for LSM105. On the other hand, the Mn content 

stays almost the same (17.1-20.1%), even though they are all much lower than those across the 

LSM layers. The different extent of Cr deposition at the YSZ/LSM interface is related to the 

interactions between the LSM sample and the YSZ electrolyte. As shown in Fig. 4-4, LSM95 

and LSM100 form stronger bonds with the YSZ electrolyte. The interfacial interactions likely 

lead to new species formation such as SrZrO3 [40]. The Cr deposition at the YSZ/LSM95 

interface is accelerated by the new Sr-containing phase, because the Sr content at the interface 

may create more sites for the volatile Cr species to deposit. From the LSM95 to the LSM105 

sample (Figs. 4-7(a), (b) and (c)), La shows increasing enrichment while the amount of Cr 

deposition decreases. This means that the excessive La and likely La-containing phase (such as 

La2Zr2O7 [41]) are not favorable for Cr deposition and bond formation with the YSZ surface. Mn 

does not participate in these interfacial interactions, but the overall depletion at the YSZ/LSM 
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interface will compromise TPB reactivity. However, XRD cannot identify the new phases 

suggested by the XPS analysis. This means that the amounts of these Sr-containing and La-

containing phases are low and stay at the very interface.  
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Fig. 4-7. Atomic concentrations along the LSM air electrode layer. The YSZ/LSM/AISI 441 

samples are thermally treated in air at 800°C for 500 h: (a) LSM95, (b) LSM100, and (c) 

LSM105. All the concentrations are normalized to 100% by considering La, Sr, Mn, and Cr only. 

4.4. Discussion 

Because LSM with an ABO3 perovskite structure consists of (La,Sr)O (A-site plane) and 

MnO2 (B-site plane, consisting of MnO6 octahedra) atomic layers alternatively stacked [42], the 

same XRD results for the as-synthesized LSM means that although the (La+Sr)/Mn ratio is 

slightly changed in LSM95 and LSM105, the MnO2 layers maintain the same structure. For the 

as-sintered and the bi-layer samples (without Cr deposition) after the thermal treatment, the 

surface segregation of La and Sr fundamentally changes the (La+Sr)/Mn ratio. It is highly likely 

that the LSM surface cannot maintain the provskite structure and composition segregation occurs 

more easily. This La and Sr surface enrichment is mainly caused by their larger sizes. For the tri-

layer samples, the Cr deposition inhibits the surface segregation of La for all the samples since it 

has a tendency to occupy the La sites. However, Cr can only inhibit the Sr surface segregation 

for the LSM100 and LSM105 samples. For the LSM95 sample, this inhibition is less effective, 

most likely because of the fewer A site species in the composition design. The SrMn3O6-x phase 
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identified in the LSM95 sample means that in the Mn excessive situation, Sr interacts with the 

excessive Mn first instead of waiting for the diffusing Cr species to become available.  

The presence of Cr across the LSM layer indicates the Cr distribution from the AISI 441 

interconnect into the LSM air electrode layer, which in turn changes the surface structure of the 

LSM. The Cr-containing phase forms a very thin surface layer on the LSM since the 

microstructures do not show visible morphological changes and the XRD pattern shows very 

weak detectable peaks of the new phases. The interaction is schematically shown in Fig. 4-8. 

First of all, La and Sr surface segregation occurs. Then, Cr species deposit on the La-Sr enriched 

LSM surface, forming Mn1.5Cr1.5O4 for the LSM95 and LSM100 samples and (La,Sr)CrO3 for 

the LSM105 sample. The reaction equations can be expressed as: 

(La0.8Sr0.2)xMnO3 
                 
              (La,Sr)x+nMnO3 (surface)                                          (4-3) 

LSM95 and LSM100: 

(La,Sr)x+nMnO3 (surface) 
     
    (La,Sr)x+nMn1-mO3 + 

 

 
m Cr1.5Mn1.5O4 (surface)            (4-4) 

LSM105: 

(La,Sr)x+nMnO3 (surface) 
     
    (La,Sr)x+n-mMnO3 + m (La,Sr) CrO3 (surface)              (4-5) 

At the same time, Cr diffuses to the YSZ/LSM interface. For the LSM95 sample, 

excessive Mn in the LSM95 is beneficial for forming a good bonding between the YSZ and the 

LSM and the interaction leads to a significant change of the microstructure (Fig. 4-4(b)). The Cr 

shows significant accumulation at the interface which means the interfacial interaction forms 

new compounds and leads to more Cr deposition. Sr shows a larger content compared with the 

other two samples, which shows the change from the original composition of the LSM95 

(excessive Mn). Sr should be the main component of the formed phase during the thermal 

treatment. Thus, at the YSZ/LSM95 interface, SrZrO3 may be the phase leading to more Cr 

accumulation. The LSM100 sample is similar to the LSM95, where Cr also shows accumulation 

at the interface. For the LSM105 sample, at the YSZ/LSM interface, a large amount of La is 

found and the Cr content is much smaller than those of the LSM95 and LSM100 samples. 

Apparently, the deficient Mn in the LSM105 leads to the La2Zr2O7 formation at the TPBs 

causing poor interfacial bonding. Furthermore, the La2Zr2O7 at the YSZ/LSM interface strongly 

inhibits Cr deposition. 
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Fig. 4-8. Schematic of the surface and interfacial interactions of the LSM air electrode with Cr-

containing species and YSZ: (a) thermally treated without Cr species, (b) LSM95 and LSM100 

thermally treated with Cr species, (c) LSM105 thermally treated with Cr species. 

As seen, LSM is highly unstable at the very surface. Sr and La surface segregation and Cr 

deposition on the LSM surface changes the surface chemistry and the bonding between the YSZ 

and the LSM, and compromises the activity for oxygen reduction. These interactions can impose 

serious constraints on the performance and long-term stability of SOFC/SOECs. Compared with 

the effects of Cr species deposition on the LSM surface, La and Sr surface segregation and the 

subsequent impact on YSZ/LSM bonding and the reaction with the TPBs should be more 

carefully considered. 
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4.5. Conclusions 

In this study, YSZ/LSM/AISI 441 samples with different LSM stoichiometries are 

thermally treated to study the LSM composition effect on the interfacial interactions. All the 

LSM samples ((La0.8Sr0.2)xMnO3, x= 0.95, 1, and 1.05) show Sr and La enrichment and Mn 

deficiency after being thermally treated in dry air at 800°C for 500 h. Cr surface deposition 

inhibits the surface segregation of La and Sr for the LSM100 and LSM105 samples. For the 

LSM95 sample, the Sr surface segregation is accelerated by the Cr deposition. SrMn3O6-x is 

identified for LSM95 and Cr1.5Mn1.5O4 is identified for both LSM95 and LSM100. Cr deposition 

decreases with increasing distance from the AISI 441 interconnect but increases again at the 

YSZ/LSM interface. The YSZ/LSM95 interface shows strong bonding; the XPS analysis shows 

a higher Sr concentration and Cr deposition. The YSZ/LSM105 interface shows poor bonding; 

the XPS analysis shows a higher La concentration and less Cr deposition. The fundamental 

mechanisms for these processes are proposed. 
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Chapter 5 

Chromium Deposition and Interfacial Interactions of an Electrolyte-

Air Electrode-Interconnect Tri-layer for Solid Oxide Fuel Cells 

Abstract 

In solid oxide fuel cell operation, electrical current plays an important role in the air 

electrode interaction with electrolyte and interconnect and long-term cell performance. In this 

study, (La0.8Sr0.2)xMnO3 (LSM) air electrodes with different stoichiometry (x = 0.95, 1, and 1.05) 

are fabricated on the surface of yttria stabilized zirconia (YSZ) and then sandwiched with AISI 

441 stainless steel interconnect. The simulated half cells are thermally treated at 800°C for 500 h 

under a 200 mA·cm
-2

 current density in dry air. YSZ/LSM interfacial interaction and the reaction 

of volatile chromium species on the LSM surface are characterized. Different LSM 

stoichiometry leads to different interfacial reactions and Cr deposition amounts. Mn is a critical 

species for the Cr deposition under polarization. Excessive Mn in LSM lessens the formation of 

La-containing phase at the YSZ/LSM interface and accelerates Cr deposition. Deficient Mn in 

LSM leads to extensive interfacial reaction with YSZ, forming more La-containing phase and 

inhibiting Cr deposition.  

5.1. Introduction 

Solid oxide fuel cells (SOFCs) are composed of ceramic electrolyte and electrodes, metal 

interconnect, and glass seals [1-4]. Compared with other kinds of fuel cells, the high operation 

temperature (generally 600-1000°C) offers SOFCs advantages such as flexibility in different fuel 

gases including hydrocarbon fuels and much higher tolerance for fuel impurities [5-7]. In order 

to obtain desired electric power output, single cells are often fabricated together to form stacks. 

Interconnect and sealing materials are employed to join the unit cells and hold the stack together 

[8-10]. From material choice point of view, lowering the operation temperature of SOFCs is 

highly desired. At the reduced temperatures (700-900°C), material degradation issues such as 

coarsening of the porous electrodes, stresses and failures caused by coefficient of thermal 
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expansion (CTE) mismatches, and sealing problems can be lessened; metallic interconnects 

become feasible with cost and processability advantages [11-16]. 

When the Cr-containing alloys, especially the ferritic stainless steels, are employed as the 

interconnect in the SOFC stacks, Cr poisoning becomes a major degradation issue on the air 

electrode side. The Cr poisoning is caused by the diffusion of volatile Cr species evaporating 

from the Cr-containing metallic interconnect and deposition on the air electrode and the air 

electrode/electrolyte interface, leading to a fast degradation in cell and stack performance [17-

22]. 

The Cr poisoning of SOFCs has been extensively investigated under different cell 

operating conditions. The Cr deposition is believed to be highly dependent on the polarization. 

For the most commonly used air electrode and electrolyte materials, strontium-doped lanthanum 

manganite (LSM) and yttria-stabilized zirconia electrolyte (YSZ), the Cr species accumulate on 

the LSM/YSZ interface (or described as triple phase boundary (TPB)) under cathodic 

polarization [23,24]. There is only a very small amount of Cr on the porous LSM air electrode 

[25]. When the polarization is absent, the Cr species in the TPB area are insignificant. There are 

considerable disagreements on the mechanism of Cr-containing species interaction with and 

deposition on the air electrode and electrolyte. On one hand, Konysheva et al. [26] believed that 

the Cr volatile species deposit by electrochemical reduction on the air electrode (mostly 

considered to happen in the TPB area). Cr-containing mixed oxide forms from the interaction 

with the air electrode and is driven by thermodynamics without an influence from the electrical 

potentials. On the other hand, Jiang et al. [27] proposed that the deposition of Cr is not 

dominated by electrochemical reduction of the high valence Cr volatile species; the driving force 

for the Cr deposition is related to the Mn species, and the Mn species are affected by the 

polarization, which explains the influence of the polarization on the Cr poisoning.  

In light of the above disagreement, the stoichiometry of the LSM becomes an important 

factor to be evaluated for the Cr species interaction with other cell components. 

(La0.8Sr0.2)xMnO3 is classified as an ABO3 perovskite compound, where La and Sr are in the A 

sites and Mn is in the B sites. The A/B cation ratio has critical effects on the phase stability [28]. 

In the case of x >1, the excessive La can lead to the formation of La2Zr2O7 with YSZ, which is a 

non-conductive phase at the electrolyte/air electrode interface and undesirable for the SOFC 
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operation [29]. Because of this, most cells use Mn excessive (x <1) LSM as the air electrode. 

However, the effect of LSM stoichiomery on the Cr deposition has not been studied. 

In order to clarify the mechanism of Cr deposition and related interactions in the TPB 

area and on the LSM surface, more detailed investigation on the interaction of electrolyte/air 

electrode/interconnect tri-layer is needed. Although Cr2O3 and (Mn,Cr)3O4 have been identified 

in the Cr deposition, the effect of Mn is not totally known [24,30]. Furthermore, the surface 

segregation of Sr and La from LSM affects the electrochemical oxygen reduction reaction in 

SOFCs [31,32]. Surface chemistry of the TPB area is also a poorly understood factor for the Cr 

deposition. 

In this work, LSM samples with different stoichiometries (La0.8Sr0.2)xMnO3 (x=0.95, 1, 

1.05 notated as LSM95, LSM100, and LSM105) were made into air electrode on YSZ electrolyte. 

YSZ/LSM bi-layer samples were assembled with the AISI 441 alloy to simulate the air electrode 

side of SOFCs. A cathodic polarization current density of 200 mA·cm
-2

 was applied on the tri-

layer samples. The samples were thermally treated in dry air at 800°C for 500 h. Microstructure 

examination, surface analysis, and phase analysis were carried out across the LSM porous layer 

and at the LSM/YSZ interface. The mechanism of the Cr deposition was discussed. 

5.2. Experimental Procedures 

5.2.1. Sample Preparation 

LSM samples with different stoichiometries (LSM95, LSM100, and LSM105) were 

prepared with a conventional solid state reaction method and screen printed on the YSZ substrate 

(8 mol% yttria stabilized zirconia, 20 mm diameter, 250–290 μm thickness, NexTech Materials, 

Lewis Center, OH). AISI 441 alloy (ATI Allegheny Ludlum Corporation, Brackenridge, PA) 

was used as the interconnect material. A detailed experimental description can be found in the 

previous papers [33,34].  

After the sintering of the YSZ/LSM bi-layer, the AISI 441 alloy was placed on the LSM 

electrode as the interconnect. A potentiostat (VersaSTAT 3, Princeton Applied Research, Oak 

Ridge, TN) was used to supply a current density of 200 mA·cm
-2

. Platinum meshes were placed 

in-between the LSM porous layer and the AISI 441 interconnect to optimize the current 

distribution. On the YSZ side, an electrical wire was attached through a Pd paste. The tri-layer 



149 

setup was shown in Fig. 5-1. The YSZ/LSM/AISI 441 tri-layer samples including a control 

group of LSM samples without any electric current were thermally treated in a tube furnace 

(1730-20 HT Furnace, CM Furnace Inc. Bloomfield, NJ). The thermal treatment was carried out 

in dry air (compressed air) at 800°C for 500 h. In order to observe the TPB regions, the LSM 

porous layers were peeled off to show the YSZ/LSM interface for the 500 h thermally treated 

samples.  

 

Fig. 5-1. Schematic representation of the tri-layer sample testing setup with an electric current 

applied. 

5.2.2. Characterization 

After the thermal treatment, the tri-layer samples were fractured to examine the cross-

sections. Some samples were mounted into epoxy, and then cut and ground to detect different 

positions (distances away from the AISI 441 layer) in the porous LSM air electrode. The detailed 

experimental description can be found in the previous paper [33]. To study the microstructure, 

scanning electron images (SEM, Quanta 600 FEG, FEI, Hillsboro, OR) were obtained. An 

energy dispersive spectroscopy (EDS) module (Bruker AXS, MiKroanalysis Gmbh, Berlin, 

Germany) attached to the SEM was used for composition analysis. Surface analysis was also 
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carried out in an X-ray photoelectron spectrometer (XPS, PHI Quantera SXM-03, Physical 

Electronics Inc., Chanhassen, MN). An Al Kα radiation (1486.6 eV) was used as the X-ray 

source. In order to identify the phases, X-ray diffraction (XRD) studies were carried out in a 

Geigerflex D/max-B X-ray diffractometer (Rigaku Corporation,Tokyo, Japan). The step size was 

0.01° s
−1

 with Cu Kα radiation (λ= 1.5406 Å). 

5.3. Results  

5.3.1. Microstructure 

Fig. 5-2 shows the microstructures of the LSM layer before and after the thermal 

treatment. LSM95 shows more bonding and sintering between the grains at the as-sintered state 

(Fig. 5-2(a)).The pores form a 3D network structure with round grain shapes and corners. The 

grain size is about 1–3 µm. After the thermal treatment without an electric current (Fig. 5-2(b)), 

small grains grow larger to about 3 µm and the size distribution is narrower. More extensive 

bonding between the grains is observed and the porosity is lower. After the thermal treatment 

with the electric current (Fig. 5-2(c)), however, the grains actually become smaller and the 

decreased bonding between the grains is visible. For the LSM100 sample, before the thermal 

treatment without an electric current (Fig. 5-2(d)), the grains have a wide size distribution, 

ranging from 1–4 µm with irregular shapes and sharp corners/edges. Many small grains attach to 

the large LSM grain surfaces. The grain bonding is lower than the LSM95 sample. After the 

thermal treatment without an electric current (Fig. 5-2(e)), the grains grow larger and more 

roundish. However, the bonding between the grains shows no substantial change. After the 

thermal treatment with the electric current (Fig. 5-2(f)), grain growth and bonding increase are 

both observed. However, the grains show sharper corners and edges than those in the sample 

without an electric current. For the LSM105 sample before the thermal treatment (Fig. 5-2(g)), 

the grain size is much smaller with a narrower size distribution (0.5–2 µm). After the thermal 

treatment without an electric current (Fig. 5-2(h)), the grains grow larger and the bonding 

between the grains is more extensive. After the thermal treatment with the electric current 

(Fig. 5-2(i)), the grains maintain their small sizes. However, the large and small grains are 

slightly better bonded and the porosity is lower.  
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Fig. 5-2. SEM images of the LSM porous layer after the thermal treatment at 800°C for 500 h. 

The surface has been in contact with the AISI 441 alloy for the samples without an electric 

current, and with a Pt mesh (close to the AISI 441 alloy) for the samples with the electric current. 

(a)–(c), LSM95 as-sintered, thermally treated without and with an electric current; (d)–(f) 

LSM100 as-sintered, thermally treated without and with an electric current; and (g)–(i) LSM105 

as-sintered, thermally treated without and with an electric current. 

The above microstructure results show that for the three samples with different 

stoichiometries, the grain size and shape are different to start with. As the Mn content decreases 

in LSM, from LSM95 (Fig. 5-2(a)), to LSM100 (Fig. 5-2(d)), to LSM105 (Fig. 5-2(g)), the LSM 

grain sizes decrease and the angular shape is increasingly maintained. For all the three samples, 

grain growth during the thermal treatment without the electric current is obvious. The grain 

shapes all become roundish. However, the difference between LSM100 and LSM105 is small. 

This means that the thermal treatment without the current causes more grain growth especially 

for LSM105. After the thermal treatment with the current, surprisingly, the LSM95 shows grain 

size decrease (grain break-down). The LSM100 sample shows grain growth. The LSM105 
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sample shows no obvious grain size change. The phenomenon that cathodic polarization 

influences grain growth and bonding has been investigated by Wang and Jiang et al. [35,36]. 

They suggested that the Mn ions in the lattice and interstitial sites are electrochemically reduced 

under cathodic polarization, forming concomitant oxygen vacancies. The changes of LSM 

surface chemistry affect the cation diffusion rate during the thermal treatment. In this work, it 

shows that the Mn reduction/oxygen vacancy creation has a larger effect on the LSM95 sample 

(Mn excessive), even to the point of breaking down the LSM grains, possibly by oxygen vacancy 

generation. On the other hand, low Mn content (LSM105) has a desirable effect of resisting grain 

growth possibly because of the resistance of vacancy generation and ion diffusion.  

To examine the YSZ/LSM interface, the LSM layer is peeled off from the YSZ surface 

after the thermal treatment where some bonding spots are marked by arrows (Fig. 5-3). The 

bright particles with irregular shapes are the LSM grains left on the YSZ electrolyte surface. For 

the LSM95 samples before the thermal treatment (Fig. 5-3(a)), extensive bonding spots about 1–

2 µm in size are formed with the YSZ layer after the sintering. After the thermal treatment 

without an electric current (Fig. 5-3(b)), the bonding spots show that the LSM grains are 

embedded deeper in the YSZ substrate and the YSZ surface is cleaner. After the thermal 

treatment with the electric current (Fig. 5-3(c)), large areas of the YSZ surface are coved by 

small grains of 20–40 nm in size. The crystals show distinct facets with cubic shapes. The EDS 

spot analysis shows 1.2 ± 0.3 at% Cr (average of three measurements), which is a considerable 

amount of Cr deposition compared with the previous results, where the surface Cr deposition is 

hard to detect by EDS [34]. This means LSM reacts extensively with Cr-containing species 

under the electric current. For the LSM100 sample before the thermal treatment (Fig. 5-3(d)), the 

bonding spot sizes are less than 0.5 µm and shallow. The surface has some rough texture. After 

the thermal treatment without an electric current (Fig. 5-3(e)), the YSZ surface is also clean and 

the grain boundaries are visible. The bonding spots are much larger and deeper with sizes about 

1 µm. After the thermal treatment with the electric current (Fig. 5-3(f)), the YSZ surface is still 

visible. The LSM bonding spots are larger than those at the as-sintered state, but smaller than 

those without the electric current, 1–2 µm in size. Some irregular-shaped deposits are at the 

peeled off bonding spots, which is likely the new phase formed from the interaction at the 

YSZ/LSM interface (Fig. 5-3(f)). There are some small particles adjacent to the bonding spots. 

For the LSM105 sample before the thermal treatment (Fig. 5-3(g)), the microstructure of the 
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YSZ surface is similar to that of the LSM100 sample, where small and shallow bonding spots are 

seen. The rough surface texture is visible with some roundish particles present. For the LSM105 

sample after the thermal treatment without an electric current (Fig. 5-3(h)), the YSZ surface is 

clean. The bonding spots are over 1 µm in size. However, the shape of the bonding spots is not 

as roundish and concave as those of LSM95 and LSM100. After the thermal treatment with the 

electric current (Fig. 5-3(i)), the interfacial microstructure is similar to that of the LSM100 

sample but to a more severe extent. Some irregular-shaped species are present at the bonding 

spots. Combing Figs. 5-3(f) and 5-3(i), it indicates that interfacial reaction(s) occurs for LSM100 

and LSM105 under the electric current, but mainly around the bonding spots.  

 

Fig. 5-3. SEM images of the YSZ/LSM interface after the LSM porous layer removal before and 

after the thermal treatment: (a)–(c) LSM95 as-sintered, thermally treated without and with an 

electric current; (d)–(f) LSM100 as-sintered, thermally treated without and with an electric 

current; and (g)–(i) LSM105 as-sintered, thermally treated without and with an electric current. 

The arrows point to the bonding spots. 

Before the thermal treatment, the LSM samples with different stoichiometry show 

different interfacial microstructures and indicate that LSM95 has better bonding with the YSZ 

substrate than the LSM100 and LSM105 samples. For the LSM95 sample, extensive Mn 
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facilitates the bonding with YSZ. For LSM100 and LSM105, the rough surfaces and particle-like 

species mean that new compounds likely form. After the thermal treatment without an electric 

current, the bonding between the YSZ substrate and the LSM increases for all the samples. 

LSM95 (the composition with excessive Mn) leads to the strongest bonding, while the LSM105 

sample seems to have the weakest bonding. The bonding spots for the latter are not concave-like. 

After the thermal treatment with an electric current, the microstructures show that the interfacial 

interaction is more extensive. For LSM95, small cubic crystals cover the YSZ surface, which is 

deduced as a Cr-containing phase based on the EDS analysis. For LSM100, the electric current 

leads to the formation of irregular-shaped species at the bonding spots. For LSM105, the bonding 

spots are larger but the new deposit is also more extensive. The newly formed phase at the 

interface for the LSM100 and LSM105 samples is believed to be a La-containing phase [29]. 

This will be discussed more in the following sections. 
 

5.3.2. Elemental Analysis and Distribution  

After the thermal treatment with a 200 mA·cm
-2

 current density, the AISI 441 

interconnects were removed. The YSZ/LSM bi-layer samples were mounted into epoxy, and then 

cut and ground to examine different positions across the LSM layer by XPS analysis. Along the 

porous LSM air electrode layer (~30 μm thick), five different locations (labeled as YSZ/LSM, 

LSM Left, LSM Middle, LSM Right, and LSM/AISI 441 from the YSZ to the AISI 441) are 

studied (Fig. 5-4). The thickness of each layer is controlled by a micrometer at ~8 μm [33]. The 

results are presented by atomic percent and normalized to 100% by considering La, Sr, Mn, and 

Cr only in order to avoid errors by oxygen from the mounting epoxy. The elemental 

concentrations are averaged by three measurements at each location and the standard deviation 

of each examination point is shown by an error bar. 
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Fig. 5-4. Compositions of the LSM layer after the thermal treatment with a 200 mA·cm
-2

 current 

density: (a) LSM95, (b) LSM100, and (c) LSM105.  

In Fig. 5-4, across the LSM layer, the compositions of the LSM samples (the major 

elements La, Sr, and Mn) are mostly stable without significant changes except for the locations 

close to the YSZ/LSM interface. The original compositions of the LSM samples with different 

stoichiometry are 39.0% La, 9.7% Sr, and 51.3% Mn for LSM95; 40.0% La, 10.0% Sr, and 50.0% 

Mn for LSM100; and 41.0% La, 10.2% Sr, and 50.8% Mn for LSM105. After the thermal 

treatment with the current, at the right side of the LSM porous layer (from LSM Middle to 

LSM/AISI 441 interface), the compositions are 48.1–51.4% La, 13.4–14.8% Sr, and 31.3–33.8% 

Mn for LSM95; 44.9–54.4% La, 14.5–14.9% Sr, and 29.7–36.6% Mn for LSM100; and 49.3–

51.8% La, 11.1–13.6% Sr, and 30.0–32.9% Mn for LSM105. Higher La and Sr contents and 

lower Mn content are observed compared with the designed compositions. The La and Sr surface 

segregation of LSM is a well-known phenomenon for the as-sintered LSM and during the 

thermal treatment, which is caused by broken bonds and strain energy driven composition re-

distribution [37,38]. Furthermore, after the thermal treatment with the current, the surface 

compositions of La, Sr, and Mn for all the three samples do not show significant differences 

(except for the locations close to the YSZ/LSM interface). The stoichiomerty influences are 

insignificant on the surface segregation of LSM. 
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Remarkable changes happen at the YSZ/LSM interface and the LSM Left location. At the 

the YSZ/LSM interface, Sr shows a slight drop for all the air electrode samples, which is likely 

because the Sr atomic percent is affected by the enrichment of other elements such as La and Cr. 

Sr itself does not react with other species for all the samples as to be discussed later. In addition, 

Mn shows a consistent depletion at the YSZ/LSM interface. From the LSM Left to the 

YSZ/LSM interface, Mn decreases to 27.2 ± 12.7%, 15.9 ± 14.0%, and 13.4 ± 0.9% respectively 

for LSM95, LSM100, and LSM105. La shows a surprisingly different trend for these three 

samples. For LSM95, La decreases to 39.3 ± 4.6%. For LSM100 and LSM105, instead, La 

increases rapidly; the contents are 70.1 ± 7.5% and 72.0 ± 2.4%, respectively. This means that 

for LSM95, La depletes slightly and Mn shows only a minor decrease. For LSM100 and 

LSM105, La enriches and Mn decreases significantly.  

The concentration distribution of Cr indicates the gas diffusion and depostion process of 

the volatile Cr species, which are vaporized from the oxide scale of the AISI 441 surface [39,40]. 

For the LSM95 sample (Fig. 5-4(a)), the Cr deposition amounts are low across the LSM layer, 

1.5–5.2%. At the YSZ/LSM interface, the Cr content suddenly increases to 22.3 ± 6.4%, which 

means Cr deposition is most significant at the YSZ/LSM interface. At the interface, Mn depletes 

but still shows a higher amount compared with those of LSM100 and LSM105. For the LSM100 

sample, at the LSM Middle, LSM Right, and LSM/AISI 441 interface, the Cr contents are also 

low, from 1.4% to 3.6%. At LSM Left, the Cr content increases to 8.1 ± 2.9%. At the YSZ/LSM 

interface, the Cr content is 5.7 ± 1.3%. The Cr deposition mostly happens at the LSM location 

close to the YSZ/LSM interface. At the YSZ/LSM interface, the La content is as high as 70.1 ± 

7.5% and seems to inhibit Cr deposition. For the LSM105 sample, the Cr contents from the 

LSM/AISI 441 interface to LSM Middle are 3.9–7.1%, higher than those of LSM95 and 

LSM100. Similar to the LSM100 sample, the Cr content increases to 13.6 ± 1.5% at LSM Left, 

and then decreases to 5.2 ± 1.2% at the YSZ/LSM interface. The La content, on the other hand, 

is 72.0 ± 2.4% at the YSZ/LSM interface. This result means that even though Cr has a tendency 

to accumulate at the YSZ/LSM interface, the La-containing phase at the interface lessens the Cr 

deposition. Overall, Mn depletion is beneficial for La enrichment, which in turns hinders Cr 

deposition at the YSZ/LSM interface. 
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5.3.3. Phase Analysis 

XRD patterns at the YSZ/LSM interface show phase results (Fig. 5-5). For all the three 

samples thermally treated with the electric current, the YSZ phase is dominant after the LSM 

porous layers are peeled off. The new phases formed at the interface have very small amounts or 

even undetectable by XRD. For the LSM95 sample, the small cubic shape particles are likely Cr 

and Mn enriched phase based on the EDS and XPS results. However, the major peak of the 

possible phase Mn1.5Cr1.5O4 is at 2θ = 35.2°, which overlaps with one of the YSZ peaks [41]. As 

a result, the Cr and Mn enriched phase cannot be unambiguously determined. Additional 

evidence is needed to confirm the phase of the small particles at the YSZ/LSM interface for 

LSM95. However, no techniques are available so far for phase analysis without disturbing the 

interface while detecting the low phase amount.  

The XRD patterns show that La2O3 forms for all the samples at the YSZ/LSM interface. 

The low XRD peak means the La2O3 amount is low. For the LSM100 and LSM105 sample, the 

La-containing phases at the YSZ/LSM interface are consistent with the SEM and XPS results. 

This result means that the La enrichment at the YSZ surface does not lead to a large amount of 

La2O3 phase. The La2O3 peak is the highest for LSM105. On the other hand, it also shows that 

XRD is not a sensitive technique for low content phase analysis. 
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Fig. 5-5. XRD patterns of the YSZ/LSM interface after the thermal treatment at 800°C for 500 h 

under a 200 mA·cm
-2

 current density. The scan was on the YSZ surface after removing the LSM 

porous layer. 

5.4. Discussion 

Stoichiometry effects on the YSZ/LSM interfacial interaction have been studied before. 

Mitterdorfer et al. [29] believed that the formation of La2O3 is thermodynamically driven by the 

diffusion of La
3+

. In this study, the excessive La in LSM105 leads to extensive La enrichment at 

the YSZ/LSM interface. The XPS surface analysis and the phase analysis also indicate that even 

for the LSM100 sample, La enriches at the interface and La2O3 forms, which means that in the 

case of x=1, this interaction is still substantial. When Mn is excessive, as in the case of LSM95, 

La2O3 formation can be suppressed. Based on the XRD result, the amount of La2O3 formation is 

qualitatively proportional to the La content in the LSM samples. The Cr deposition at the 
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YSZ/LSM interface is in inverse relationship to the La content. As La content increases, Cr 

deposition substantially decreases. Higher La content at the interface also leads to more 

significant Mn depletion at the YSZ/LSM interface.  

Compared with the interfacial interaction between YSZ and LSM, which is mostly a 

thermodynamic process, Cr deposition at the interface is strongly accelerated by the electric 

current. The same tri-layer samples were investigated before with the same thermal treatment 

without the current applied [33]. At the YSZ/LSM interface, the Cr amounts were 12.7 ± 2.3% 

for LSM95, 9.0 ± 2.5% for LSM100, and 2.4 ± 2.2% for LSM 105 respectively. Cr deposition 

decreases from LSM95 to LSM105. With the electric current, the Cr amounts at the YSZ/LSM 

interface are 22.3 ± 6.4%, 5.7 ± 1.3%, and 5.2 ± 1.2% for LSM95, LSM100, and LSM105, 

respectively. The enrichment of Cr is most significant while the Mn depletion is least significant 

for the LSM95 sample. The microstructure shows small particles on the YSZ surface (Fig. 5-

3(c)). This means that the new phase is related to the high amount of Cr deposition and excessive 

Mn, likely Mn1.5Cr1.5O4. On the other hand, for the LSM100 and LSM105 samples, the electric 

current does not lead to more Cr deposition at the interface while the La content is high. This 

means that the Cr deposition at the YSZ/LSM interface is determined by two factors: i) enough 

Mn from the LSM to provide the sites for the deposition; ii) cathodic polarization modifying the 

electrical state of the surface Mn cations and causing more oxygen vacancies to accelerate the 

interaction [42,43]. Combining with Fig. 5-2(c) and 5-2(i), this also mean LSM grain size break-

down for the Mn excessive condition and inhibited grain growth for the La excessive condition.  

Different stoichiometries lead to different interactions across the LSM layer as well as at 

the YSZ/LSM interface. In the previous work, without an electric current, Cr shows a decrease 

from the AISI 441 side to the YSZ side across the 25–30 µm thick LSM layer, a typical result of 

the diffusion process [33]. For the LSM95 sample under polarization, the Cr deposition amount 

on the AISI 441 side is lower, because the more rapid reaction at the YSZ/LSM interface absorbs 

more volatile Cr species and changes the concentration gradient across the porous LSM layer. 

For the LSM100 sample, the Cr distribution shows a lower Cr content on the right side (far away 

from the YSZ/LSM interface, from LSM Middle to LSM/AISI 441 interface); and an increase at 

LSM Left. The Cr deposition at the YSZ/LSM interface for LSM100 is 5.7 ± 1.3%, much less 

than that for LSM95 at 22.3 ± 6.4%. For the LSM105 sample, the Cr deposition amount on the 

right side (LSM Middle to LSM/AISI 441 interface) is higher than that for LSM95 and LSM100, 



161 

which is comparable with the thermally treated samples with no electric current [33]. The Cr 

deposition increases at LSM Left and drops to 5.2 ± 1.2% at the YSZ/LSM interface. The results 

show that under an electric current, excessive Mn is still the key factor to cause more Cr 

deposition, similar to the situation without an electric current; and the polarization increases the 

Cr deposition rate.  

The significant dependence of the Cr deposition on the Mn content under the same 

polarization condition demonstrates that the electrochemical reduction reaction of Cr volatile 

species is not as simple as some researchers proposed [44,45]:  

2CrO3(g) + 6e
-
  Cr2O3(s) + 3O

2-
 (electrolyte)    (5-1) 

The Cr deposition is associated with Mn
2+

 at the YSZ surface [46]. Although the Mn 

depletion at the LSM surface happens in all the samples with different stoichiomteries, the 

excessive Mn composition (LSM95) can still lead to some Mn ions diffusing to the YSZ/LSM 

interface. Under the cathodic polarization, the Mn ions are considered as partially reduced to 

Mn
2+

 [43]. In this process, the Mn
2+

 content at the YSZ surface causes the observed Cr-

containing crystals at the YSZ surface (Fig. 5-3(c)). The reaction is believed to be: 

3CrO3(g) + 3Mn
2+

 (YSZ surface) + 8e
-
  2Cr1.5Mn1.5O4(s) + O

2-
 (electrolyte) (5-2) 

5.5. Conclusions 

YSZ/LSM/AISI 441 tri-layers are thermally treated at 800°C in dry air for 500 h, and a 

200 mA·cm
-2

 current density is applied to simulate SOFC working conditions. The electric 

current hinders LSM grain growth and bonding across the porous LSM layer. The formation of 

La2O3 at the YSZ/LSM interface is promoted by the electric current for the LSM100 and 

LSM105 samples. A very low amount of Cr deposits in the porous LSM layer far away from the 

YSZ/LSM interface. At the YSZ/LSM interface, for LSM100 and LSM105, a small amount of 

Cr deposits; LSM95 with excessive Mn results in a large amount of Cr deposition and the 

formation of small cubic shaped Cr/Mn-containing crystals. 
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Chapter 6 

Conclusions and future directions 

6.1. Conclusions 

After the thermal treatment at 800°C for 500 h, the microstructure of the LSM porous 

layer changes. For different stoichiometries after sintering, the LSM95 sample shows the most 

compact network. For the other two samples, local porous regions are more prevalent and the 

grains in the LSM100 and LSM105 samples bond less. After thermal treatment in different 

moisture levels, the LSM100 grains show more grain growth and bonding in dry air than that in 

moisture atmospheres. A 200 mA·cm
-2

 current density significantly prohibits the grain growth 

and bonding during the thermal treatment for LSM95 and LSM105. The polarization effect of 

the microstructure is less extensive for the LSM100 sample. 

The bonding between the YSZ and the LSM is affected by the atmosphere; it is more 

extensive as the moisture content increases. For the LSM100 sample, at the YSZ/LSM interface, 

moisture leads to La-containing particle formation on the YSZ surface. Higher moisture leads to 

more extensive particle formation and Mn depletion at the YSZ surface. For the different 

stoichiometries, LSM95 shows the strongest bonding between the YSZ substrate and the LSM 

porous layer while LSM105 shows the poorest bonding of this interface.  

Surface segregation of Sr and La is detected for all the LSM samples. Small amounts of 

Cr deposition are also observed at the LSM surface in all cases. The Cr deposition amount is 

slightly higher for the samples thermally treated in the moisture atmosphere. A small amount of 

Cr1.5Mn1.5O4 is detected on the LSM surface for all the samples, and SrMn3O6-x is identified for 

the samples thermally treated in the moisture atmospheres. For different stoichiometries, Cr 

surface deposition inhibits the surface segregation of La and Sr for the LSM100 and LSM105 

samples. For the LSM95 sample, the Sr surface segregation is accelerated by the Cr deposition. 

SrMn3O6-x is identified in LSM95 and Cr1.5Mn1.5O4 is identified in both LSM95 and LSM100. 

The cathodic polarization changes the Cr deposition across the LSM porous layer, but did not 

lead to formation of more other phases at the LSM surface. 
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Cr deposition is detected across the porous LSM layer and shows various deposition 

amounts at the YSZ/LSM interface. For the conditions without an electric current applied, Cr 

deposition decreases with increasing distance from the AISI 441 interconnect but increases again 

and enriches at the YSZ/LSM interface for LSM95 and LSM100. The YSZ/LSM surface for 

LSM105 shows higher La concentration and less Cr deposition. 

With the 200 mA·cm
-2

 current density during the thermal treatment, the Cr deposition 

increases at the locations close to the YSZ/LSM interface and decreases at the locations close to 

the LSM/AISI 441 interface compared to the condition without an electric current. For the 

LSM95 sample the current causes the highest Cr deposition at the TPB area, which is the result 

of the excessive Mn. The LSM100 and LSM105 samples show much less Cr deposition because 

the YSZ/LSM interaction forms La2Zr2O7 phase and inhibits the Cr deposition. The most 

significant Cr deposition takes place at the YSZ/LSM interface when both excessive Mn in the 

LSM and the cathodic polarization are present. 

6.2. Future Work Suggestions 

For the interactions discussed above especially at the YSZ/LSM interface, with 

polarization and Cr deposition, the process is very complex. In the future, more study can be 

carried on to improve the understanding of the process. 

1. The microstructure of the porous electrode affects the Cr vapor phase diffusion as 

well as the TPB length. Better control and quantitative characterization of the 3-D 

porous structure can help to improve the material’s development. The advanced 

manufacturing technique helps to finely control the porous structure, and the new 

characterization techniques such as FIB 3-D tomography provide the quantitative 

results for optimization.  

2. For the interaction research, improving the characterization is critical. If the 

resolution and detection limit of EDS, XRD, and XPS can be improved, more detailed 

composition and phase information of the materials can be achieved. On the other 

hand, developing new methods for the sample preparation can work as well, such as 

simplifying the YSZ/LSM interface as thin film deposition and using high Cr 

containing materials to increas Cr deposition in a shorter amount of time. The 

simplified samples can bring more significant results for analyzing the interactions. 
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Furthermore, rather than carrying out experiments, the data from the simplified 

samples can be used for computer simulation. 

3. The interfacial interactions and the vapor phase deposition research could include 

more possible impurities such as Si, K (from glass sealing materials), S, and P (from 

contaminations of the fuel gas or air). In practice, other potential contaminations can 

also lead to degradation of the system too.  

 


