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Abstract

The interactiondetweendifferent components of solid oxide cells (SOCs) are critical
issuedor achievingthe tens of thousands h o u goalfer longterm performance stability and
lifetime. The interactions between the ceramic electrolyte, porous ceramic air ele@notle
metallic interconnect materialsd including solid state interfacial reactions and
vaporization/deposition of some volatile elemedéitshave beernvestigated in the simulated
SOC operatig environment The interactions demonstrate the material degi@ianechanisms
of the cell components and the effects of different factors such as chemical composition and
microstructure of the materials, as well as atmospaedecurrent loadn the air electrode side
In the aspect of materialshis work contributes to the degradation mechanism on the air
electrode side and provisipractical material design criteria for lotgrm SOCoperation.

In this research, anyttria-stabilized zirconia electrolyte (YSZ)/strontiuradoped
lanthanum manganite electrode (LSM)/AI8A1 stainless steel terconnect tdayer structure
hasbeenfabricated in order to simulate the air electrode working environment of a rediteell.
tri-layer sampleshave beerreated indry/moist airatmosphergat 800°C for up to 500 Whe
LSM air electrode shows slight grain growtbut the growth idess inmoist atmospherg The
amount of Cr deposition on thé&M surface is slightly more for the samples thermally treated in
the moist atmosphered\t the YSZ/LSM interface, La enrichment is sigoént while Mn
depletion occurs. Th€r depositiorat the YSZ/LSM interface is observed.

The stoichiometry of the air electrode isiarportant factor fothe interactiors. The air
electrode compositiohas beenvaried by changing the x value in (g5 2)xMnO3 from 0.95 to
1.05(LSM95, LSM100, and LSM105)'he enrichment of La at the YSZ/LSM infi@gece inhibits
the Cr depositionThe mechanisms of Cr poisoning and LSM elemental surface segregation are

discussed.



A 200mA-cm? current loadhave beerapplied onthe simulated cellsMn is a key
element for Cr deposition under polarization. Excessive Mhah.SM lessens the formation of
La-containing phaseat the YSZ/LSM interface and accelerates Cr deposition. Deficient Mn in

LSM leads to extensiveinterfacial reaction with YSZ forming more i@ntaining phase and
inhibiting Cr deposition.
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Chapter 1

Introduction

Abstract

This introduction chapter is organized indox sections. In the literature review, the
background of the air electrode in the SOCs, the investigation of the interactions, and
controversial of the Cr speamechanism is reviewed. Sectidrand 5provide tle definition and
analysis of the existing problenw the interactionsand Section6 discusses the issues of

material characterization

Solid oxide cells (SOCs)including Solid oxide fuel cells (SOFCs) and solid oxide
electrolyzer cells (SOECsare pronmsing 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)] &&. &or
the SOEC mode, reversibly, hydrogen or carbon monoxide can be produced by the electrolysis
process splitting water or carbon dioxige10]. 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 heaatgenéor 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 secondrse of electricityf5,11]. On the other hand, hydrogen is
considered as a cleamergy resource and also one of the most acceptable forms of fuel available.
SOEC, for hydrogen productipoan be used as an efficient hydrogen generation device for instance
surplus energy from wind turbines, nuclear power plantganthermaplants[9,10,12].

The SOC materials, including electrolyte, air electrode, fuel electrode, interconnect, and
sealing materials, must work at high temperature0960to over 100°C) and in various
atmospheres including fuel gasgydrogeror hydrocarbon specigand airor oxygen. In order

to commercializeSOCsfor stationary and mobile applicatignthe requirement oflong time



operation (10,000 40,000 h) must be achievdd3,14]. 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 dietmost noticeable achievements in years is that the
SOC operational temperature is successfully reduced te 800°C by the advanced materials
and processes. The SOCs working in the medium temperature require much lower cost of
heating and give more cbses of materials. The most commonly used electrolyte material is
yttria-stabilized zirconiaelectrolyze (YSZ), the fuel electrode and air electrode materials are
Ni/YSZ and strontiurdoped lanthanum manganite (LSM)espectively. The sealing and
interconrect 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 tecfical obstacles from the materigisoperties still inhibit the long
term operation of SOC3he degradatiorof electrodematerials is an essential issue of the SOC
system[14-16]. On the air electrode side, the interactionMeein the cell components lead to
degradation of the SOC stacks. The porous ceramic electrode (usually LSM dpreribnskite
ceramics) can fail fast by the effects of the chromia species when the Cr containing metallic
interconnect is applied. The phenama called Cr poisoning is caused by the diffusion of
volatile Cr species evaporating from thedntaining metallic interconnefi7-35]. During the
operating of he 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 poisonmgj istally clear yet
and becomes attractive which is the crititiic to or reduce the degradation and improve the
performance of the SOCBurthermorestudy ofother interactions between the cell components
such asthe air electrode/electrolyte intations and sealing/interconnect interactiessalso
current research focus in the SOC stack development.

From application point of view, the interactions are critical for the-kengp stability of
the SOC stacks. The detailed and quantification anabfsibe interactions and degradation
mechanism can provide knowledge of material evaluation and selection and microstructure

design of the porous electrode layer and the interconnect.



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 hundrednyears.
principle, fuel cells are designed based on the electrolyte providing ion conductimsirtain
the electrochemical reaction between the fuel and the oxidant. gpieadions of different
electrolyte materials make the noticeable improveméfiel cells.Fuel cells are classified by

their electrolyte materialdablel1-1).

Tablel-1. Types of Fuel Cells

Operation _
Fuel Cell Type Electrolyte ElectrodeReactions
Temperature

H, = 2H" + 26
Polymer Electrolyte Polymer Membrane  60-140°C
1/20, + 2H" + 26 = H,0

Hy + 20H = H,O + 2¢

Alkaline Potassium Hydroxide 150-200°C
1/20, + H,O + 26 = 20H
H, = 2H" + 2e
Phosphoric Acid  Phosphoric Acid 180-200°C
1/20, + 2H" + 26 = H,O
Lithium/Potassium H, + CO®* = H,O + CQ + 26
Molten Carbonate 650°C
Carbonate 1/20, + CO, + 26 = CO5*
H, + O = H,0 + 2é
Solid Oxide lonic Conductive Oxid¢600-1000°C

120, + 26 = O

The types of fuel cells undeactive development are summarized in Tdble The
alkaline fuel celsl (AFCs), polymerelectrolytemembrane fuel cells (PEMFCs) and phosphoric
acid fuel cells (PAFCs) essentially require relatively pure hydrogen to be supplied to the anode.
The AFC, PBMFC, 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 disadvastages re



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 overallegftigi In contrast, moltecarbonate fuel

cells (MCFCs) and solidxide fuel cells (SOFCs) operating at higher temperatures have the
advantage that both CO andddn be electrochemically oxidized at the anode. Moreover, the
fuel-processing reaction can laecomplished within the stack, and the tolerances of thg CO
NOx and sulfur oxides of the MCFCs and SOFCs are relatively hjgegr

SOFC has been widely investigated for over forty ygads|, some test SOFC generator
systems plant in the range o250 kW level have been built since tHdi,37]. It has been also
known over twenty yearsigo thatSOFC canwork in thereversed way electrolyzing water and
producing hydrogenSOEC modg [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 cBlkcently, the increasing interest in hydrogen
production hagaisedthe interest in the&SsOECs Both SOFC and SOE@re attracting more
attention. The new system can be designed as reversibla®O€ The materials the critical
issue for the development of the SOt higher performance, lorgy life time, andiower cost.

For SOFCs,DOE target requirements are 40@ours of service fostationary fuel cell
applicationsand greater than 5,000 hours for transportation systéms cell vehicle} at a
factory cost of $400/kW for a 1OW system[38]. For SOECSs, thdata of long time operation is
not sufficient yet. In some research instigitee long term testing of stacks is ongoj3§).

Doped ZrQ is recognized as the solid electrolyte material with the existence of oxygen
vacancies at high temperaturehe dense Zr@based ceramic materials providing &
conductivitymadethe foundation of further development of the SOCs in 132K) which is s
one of the mainstream electrolyte materials 1d@. In the 1960s, electrode materials of early
SOFCwere alsalevelopedThe nickel/yttriastabilised zirconia (Ni/YSZ) cermet (ceranmtetal
composite) isstill the state of the art material for the anotdlbe cdalyst property ofNi to
hydrogenand the low costakethe composite material &i/YSZ based ceramic the choice of
anode material for the SOFCs with Zr@ased electrolytg41-45]. 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[3,4,2841,42,46,47]. Doped LaMnQ@ (LSM) became the choice of the cathode material



for its capability of adjustingCTE by different doses of dopingp matchwith the electrolyte
[48-50]. The good chemical stability and compatibility comparing other perovskite oxide
materials makd.SM the most commonly used cathode material for SQEE. Also, in the

SOEC mode, LSM is generally employed for éscellentstability [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 hyeinggroductionThe 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 stadlte interconnect can be ceramic or metallic materials
[52-61]. The sealant of SOC staclsrking with the interconnect separates the fuel gas and the
air/oxygen to avoid the mixing of gases from the two electrodes. the sealing materials are
normally glass or glasseramic composite materigds2-68].

The stack design plays a critical role in the commercialization of the S@Gsder to
obtain the desired power output or the hydrogen production, single cells are connected together
by the interconnedt]. In the 1970s, tubular design of SOFC stacks by Westinghouse was state
of the art. The tubular SOFCs used the LSM/YSZYISiZ maerial system, and LaCeQwvas
employed as the interconnd&7]. The comprehensive performance has been proved very good
and stablen thousands of hoursvhich made it the mostly noticeable SOFC sysatitinat time
Some other types of stacks such as segrdariin-series tubular design and monolithic stacks
design After 2000, planar design of SOFC stacks attracted more attemtionbecame the
predominant design of SOQGsr its advantages dbwer costby the much simpler cell shape
[2,5,11,36,37,39,51,53]. The stack desigaf SOCs will be discussed in detail in 2.1.3.

Comparing with SOFChere have been much fewer studies focuseH@EC. Since the
investigation of hydrogen production by high temperature steam electrolysis (HTSE) utilizing
was report ed SOEChas lzeenldgsignEd Syltreetsc fuelH, or CO production
[8,49]. SOEC has great potential for efficient and economical production of hydrogennfuel.

1 9 9,ah& bwer fossil fuel price made the SOEC unfavorable in the Aftet.2000, hydrogen
has been identified as a potential alternative fuel as well amnargy carrier for the future
energy supplySOECis attracting much attention due to its inherently high efficienfcglectric
energy conversion (over 5098-10,39,51,53,69,70]. Now days, the SOECs are developed based
the SOFCssystems with similar structures and materiabd the working temperature (700
1000°C). In this case, the SOEC can be consideredeasesibly operated SOFC. Some of the



SOECs are reversible systems capable of operating both as a fuel cell and as an electrolyzer
[70,71]. The SOEQs apromisingenergy 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, whichailsiale method in developing
of alternative clean enerd$)].

SOFC system based on tBeO, basel electrolyte such as most widely useddSped
lanthanum manganite (LSMj}tria-stabilized zirconiaelectrolyze (YSZ)/NiYSZ SOFC, has
been considered as a mature and success sj3&nOn the other handnithe early works, the
performance of single ttayered cells has been extensively studied. Thezteichemical
properties of the high temperature ceramic electrolyte and ceramic electrodes have been carefully
evaluatedMore material systems have been developed and investigasedl on the different
electrolyte material$72]. For each given electrolyte material, the electrode materials must be
evaluatedd obtain the chemical and thermal compatibility with the electrolyte. The manufacture
process should also be designed to compromise the ma{&3ild]. There aremore SOFC
systemsbased on other electrolyte materifif®]. Of all the electrolyte materials, beside YSZ,
two other types of representative materials have been studefd and LaGa@ Gadolinia
doped ceria (GDC) andaGaQ-based perovskite type oxides, in particular, &rd Mgdoped
LaGaQ(LSGM) both exhibit higher oxygen ion conductivity than Y&&B-79]. The oxygen ion
conductivities of GDC andSGM 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 (ITSOFH]). However, the phase stability and chemical
compatibility of these new electrolyte materials lead to some more prseblgne different CTE
also requirechoosingthe 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 mism8th. In summary, theZrO, based
electrolyte and its SOFC systamthe most developed matesaystems, the SOFCs based on
GDC, LSGM, and other new electrolyte materials are still in development and needvonkre
to improve their stabilities

For the commercialization of the SOC devicesget of the SOCs long term operation
requires the stabiy of all the componestincluding sealing and interconnect materials to be

stable in the various atmospheres and at the operating tempelaturering operational



temperature attributes to the long term stability by decreasing the degradation ofingelheats.
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 stacksngmeng The target
proposed of 40,000 h of operating without significant degradation is still a chal&8$&42].
Lowering the operatig temperature oSOCsto about600i 800°C is one of the main
goals of thaesearchrsin recentyears A reductionin operating temperatu@nreducematerial
degradationsuch as coarsening of the porous electrotiessenthe coefficient of thermal
expansion (CTE) mishmashes asdaling problemsand enable replacement of ceramic
interconnects by cheaper miéta 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 methital t@obel cost
effective and large scale SOC systamthe power generand clean fueindustry. The efforts

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

As introduced above, theorking 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 SOR@odg, or reversibly electrolyzing water (or other
compounds)d general fuel gases and oxidant gases. The electrolyte is the part to obtain the
electric/chemical energy conversions.simply using the HO, to represent the fuel/oxidant
gases. The overall reaction of the SOCs can be expressed as:

SOFC:2H,+ O, Y  2,Bi+ heat + electrical energy (1-1)
SOEC2H,0O + heat + el egttOri cal energy Y(@{1-2H
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Fig. 1-1. Principle ofSOCs (a), SOFQOnode (b), SOEQMode

On each side of thelectrolyte thereis an electrode/electrocatalysditaining the catalytic
functions of oxidizing/reducing the gases to the correspondent Bassde the electrolyte, the
activation and catalytic properties of the electrode can demandingly affect ther@er€e of the
SOCs.

The electrode of the SOCswork with the fuel/oxidant gases and the solid oxide
electrolyte with soliesolid interface. The surface and interface properties become very important
as well as the internal propertidés.order to providesfficient gas flow route, the electrodes are
designed with particular porosifgenerally around 40%YOn the two sides of the electrolyte,
Oxidant is fed to thair electrode,or oxygen electrodécathode of SOF; which is almost
always oxygen in the fo of air, and fuel is supplied to tteel electrodganode of SOFL In
SOFC mode oxygen is reduced at the cathode, producing oxide iorl§ (@hich migrate
through the electrolyte and react with the fuel at fild electrode In SOEC mode for the
electrolysis of water with a solid oxigevater vapor is fed to the steam electréolgoroduce
oxygen(on the air or oxygen electrodafd hydrogen ga®n the steam electrode, corresponding
to the fuel electrode of SOFC).

Like other fuel cells, SOFC can pide more effectivehigh power density, and low
waste way of electric power generation. For the SOFCs, the higher operation temperature
produces higiguality waste heat which cde 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 aplication of natural gas and large molecular hydrocarbon fuels gives SOFC a larger
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range of using both fossil and hydrogen fU&$,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 gg86]. For SOECthe efficiency is potentially higher that other water
electroysis devices, for its high working temperaty®. The other advantage is that the
revisable mode can work as bottSOFC and SOEC, which mearthat one electrochemical
device can work as both electric power generator and hydrogen prddicer

Materials of the SOC components are essential to the cell performance. Many
improvements in the SOC research are brought by the developmesw materials. In order to
improve the performance and the durability, there also challenges to the materials
development and selecti¢s6,41,42].

The electrolytes the key material always first selected in one particular SOC system
which decides the orking temperature and the CTE requirement of other cell compofieat.
standards of selection of electrolyte materials are more established by practical method. The
chemical and thermal compatibility with electrode must be considered comprehensivetyewith
selection of the electrode materials. The miagsue on the electrolyte iducingthe ohm
resistanceand reducing solid/solid interactiowith the electrodes. Beside the YSZ and GDC
electrolyte, the perovskite LSGM exhibit high oxide ion conduetivithe conductivity of
Lag.oSh.1Gap Mo 203« is 0.12 S/cm at 80C and 0.32 S/cm at 1000°C, which is higher by a
factor of two compared to 8YSZ (0.16 S/ci0,83]. 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 LSGMave been investigatetktensively 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 electrollid].

For the fuel/steam electrodthe material selection is mosgprous materials composited
by metal (Ni or Cu) and ceramic (generally the comesiing electrolyte material to minimized
the interfacial reactionduch as Ni/YSZ and Ni/GDCThedevelopment of the fuel electrode of
SOFC is normally aimed to improvie flexibility to differentfuel gas.For the hydrocarbon fuel
gases, the resistanaethe carbon deposition must be considered folathg term stability Also,
the tolerance to the sulfuand other species potentially poisoning gasethe fuel gashould

also be considerd@®4].



The air/oxygen electrodenaterials has been mostly investigated in the entire SOC
electrochemical process and is still the most complicatddcantroversial part. There are many
candidatemateriat have been applied as the air/oxygen electrode. The requirenuedretisg
the polarization resistands the essential issue. Furthermofer the SOCs employing €r
containing metallic interconnes; Cr poisoningbecomes 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 sealingntendonnect
mateaials play important roles in the stacks to connect the single cells togéthss. andjlass
ceramicmaterials are considered as thestdesirabé candidates to seal ceramlectrodemetal
interconnectand ceramic electrolymetal interconnect at higtemperature because of their
ability of forming a hermetic se§b3-65]. The thermal properties and surface/interface stability
of the glass based sealing materials are the requirements.

The purpose of the interconnect materials is to connett eglt in series, so that the
electricity each cell generates can be combiBegause 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 dsas 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 applicitiae.a single cell only
produces voltage less than 1 V and power around 1 %foamy cellsare electrically connected
together in a celfistaclo to obtain higher voltage and pow@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 caking an electrically conducting interconnect which also serves to
distribute reactant across the surface of the electrodes using flow chan68/86].

In this case, besidée performance of single cells, more issues are brought out such as
the more complicated gas flosituation and the temperature distribution in a much larger scale

which need to be carefully designgd,85]. Concerning the material issuesgaling and
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interconnect materials play importante® in the SOC stacks, which requires the compatibility
of these materials with the electrode and the electrolyte materials.

For the SOFGnode tubular design is used in high temperature and the planar design is
used in intermediate temperatureSOFCs (Fig. 1-2). The tubular stacks designed by
Westinghouse have been operated for long tj8i@. The cells are LSM/YSZ/NYSZ tri-
layered and cathode supported. The tubular stack design is for the operational temperature about
1000°C, the interconnect material is LaGr@nd with a simplesealing 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 prysmethod. For the reasons above, the planar designs
(AFdlaat e de s -2 rofothei SOFC Fstacks are developed by many researchers
[73,74,87]. The falbication of planar cells can be finished by simpler process such as tape casting
and screen printingThe planer cell stacks are mostly used for the intermediate temperature
SOFCs. So the material selections and geometry designs are various. Anode safijpmie
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/ALSEANiut
with anode support. The sealing becomes important in @r@aplstacks, and the interconnect
materials are normally metal for the lower temperatbioe.the SOEGnode just a few reports

with stack design have been published, wiptsear stacks are mostly used.
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Fig. 1-2. Tubular and planar SOC stacks dedig86].

1.2. Air Electrode of SOCs

1.2.1. Requirements of Air Electrode Materials

The function of the air electrode the efficiency and operatiagtability of SOC devices

has leen believed critically importanthe electrochemical reactions of oxygen occur on the air

electrode sideequire the catalytic activity to oxygen at the firfhe overall electrochemical
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reactiors catalyzed by the air electrode of SOFC/SOta@e beemrxpressedn Equationl-1 and
1-2, wherethe detailed process is much more complicated.

Like all the materials in the SOC devices, the air electrode mateust maintain the
demanding selection criteridhe air electrode materials must maintain ¢ché&ltic activity at
the high operation temperatusedin 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 otheequires more beside the basic electrochenpoaperty. Furthermore,
the air electrode material must keep all the properties stable in ordehitve thdong term
operation targetOther issues such like processing and cost are also need to be considered

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

Intrinsic Properties

o High electrocatalytic awvity towards oxygen reduction: to effectively catalyze the
oxygen reducing reaction.

o0 High electronic conductivityto minimize the ohmic resistance of #ie electrode

o Thermal expansion compatible with other SOC matertalswvoid the stress caused by
CTE mismatch between cell components, which can lead to cracks of cells.

o Minimal chemical interaction with the electrolyte and interconmaeterials during
fabrication and operationprevent 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 transpomptimize theélow pathsfuel and
oxidant gases to obtain high energy conversion efficiency.

o Adhesion to electrolyte surfacdo obtain a stable and conductive electrolyte/air
electrode interface.

o0 Ease of fabricatioand low costto make the SOCs feasible and prongsas 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 criticalrequirement for SOC

commercialization.

As the SOCsare designed, the air electrodeaterials should possess high electrical
conductivity and high electrocatalytic activity for thexygen reduction reactioSOFC) or
oxygen ion oxidization reaction (SOEC).

For the SOFC moddhe SOFC cathode ratimeet the requirements of hightalytic
activity for oxygenmoleculedissociationand oxygen reductionAlthough the SOFC cathode
reaction have been investigated for several decades, the proesstimichemicateductionof
oxygenreducing remains controversial and lack of explanation Bectdugsexygen reducing
containsa series oflementary reactionand involves thdransfer of multiple electrondhe
experimental resultshow thatthe different steps can be rateterminefor different cathode
materials.This difficulty of characterizing and analyzirige oxygen reducingrpcesss not only
from the complexity of the mulstep process but also enhanced bygg@metriccomplexty of
the porousmicrostructure where thexygen reductiorreaction occurs. These reasanake it
difficult to provide a steyby-step prescriptionto 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 inSection 2.2.3.

Comparing to theactivity to the oxygen reducing, thelectron conductivity of the
cathode of SOFC is simplefhe adoption provides the electron conductivity to the materials.
The ohm resistance is relatively low astdble in the workingtenosphere 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 ma$ave a stable, porous microstructure so that gaseous oxygen can readily
diffuse through the cathode to the cathadectrolyteinterface.The microstructural parameters
such as grain size, porosity, and pore $zeling to different surface propertyeometry of the
porous air electrodand the gas flow routél'he cansignificant 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 &feof grain size, porosity, pore size and etren
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pore geometry cannot be easily analyzed separaidpy researchesonsideredhe effects of
ceramic powder size or sintering conditions getting qualified re$ait94]. Mathematical
model is also employed to studlye porous structurf95]. Some regular shaped electrode are
made by special methods to help studying the three phase boundaries[068%)

CTE mismatch during the SOC cdthbricating and operation can lead to cracks and
failures of the full stackf98]. The only way to solve the CTE mismatch is choosing compatible
materials such lik@erovskite ceramics for the electrode of the SOCs can obtain different CTEs
by adjusting the adopting mou@TE gives a strict standard of materials selection. The LSM air
electrode usually works witiiSZ electrode, which has very similar CTE (10.8%30%) to the
LSM (11.8x10° K™) [99]. Another important air electric neatal for SOFC, LaxSrCo.yFg0s
(LSCH has higher CTE which is designed to work with GBI€ctrolyte (CTE ~2.8x10° K™%
[100107] .

At the interface between tlaér electrode and the electrolyter example LSM cathode
and YSZ electrolyte, interaction occurs, whet&,Zr,0O; and/or SrZrQmay be formed, which
degrades the lontgrm performance of SOFCer the new phases show large electric resistance
and CTE mismatch on the interfac&he interaction can be inhibited by changing the
stoichiometry of the LSM by adding more Mn the LSM, forming nonstoichiometery
compound102.

As mentioned above, stability is amessential 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 harmélegradation 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 thfe CTEsFor the SOEC studies, there are few studies about the air
electrodeprocessThere is the lack of experimental results #mel polarization resistance plays a

minor role in thiselectrolysisnode
1.2.2. ABGO; Perovskite Oxides

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

the sufficientcatalytic property of the electrode material to the oxygen must be maintained at the
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lower temperaturg600i 800°C). Excluding precious metals such as Bt their high cost,
perovskite ceramics with particular catalytic activity and conductivity is the only kind of air
electrode materials successfully applied in the S[BCs

A typical perovskites oxide material can be usually presented as;AB@ich
crystallizes in cubic clospacked lattice structurelhe larger ions (e.g., La) occupy the 12
coordinated Asites and thesmaller ions(normally transition metal ions e.g., Mn) occupy the
octahedral Bsites.The typical crystal structure of the ABQermvskite 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 distortionshich can occur from the ideal structuiiéhe diversityof
perovskite structure compounds which canplaetly doped by othemetal ions to introduce
desired distortionswvhich provides thewide range of electrical, magnetioptical andchemical

(catalysj properties over a wide temperatuagge[49,103-105.

Fig. 1-3. Crystal structure oABO3 perovskite oxid¢103

As discusse@bove some perovskite oxide ceramics provide the properties meeting the
requirement of SOFC air electrod&he 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 byethperature and thatmosphere
(oxygen prtial pressurg). Of course theCTE must be presvaluated to choose the compatible

electrolyte systenMany perovskite oxide materidimave been testd@0]:
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Tablel-2. Perovskitetype oxide materials for the air electrode of the SOCs: coefficient of

thermal expansion, electronige), and ionic conductivitiedl() in air[102.

Composition C_TE_ T(C) G (Scm JG (Scm § References
(x10 K" §

Lao.sSI .MnO3 11.8 900 300 5. 93" [99]
Lay.7S1aMNOs 11.7 800 240 i [106]
Lag 6St.aMNnOs 13 800 130 i [107
Pro.6S10.4MNO3 12 950 220 i [107
Lao.eSt.2C00;s 19.1 800 1,220 3 [108109
Lag 6Sr.4Co0; 20.5 800 1,600 0.22 [101]
Lao.sStoFels 12.2 750 155 i [108110
LagsSh sFeQs i 550 352 i [111]

i 800 369 0.205 [112
Lao.6Sro.4FeQs 16.3 800 129 5.6 "1 [107]
Plo.sShsFeQ; 13.2 550 300 i [113
Plo.sShFeQ 12.1 800 78 i [113
Lag.7Sr 8- e gNio 203 13.7 750 290 i [110
Lag gSto 2C0n gF€.203 20.1 600 1,050 i [113
Lag §Sto 2C 0o oF e 603 15.4 600 125 i [114115
Lag 6Sr.4C00 gMNo 203 18.1 500 1,400 i [116]
Lag.6S1.4C0p sFey 203 21.4 800 269 0.058 [117
Lao.6S1.4C0n oF e 603 15.3 600 330 8 1'% [101115
Lag 4S1p.6Cop oF & 503 16.8 600 ) T [115
Lap sSro.2C 2Fen 603 14.8 800 87 2. 2% [101]
Lag.eSho.2C0p gFey 203 19.3 800 1,000 4 1'% [101,117
Lao.6S10.4C00.¢C o 103 19.2 700 1,400 i [107]
Pro.6S1 2C0p Fey 403 12.8 800 76 1.5"7 [101]
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Pro.7SIp.2C0.2Mng 603 11.1 800 200 4.4 "3 [101]

P15.6510.4C00 gF& 203 19.69 550 950 T [109
P15.4510.6C 00 gF& 203 21.33 550 600 T [109
Pro.7S10.3C00.4CUp 105 i 700 1236 i [118
Bay 5S1.5C0p gF&y 203 20 500 30 i [119
Smy sSIhsCo0s 20.5 700 >1,000 T [12012]]
LaNip ¢F&y 403 114 800 580 T [122
Sio.oCe.1Fe eNip 203 18.9 800 87 0.04 [107]

As shown above, the eleghic and ionic conductivity are relatively simple and inert
properties of the electrode materidlfie electric conductivity is the required property, whatlh
tested air electrode materialsshows acceptable electroniconductivity The electronic
conductivity can also be significantly increased by thinner the cathode layer and optimized the
porous structure.

The ionic conductivityis related to the atmosphere. dir, 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 throudhe bulk of the cathod&.he investigation of ionic
conductivityprovide two different processes of the air electrode operations: surface diffusion of
nortrionic conductors (e.g LSM), and mixed electronic/ionic conductors (e.g LBGF)

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 complicate@|eéhtronionic conductivity work
together with the surface/interfacatalyst 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
consideredThe material properties, paus properties, and the atmosphere

Oxygen nonstoichiometrig critical to the performance of tiperovskite materialsThe
major nonstoichiometric defects of this type of perovskite oxides are cation vacancies and the

oxygen vacancies are also preggttif. The electronic conductivity is introducég the cation
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vacancies.The oxygen vacancies introduces considerable oxygen ionic conductivity in some
materials which are called mixed conductdr23.

The typical oxygen stoichimetries of the representative air eleceadaterials is shown
in Fig.1-4. First of all, the LaxSrCo.Fg0s:; (LSCF) shows oxygerteficient
nonstoichiometry. In comparison, 1aSryMnOs.; (LSM) can have both the oxygaxcess as
well as theoxygendeficient nonstoichiometries. In the SOC air electrode environment, the
oxygen partial pressure is high enough making the LSM in the o)gxass state. So the
significant difference lead by the oxygen stoichiometry &sdkygen ion conductivitylhe very
large concentrationsf oxygen vacancies LSCFgenerated in these leatb rapidbulk oxygen

ionic transport as well as increased r§8s3.
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Fig. 1-4. Oxygen stoichiometrgamplef LSF, LSC,and LSM[28/48].

Numbers of other perovskite oxide materials have beenagiglied for the air electrode
of the SOFCssuch as BaSi sCoy sFey 203 (BSCH andLaNip ¢F& 403 (LNF). BSCF has been
investigated for the cathode 8OFC working at loviemperature (60850°C) and for the single
chamber design. The performance of the BSCF is very high at that low tempgt2ie7].
LNF is designed as an air electrodetenial with higher resistance to the Cr poisoning. However,
more long term tests are needed for developing new perovskite oxides for the air e[@8rode
The thermal and chemical stability becomes very importanthén long time testsMn is
generallyless reducible than other transition metals (E®), in a perovskite matrix, and thus
LSM exhibits little or no chemical exparmn [128. Generally, LSM is that it is more
thermodymmicallystable than mixed conductors containaadpalt or iron(LSCF)[129.

As discussed above,any other perovskite materials show good properties and higher
performance as theair electrode. However, the stability is not always good endagmany of
the materialsin the temperature range 80000°C, LSM is still the state of the art air electrode
material for SOFC§107.

In SOEC mode, thavailabledata is nosufficient andalmost all the test hdseen done in
LSM oxygenelectrodg 6,8-10,39]. Until now, LSM is the rost wellinvestigated and promising

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

The electrochemicaprocesses of the SOCs are fairly complicated for the materials for
the gascatalystreactions 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 ofCSédficiency,
the cathodepolarizationcauses the major voltage loss of the SOFC. The resistant loss from the
air electrodéelectrolyte interface cause by cathodic polarization has been investigated widely by
the electric impedance spectroscopy (E[8Y,130131]. The cathode polarization is more
significantin the LSM/YSZ systenbecause the relatively poor ionic conductivity of LSM,
which can contribute 60% of voltage loss of the whole SQET]. For the SOEGnode thee
is lack of detailed result to analyze the polarization loss.

In order toclarify the electrochemical reacti@m theair electrodeside of the SOFCGhe
basic concepts such as chemical reactielectrorion diffusion path, and materialand
conditions of the process must ¢arefullydefined and classéd tostudy the mechanism.

First of all, the electrochemical reducing reaction of oxygen in the air electrode of SOFC
O, (gas)+ 2¢ (cathode)y O? (electrolyte) (1-3)
where three reaction path can be listed bgkbi.

1. The electrode surface path includes oxygenditiission, adsorption obxygen on the
electrode surface, diffusion of (possibly dissociated and pariged) oxygen species
along the surface toward tHEPB where electrolyte, electrode, and gas phase meet,
followed by completeionization and ionic #&nsfer into the electrolyte. The
incorporation into thelectrolyte does not necessarily occur directly aflthB; surface
or interfacediffusion of the ionized species could lead to a certain broadening of the
incorporation zone.

2. The bulk path consists oxygen gas diffusion, adsorption on thie electrodesurface,
dissociation and ionization, incorporation into tae electrode oxide ion transport

through the electrode, and the transfer of the ion inteldtrolyte.
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3. The electrolyte surface pathdudes oxygen gas diffusion, adsorption, amtzation on
the electrolyte surface (with electrons being provided byetbetrolyte), followed by a
direct incorporation into the electrolyte. The véow electronic conductivity of most
relevant electroltes (particularly ozirconia) can be expected to restrict the active zone
to a region very close tihe TPB. Hence, this path is, from a geometrical point of view,

similar to theelectrode surface path discussed above.

The three possible reaction patbsiefly demonstratethe locations where oxygen
reducing reactions occur which helps the investigation of geometric parameters. However, for
each pathexcludingthe geometric parameters, the mdegailedreaction mechanisrshouldbe
analyzed[48]. Also, nodifications of the pathée.g., adsorption of a molecular rather than an
atomic species or diffusion algrthe air electrode/electrolyte interface) and a combination of
electrode and electrolyte surfgoaths (adsorption on air electrode and surface diffusion onto the

electrolyte surface) ardso possibl¢47,137.

electrode surface path bulk path electrolyte surface path
0,
™\ 0,
V/ ~ cathode RE=D0 _ v cathode
Of 2e * cathOde ():tdH ()ad2 }e'
5
(023 electrolyte 02>  electrolyte O electrolyte

Fig. 1-5. Sketches ofhree reaction paths of the oxygen reduction and incorponagamtion and

some possible ratgetermining steppt7].

Secondin order to analyze the reaction detdithe air electrodggarameters influencing
the correspondingeaction or transport rate and thus the polarization resistance ahiwided

into three groupf47]:
1. Independent of the materiptoperties the external parameters oxygeartial pressure

p(O.) (or, moregeneral, gas composition), overpotential, and temperaapécitly

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 ntaesel,
properties are determined by theusture and composition dhe bulk air electrode
material (and thus also by factors such as doping level, impurities, nurier
microstructure of grain boundaries) and the structure and composifiothe
surfaces/interfaces (i.e., terminatioorientation, segregated speciemnequilibrium
interface defects, etc.). The materials properties usually depetemperature and can
also be affected by(O,) and overpotential/biagoltage.

3. Geometrical parameters such @&BB length, surface area, émtace areaporosity,
electrode thickness, and exact distribution of all phases constitute a third group of

parameters that stronghffect the reaction rate.

The strategies to study the oxygen reducing reaction mechanism are based on carefully
control he parameters and analyze EI& 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 perovskiteiaisgi¢9,104]) 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 beeninvestigated in different atmosphereg(d,)). As listed above, the effects of
parameters group 1 (external: temperature, atmosphere and electric current) to parameter group 2
(internal properties: conductivity) has been studi€tere are many useful rdwi of the
importantinternal material propertiesuch as ionic/electronic conductivitavebeenprovided
The major representative perovskite air electrode materials are divided into two groups: LSM
family (electronic conductors) and LSCF family (eledic/ionic mixed conductord@8]. The
dependences of materials properties with temperature and atmoapheetatively simple. The
electric current brings the most complex effects to the air electrode.

For LSM, he electronic conductivity is dependetat temperature, which is about X00
300S-cm't. And the ionic conductivity is as low as'1(-cm' %.[99,106107,133134. 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. Howédneegxygendiffusion pathmakes

the overall process far more complex than the reabtippess only on the TPB.
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Comprising with the LSM family,hte LSCF family with much higher ionic conductivity
attracts considerable attention. Tinelk path of oxygen ion diffusion becomes a d¢desable
mechanism.The oxygen reducing mechanism on the mixed conductor air electrode has been
identified as the combination of bulk and surface transport paéis14115135. The LSM is
moreinteresting in this work. The process of oxygen reducindpnénLSM air electrode will be
briefly reviewed below.

As discussed above, the air electrode materials can be classified as electronic conductor
and electroniandionic mixed conductor, which give out the different oxygen diffusion paths
and makes differg electrochemical processes (Fief) [48,137.

electrons
cathode reaction: % O, + 2 e" — 0% = oxygen
=Py OXygen ions

W

pure electronic conductor i mixed electronic - ionic conductors |
oxygen reduction at the oxygen reduction all over
triple phase boundaries the cathode surface

Fig. 1-6. Electrochemical processesdifferent air electrode materials of SOFL364.

Among the steps for the oxygen reduction reaction, there are at least two steps associated
with oxygen diffusion: oxygen surface exchange between the @lecand 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 BYQhEO isotope
exchange measurement. A gradual decre&smtope 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[137,13§. The result indicates th#tte oxygen can be reduced on the LSM

24



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 termf hreephase boundarig3PB)o is where electrolytand electrode contacts, and
gass are feed on. The SOCs must obtain proper gas flow designs for their electrochemical
processes of generating electrical power from fuel gas and oxygen (®0O&€ or producing
hydrogen(SOECmode. So the porous electroslare 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 diffup4&i38-14Q.

First of all, in order tdigure out thebehaviorof the TPB and achieved tlygiantitative
result, the geometry of the porous electrodesttbe well controlled to obtain thength of the
TPB. The earlyresearctof Fukunaga et al quantitatively calculates fgregthof TPB of porous
LSM air electrode revealing that the cathode overpotential of the SOFC can be effectively
decreasetyy increasing of the TPB lengftt39,141]. Furthermore, new technology suchlaser
deposition techniqubas been used to make mi@iectrodes with regular shape to quantify the
geometry parameters and obtain the precise controlled 9BB42143. The impedanceesults
showthe electric current plays a very important role in the oxygen diffugisrshown in Figl-

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

[143.
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Figgl-7.7Sketch to illustrate that the electrode g
via bulk pathlg and via surface paths and, therefore, the transition from dominating bulk to
dominating surface path. (a) Sketch of the two cuirnaitage characteristics assumed in these
qualitative considerations.i(d) Sketch of the corresponding current via bulk and surface path.

The thckness of the arrows indicates the value of the current via bulk and via surface path. The
three boxes correspond tg=Is and, hence, to the transition from surface path to bulk path.

Obviously, the voltage at which this transition occurs depends ofeitteoele geometrf143.

After all, themechanism of the oxygen reducing on the air electrode of the {QfC
LSCF and LSM)s not well defined yetThe bulk/surface transpoof oxygen ion is competing
and strongly dependent to the electric current. Furthermore, fabrication is another famous factor
affecting the performand@8,48].

Significant advances have been made in recent years in the developraerglettrode
materialsand it is now essential that efforts are directed toward the optimization @irthe
electrodefabrication and structumlthough there are still issues not clear for the oxygen
reducing mechanism in the porous air electrode especially witholleization, 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 conf i r nmeednta©Onshetecienolay sidedM/YSDH ab o u:
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 togethen interconnection is used in 80stackg52-61]. 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
interconnet can also supply mechanical support for the SOC stddles.requirements of the

interconnection are the most severe of all cell componexdtgalude:
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1. Nearly 100 percenelectronic conductivityto maintain the current in the stacks and
minimized theoss from the internal resistance.

2. Stability in both oxidizing and reducing atmospheres at the cell operating temperature
since it is expsed to air (or oxygen) on tlaér electrodeside and fuel on thanode side
it is importantto keep the electric coctivity and mechanical properties, avoiding
degradation and failure during loigrm operation.

3. Low permeability for oxygen and hydrogegn minimize direct combination aixidant
and fuel during cell operation.

4. A thermal expansion coefficient close to that of direelectrodeand theelectrolyte; and
nonreactivity with other cell materialgthe thermal and chemical compatibilities with

the ceramic cells are critical to the long term performance of the whole stac

To satisfy these requirementle ceramic interconnect materials have been employed in
the earlier researchg$3,54]. The most welknown ceramic interconnect materiapped
lanthanum chromitgLaCrG;, LSC) is used as the interconnection for cells intended for
operaton at 900-1000C [54,144-144. The ceramic interconnectgeneally shows matching
CTE with ceramic cells and good chemical stability in the different atmosph&4es0)].
However, there are some disadvantages of the cerart@écconnects. The conductivity of
ceramic interconnect is not high, such as doped LSC with electric conductivitys6f 8&n* at
1000°C. The conductivitpf LSC at lower temperature and in lowexygen partial pressurs
even lower, whichs harmful tothe power generation efficiency anestricts the application of
the ceramic interconnect (especially in lower temperature such s8060C). Furthermorethe
material cost of ceramic interconnect such as LSC is hightlaadabrication of ceramic
interconnect is more complicated than mktahterconnect which also lead &higher cost[74].

The interconnect, whicim some casalso 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 SOCcells intended for operatioat lower temperatures (<900 is possible to use
oxidationresistant metallic materials for the interconnection. Compared to ceramic interconnects
(LSC), metallic alloys offer advantages such as impraweshufacturability, significantly lower
raw material and fabrication costs, and higher electrical and thermal conduf2%857-

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 atmosphegbsgldutrical
conductivity not only through the bulk material but also insita-formed oxide scales,
mechanical reliability and durability at the cell operating temperature, and strong adhesion
between the aformed oxide scale and the underlying allopstratg 44,60]. Ni based, Cr based,
and ferritic alloy haven been tested for the metallic interconnect mdtefal

For the metallic interconnect, most studies are focused on ferritic staistesl.
Chromium is the necessary ingredient in the interconnect to reduce oxidation under SOFC/SOEC
operating conditiong56]. Compared with nickebased and chromium based alloysyritic
stainless steels arég most promising candidatésr its low cost. Some specially designed
alloys in the stainless ste&hmily offer a protective and conductive chromulased oxide scale,
appropriate thermal expansion behavior, ease of manufagtuAlthough these alloys
demonstrate improved performance over traditional compositions, several critical issues remain;
among these are chromium oxide scale evaporation and subsequent poisamirejeztrods;
scale electrical resistivity in the long term; corrosion underaoterect 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, eleeriesistance and chromium volatil[ty7,58].
1.3.2.0xidization and Evaporation of Cr-containing Alloys

A variety of alloy systems have been investigated as interconnect materials, sueh as Fe
Cr, Ni-Cr, and FeNi-Cr alloys[56-58]. The common trait of these systems is that they all form a
surface layer of GO3, or chomia, under the oxidizing atmospkernd this layer provides high
temperature oxidation resistandée 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 alloyrface.Si and Al scales show better oxidation resistance than Cr
scale, but for the interconnect of th&@Cs;the electric conductivity of the oxidization scale is
necessary. So €montaining allog forming Cr oxidation surface scale (sometimes inclgdin
other elements such as Mn) become the choice of the SOC interconnect rie@eridmong
the FeCr, Ni-Cr, and FeNi-Cr alloys, ferritic stainless steel {& alloy, with 1030 wt% Cr

and other minor componeits more promising for its low cof5g].
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Chomia (from the oxide scale on the surface ofdontaining alloyskvaporates at high
temperatures and forngaseousCrO; species. The pressure of the gaseous; Gr@eases with
oxygen partial pressure. The moisture in the oxidizing environment can chosea cto
evaporate as well, in the form of G(OH),. Water contents above 0.1% in air result in the

partial pressure of Ci{fOH), to exceed the partial pressure of @f@8,56,148149:

Cr03+3/2G,A 2Cr0;
Cry03+3/20,+2H,0A 2CrO,(OH),

(1-4)
(1-5

CrO3(0H B

p(i) / Pa

10
p(H,O) / Pa

Fig. 1-8. vapor pressure of the Cr volatile species in different water vapor containing air at
1223K][23].

There are manglloys (all of them contain considerable chromium) have beeneapa#
the interconnect materials for the SOG3,15(. Thechromiumbasedalloys and nickebased
alloys have been considered by their capability of working in high temperétigie. ferritic

stainless stealas designed for SOC applicatioradter the working temperature is lower than
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900°C Stanislowskiet al. and Fergug[57,150-152 compared the component of different

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

Table1-3. Nominal compositions of alloys for the SOC interconjigef150-152.

Alloy Concentration (wt%)

Cr Fe Y03
Ducrolloy

Bal 5 1.0
(Cr5FeY,03)

Concentration (wt%)

Ni Fe Cr Mo Mn Co Si Al Zr

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

Concentration (wt%)

Fe Cr Ni Al Si Mn Ti Mo Nb
AIS| 441 Bal 17.6 0.20 0.045 0.47 0.33 0.18 0.46
E-Brite Bal 24.1 0.11 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 Tablel-3, Ducrolloy (alsoreferred as Cr5FeXD;) is arepresentativeCr based alloy,
which has been tested in many early researfh®3156]. Haynes 242 is a representative Ni
based alloy, which shows good conductivity @D@E close to YSZ[151,157-160. And all
others are Fe based alldg.the chaen alloys, the requirements of CTE and electric conductivity
at high operating temperature of SOCs moktye beematched.The CTE of the alloys is
controlled by the composition to be 142.0x10°-K™ which is a little higher than YS[55,57.

The acceptable resistanse255 0 md [5%. Mhe primary different between the Cr and Ni
based alloy and the Fe based alloy is the surface oxidiz&roand Ni based alloys such as
Ducrolloy andHaynes 242 mainly form @Ds; on their surface during oxidization at SOC
operational temperatur€&or ferritic stainless steel with small content of Mn (< 0.5 wt%) can
form a (Mn,Cr}O,4 spinel top layer on the surface. Although the volatile Cr species are still

released, the evaporation rate is slower. Some works investigated the gngpmel 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-Brite forms CpO3 on the oxidized surfac&or Crofer 22 APUand E

Brite are widely investigated metallic interconnect materidl$6,62162165. The Cr
vaporization rates of different higbmperature steelwere measured directly15Q. It was
shown that the Cr vaporization rates of the ferritic stainless steels, specifically developed for
application as interconnector materials in SOFCs, such as Crofd?22re verysimilar. These

alloys form a weladhered (Cr, MnJO4 spineltop layer that reduces Cr vaporization rates in
humid air at 800°C by 6I75% when compared to alloys that form pure chromia scales like
Ducrolloy and EBrite [15(0.

AISI| 441 (also referred as T 4413 similarferritic stainless steellloy with higher yield
strength and lower cost, ialso being considered as an alternative interconnect material
[147,166-169. Like Crofer 22 APU he surface scale growth is al@@r, Mn)3;0, spinel layer
[160. The CTE ofAlSI 441 matches the other SOF compon€gifg(. 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 goifith2,169.

From the previous quantitative measurementSrofolatile species vaporization rate, the
release rates of Crolatile species from ferritic stainless steel (with similar Cr content) are
similar [30,15(. However, the reduced Cr evaporation rate still cannot inhibit the Cr poisoning
in SOC applicatiof30,156,160. So coating on the metallic interconnect is an effective way to
reduce the Cr evaporati¢h9]. The coating materialmainly includespinel and perovskite oxide
materials for their similar structure and CTE to the air electrode materials obtaining the thermal
and chemical copmtibility. The electric conductive of the coating is also need to be high enough
to avoid the extra ohmic resistan@ea,Sr)CrQ and(La,Sr)FeQ perovskite oxidesvas teste@s
the coating for the interconned¢t.a,Sr)CrQ shows better conductivity antié Crcontaining
coating need to be further evaluated to make sure it can effectively reduce the Cr evaporation
[171]. (Mn,Co)04 oxide is the most common spinel coating, which can be fabricatstuiry
method, sclel technique, and electro deposition meth@d2173. Some tests have been
delivered, which shows the C&u and Nicontainingmetal oxide coatingsan reduce the Cr
evaporation raten 1000 h tes{174. More longterm test of coated interconnect needs to be
provide to further evaluate the stability. Another solution was reportd€ohyshevaet al. In

this work, the thickness of LSM contact layer betweenli8®/YSZ composite air electrode
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and the Cicontaining interconnect is controlled betwees 0 & m. The contact |
workingasaicoati ngo or fbuflyadsorbd G gnethe Gurfacd areiuces p r o b a |
the Cr diffusion. The result shows that the thick LSM contact layereduce the amount of Cr

volatile species. The concentration of the gaseousp€cies could be diminished due to their
adsorption in the thick porous LSM contact lageB00°C in over 1000 [29].

1.4. Interactions between Cell Components on the Air Electrode Side

Due to the high operational tempenaof the SOCs, the interactions between the cell
components including sealing and interconnect materials must be considered for the long term
durability of the whot¢ systemDegradation 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 agingr oversinteringof the porous microstructure leads to decrease of theeac
site of the electrochemical reacti¢@4]. The interfacial interactions between tledectrodes,
electrolyte, and also the sealing/interconnect mateitalalso 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@otenect plays another important role of the
degradation. For some long term stack experimems 2000 6000 h, the degradation is
attributed tathe interaction between the electrolyte and the air electrode, the Cr deposition at the
air electrode, and thimteraction of glasseramic sealant witimetallic interconnecf136175
177. Understanithg 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/hyerno electrode, electrolyte and
air/oxygen electrode, which agenerallythin ceramic layersBoth 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 theoantact resistance of the celfor the commonly used YSZ/LSM
system, the L&r,0O; and SrZrQ are the phases formed in the interfacial interaction. Obviously,
these undesired phasase formed predominantly at the TPB area causing an increase of the
resistance[13,178181]. The interaction isffected by temperatuand chemical composition, as
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well as cathodic polarizatiorHigher temperature is beneficial to the formation opArgO;

phase. For LSMa largeramount of La and Sr in the stoichiometry leads to easier formation of
Lap,Zr,O; and SrZrQ [17818(. In some reports, the polarization accelerates the formation of
the faeign phases, but the effects are not very clear, which is because the undesired phases

forms andchange the resistance and the polarization accordih8.

Fig. 1-9. Formation of LaZr,O; [178179.

For the ferric based air electrode such asy}3rCo.,Fg0Os (LSCF), the chemical
compatibility with YSZ electrolyte is much worse than the LSM air electrode, where thesSrZrO
formation is extensivgl31]. Gadoliniumdoped cerig GDC) is generally applied as the barrier
layer in between the LSCF air electrode and the ¥&ctrolyte (Fig. 1-10) [183185. The
diffusion of Srcan be inhibited. Howevethe GDC barrier layeleads to complex structure and

higher manufacturing cosand the long term stability neetdsbe tested.
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Fig. 1-10. Cross sectiorof a single cell with aranode (fuel electrode)/YSZ electrolye€GO
(GDC) barrier layer/LSCF cathode (air electrode) strudtLgg].

1.4.2. Interactions betweerOther Components

Besides the electrolyte and the electrodes, sealant and interconnect materials are critical
for the SOC stacks. Glass or glassamic sealant and metallic interconre@ the mairstream
materials for the planar SO($3,66,186187]. The interactions related to the sealant and
interconnectrealso very important. For their applicationfferent cell components need to be
hermeticallysealed at all times in order to prevent gasimg, leakage, or internal combustion
This requirementplaces extreme demands anseal glasso perform in severe environments
involving high temperatures, thermal stress, eneimically aggressive conditiofi2,188-190].
Undesirable nteraction at thenetal/glassnterface can lead to cracking tfe glass seal and
mixing of fuel and oxygencontaininggases [57,62,191,197. The interconnedglass sealant
interfacialbehavior is also affected by different atmosphefégse issues are often exacerbated
by long term operation (>40,000 hrs), highmpeeratures (75900°C), and corrosive
atmospheres (wetdudng), which frequently drive materials into regimes where conventional
understanding of material behaviors and transport processes is not sufficient.

The seaing must be chemically and structuyastablein SORC/SOEC high temperature

reactive environmest(moist reducing and/or oxidizing conditions), and demonstrate chemical
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compatibility with interconnect materia[$4,193-19§. Also, seals shoultiave good bonding
with the cell components that they sdal.addition,a seal glass mustave high devitrification
resistanceVolatile constituents (e.g., alkaé oxide¥ should be avoided. If theereany volatile
species, they should not have a deleterious effect on cell performance.

The vapor phase deposition happens in the porouseairade layer as well as the solid
state interfacial interactions. When the lowst Crcontaining 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 etemde, which is one of the major degradation mechasism
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 depos|tl®@9200. The Cr poisoning behavior will

be discussed in detail in the following section.
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Crofer22APU

Micro-cracks

Fig. 1-11. Some possible leaking of the sealant/interconnect[208z207).
1.5. Chromia Poisoning

1.5.1. Cr Deposition Behavior on theAir Electrode Side of SOCs

The Cr volatile speciegenerated by the @montaining alloy interconnect of the SOCs
lead b degradation of the cell stadBhromium poisoning of SO@ir electrode occurs by gas
phase transport athromium from the interconnect material to #ie electrodg23,149. The
chromium transport occurs primarily throute formation of C¥-containing species, such as
CrQO; or CrO,(OH),, from oxidation of chromium oxide in the interconngt2-27,29-33].

Hilpert et al[23]. used thermodynamic calculat®to investigate the Cr evaporation and
deposition processes, and claimed that the CatM®lspecies are sensitive to the water vapor
contenf even the water vapor was over 0.1%, the major gaseous Cr phase bEcOpiesi),
instead ofCrQ; in dry air. Also, Hilpert etal. [23] pedicted the electrochemical and chemical Cr
depositiorreactiors [23].

Cr evaporation:
Cr,03+3/20,A 2Cr0; (1-4)
Cr,05+3/20,+2H,0A 2CrO,(OH), (1-5)

Cr depostion:
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1) Electrochemical reaction
CrO; (g) + 3€ = 1/2Cr,0;3 () +3/20F (1-6)
CrO,(OH); (g) + 3€ = 1/2Cr,05 (s) + HO(g) +3/207 (1-7)

2) Chemical reaction
LayxSKMNO3(s) + ¥2Cr0s(S)= Lay-xSKkMn1.yCryOs(s) + (Ch.yMny) O 54(S)+ W20,(g)

(1-8)
La;xSKMNO3(s) + yZrQy(s) + (+y)/2Cr0s(s) = Lai.xSrMn1.yZryOs(s) + CriyMny)Oy 5
u(s)+ 1/2(i + 0.5y)0(9) (1-9)

The Cr vaporation mechanismsvebeen confirmed by experimental wdrk49. After
metal interconnects started to bBppliedin SOG, chromium poisonig on the air electrode
leading to degradatiowas recognize@nd the behaviors were detailed studiBdsed onthe
earlyresearchby Taniguchiet al.[33] and Hilpertet al [23] fifteen years agomorework has
been doneThe proposed Cr deposition mechanisans more clearly understodsed on new
experimental resultgetthe controverg of polarization effecis still going on.

Considering the mechanism research, theravasgpartswhich need to be evaluated: the
degradation of the electrical performance and the Cr species deposition on the porous air
electrode and the electrolyte.

Chromiumpoisoning inSOFC(LSM/YSZ based)vas first investigated by Taniguchi et
al. [33]. The SOFCwith LSM air electrodeworking with Cr volatile species showed a rapid
voltage dropof over 60% in 200 kat 1000°C. Thepolarization resistance increase accordingly.
Large amourd of Cr were found on the LSM air electrode layer and close to the LSM air
electrode/YSZ electrolyte interface in the test conditi@3. Significant degradation of the cell
performance indicatethe interaction mechanism of Cr speaiesthe air electrode side nesztl
to be clarified.Badwal et al. [17] tested the SOFELSM/YSZ based)with chromiumbased
interconnect material &00-1000°C. The cell voltage dropped 50% 16 h in the operation with
high currentdensity (250mA-cm®). The most noticeablphenomenn was the current density
strongly affected the degradation ratéhile the effect of current loading time wathat much
smaller(Fig. 1-12). With a current densityof 125mA-cm? and lower, tie decreasef the cell

voltage waanuch slower. In the condition of high current density and fast degradation, the Cr
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deposition (identified as @D; and spinel Cr, Mn oxides) were founa fill the pores othe
porous LSM electrode close to the YSZ electroly@eiadakkerset al. [32] reported the solid
phase interaction betweehe air electrode or contact layer (LSM) withe Crcontaining
metallic interconnect forming oxides such as Mi@izr However, the Cr volatile speciegre
considered ashe main cause of the cell degradation, while the solid phase interaction just

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

[17].

The early worksdiscussedabove are aboutthe experimentscarried out at high
temperature, whichcauses large amouts of Cr deposition in the electrode anat
electrode/electrolyte interfa¢@7,33]. However, even workingt lower temperaturandreduced
Cr deposition Cr poisoning still happed [203206. The degradation of the cell voltage
bemmes a critical problem of using metallic interconnect materid#ostly, the cathodic

polarization was considered as the driving force of Cr deposition.
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In order to addressthe problem, more detailedstshave beertarried out to clarify the
mechanism.The researchers focus on how the Cr species depasidsdistribute on the air
electrode and electrolyt&he simulated cell environmenith external electric power to supply
the currenthas beerusal. Jianget al. [2528,207,208 investigatel the Cr depositiorof the
LSM/YSZ simulated celin different conditionsandpublished a series of papers in whibk Cr
depositionbehaviorwas characterizedrirst of all, it should be noticed that Cr can depasit
only on theTPB like the electrochemical reaction proposed by Badwall.[17] asEq.6 and 7
The crystals indentified by EDS as,0g and (Cr, Mn}O, depositon all the YSZ surface, which
is more favorable than the LSM surface with the cathodic polarization. Secoreffabis of
polarization show thatthe Cr species deposited on the YSdrface when both cathodic
polarization ¢xygen reducing reactiprand anodic polarizatioroxygen ion oxidization reaction
applied. When thee is no electric current, the Cr deposition is minimized. These results
indicated that at least the electrocheahireaction of Cr (VI) gaseous species reducing and
depositing on the TPB is not the ombBactionof Cr deposition. Furthermorepservation of the
early stage polarization showed that the Cr depoartdomly on the YSZ surface first without
preference of depositing on the TPEDS,.

Paulsonet al.[31] also characterizbéthe Cr depositionn a LSM/YSZ half cell with
cathodic polarizationThe LSM porous air electrode layer partly covered the YSZ electrolyte
disc. The Cr depositiowas found on the YSZ surface outside the LSM layeraas f as 500 ¢
The Cr deposition of this casgas not random, which extended from the edge during the
polarization.The deposition process propossedhat of depositioron the extended TPB dlfie
Cr,03/YSZ. Wang et al. [209210 investigated the behaviors of Cr deposition of the YSZ
surfaceusing aMn, Co and Fe doped and undoped YSZ surface avith electrode. The reku
showedthat 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 detectedlear the same condition of the doped and apedl YSZ without
polarization

For the Cr distribution in the porous LSM air electrode layer, many reseancalgzing
the Cr distributionhave shownthat theCr deposition on the LSM electrode/YSZ electrolyte
interface and porous LSM layer occurred sitankeously21,29,30,206211,217. The interfacial

depositionwas strongly promoted by the current density, while the deposition on the LSM layer
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was likedy to be independentf the polarization and current densit$0]. Liu et al. [217
analyzed the Cr deposited species &ymicrofocused synchrotron -¥ay scattering and
radiographic experimenthe result shoed thatthere were about 10% Mn£0, and 90% GiO3

in the LSM/YSZ interfacial layer, and almost 100% Mg@yin the LSM layerfar away from

the interfacelt should be noticed that in different experiments, the amounts of Cr deposition
were hard to comparebecause the different porous laymicrostructuresand the different
evaporation rate from the €ontaining alloys led torariations inthe concentration othe

volatile Cr species.

Fig. 1-13. LSM/8YSZ interface after a polarization for 100 h with a current density of 0.3A cm
with the alloy current collector at 1073 K(a) crosssectional SEM photograph and
(b)distributon of Cr element obtained l@ectron probe micra@analyzefEPMA) [203.

Besidethe LSM air electrode, other materials such as{SxCo..yFg,0s.5 (LSCF) have
been tested in the condition of volatile Cr spe¢is’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 StGuich also led to cell degdation.
Some newly developed air electrode materials without Mn and Sr (which can form compounds

with Cr) are considered as -@ierant electrode materials such lasNi;.,Fg03; (LNF) and
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(Lag 6Sh.4xBa) (Cay Fe.g)Os (LSBCF) have been developed andrenevaluation work nesdo
be carried outo evaluate their tolerance @r poisoning21922(Q.

For SOEC mode Cr evaporation and deposition have also been obsénvadSOEC
stack test[177]. It confirmedthat Cr deposition can happen under the anodic polarization
condition (the electrochemical or neelectrochemical process not clear)[25]. The Cr
deposition was also suspected to affect the eledyriaative sites and teto the degradation of
the SOEC stacks.

In summary,for the most widely studied LSM/YSZ cell components, @ispning
behavior comes from the deposition of volatile Cr species and eaxt|l degradation. Th€r
deposition contas interfacial deposition andurface deposition orthe LSM. External
conditions affectingCr deposition mainly include temperatureglgrization, andtype of
atmosphere. Higher temperature cauadsgher Cr evaporation rate and volatile Cr species
concentration which lead to large amauaf Cr deposition. The polarization condition is the
main factor whichpromotes interfacial Cr degition. The atmosphere determines the volatile Cr
speciesespeciallywith water vapor in the atmosphere. However, the above external factors must
be considered carefully because tla¢so play importat roles in other aspects oéll operation.

The tempeaature determines the conductivities and activities of electrolyte and electrode. The
water contentof the atmospheralso accelerates the electrode degradati@R0(q. So the
external conditions affecting Cr poisoning must be comprehensively evaluated.

In addition the internal factors such as ttigemical corposition of the cell components
andthe microstructure of the pauws layer can béesigned to improve toleramto 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
electroee layer can help to minimiz€r pasoning. For examplea thicker interconnect layer

made of porous LSM or similar pr othedifusioreof mat er
Cr species anthhibit the Cr poisoning29].

Theoretically, futher understanding of Cr diffusion and deposition processesd be
helpful to developSOC stacks witta high toleranceo Cr poisoning.However, thereare still
controversieswvith regard tothe Cr depositiorprocess suchasis the interfacial depositioa
competitive process witkthe oxygen reducing reaction or a nuclei growth process related to

Mn?*. The prous electrode microstructuend the difficulties of quantitative analysis of Cr
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make the mechanism of Cr species deposition/interaction in thea@Oglectrode not totally

clear.
1.5.2. Electrochemical andNon-electrochemical Mechanism

Based on the Cr deposition behavior discussed in the last sectioa, dtee three

scenarios fodeposition of the volatile Cr species

1. Cr species deposit on théB.
2. Cr species deposit on tarface of the electrolyte.

3. Cr species directly deposit on the surface of the porous air electrode layer.

Scenariosl and 2 are believetb happened mainlyn the presence of polarization and
scenarid is considered indepeeadtof the polarizatiorf1,25,30,31,33,203. Disagreements over
the electrochemical and naectrochemical mechanismsccur n scenariosl and 2 (with
polarization).The proposed electrochemical and sb&ctrochemical (chemical) mechanisms are
demonstrated in Fgy1-14, 1-15, and1-16.

Badwalet al.[17] proposeghatthe deposition of the Cr volatile species corepetith

oxygen in the air electrode of the SOFC (IiRB sitesscenarial).

2Cr(OH)Ox(g) + 66 A Cr04(s) + 2HO(g)+ 3T (electrolyte) (1-10)
2CrOs(g) + 66A Cr,04(s) + 3G (electrolyte) (1-11)

The electrochemical mechanism of Cr poisoning is shalove, where the Cr volatile
species are reduced by the electrochemical process on the air electrode (mostly considered as the
TPB).There aradditionalresearcherasho support the mechanism of electrochemical reaction of
Cr redution [18,24,29,30,203-209].

Someof the most convincing evidender 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 polarizatioagalft the same

temperature andnderother test conditions, for the case of no electric current applied, the Cr

42



deposition is hardlyseen 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 electrodecigse to the LSM/YSZ interfacend consideredo
block the TPB active sites (Fif}:14(a)).

In many casesespeciallyin long-term operation samples, the Cr deposition is observed
not only at the TPB @6 (scenario2). The Cr species can be found in the porous air elegtrode
layer severaimicronsaway from the interface, amms f ar as 500 em away
electrode dpositing on the uncovered electrolyte surfg8®31,203. The Cr depositionn this
caseis not consideredasa randomdeposition processvhich extended from th€PB during the
polarization. The deposition process proposedthat ofdeposiion on the extended TPB tifie
Cr,05/YSZ[3]] (Fig. 1-14(b)) .

To interconnect
To interconnect

zcro?(OH)P}gas + 3\'F(‘J‘)SF =
ECFOZ{OH)Z}Q% + 3V )eg = Crzo's)Crzo2 + 2H20)gas + GOS)SE + Gh‘}cvzos
Hol Cra03lcr,0, + 2Hz20)gqs + 30%)se + 6 )catmoce Hole
ole- O - .
conducting p conducting p .
rO5(OH),
cathode 2Cr02(OH;2 cathode 2(UR)al | H0
Cra0y P ‘
Crdos Oxidesion= Oxidesion=
Vo conducting conducting Vg

electrolyte electrolyte

To anode To anade
(@) (b)

Fig.1-14. Electrochemicaimechanism ofcenariol and 2: (a), Cr depositon in TPB; (b), the
extending of GO; TPB[22].

On the other hand, Jiang et f15-28,35,99,208 propose that the deposition of Cr is not
dominated by electrochemical reduction of the high ade®r volatile species. The driving
force of the Cr deposition is suggested to be related to the Mn species. The equations are
[25,208:

Mn%* + CrO; A Cr-Mn-O (nuclei) (1-12)
Cr-Mn-O (nuclei) + CrQA Cr03 (1-13)
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Cr-Mn-O (nuclei) +Mn** + CrO; A (Cr,Mn)O4 (1-14)

Experimenal evidencesupporting the noelectrochemical mechanism 4&3):

1. Cr deposition on the YSZ electrolyte occumsder cathodic as well as anodic
polarization.

2. the initial polarization bhavior is reversible, indicating no blocking effect of dative
sites for the oxygen reduction asconsequence of the deposition tbé Cr,O3; solid
phase at the early stage of tieaction.

3. nopreferential 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 directlyg contact with the Grontaining alloy.

The nonelectrochemical mechanism above considers the deposition on the YSZ is a
chemicalprocessand driven by thermodynamiesid thathe Cr deposition on the LSM is not an
electrochemical process itseMln acts as the nuclei for the volatile Cr spedeposition which
is a chemical proces# should be pointed out that even the +adectrochemical mechanism
considersthat the polarization causes the Cr deposition soknariosl and 2. The non
electrochemical explanation is that the polarization causes the valence chamgart€ular
element(Mn) on the electrolyte surface which becomes the nuclei of the volatile specie
deposition[28,208. The Mn species are affected by the polarizativhich can be used to

explain the dependence thie deposition rat®n the polarization voltage
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Fig. 3. Chemical deposition of Cr;O3 on LSM [31].

Fig. 1-15. Non-electrochemical mechanism stenaridl and 222].

For scenaria3, the formation of th€Cr,Mn);0,4 spinel phase is also reported in the LSM
cathod¢l17,33]. It should be noted that in the early wadviewed abovg17,2333], the test
temperatured relatively high (90.000°C) forthe large amount of @D; 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 (lif8@2a1)].

Furthermore, some researchers also prapdisat scenario3 generallyoccurs at the
same time withscenariod and 2 ands showed independent to the polarizationysheveet al.

[29] analyzel both LSM surface deposition armdkposition close to the TP8&s causing cell
degradation. With cathdd pdarization, the deposition on the electrode/electrolyte interface is
fast, and the LSM surface deposition is the minor pro@&=sause the contribution e€enarid3

is likely minor in Cr poisoninghowever there is no detailed research of this process.

It should be noticed thalhé LSM/YSZ system ia combirmationof an electrorconductive
air electrode and an ieconductive electrolyte/Vhenusing other materials such as LSCF/LSGM
(mixed conductive materials), the mechanisms will be diffetdatita 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 tearface of LSCHF22].

Consideing the Cr poisoning of the.SM/YSZ air electrode/electrolyte systerhetmain
controversies ofthe Cr deposition mechanism have been discussed ablogmeare also some
disagreementwith regard tahe experimental results. mLSM/YSZ half cell with polarization,
Jianget al.[208 foundthatthe Cr deposited particles formed on the YSZ surface randomly even
far away from the LSM/YSZ interface (TPB) in a few minutes. Jiangl. proposed that the
Mn?* on the YSZ surface reacted with the volatile Cr species. However, @ah§209 useda
Mn doped YSZ and Pt/YSZ half cell to study the same process and obseavdte Cr only
deposited on the Pt/YSZ interface (TPB) but not randomly on the YSZ suillceugh the
experimenal conditions are different in hcomparison ofesults, the disagreement reveals the
complexity of the Cr deposition procesMore work should be done to improve the

understanding of this problem.
1.6. Characterization Issues

As dscussed abovehe controversiesurroundinginteraction of the SOCduring long
term operation is partly from the lack afletailed and precise characterization technique. In the
older work the chemical composition analysis of the Cr depositiogualitative andrough
which leads toproblens in explainng the mechanisnj25,33]. Improving the characterization

technique will help to clarify the interactions affectdMC longterm opeation
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For the porous air electrode layer, the definition of the microstaicparameterss a
key point to studyng microstricture changeduring operation. Traditionallygcanning electron
microscopy $EM) has beerthe most popular methddr obsering the porous microstructure.
However, the disadvantage of SEM is that it cannot supply quantitative results. Many new
techniquesand statistial methods are used for microstructure characterization. Focused ion
beam (FIB) is the mostotabletechnology inrecentyears.FIB tomography uses an ion beam to
perform nanoscale sectioning of a sample; subsequeaging can be performedsing an
electronbeam.Repeatingthe milling and imaging proceduin build up a sequence of two
dimensional images that cére effectively reconstructed in thrdenensional spaceaffording
access to a wide range of microstructyratameter$222224. The @Ar econgsgsr acigir @n
improvement formicrostructure analysis, where all the parameters such as porosity pore size
distribution and topology, even tlspecial parameter suck &PB lengh for the SOC electrodes,

can be clearly measured.

Ga’ ion milling beam

Electron beam

Direction of milling

Face of interest
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Fig. 1-17. Schematic of FIB milling with combined SEM imaging and the reconstruction and
TPB analysi§222

Chemical composition analysis is another important part to istgdire 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 requirementexXsnple, 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 noramalynanometer scale.

The detection must have enough resolution fosehpurposes. On the other hand, ldveer the
detecion limit is, the bettetheresults for the low amount elemehatcan be achiewk

Energy dispersive spectroscofiyDS) is a widely used methodrfelemental analysis.
WhenEDS is used for Cr deposifi analysis, the small amount of Cr is close to the detect
limit (0.1 abm %) andthe 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 EDSn a qualitative analysig30,35,203. Schule et alf[221,225 usedLa 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 tansmission electron microscofVEM) [226227]. EDS is a fast and easy way for
the elemental analysis of the SOCGtowever, the quarttive results need to be carefully
analyzed.

For SOC research, surface analymsattraced more and more attention recentyears.

Air electrode materials such as perovskite LBdweshown thatsurface segregation and surface
chemistryare critical foroxygen reduction activity132228230. Furthermore, the surface is
also sensitive to foreign phases whmiomotethe catalyst poisoninf230. Surface analysis is
generallydone by X-ray photoelectron spectroscopy (XPS) and Auger electron spectroscopy.
Surface chemisyr and the interaction have not been widely studedticularly with regard to
some surface behaviors such as time relaxatwichremainopen questions.

Many other new techniques are used to improve SOC characterization. For the phase
analysis in thenteraction research, high resolution XRD is used and greatly increases the
resolution. TEMis also appliedmore for the nanometer scale phase and elemental analysis.
Another improvemenin characterizatio is in situ analysis duringperation by advanced

equipment231,237. Thesenovelcharacterization techniques navegs gve us opportunities to
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go further indealing withold issues and clariigg the controverssin the SOC researalthich

have existed foover forty years.
1.7.0bjectives and Outline of This Dissertation

As introduced irthe literature reviewthe interations of the air electrode with electrolyte
and Crcontaining 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
phasetransportin the SOC operating conditions, which cause the Cr poisoning of the air
electrode and interface degradations.

These degradation issudsave been extensively investigated. However, therés
considerable disagreements on the mechanisi@rafontaining speeis interaction with and
deposition on thair electrode Some studiesuggested that the deposition of Cr species is
closely related to the oxygen activity at the electrode/electrolyte inte(dB) [17,33]. In
contrast,othersbelieved that the interfacial degradation byp@isoning could be caused by (i)
blocking of electrochemically active sites by electrochemical reducti@r-obntaining species
and (ii) decomposition of thair electrodéy the formation bCr-containing mixed oxide, driven
by the thermodynamics without influence of the electrical potenti28§. There were also
claims that the deposition of Cr species depends strongly on the nature air thiectrode
materials and that Cr species depositad theair electrode is most likely controlled by a non
electrochemical proce$22,28,208

Besides the polarization statugher factors discussed above must be consideretie
operation envonment 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 poroeleciiode).

The atmosphere and microstructure affect the Cr deposition by affecting the concentration and
transportpath of the volatile Cr species. The different composition of LSM air electrode will
cause different interface interaction with the YSZ wtdgte. Particularly, Mn in the LSM wiill

be beneficial to the Cr deposition. The polarization will accelerate the Cr depasitioe TPB

By analyzing the factors during the thermal treatmdrat,mhechanism of the interactiond! be

clarified for theSOC 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 compattband help to design new SOC stack
structures to reduce materials degradation and increase the life time. Furthermore,-teeriong
operating performancean be better evaluated based on the understanding of the materials
degradation.

Based on thesmotivations, the objectives of this study areutmlerstand the material
interactions in the SOC operating conditiofise contents in this dissertation avatlined:

1. Simulated samples including SOC electrolyte, air electrode, and interconiledie
devdoped in this research. The configuration ofie sampleswith the different
componentsshould 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 spediesn the Crcontaining
interconnect The electrolyte/air electrode/interconnect -lyer 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 studliey 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-layer sample dring the thermal
treatment to study the polaaizon effect in the SOFC mode.

The potential issues to lo@vestigatedn this research are:

1. Cr deposition on the LSM electrode surface. The direct deposition of the volatile Cr
species on the LSM surfacedsnsidered as a neslectrochemical process or chemical
process. The phase formed by theLSGM interaction on the LSM surface and the
affects of the different volatile Cr species {8t or CrO,(OH),) are not clear.
Furthermore, the distribution of Cr the porous LSM layer also nestth be addressed,
which is important to understand ttiansportof 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 formgh@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 andreéMithea
critical elements in the interaction. However,i€present insmall amourg on the air
electrode surfageand one of the major elemsrif LSM, La, strongly interferences
with Cr defection It is hard to quantify the Cr distribution in the porous LSM layer
[35221]. Mn on the YSZ surface is the key of the netectrochemical mechanism,
which has not been clearly analyzed. By improving the surface characterization and

guantitative elemental analysis procedure, the interactions can be better understood.

References

1. Badwal, S.P.S. and Foger, K., Solid oxide electrolyte fuel cell review. Ceramics
International, 1996. 22(3): p. 2%2265.

2. Singhal, S.C., Advances in solid oxide fuel cell technology. Solid State lonics, 2000.
135(%4): p. 305313.

3. Singhal, S.C. and Kendall, K., High temperature solid oxide fuel cells. 2003, Oxford, UK:
Elsevier.

4. Huang, K. and Goodenough, J.B., Solid oxide fuel cell technology: Principles,
Performance and Operations. CRC, Cambrige, UK, 2009.

5. Minh, N.Q, Solid oxide fuel cell technologfgatures and applications. Solid State lonics,
2004. 174(34): p. 272277.
6. Eguchi, K., Hatagishi, T., and Arai, H., Power generation and steam electrolysis

characteristics of an electrochemical cell with a zircooiaeriabased electrolyte. Solid
State lonics, 1996. 88: p. 12451249.

7. Isenberg, A.O., Energgonversion via solid oxide electrolyte electrochemamlls at
high-temperatures. Solid State lonics, 1984(BUG): p. 431437.
8. Jensen, S.H., Larsen,H?, and Mogensen, M., Hydrogen and synthetic fuel production

from renewable energy sources. International Journal of Hydrogen Energy, 2007. 32(15):
p. 32533257.

51



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ni, M., Leung, M.K.H., and Leung, D.Y.C., Technological development of hydrogen
productionby solid oxide electrolyzer cell (SOEC). International Journal of Hydrogen
Energy, 2008. 33(9): p. 2332354.

Hauch, A., Ebbesen, S.D., Jensen, S.H., and Mogensen, M., Highly efficient high
temperature electrolysis. Journal of Materials Chemistry, 2D8@0): p. 2332340.

Steele, B.C.H., Middleton, P.H., and Rudkin, R.A., Material science aspects of SOFC
technology with special reference to anode development. Solid State lonics, 1990. 40
41(Part 1): p. 38893.

Sigurvinsson, J., Mansilla, Q.pvera, P., and Werkoff, F., Can high temperature steam
electrolysis function with geothermal heat? International Journal of Hydrogen Energy,
2007. 32(9): p. 11'/182.

Yokokawa, H., Tu, H.Y., lIwanschitz, B., and Mai, A., Fundamental mechanismagmiti
solid oxide fuel cell durability. Journal of Power Sources, 2008. 182(2): p4%420

Ebbesen, S.D. and Mogensen, M., Exceptional Durability of Solid Oxide Cells.
Electrochemical and Solid State Letters, 2010. 13(9): p. I1¥B.

Gemmen, R.SWilliams, M.C., and Gerdes, K., Degradation measurement and analysis
for cells and stacks. Journal of Power Sources, 2008. 184(1): 425851

Hagen, A., Liu, Y.L., Barfod, R., and Hendriksen, P.V., Assessment of the cathode
contribution to the degratian of anodesupported solid oxide fuel cells. Journal of the
Electrochemical Society, 2008. 155(10): p. BIBI052.

Badwal, S.P.S., Deller, R., Foger, K., Ramprakash, Y., and Zhang, J.P., Interaction
between chromia forming alloy interconnects airdebectrode of solid oxide fuel cells.
Solid State lonics, 1997. 99@: p. 297310.

Bentzen, JJ., Hogh, J.V.T., Barfod, R., and Hagen, A., Chromium poisoning of
LSM/YSZ and LSCF/CGO composite cathodes. Fuel Cells, 2009. 9(6): {83823

Brylewski, T., Nanko, M., Maruyama, T., and Przybylski, K., Application ofl6Er
ferritic alloy to interconnector for a solid oxide fuel cell. Solid State lonics, 2001. 143(2):
p. 131150.

Chen, X.B., Hua, B., Pu, J., Li, J., Zhang, L., and Jiang,, 3nteraction between (La,

Sr)MnO; cathode and NMo-Cr metallic interconnect with suppressed chromium

52



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

vaporization for solid oxide fuel cells. International Journal of Hydrogen Energy, 2009.
34(14): p. 5735H748.

Cruse, T.A., Ingram, B.J., Liu, B., and Krumpelt, M., Chromium reactions and
transport in solid oxide fuel cells. ECS Transactions, 2007. 5(1): p3835

Fergus, J.W., Effect of cathode and electrolyte transport properties on chromium
poisoning in solid oxide fuel cells. Internat@nJournal of Hydrogen Energy, 2007.
32(16): p. 36643671.

Hilpert, K., Das, D., Miller, M., Peck, D.H., and Weiss, R., Chromium vapor species over
solid oxide fuel cell interconnect materials and their potential for degradation processes.
Journal of he Electrochemical Society, 1996. 143(11): p. 38827.

Horita, T., Xiong, Y.P., Kishimoto, H., Yamaji, K., Brito, M.E., and Yokokawa, H.,
Chromium poisoning and degradation at (La,Sr)Ma6@d (La,Sr)Fe@cathodes for solid
oxide fuel cells. Journalfdhe Electrochemical Society, 2010. 157(5): p. B&BR0.

Jiang, S.P., Zhang, J.P., Apateanu, L., and Foger, K., Deposition of chromium species at
Sr-doped LaMnQ@ electrodes in solid oxide fuel cells I. Mechanism and kinetics. Journal
of the Electrocemical Society, 2000. 147(11): p. 464322.

Jiang, S.P., Zhang, J.P., and Foger, K., Deposition of chromium speciesi@gbe8r
LaMnO; electrodes in solid oxide fuel celdl. Effect on G2 reduction reaction. Journal

of the Electrochemical Societ®000. 147(9): p. 3193205.

Jiang, S.P., Zhang, J.P., and Foger, K., Deposition of chromium speciesi@gbe8r
LaMnOs electrodes in solid oxide fuel cellslll. Effect of air flow. Journal of the
Electrochemical Society, 2001. 148(7): p. C42455.

Jiang, S.P. and Zhen, Y.D., Mechanism of Cr deposition and its application in the
development of Gtolerant cathodes of solid oxide fuel cells. Solid State lonics, 2008.
179(2%32): p. 14591464.

Konysheva, E., Mertens, J., Penkalla, Bingheiser, L., and Hilpert, K., Chromium
poisoning of the porous composite cathode effect of cathode thickness and current
density. Journal of the Electrochemical Society, 2007. 154(12): p. ER23@4.

Konysheva, E., Penkalla, H., Wessel, E., Mertehs Seeling, U., Singheiser, L., and
Hilpert, K., Chromium poisoning of perovskite cathodes by the ODS alloy Cr5Bg1Y

53



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

and the high chromium ferritic steel Crofer22APU. Journal of the Electrochemical
Society, 2006. 153(4): p. A76A773.

Paulson, S.Cand Birss, V.l., Chromium poisoning of LS¥MSZ SOFC cathodes I.
Detailed study of the distribution of chromium species at a porous, ghgke cathode.
Journal of the Electrochemical Society, 2004. 151(11): p. AXO8I68.

Quadakkers, W.J., Gren H., Hansel, M., Pattanaik, A., Khanna, A.S., and Mallener,
W., Compatibility of perovskite contact layers between cathode and metallic
interconnector plates of SOFCs. Solid State lonics, 1996-:H1( 5567.

Taniguchi, S., Kadowaki, M., KawamarH., Yasuo, T., Akiyama, Y., Miyake, Y., and
Saitoh, T., Degradation phenomena in the cathode of a solid oxide fuel cell with an alloy
separator. Journal of Power Sources, 1995. 55(1):-p973

Tietz, F. and Sebold, D., Interface reactions betwésstrecally conductive ceramics and
ferritic steell. The system CGBR2Fe0.5Mn/MnOs/(La,Ca)(Cr,Co,Cu)@ Materials
Science and EngineeringAdvanced Functional Sok8tate Materials, 2008. 150(2): p.
135140.

Zhen, Y.D., Jiang, S.P., Zhang, S., arah;TV., Interaction between metallic interconnect
and constituent oxides of (La, Sr)Mp@oating of solid oxide fuel cells. Journal of the
European Ceramic Society, 2006. 26(15): p. 32334.

Steele, B.C.H. and Heinzel, A., Materials for fgell tedinologies. Nature, 2001.
414(6861): p. 34852.

Hassmann, K., SOFC power plants, the Sierwestinghouse approach. Fuel Cells,
2001. 1(2): p. 78B4.

2006 office of fossil energy fuel cell program annual report, 2006.

O'Brien, J.E., Stoots, C.MHerring, J.S., and Hartvigsen, J.J., Performance of planar
high-temperature electrolysis stacks for hydrogen production from nuclear energy.
Nuclear Technology, 2007. 158(2): p. 1181.

Goodenough, J.B., Manthiram, A., Paranthaman, M., and Zhe8,, YOxide ion
electrolytes. Materials Science and Engineerin§did State Materials for Advanced
Technology, 1992. 12(4): p. 35364.

Brandon, N.P., Skinner, S., and Steele, B.C.H., Recent advances in materials for fuel
cells. Annual Review of Mataals Research, 2003. 33: p. 1383.

54



42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Brett, D.J.L., Atkinson, A., Brandon, N.P., and Skinner, S.J., Intermediate temperature
solid oxide fuel cells. Chemical Society Reviews, 2008. 37(8): p.-1568.

Sun, C.W. and Stimming, U., Recent anode adeamt solid oxide fuel cells. Journal of
Power Sources, 2007. 171(2): p. 2280.

Zhu, W.Z. and Deevi, S.C., A review on the status of anode materials for solid oxide fuel
cells. Materials Science and Engineerir§teuctural Materials Properties Migtoucture

and Processing, 2003. 362Z): p. 228239.

Jiang, S.P. and Chan, S.H., A review of anode materials development in solid oxide fuel
cells. Journal of Materials Science, 2004. 39(14): p. 4/ED.

Anderson, H.U., Review of -type doped p®vskite materials for SOFC and other
applications. Solid State lonics, 1992. 53(1p. 3341.

Fleig, J., Solid oxide fuel cell cathodes: Polarization mechanisms and modeling of the
electrochemical performance. Annual Review of Materials Researt, 33: p. 361

382.

Adler, S.B., Factors governing oxygen reduction in solid oxide fuel cell cathodes.
Chemical Reviews, 2004. 104(10): p. 474843.

Islam, M.S., Cherry, M., and Winch, L.J., Defect chemistry of LaB&>*Al, Mn or Co)
perovskitetype oxides- Relevance to catalytic and transport behaviour. Journal of the
Chemical Societyraraday Transactions, 1996. 92(3): p.-482.

Skinner, S.J., Recent advances in Perovwdijie materials for solid oxide fuel cell
cathodes. International Jmal of Inorganic Materials, 2001. 3(2): p. 1121.

Stoots, C., O'Brien, J., and Hartvigsen, J., Results of recent high temperature
coelectrolysis studies at the Idaho National Laboratory. International Journal of
Hydrogen Energy, 2009. 34(9): p. 420315.

Huang, K., Wan, J., and Goodenough, J.B., Oiateconducting ceramics for solid
oxide fuel cells. Journal of Materials Science, 2001. 36(5): p.-1098.

Zhu, W.Z. and Deevi, S.C., Development of interconnect materials for solid fwate
cells. Materials Science and Engineering A, 2003. 328(p. 227243.

Fergus, J.W., Lanthanum chromliased materials for solid oxide fuel cell interconnects.
Solid State lonics, 2004. 1712): p. :15.

55



55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Yang, Z.G., Weil, K.S., Paxton, D.Mand Stevenson, J.W., Selection and evaluation of
heatresistant alloys for SOFC interconnect applications. Journal of the Electrochemical
Society, 2003. 150(9): p. A11881201.

Simner, S.P., Anderson, M.D., Xia, G.G., Yang, Z., Pederson, L.R., andrSon, J.W.,
SOFC performance with Fér-Mn alloy interconnect. Journal of the Electrochemical
Society, 2005. 152(4): p. A748745.

Fergus, J.W., Metallic interconnects for solid oxide fuel cells. Materials Science and
Engineering &tructural Materials Properties Microstructure and Processing, 2005.
397(12): p. 271283.

Yang, Z.G., Recent advances in metallic interconnects for solid oxide fuel cells.
International Materials Reviews, 2008. 53(1): p-539

Shaigan, N., Qu, W., Ivey, D.Gand Chen, W.X., A review of recent progress in
coatings, surface modifications and alloy developments for solid oxide fuel cell ferritic
stainless steel interconnects. Journal of Power Sources, 2010. 195(6):-p542329

Wu, J.W. and Liu, X.B., Remt development of SOFC metallic interconnect. Journal of
Materials Science & Technology, 2010. 26(4): p.-395.

Quadakkers, W.J., Pire@bellan, J., Shemet, V., and Singheiser, L., Metallic
interconnectors for solid oxide fuel cellsa review. Matdals at High Temperatures,
2003. 20(2): p. 11827.

Batfalsky, P., Haanappel, V.A.C., Malzbender, J., Menzler, N.H., Shemet, V., Vinke, I.C.,
and Steinbrech, R.W., Chemical interaction between -glssnic sealants and
interconnect steels in SOFC dta. Journal of Power Sources, 2006. 155(2): p-1128

Weil, K.S., The statef-the-art in sealing technology for solid oxide fuel cells. Jom, 2006.
58(8): p. 3744.

Fergus, J.W., Sealants for solid oxide fuel cells. Journal of Power Sourcés 1200t

2): p. 4657.

Singh, R.N., Sealing technology for solid oxide fuel cells (SOFC). International Journal
of Applied Ceramic Technology, 2007. 4(2): p. 1B3#4.

Mahapatra, M.K. and Lu, K., Seal glass for solid oxide fuel cells. Journal oérPow
Sources, 2010. 195(21): p. 722939.

56



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Mahapatra, M.K. and Lu, K., Glagmsed seals for solid oxide fuel and electrolyzer cells

- A review. Materials Science & EngineeringReports, 2010. 67¢6): p. 6585.

Mahapatra, M.K., Lu, K., and ReynoldsN.T., Thermophysical properties and
devitrification of SrOLay0Os-Al,03-B,0s-SiO-based glass sealant for solid oxide
fuel/electrolyzer cells. Journal of Power Sources, 2008. 179(1): gL1D6

Hauch, A., Jensen, S.H., Ramousse, S., and MogenseheiNbrmance and durability of
solid oxide electrolysis cells. Journal of the Electrochemical Society, 2006. 153(9): p.
Al741-Al1747.

Marina, O.A., Pederson, L.R., Williams, M.C., Coffey, G.W., Meinhardt, K.D., Nguyen,
C.D., and Thomsen, E.C., Electrogerformance in reversible solid oxide fuel cells.
Journal of the Electrochemical Society, 2007. 154(5): p. H34ED.

Mogensen, M., Jensen, S.H., Hauch, A., Chorkendorff, I., and Jacobsen, T., Performance
of reversible solid oxide cells: A review. Peedings of the 7th European SOFC Forum,
Lucerne; 2006.

Dokiya, M., SOFC system and technology. Solid State lonics, 2002. 152:-89283
Menzler, N.H., Tietz, F., Uhlenbruck, S., Buchkremer, H.P., and Stover, D., Materials
and manufacturing tecbtogies for solid oxide fuel cells. Journal of Materials Science,
2010. 45(12): p. 3169135.

Tietz, F., Buchkremer, H.P., and Stover, D., Components manufacturing for solid oxide
fuel cells. Solid State lonics, 2002. 152: p. 38&.

Kharton, V.V, Marques, F.M.B., and Atkinson, A., Transport properties of solid oxide
electrolyte ceramics: a brief review. Solid State lonics, 2004. 144 135149.

Maricle, D.L., Swarr, T.E., and Karavolis, S., Enhanced ceiidow-temperature SOFC
electolyte. Solid State lonics, 1992. 528): p. 173182.

Song, H.Z., Wang, H.B., Zha, S.W., Peng, D.K., and Meng, G.Y., Aeassidted
MOCVD growth of GdOs-doped Ce@thin SOFC electrolyte film on anode substrate.
Solid State lonics, 2003. 156(3): pt®254.

Chen, F.L. and Liu, M.L., Study of transition metal oxide doped LaGeOelectrode
materials for LSGMbased solid oxide fuel cells. Journal of Solid State Electrochemistry,
1998. 3(1): p. 714.

57



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Wan, J.H., Yan, J.Q., and Goodenough, J.BGM-based solid oxide fuel cell with 1.4
W/cn? power density and 30 day lotigrm stability. Journal of the Electrochemical
Society, 2005. 152(8): p. A15341515.

Sun, C.W., Hui, R., and Roller, J., Cathode materials for solid oxide fuel cells: & .revie
Journal of Solid State Electrochemistry, 2010. 14(7): p. 1111281,

Mcintosh, S. and Gorte, R.J., Direct hydrocarbon solid oxide fuel cells. Chemical
Reviews, 2004. 104(10): p. 484865.

Gorte, R.J., Kim, H., and Vohs, J.M., Novel SOFC anodeshie direct electrochemical
oxidation of hydrocarbon. Journal of Power Sources, 2002. 22)6¢. 1015.

Drennan, J., Zelizko, V., Hay, D., Ciacchi, F.T., Rajendran, S., and Badwal, S.P.S.,
Characterisation, conductivity and mechanical propertieth@foxygerion conductor
Lag.oSt.1Gay sMgo.203.«. Journal of Materials Chemistry, 1997. 7(1): p-83®

Tu, H.Y. and Stimming, U., Advances, aging mechanisms and lifetime incmatié fuel

cells. Journal of Power Sources, 2004. 127)1p. 284293

Blum, L., Meulenberg, W.A., Nabielek, H., and Steinbeiggickens, R., Worldwide
SOFC technology overview and benchmark. International Journal of Applied Ceramic
Technology, 2005. 2(6): p. 48102.

Yamamoto, O., Solid oxide fuel celfsindamental aspects and prospects. Electrochimica
Acta, 2000. 45(18.6): p. 2423435.

Tietz, F., Fu, Q., Haanappel, V.A.C., Mai, A., Menzler, N.H., and Uhlenbruck, S.,
Materials development for advanced planar solid oxide fuel cells. InternatiomablUofi
Applied Ceramic Technology, 2007. 4(5): p. 4845.

Richter, J., Holtappels, P., Graule, T., Nakamura, T., and Gauckler, L.J., Materials design
for perovskite SOFC cathodes. Monatshefte Fur Chemie, 2009. 140(9)-$9985
Hammouche, A., &ouler, E.J.L., and Henault, M., Electrical and thermal properties of
Sr-doped lanthanum manganites. Solid State lonics, 19880@art 2): p. 1208.207.

Kuo, J.H., Anderson, H.U., and Sparlin, D.M., Oxidation reduction behavior of undoped
and Srdoped LaMnQ - defect structure, electricabnductivity, and thermoelectric
power. Journal of Solid State Chemistry, 1990. 87(1): g6&5

Haanappel, V.A.C., Mertens, J., Rutenbeck, D., Tropartz, C., Herzhof, W., Sebold, D.,

and Tietz, F., Optimisatiorof processing and microstructural parameters of LSM

58



92.

93.

94.

95.

96.

97.

98.

99.

100.
101.

102.

103.

cathodes to improve the electrochemical performance of awgm®orted SOFCs.
Journal of Power Sources, 2005. 141(2): p-226.

Jorgensen, M.J., Primdahl, S., Bagger, C., and Mogensen, M., Effesintering
temperature on microstructure and performance of YSM composite cathodes. Solid
State lonics, 2001. 139@): p. :11.

Liu, Y.L., Hagen, A., Barfod, R., Chen, M., Wang, H.J., Poulsen, F.W., and Hendriksen,
P.V., Microstructural studiesnodegradation of interface between LSN$Z cathode and

YSZ electrolyte in SOFCs. Solid State lonics, 2009. 18@&3 p. 12981304.

Meixner, D.L. and Cutler, R.A., Sintering and mechanical characteristics of lanthanum
strontium manganite. Solid Stdtmics, 2002. 146(3): p. 273284.

Virkar, A.V., Chen, J., Tanner, C.W., and Kim, J.W., The role of electrode microstructure
on activation and concentration polarizations in solid oxide fuel cells. Solid State lonics,
2000. 131(12): p. 189198.

Cha, S.W., O'Hayre, R., and Prinz, F.B., The influence of size scale on the performance
of fuel cells. Solid State lonics, 2004. 175t p. 789795.

Brichzin, V., Fleig, J., Habermeier, H.U., and Maier, J., Geometry dependence of cathode
polarization in solid oxide fuel cells investigated by defined-d&ped LaMnQ@
microelectrodes. Electrochemical and Solid State Letters, 2000. 3(9):-40603

Tietz, F., Thermal expansion of SOFC materials lonics Volume 5, Numi&r$29139,

DOI: 10.1007/BF0235916, 1999.

Jiang, S.P., A comparison of,Qeduction reactions on porous (La,Sr)Mn@nd
(La,Sr)(Co,Fe)@electrodes. Solid State lonics, 2002. 148)1p. 122.

Tietz, F., Thermal expansion of SOFC materials. lonics, 199R)5(. 129139.

Ullmann, H., Trofimenko, N., Tietz, F., Stover, D., and Ahrkddhnlou, A., Correlation
between thermal expansion and oxide ion transport in mixed conducting peroygkite
oxides for SOFC cathodes. Solid State lonics, 2000. 138 7990.

Jiang, S.P., Development of lanthanum strontium manganite perovskite cathode materials
of solid oxide fuel cells: a review. Journal of Materials Science, 2008. 43(21): p. 6799
6833.

Bhalla, A.S., Guo, R.Y., and Roy, R., The perovskite struct@eevew of its role in

ceramic science and technology. Materials Research Innovations, 2000. 4{2.p. 3

59



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Pena, M.A. and Fierro, J.L.G., Chemical structures and performance of perovskite oxides.
Chemical Reviews, 2001. 101(7): p. 198117.

Davies, P.K., Wu, H., Borisevich, A.Y., Molodetsky, I.E., and Farber, L., Crystal
chemistry of complex perovskites: New catiordered dielectric oxides. Annual Review
of Materials Research, 2008. 38: p. 36%L.

Yamamoto, O., Takeda, Y., Kanno, R., and Ndda Perovskiteype oxides as oxygen
electrodes for higlbemperature oxide fualells. Solid State lonics, 1987. 2282 p. 241
246.

Yasumoto, K., Inagaki, Y., Shiono, M., and Dokiya, M., An (La,Sr)(Co,GyY)athode
for reduced temperature SOFGalid State lonics, 2002. 14843: p. 545549.

Tietz, F., Raj, LLA., Zahid, M., and Stover, D., Electrical conductivity and thermal
expansion of LgsSr »Mn,Fe,Co)Q.q perovskites. Solid State lonics, 2006. 177¢B):

p. 17531756.

Meng, X.W, Lu, S.Q., Ji, Y., Wei, T., and Zhang, Y.L., Characterization qof Pr
xSKCo gFey 2034 (0.2 <= x <= 0.6) cathode materials for intermediat@perature solid
oxide fuel cells. Journal of Power Sources, 2008. 183(2): p5881

Simner, S.P.,Bonnett, J.F., Canfield, N.L., Meinhardt, K.D., Sprenkle, V.L., and
Stevenson, J.W., Optimized lanthanum ferbgsed cathodes for anesepported
SOFCs. Electrochemical and Solid State Letters, 2002. 5(7): p-A1753.

Bongio, E.V., Black, H., Rasaski, F.C., Edwards, D., McConville, C.J., and
Amarakoon, V.R.W., Microstructural and higgmperature electrical characterization of
La;xSrkFeQs.4. Journal of Electroceramics, 2005. 14(3): p.-198.

Patrakeev, M.V., Bahteeva, J.A., Mitberg, EIBpnidova, I.A., Kozhevnikov, V.L., and
Poeppelmeier, K.R., Electron/hole and ion transport ins&aFeG;.4. Journal of Solid
State Chemistry, 2003. 172(1): p. 2291.

Piao, J.H., Sun, K.N., Zhang, N.Q., Chen, X.B., Xu, S., and Zhou, BrBparation and
characterization of RxSrFeQ; cathode material for intermediate temperature solid
oxide fuel cells. Journal of Power Sources, 2007. 172: p6883

Tai, L.W., Nasrallah, M.M., Anderson, H.U., Sparlin, D.M., and Sehlin, S.R., 8taict
and electricaproperties of La,SrCo. Fg0; .1. the system LaSr -Co:.yFg0s. Solid
State lonics, 1995. 76(8): p. 259271.

60



115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

Tai, L.W., Nasrallah, M.M., Anderson, H.U., Sparlin, D.M., and Sehlin, S.R., Structure
and electricaproperties ofLa;xSrCo..yFg0; .2. the system LatSrxCo0.2Fe0.803.
Solid State lonics, 1995. 76@3: p. 273283.

Chen, W.X., Wen, T.L., Nie, H.W., and Zheng, R., Study af 891 4COy gMny 034 (LN

= La, Gd, Sm or Nd) as the cathode materials for intermeede&hperature SOFC.
Materials Research Bulletin, 2003. 38(8): p. 1-:3B28.

Petric, A., Huang, P., and Tietz, F., Evaluation of3r&Co-Fe-O perovskites for solid
oxide fuel cells and gas separation membranes. Solid State lonics, 20004}t 3(1
719-725.

Zhu, C.J., Liu, X.M., Xu, D., Yan, D.T., Wang, D.Y., and Su, W.H., Preparation and
performance of BKSK3C0.,COs4 as cathode material of {$OFCs. Solid State
lonics, 2008. 179(232): p. 14701473.

Wei, B., Lu, Z., Huang, X.QMiao, J.P., Sha, X.Q., Xin, X.S., and Su, W.H., Crystal
structure, thermal expansion and electrical conductivity of perovskite oxidé&x;.Ba
xC0p gF& 2034 (0.3 <= x <= 0.7). Journal of the European Ceramic Society, 2006. 26(13):
p. 28272832.

Ishihaa, T., Honda, M., Shibayama, T., Minami, H., Nishiguchi, H., and Takita, Y.,
Intermediate temperature solid oxide fuel cells using a new LaGaO3 based oxide ion
conductor- I. Doped SmCo@as a new cathode material. Journal of the Electrochemical
Society,1998. 145(9): p. 3173183.

Xia, C.R., Rauch, W., Chen, F.L., and Liu, M.L., &%1sCo0; cathodes for low
temperature SOFCs. Solid State lonics, 2002. 12%(fp. 1119.

Chiba, R., Yoshimura, F., and Sakurai, Y., An investigation of LgO3 as a cathode
material for solid oxide fuel cells. Solid State lonics, 1999. 1-23(p. 281288.

Carter, S., Selcuk, A., Chater, R.J., Kajda, J., Kilner, J.A., and Steele, B.C.H., ©Oxygen
transport in selected nonstoichiometric perovsgitactue oxides. Solid State lonics,
1992. 53: p. 59605.

Zhou, W., Ran, R., and Shao, Z.P., Progress in understanding and development of
Bay 5Shh sCop sF& 203 4-based cathodes for intermedidéenperature solidxide fuel cells:

A review. Journal of PoweBources, 2009. 192(2): p. 2246.

61



125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Shao, Z.P., Haile, S.M., Ahn, J., Ronney, P.D., Zhan, Z.L., and Barnett, S.A., A
thermally seHsustained micro solidxide fuetcell stack with high power density. Nature,
2005. 435(7043): p. 79898.

Shao, ZP. and Haile, S.M., A higperformance cathode for the next generation of solid
oxide fuel cells. Nature, 2004. 431(7005): p. -II73.

Zhu, Q.S., Jin, T.A.,, and Wang, Y., Thermal expansion behavior and chemical
compatibility of BaSrn.xCo1.,Fg03.4 with 8YSZ and 20GDC. Solid State lonics, 2006.
177(1314): p. 11991204.

Atkinson, A. and Ramos, T., Chemicallyduced stresses in ceramic oxygen-ion
conducting membranes. Solid State lonics, 2000. 12B(fh. 259269.

Mizusaki, J., Tagawa, H., sineyoshi, K., and Sawata, A., Reactibmetics and
microstructure of the solid oxide fuetlls air electrode LaCa aMnO3/YSZ. Journal of

the Electrochemical Society, 1991. 138(7): p. 18873.

Huang, K., Zampieri, A., and Ise, M., Cathqudarizations of a cathogsupported solid
oxide fuel cell. Journal of the Electrochemical Society, 2010. 157(10): p. EB1418.

Wang, W.G. and Mogensen, M., Higlerformance lanthanuiferrite-based cathode for
SOFC. Solid State lonics, 2005. 17&p p. 457462.

Caillol, N., Pijolat, M., and Siebert, E., Investigation of chemisorbed oxygen, surface
segregation and effect of pastatments on LS MnO; powder and screeprinted
layers for solid oxide fuel cell cathodes. Applied Surfaceer®e, 2007. 253(10): p.
4641-4648.

Rotureau, D., Viricelle, J.P., Pijolat, C., Caillol, N., and Pijolat, M., Development of a
planar SOFC device using scregamnting technology. Journal of the European Ceramic
Society, 2005. 25(12): p. 262H36.

Kuharuangrong, S., Effects of Ni on the electrical conductivity and microstructure of
Lag s2S1h.1dVINO3. Ceramics International, 2004. 30(2): p. 273 .

Fu, C.Y., Chang, C.L., Hsu, C.S., and Hwang, B.H., Electrostatic spray deposition of
Lag sSrp 2Cap oF&y 03 films. Materials Chemistry and Physics, 2005. 91(1): p328

Weber, A. and Ivergiffee, E., Materials and concepts for solid oxide fuel cells (SOFCs)
in stationary and mobile applications. Journal of Power Sources, 2004-2)2'p(12/ 3-

283.

62



137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Horita, T., Tsunoda, T., Yamaji, K., Sakai, N., Kato, T., and Yokokawa, H.,
Microstructures and oxygen diffusion at the LaMn@m/yttria-stabilized zirconia
interface. Solid State lonics, 2002. 1523: p. 439446.

Horita, T., Yamaji, K, Ishikawa, M., Sakai, N., Yokokawa, H., Kawada, T., and Kato, T.,
Active sites imaging for oxygen reduction at theg &% :MnOs.,/yttria-stabilized
zirconia interface by secondaign mass spectrometry. Journal of the Electrochemical
Society, 1998. 149): p. 31963202.

Fukunaga, H., Ihara, M., Sakaki, K., and Yamada, K., The relationship between
overpotential and the three phase boundary length. Solid State lonics, 19%6p.86
11791185.

vanHeuveln, F.H., Bouwmeester, H.J.M., and vanBetk#!.F., Electrode properties of
Sr-doped LaMnQ@ on yttriastabilized zirconia .1. Threghase boundary area. Journal of
the Electrochemical Society, 1997. 144(1): p.-133.

Fukunaga, H., Wen, C., and Yamada, K., Change of4inaseboundarylength of La.
xSKMnOs-yttria stabilized zirconiair by sintering. Journal of the Ceramic Society of
Japan, 1999. 107(3): p. 2236.

Fleig, J., Microelectrodes in solid state ionics. Solid State lonics, 2003.-481§3279

289.

Brichzin, V., Fleig, J., Habermeier, H.U., Cristiani, G., and Maier, J., The geometry
dependence of the polarization resistance afdpred LaMnQ@ microelectrodes on yttria
stabilized zirconia. Solid State lonics, 2002. 152: p-39B.

Schoonman, J., Dekker, J.mBroers, J.W., and Kiwiet, N.J., Electrochemical vapor
deposition of stabilized zirconia and interconnection materials for solid oxidedlel

Solid State lonics, 1991. 46@3: p. 299308.

Sakai, N., Yokokawa, H., Horita, T., and Yamaji, K., tleanum chromitédased
interconnects as key materials for SOFC stack development. International Journal of
Applied Ceramic Technology, 2004. 1(1): p-23.

Suzuki, M., Sasaki, H., and Kajimura, A., Oxide ionic conductivity of doped lanthanum
chromitethin film interconnectors. Solid State lonics, 1997. 98)1p. 8388.

Yang, Z.G., Xia, G.G., Wang, C.M., Nie, Z.M., Templeton, J., Stevenson, J.W., and

Singh, P., Investigation of irechromiumniobiumtitanium ferritic stainless steel for

63



148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

solid oxide fuel cell interconnect applications. Journal of Power Sources, 2008. 183(2): p.
660-667.

Kurokawa, H., Jacobson, C.P., DeJonghe, L.C., and Visco, S.J., Chromium vaporization
of bare and of coated irechromium alloys at 107R. Solid State lonics2007. 178(34):

p. 287%296.

Opila, E.J., Myers, D.L., Jacobson, N.S., Nielsen, I.M.B., Johnson, D.F., Olminsky, J.K.,
and Allendorf, M.D., Theoretical and experimental investigation of the thermochemistry
of CrO,(OH)2(g). Journal of Physical Chemistdy 2007. 111(10): p. 1971980.

Stanislowski, M., Wessel, E., Hilpert, K., Markus, T., and Singheiser, L., Chromium
vaporization from higitemperature alloys I. Chromfarming steels and the influence of
outer oxide layers. Journal of the Electraoineal Society, 2007. 154(4): p. A29'8306.

Geng, S.J., Zhu, J.H., and Lu, Z.G., Evaluation of Haynes 242 alloy as SOFC
interconnect material. Solid State lonics, 2006. 176J(%. 559568.

Mahapatra, M.K., Lu, K., Liu, X.B., and Wu, J.W., Conipaity of a seal glass with
(Mn,Co)04 coated interconnects: Effect of atmosphere. International Journal of
Hydrogen Energy, 2010. 35(15): p. 794856.

Gindorf, C., Singheiser, L., and Hilpert, K., Chromium vaporisation from Fe,Cr base
alloys useds interconnect in fuel cells. Steel Research, 2001. 72 1. 528533.
Hatchwell, C., Sammes, N.M., Brown, .W.M., and Kendall, K., Current collectors for a
novel tubular design of solid oxide fuel cell. Journal of Power Sources, 1999. 77(1): p.
64-68.

Martinz, H.P., Kock, W., and Sakaki, T., Ducropur, DucroHayew chromium materials.
Journal De Physique lv, 1993. 3(C9): p. Z13.

Konysheva, E., Seeling, U., Besmehn, A., Singheiser, L., and Hilpert, K., Chromium
vaporization of thderritic steel Crofer22APU and ODS Cr5Fe% alloy. Journal of
Materials Science, 2007. 42(14): p. 5&834.

Krupp, U., Trindade, V.B., Schmidt, P., Christ, H.J., Buschmann, U., and Wiechert, W.,
Oxidation mechanisms of &ontaining steels and Nvase alloys at high temperatures.
Part II: Computebased simulation. Materials and Corrosiderkstoffe Und Korrosion,
2006. 57(3): p. 26268.

64



158.

159.

160.

161.

162.

163.

164.

165.

166.

Liu, Y. and Zhu, J., Stability of Haynes 242 as metallic interconnects of solid oxide fuel
cells (SOFCs).Aternational Journal of Hydrogen Energy, 2010. 35(15): p.-7934.
Trindade, V.B., Krupp, U., Wagenhuber, P.E.G., and Christ, H.J., Oxidation mechanisms
of Cr-containing steels and Niiase alloys at higtkemperatures Part I: The different role

of alloy grain boundaries. Materials and Corrosierkstoffe Und Korrosion, 2005.
56(11): p. 785790.

Yang, Z.G., Xia, G.G., and Stevenson, J.W., Evaluation eCiMNase alloys for SOFC
interconnect applications. Journal of Power Sources, 2006. 160@)041110.

Huang, W.H., Gopalan, S., Pal, U.B., and Basu, S.N., Evaluation of electrophoretically
deposited CuMn1.804 spinel coatings on Crofer 22 APU for solid oxide fuel cell
interconnects. Journal of the Electrochemical Society, 2008. 159(1B)161B1167.
Haanappel, V.A.C., Shemet, V., Vinke, I.C., Gross, S.M., Koppitz, T., Menzler, N.H.,
Zahid, M., and Quadakkers, W.J., Evaluation of the suitability of various glass sealant
alloy combinations under SOFC stack conditions. Journal otfisdd Science, 2005.
40(7): p. 15831592.

Menzler, N.H., Sebold, D., Zahid, M., Gross, S.M., and Koppitz, T., Interaction of
metallic SOFC interconnect materials with glassamic sealant in various atmospheres.
Journal of Power Sources, 2005. 1521 156167.

Montero, X., Fischer, W., Tietz, F., Stover, D., Cassir, M., and Villarreal, 1.,
Development and characterization of a qdasiary diagram based on
Lag.gSh.o(Co,Cu,Fe)Q@ oxides in view of application as a cathode contact material for
solid oxide fuel cells. Solid State lonics, 2009. 180(9: p. 731737.

Montero, X., Tietz, F., Stover, D., Cassir, M., and Villarreal, I., Comparative study of
perovskites as cathode contact materials between ggSkaFe(Q; cathode and a
Crofer2APU interconnect in solid oxide fuel cells. Journal of Power Sources, 2009.
188(1): p. 148155.

ChandraAmbhorn, S., Wouters, Y., Antoni, L., Toscan, F., and Galerie, A., Adhesion of
oxide scales grown on ferritic stainless steels in solid oxideckltd temperature and

atmosphere conditions. Journal of Power Sources, 2007. 171(2)-69688

65



167.

168.

169.

170.

171.

172.

173.

174.

175.

Oliver, D.C., External corrosion resistance of steel and ferritic stainless steel exhaust
systems. Journal of the South African Institute of Mining ardalrgy, 2003. 103(2): p.
93-100.

Srisrual, A., Coindeau, S., Galerie, A., Petit, J.P., and Wouters, Y., Identification by
photoelectrochemistry of oxide phases grown during the initial stages of thermal
oxidation of AISI 441 ferritic stainless stee air or in water vapour. Corrosion Science,
2009. 51(3): p. 56B568.

Jablonski, P.D., Cowen, C.J., and Sears, J.S., Exploration of alloy 441 chemistry for solid
oxide fuel cell interconnect application. Journal of Power Sources, 2010. 19525 p.

820.

Jin, T. and Lu, K., Compatibility between AlSI441 alloy interconnect and representative
seal glasses in solid oxide fuel/electrolyzer cells. Journal of Power Sources, 2010.
195(15): p. 48531864.

Yang, Z.G., Xia, G.G., Maupin, G.D., aglevenson, J.W., Conductive protection layers

on oxidation resistant alloys for SOFC interconnect applications. Surface & Coatings
Technology, 2006. 201(7): p. 444883.

Chen, X., Hou, P.Y., Jacobson, C.P., Visco, S.J., and De Jonghe, L.C., Peateating

on stainless steel interconnect for SOFCs: oxidation kinetics and electrical properties.
Solid State lonics, 2005. 1766): p. 425433.

Wu, J.W., Jiang, Y.L., Johnson, C., and Liu, X.B., DC electrodeposition e€®alloys

on stainless seds for SOFC interconnect application. Journal of Power Sources, 2008.
177(2): p. 376385.

Stanislowski, M., Froitzheim, J., Niewolak, L., Quadakkers, W.J., Hilpert, K., Markus, T.,

and Singheiser, L., Reduction of chromium vaporization from SOF@orieectors by
highly effective coatings. Journal of Power Sources, 2007. 164(2): b &8

Konysheva, E., Laatsch, J., Wessel, E., Tietz, F., Christiansen, N., Singheiser, L., and
Hilpert, K., Influence of different perovskite interlayers on thecelcal conductivity
between LassSrhaMnO3 and Fe/Cibased steels. Solid State lonics, 2006. 1-200 p.
923-930.

66



176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

Menzler, N.H., Batfalsky, P., Blum, L., Bram, M., Gross, S.M., Haanappel, V.A.C.,
Malzbender, J., Shemet, V., Steinbrech, R.W., &ke, I., Studies of material
interaction after longerm stack operation. Fuel Cells, 2007. 7(5): p-368.

Mawdsley, J.R., Carter, J.D., Kropf, A.J., Yildiz, B., and Maroni, V.A., Rest
evaluation of oxygen electrodes from solid oxide eldgs$is stacks. International Journal

of Hydrogen Energy, 2009. 34(9): p. 419307.

Mitterdorfer, A. and Gauckler, L.J., &r,O; formation and oxygen reduction kinetics of

the L& gsSlh.19MnyOs, O-2(g) - YSZ system. Solid State lonics, 1998. 114§3p. 185

218.

BackhausRicoult, M., SOFC- A playground for solid state chemistry. Solid State
Sciences, 2008. 10(6): p. 6688.

Levy, C., Zhong, Y., Morel, C., and Marlin, S., Thermodynamic stabilities eZi.@;

and SrZrQ in SOFC and their relationship with LSM synthesis processes. Journal of the
Electrochemical Society, 2010. 157(11): p. B1&2601.

Taimatsu, H., Wada, K., Kaneko, H., and Yamamura, H., Mechanism of reaction between
lanthanum manganite and ytusébilized zirconia. Journal of the American Ceramic
Society, 1992. 75(2): p. 46405.

Jiang, S.P., Activation, microstructure, and polarization of solid oxide fuel cell cathodes.
Journal of Solid State Electrochemistry, 2007. 11(1): pL@3&

Kharton, V.V., Figueiredo, F.M., Navarro, L., Naumovich, E.N., Kovalevsky, A.V.,
Yaremchenko, A.A., Viskup, A.P., Carneiro, A., Marques, F.M.B., and Frade, J.R.,
Ceriabased materials for solid oxide fuel cells. Journal of Materials Science, 2001. 36(5):
p. 11051117,

Fergus, J.W., Electrolytes for solid oxide fuel cells. Journal of Power Sources, 2006.
162(1): p. 340.

Uhlenbruck, S., Moskalewicz, T., Jordan, N., Penkalla, H.J., and Buchkremer, H.P.,
Element interdiffusion at electrolytmathode intrfaces in ceramic higtemperature fuel

cells. Solid State lonics, 2009. 18&§% p. 418423.

Donald, I., Mallinson, P., Metcalfe, B., Gerrard, L., and Fernie, J., Recent developments
in the preparation, characterization and applications of-ghasisglassceramicto-metal

seals and coatings. Journal of Materials Science, 2011. 46(7): p2Q005

67



187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Jin, T. and Lu, K., Thermal stability of a new solid oxide fuel/electrolyzer cell seal glass.
Journal of Power Sources, 2010. 195(1): p-203.

Schafer, W., Koch, A., HeroldSchmidt, U., and Stolten, D., Materials, interfaces and
production techniques for planar solid oxide fuel cells. Solid State lonics, 1996.p36
12351239.

Akikusa, J., Adachi, K., Hoshino, K., Ishihara, T., and TaKy¥., Development of a low
temperature operation solid oxide fuel cell. Journal of the Electrochemical Society, 2001.
148(11): p. A1275A1278.

Singh, P. and Minh, N.Q., Solid oxide fuel cells: Technology status. International Journal
of Applied Ceranic Technology, 2004. 1(1): p-1b.

Chu, C.L., Lee, J., and Lee, S.Y., Evaluation of glass composites for sealing solid oxide
fuel cells. Journal of Ceramic Processing Research, 2008. 9(4):84238

Yang, Z.G., Meinhardt, K.D., and Stevensdi)V., Chemical compatibility of barium
calciumaluminosilicatebased sealing glasses with the ferritic stainless steel interconnect
in SOFCs. Journal of the Electrochemical Society, 2003. 150(8): p. AADDG1.

Bahadur, D., Lahl, N., Singh, K., Singiser, L., and Hilpert, K., Influence of nucleating
agents on the chemical interaction of M@DO;:-SiO,-B,0O; glass sealants with
components of SOFCs. Journal of the Electrochemical Society, 2004. 151(4): p. A558
A562.

Bram, M., Reckers, S., Drinovae., Monch, J., Steinbrech, R.W., Buchkremer, H.P., and
Stover, D., Deformation behavior and leakage tests of alternate sealing materials for
SOFC stacks. Journal of Power Sources, 2004. 138(¢1. 111119.

Zheng, R., Wang, S.R., Nie, HW., and WarilL., SiG-Ca0B,0s-Al,03 ceramic glaze

as sealant for planar ITSOFC. Journal of Power Sources, 2004. 128(2):17.2165

Bansal, N.P. and Gamble, E.A., Crystallization kinetics of a solid oxide fuel cell seal
glass by differential thermal analysimurnal of Power Sources, 2005. 142§1p. 107

115.

Flugel, A., Dolan, M.D., Varshneya, A.K., Zheng, Y., Coleman, N., Hall, M., Earl, D.,
and Misture, S.T., Development of an improved devitrifiable fuel cell sealing glass I.
Bulk propertiesJournal of the Electrochemical Society, 2007. 154(6): p. HB®08.

68



198.

199.

200.

201.

202.

203.

204

205.

206.

207.

Story, C., Lu, K., Reynolds, W.T., and Brown, D., Shape memory alloy/glass composite
seal for solid oxide electrolyzer and fuel cells. International Journal of Hydrogen Energy,
2008.33(14): p. 397€6B975.

Zhang, T., Fahrenholtz, W.G., Reis, S.T., and Brow, R.K., Borate volatility from SOFC
sealing glasses. Journal of the American Ceramic Society, 2008. 91(8): {25854

Nielsen, J., Hagen, A., and Liu, Y.L., Effect of aadle gas humidification on
performance and durability of Solid Oxide Fuel Cells. Solid State lonics, 2010. 181(11
12): p. 517524,

Peng, L. and Zhu, Q.S., Thermal cycle stability of BB03-SiO, sealing glass. Journal

of Power Sources, 2009. 194(2):380-885.

Ghosh, S., Das Sharma, A., Kundu, P., Mahanty, S., and Basu, R.N., Development and
characterizations of BaGaOAl,0s-Si0O, glassceramic sealants for intermediate
temperature solid oxide fuel cell application. Journal of {Soystalline Sads, 2008.
354(34): p. 4084088.

Matsuzaki, Y. and Yasuda, I., Dependence of SOFC cathode degradation by chromium
containing alloy on compositions of electrodes and electrolytes. Journal of the
Electrochemical Society, 2001. 148(2): p. A1&631.

Cruse, T.A., Krumpelt, M., Ingram, B.J., Wang, S., and Salvador, P.A., Examination of
chromium's effects on a LSM/YSZ solid oxide fuel cell cathode, in Advances in Solid
Oxide Fuel Cells IV, Prabhakar Singh, N.P.B.T.O.A.W., Editor. 2009. p1587

Menzler, N.H., Tietz, F., Bram, M., Vinke, I.C., and Haart, L.G.J.B.d., Degradation
phenomena in SOFCs with metallic interconnects, in Advances in Solid Oxide Fuel Cells
IV, Prabhakar Singh, N.P.B.T.O.A.W., Editor. 2009. p-193.

Neumann, A., Men#r, N.H., Vinke, I., and Lippert, H., Systematic study of chromium
poisoning of LSM cathodessingle cell tests. ECS Transactions, 2009. 25(2): p.-2889
2898.

Jiang, S.P., Zhang, J.P., Apateanu, L., and Foger, K., Deposition of chromium species on
Sr-doped LaMnQ@ cathodes in solid oxide fuel cells. Electrochemistry Communications,
1999. 1(9): p. 394897.

69



208. Jiang, S.P., Zhang, S., and Zhen, Y.D., Early interaction betwe€r B#oy metallic
interconnect and Stoped LaMnQ@ cathodes of solid oxideuél cells. Journal of
Materials Research, 2005. 20(3): p. 7468.

209. Wang, K. and Fergus, J.W., The effect of manganese doping on chromium deposition at
Pt/YSZ cathode interfaces. Electrochemical and Solid State Letters, 2008. 11(8): p.
B156-B160.

210. Wang, K.L. and Fergus, J.W., The effect of trans#ioetal doping on chromium
deposition at Pt/YSZ cathode interfaces. Journal of the Electrochemical Society, 2010.
157(7): p. BL00&B1011.

211. Liu, D.J. and Almer, J., Phase and strain distributions &sdsdc with reactive
contaminants inside of a solid oxide fuel cell. Applied Physics Letters, 2009. 94(22).

212. Liu, D.J., Almer, J., and Cruse, T., Characterization of Cr poisoning in a solid oxide fuel
cell cathode using a high energyrXy microbeam. Janal of the Electrochemical
Society, 2010. 157(5): p. B743750.

213. Jiang, S.P., Zhang, S., and Zhen, Y.D., Deposition of Cr species at (La,Sr)(Go,Fe)O
cathodes of solid oxide fuel cells. Journal of the Electrochemical Society, 2006. 153(1): p.
Al127-A134.

214. Kim, J.Y., Sprenkle, V.L., Canfield, N.L., Meinhardt, K.D., and Chick, L.A., Effects of
chrome contamination on the performance of §S 4Cop JFe g03 cathode used in solid
oxide fuel cells. Journal of the Electrochemical Society, 2006. 153(3)880A886.

215. Tucker, M.C., Kurokawa, H., Jacobson, C.P., De Jonghe, L.C., and Visco, S.J., A
fundamental study of chromium deposition on solid oxide fuel cell cathode materials.
Journal of Power Sources, 2006. 160(1): p-138.

216. Yokokawa, H.,Horita, T., Sakai, N., Yamaji, K., Brito, M.E., Xiong, Y.P., and
Kishimoto, H., Thermodynamic considerations on Cr poisoning in SOFC cathodes. Solid
State lonics, 2006. 177(3H): p. 31933198.

217. Chen, X.B., Zhang, L., and Jiang, S.P., Chromium depasiand poisoning on
(Lag.6Shh.4xBa) (CayoFey )O3 (0 <= x <= 0.4) cathodes of solid oxide fuel cells. Journal
of the Electrochemical Society, 2008. 155(11): p. B1B2301.

70



218.

219.

220.

221.

222.

223.

224,

225.

226.

Komatsua, T., Chiba, R., Arai, H., and Sato, K., Chemical compatibilitg an
electrochemical property of intermedideanmperature SOFC cathodes under Cr poisoning
condition. Journal of Power Sources, 2008. 176(1): p-1832

Zhen, Y.D., Jiang, S.P., and Tok, A.LY., Strategy for the development-tdl€ant
cathodes foraid oxide fuel cells, in Solid Oxide Fuel Cells 10, Eguchi, K., Singhai, S.C.,
Yokokawa, H., and Mizusaki, H., Editors. 2007, Electrochemical Society Inc: Pennington.
p. 263269.

Zhen, Y.D., Tok, A.LY., Jiang, S.P., and Boey, F.Y.C., La(Ni,Re@d a cathode
material with high tolerance to chromium poisoning for solid oxide fuel cells. Journal of
Power Sources, 2007. 170(1): p-&a.

Schuler, J.A., Tanasini, P., HessWiyser, A., and Van Herle, J., Rapid chromium
guantification in solid oxidduel cell cathodes. Scripta Materialia, 2010. 63(8): p.-895
898.

Shearing, P.R., Brett, D.J.L., and Brandon, N.P., Towards intelligent engineering of
SOFC electrodes: a review of advanced microstructural characterisation techniques.
International Matgals Reviews, 2010. 55(6): p. 38B63.

Van Gestel, T., Han, F., Sebold, D., Buchkremer, H.P., and Stover, D.;dantured

solid oxide fuel cell design with superior power output at high and intermediate operation
temperatures. Microsystem TechoglesMicro-and Nanosystemimformation Storage

and Processing Systems, 2011. 17(2): p-283

Grew, K.N., Chu, Y.S., Yi, J., Peracchio, A.A., Izzo, J.R., Hwu, Y., De Carlo, F., and
Chiu, W.K.S., Nondestructive nanoscale 3D elemental mapping atygsianaf a solid
oxide fuel cell anode. Journal of the Electrochemical Society, 2010. 157(6): p- B783
B792.

Schuler, J.A., Tanasini, P., HessWyser, A., Comninellis, C., and Van Herle, J.,
Cathode thicknesdependent tolerance to -@oisoning in solid oxide fuel cells.
Electrochemistry Communications, 2010. 12(12): p. 16625.

Sato, K., Kinoshita, T., and Abe, H., Performance and durability of nanostructured
(Lap gsSro.15)0.0dMNOg/yttria-stabilized zirconia cathodes for intermeditgmperéure

solid oxide fuel cells. Journal of Power Sources, 2010. 195(13): p-41118!

71



227.

228.

229.

230.

231.

232.

233.

HesslerWyser, A., Wuillemin, Z., Schuler, J.A., Faes, A., and Van Herle, J., TEM
investigation on zirconate formation and chromium poisoning in LSM/YSZ cathode.
Jourral of Materials Science, 2011. 46(13): p. 45%39.

Kan, C.C. and Wachsman, E.D., Identifying drivers of catalytic activity through
systematic surface modification of cathode materials. Journal of the Electrochemical
Society, 2009. 156(6): p. B695702.

la O, G.J., Savinell, R.F., and SHHorn, Y., Activity enhancement of dense strontium
doped lanthanum manganite thin films under cathodic polarization: A combined AES and
XPS study. Journal of the Electrochemical Society, 2009. 156(6): p-B7g1L

Sharma, V.l. and Yildiz, B., Degradation mechanism iggba C00; as contact Layer

on the solid oxide electrolysis cell anode. Journal of the Electrochemical Society, 2010.
157(3): p. B441B448.

Brett, D.J.L., Kucernak, A.R., Aguiar, FAtkins, S.C., Brandon, N.P., Clague, R., Cohen,

L.F., Hinds, G., Kalyvas, C., Offer, G.J., Ladewig, B., Maher, R., Marquis, A., Shearing,
P., Vasileiadis, N., and Vesovic, V., What happens inside a fuel cell? Developing an
experimental functional map ofdlcell performance. Chemphyschem, 2010. 11(13): p.
27142731.

Zhang, C.J., Grass, M.E., McDaniel, A.H., DeCaluwe, S.C., El Gabaly, F., Liu, Z.,
McCarty, K.F., Farrow, R.L., Linne, M.A., Hussain, Z., Jackson, G.S., Bluhm, H., and
Eichhorn, B.W., Measing fundamental properties in operating solid oxide
electrochemical cells by using in siturdy photoelectron spectroscopy. Nature Materials,
2010. 9(11): p. 944949.

Konysheva, E., Penkalla, H., Wessel, E., Mertens, J., Seeling, U., SingheisandL.,
Hilpert, K., Chromium poisoning of perovskite cathodes by the ODS alloy
Cr5FelY(2)0O(3) and the high chromium ferritic steel Crofer22APU. Journal of the
Electrochemical Society, 2006. 153(4): p. AY8573.

72



Chapter 2

Chemical Compatihlity between Srdoped 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 Cntent is used as an intercaut material. The
mechanism of the diffusion and deposition of the Cr species is not totally clear yet. In this work,
an yttria-stabilized zirconieelectrolyze (YSZ)/strontiurdoped lanthanum manganite electrode
(LSM)/AIS 1441 alloy interconnect tiayer structure has been fabricated by screen printing in
order to simulate the working environment of a real cell. The samples are thermally imeated
moist air atmosphereat 800°Cfor up to 500 h The porous LSM layer thickness has been
controlled to investigte 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 simuliametbus

the LSM grain growth.
2.1.Introduction

Solid oxide fuel cells (SOFG) and solid oxide electrolyzer cells (SOESy are
electrochemical devices that produce electricity from fuel or hydrogen by splitting [di&er
In a SOFC/SOEC stack, an interconnect is placed between the ainddeand the fuel electrode
in order to electrically connect single ce[l34]. According to the planar stack design, the
electical resistance aheelectrodesthe electrolyte theinterconnect, 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 atmosphsuéaplecoefficient of thermal
expansionmatch with other cell components, good chemical compatibility with other cell

materials, and lonterm stability are also needgal6].
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Conductive perovskite ceramics have been considered as dio@éematerials, such
as Srdoped lanthanum manganite (LSM) anddSped lanthanum ferrite (LSE7,8]. A variety
of alloy systems have been investigated as interconnect materials, suciCiad£Edli, Ni-Cr,
and FeNi-Cr alloys.Ferritic stainless steetith high Crcontentis widely studied as a more cost
effective inteconnect materidl5,6,9].The common trait of these systems is that they all form a
surface layer of GO3, or chomia, under the oxidizing atmosphere, and this layer provides high
temperatureoxidation resistance. Howevemhamia evaporates at high temperatures and forms
gaseou<rO; species. The pressure of the gaseous; @r€eases with oxygen partial pressure.
The moisture in the oxidizing environment can cal®sria to evaporate as weih the form of
CrO,(OH),. Water contents above 0.1% in air result in the partial pressure gf{@H} to
exceed the partial pressure of G{®O,11]:

Cr,03+3/12G:A 2Cr0s (2-1)
Cr,03+3/20,+2H,0A 2CrO,(OH), (2-2)

During the SORC/SOEC operation, interconnéatr electrodenterfacial evolution and
structure/performance degradation encompass diffusion and reaction as well as the
correponding microstructure changeBhe air electrode materials such as LSM show good
durability in a single cel[12,13]. However, during the operation with -€Containingmetallic
interconnectmaterials 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 @oisoning which causes the major degradation on the air
electrodeside [14].When the porous LSM air electrode works with the intenectforming
volatile Cr species, the Cr poisoning leads to a dranati®aseof the cathode polarization
resistanceand a fast drop of the output voltage of the teBeveral hundreds of hours5-19].

In SOFCs, theCr poisoningis undoubtedly the most serious probléfhe atmosphere strongly
affects thecompositionof the volatile Cr specigldl0,11]. The high humidity of the atmosphere

in the air electrode of SOFCs chaad to large drop of the output cell voltage and degradation of
the air electrode/electrolyte interfaf20]. In SOECs, it is a even bigger problem because the
interfacial degradation is 10 times faster than that in SOFCs due to the mditibed21].

The interaction between the -Containing speciesrom the interconnecand the air
electrode has been investigated. However, there is considerable disagreements on the mechanism

of Cr-containing speciesteraction with and deposition on the air electrode. Some studies
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suggested that the deposition of §pecies is closely related to the oxygen activity at the
electrode/electrolyte interfactriple phase boundaries (TPHL519]. In contrast, others.
believed that the interfacial degradatiby Cr poisoning could be caused by (i) blocking of
electrochemically active sites by electrochemical reductio&redontaining specigsand (ii)
decomposition of the air electrode by the formation et@rtaining mixed oxide, driven by the
thermodynamicsvithout any influence of the electrical potentif®?]. There were also claims
that the deposition of Cr speciepédads strongly on the nature of the air electrode materials and
that Cr species deposition at the air electrode is most likely controlled byeeurochemical
procesg§17,2324).
As seen from the dissgion, a fundamental issue is still in heated debate for the

interconnedtir electrode interface: the location of the chemical reactidhs.primary reasons
for the disagreements is that to date there is no detailed knowledge of Cr species tratigport at
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 therewek @l materials design, testing, and
characterization efforts to systematically answer these questions.

In this work, Lag gSrp.MnO3; (LSM) powder was made into air electrode and assembled
with the AIS1441 alloy interconnect angttria-stabilized zirconigYSZ) electrolyteto simulate
the air electode side of SOFESOECs. The microstructure and elenaérdistribution are
investigated to evaluate the Cr poisoning of the porous air electrode layer. Focused ion beam
(FIB) was used to assist the sample prafi@an for microstructure and surface analysis. The
elemental analysis wasarried out by energy dispersive spectroscofiyDS). The EDS results
were corrected toninimize the interferences of multiple elements. The effects of thickness and
thermal treatmertime an the Cr poisoning were investigated.

2.2. Experimental Procedures

2.2.1 SamplePreparation

LSM powder waspreparedby conventional solidstatereaction method25]. SrCQ
(99.9%, Sigma Aldrich, St. Louis, MO), @z (99.98%, Alfa AesarWard Hill, MA), and
MnCQO; (99.9%, Alfa AesarWard Hill, MA) at designed composition ratios were mixed in a ball
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mill for overnight. The mixed oxide and carbonates weakeinedin a box furnacel(indberg,

Model No. 51314, Watertown, Wat 1200°C for 2(h.The LSM powder wagground in a ball

mill for 72 h after the calcination. The particle size of the LSM powder was measured by a laser
light scatteringanalyzer(LA-750, Horiba Ltd., Japan).The particle size followed a normal

di stribution curve. The mean parm(asddentiteea met e
measurements, Fig-1).
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Fig. 2-1. Particle size distribution of the LSM powder.

AISI 441 ferritic stainless steel samples (ATl Allegheny Ludlum Corporation,
Brackenridge, PA) were prepared as rectangular substrates (25.4 x 25.4cknesthi2.08 mm).
Theywerepolished to optical finisho remove the oxidized layer, if any, and to obtain a scratch
free flat surface. The@olishedsamples wereleanedby ultrasound in water first and then in
acetone

The LSM air electrode was fabricatedh the polished AISI 441 surface by screen
printing. A polyvinyl butyral (PVB) based organic binder-{B225, 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 powder30 wt% d the PVB binder, and 18t% of ethanol (99.5% puritySigma
Aldrich, St. Louis, MQ and ball milling for over 12 h. 8 mol%tyia-stabilized zirconigYSZ)
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was chosen as the electrolyte materiaXtéch MaterialsLewis Center, O The LSM ink was
diredly printed o the YSZ substrates (20 mm diameter, 280 0 e m t hi ckness)
mesh. Multiple prints were used in orderototain differenthicknessfor the air electrode layer.
LSM/YSZ sample coupons were sintered at 20Ofor 2 h. The heatingral cooling rates were
1°C/min. The bilayer was kept at 20C for 3 h and 408C for 1 h to burn out the binder. After
sintering, the thickness of the air electrodissmeasured by a micrometer.

The AISI 441 alloy coupon was placed on the LSM electrodeddittee LSM/YSZ bi
layer as the interconnect. The configuration of the YSZ/LSM/AISI 44thyar was shown in

Fig. 2-2. A pressure of 450 Pa was applied on eaclayer sample during the thermal treatment.

Electrolyte

/

Electrolyte
vt Air Electrode

ii l K |
NS % N S NS U T AT =

Interconnect
Gas

Flow

Ly

\

Interconnect

Fig. 2-2. Configuration of the YSZ/LSM/AIS441 trilayer.

2.2.2. Thermal Treatment

Thermal treatment was carried out in 25 vol% moist ail08f8for 100, 200, and 500
h. The thermal treatment sgp was shown in Fi@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 temperatfréhe water flask. fie flow ratesvere30 ml/sfor

air and 10 ml/dor water vaporrespectively
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Fig. 2-3. Schematic drawing of the thermal treatmeniuget
2.2.3.Characterization

After the thermal treatment, the-tayer samples were mounted irgpoxy, and then
cut, ground, and polished to obtain cresstions. To study the microstructuseanning electron
microscopy (SEM, Quanta 600 FEG, FBIllsboro, OR wasused to examine therosssections
of the YSZ/LSM/AISI 441 sampke Backscatterin@lectron images were used in order to obtain
optimal contrast.The EDS module (Bruker AXS, MiKroanalysGmbh, Berlin, Germany)
attached to the SEM was usfenl compositionspot analysis, line scaand elemeral mapping
acrossheinterface To improve tle resolution of the composition analysis, FIB (FEI Helios 600

NanoLab, FEIHillsboro, OR was used to cwthin piece ofatri-layer sample.

2.3. Results and Discussion

2.3.1.Microstructure

Fig. 2-4 shows the microstructures of thesastered LSM/YSZ samples. Ftire 1 print,
2 prints, and 3 prints samples, the thicknesses are well controlled, which-hr& 10e m2-( Fi g .
4(a)), 2630 m ( F4i(by,.and 34 5 & m 2-4(dj)ireppectively.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 omtthe interfaceareobserved. There is some air electrode thickness variation but the
darker color on the layer top is fromethregion farther into the air electrode. Based on the
thickness, the surface area, and the weight of the air electrods, ltherelative density of the

LSM air electrode is estimated to beG3%0.

(b) 2 prints

(c) 3 prints

Fig. 2-4. SEM images of sintered LSM/Y SZ-laiyerswith different thicknesses.

The SEM images of the YSZ/LSM/AISI 441 -dyer samples are shown in F&5.
The LSM electrode is in direct contact with the YSZ electrolyte and the AISI 441 interconnect.
Before the thermal treatment, the microstructureghef porous LSM layer shows grain sizes
around 3 2-%ap (dj, &nd (gy. After the thermal treatment for 200 h, the LSM grains
grow larger (Figs2-5(b), (e), and (h))some grains show sgever5 & m. Af ter the
treatment for 500 h (Fi@-5(c), (f), and (i))manyof the grains grow to-& 0 ia size.

After beingthermally 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 mcrostructure 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 decreasesurface area caused by the grain growth simply decrdasestive sites

for oxygen reducing27]. However, the effect of grain size is always haddlress separately
because the gas flow paths are also charage@d consequencén this work, in order to
investigate the surface deposition of thes@ecies, the grain growth caused by ionic diffusion of

the LSM musilso be considered.
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Fig. 2-5. SEM images of YSZ/LSM/AISI 441 ttayer before and after thermal treatment in air
with 25 vol% water vapor atO®°C. (a) 1 print agprepared(b) 1 print 200 h, (c) 1 print 500 h,
(d) 2 prints agprepared, (e) 2 prints 200 h, (f) 2 prints 50Qd),3 prints agprepared, (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 &ay&DS
guantitative analysis is carried out. However, the sample surface obtained by mechanical
polishing is uneven. This is because the porous LSM layer is sandwicbetivieen the YSZ
and the AISI 441 layerandthe dense YSZ and AISI 441 haaenuch higher hardness than the
porous LSM. During the polishing process, the porous LSM layereferentially removed over
thatof the YSZ and AISI 441 layers on the sides. Tnevenness of the #iayer crosssection
leads to variations ithe EDS analysis, especially fone line scan and elemental mapping. To
address the issue and obtain an evelayer crosssection, &IB is used to cut a thin slice of the
tri-layer samp@ that has 2rints of the air electrode thicknesgich havebeen thermally treated
for 200 h

Fig. 2-6 shows a crossection of the 200 h thermally treated sample with 2 prints
obtained by thdé-IB. The thickness of the slias ~ 2 &iambeen@eposied on the cross
sectioral surface before the FIB cutting in order keepthe porous LSM electrodatact and
provide electrical conductivity. Throuigh thi
obtained and theata scattering because of the sampigase unevenness can be effectively

minimized.
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Fig. 2-6. SEM image of a thin layer across the YSZ/LSM/AISI 444ayer 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 #sprepared and 200 h thermally
treated YSZ/LSM/AISI 441 trlayer with 2 prints is shown in Fig@-7. For the agprepared LSM
sample, the L lines of La anlde K line of Mn are in the energy range of 4.M keV. After the
thermal treatment, unfortunately the K lines of Cr overlap with the lines from other elements:
Crk (5.415 keV)La, (5.484 keV) and G(5.989 keV)/Mn (5.899 keV). Because yis a
minor line of Cr and M gis a major line of Mn and Mn is a major component of the LSM
electrode, it is hard to estimatee Cr contentby the overlapping Gi/Mn gline. The Ck gline
that overlaps with théa, ¢ jine (a minor line of La) is used to analyze the preg of the Cr
species. In the EDS pattern thfe 200 h thermally treated sample, the relative heighthef
Crk dLa. p bine is higher than the one in the EDS pattern of therepared LSM, indicating that
Cr diffusion into the air electrode andeposition on its surfaceoccur 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 ofthe aspreparedthe LSM and LSM after 200 lof 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]:

— ®0'G (2-3)

where6 andd are the weight fractions of the element i in the sample and in the standard
sample respectivelyQandO are the line intensities of the element i in the examined sample

and the standard samptespedwely; Z, A, and F are the factorslated tcatormic number, xray
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absorption, and -xay fluorescenceZAF in combination can be calll correction factorSince
the conversionfrom the mass fraction to the atomic fraction is linear, the correction faotor f
the standard LSM sampléhe asprepared sampledan be used to correct the Cr contienthe
thermaly treated samplesVhen the Cr content is zeftlve case for the gsrepared samplejhe

correction facto ¢ @ XALa andAcP*"%are the atomic fractions of La and Cr

obtained in the aprepared LSM sample where the actual Cr atomic fraction is zero). In the
sample with La and Cr coexistirfthe thermally treated sample)
0 0 (o) (2-4)

ALa and Acaare the atomic fractions of La and Cr obtained in thedtaining LSM
sample,and Ac; is the corrected Cr atomic fraction. It should be mentioned that the correction
process does not consider the changtheZAF factors during the conversion from the mass
fraction to the atoms fraction, because for the standardless EDS analysis, the ZAF factors of the
weight fractionareeasier to apply in the calculation. Furthermore, the ZAF factors are close to 1
leading to very small errors for the approximate quantitative anali/Biss equatios 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. Taldleshows the quantitatieDS
analysis results of the spots in F2g6. In Table2-1, the agprepared LSM sample is used as a
reference. Byonsideing Cr (which does not exist in the sample) in the quantitative calculation,
a pseudeCr content of 0.53 atom% and a correction fadblLa/Cr = 25.87 are obtained to
correct theeDS line overlappingrror.

Table2-1. Quantitative EDS spot analysis-&Torresponds to spots5lin 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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InFig.26, spots 1, 3, and 4 are from | arge LSI
show theCr content at 0.40.44 atonfo 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 therdhand, 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 tfeM grain centers and edgsbows that the Cr
species mainly reacts with the LSM grain surface by vapor diffusion insfelag solid state
diffusion, leading taa surface deposition of Qf less than 1%. Furthermore, the La/Sr ratios in
the tested spotshow large variations. In spots 1, 3, and 4, the La/Sr atomic ratio-&53.0
which is less than the original ratio of 4. In spots 2 and 5, the La/Sr atomic ratio is much lower,
around 1.82.5.1n the asprepared LSM sample, the La/Sr ratio is 1.6. @Hferent La/Sr ratios
show that the Sr content is lower inside the LSM grains (spots 1, 3, and 4 are thsectioss
of large size LSM grains). For the-peepared LSM in Tablg-1, the sample is not cut by the
FIB, so the EDS spot analysis representse 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 elect{@®: 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 tREB 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 scgwoes across the particle cresection (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 fractsamsgethe EDS detects
more signa from the polish mounting materiapoxy. The Sr/Laratio shows the same Sr
surface segregation as from the spot analysis. Cr shenydow content acrogke poroud. SM
layer. There is no significant difference of Cr content along the porous LSM tayeitlie left
to the right, which means thér vapor species diffuses fast and deposit 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@yoxide scaldormed on the AlSI 441 interconnect.
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Fig. 2-8. EDS line scan of Cr, La, Mn, and Sr atom fragtiacross the YSZ/LSM/AISI 441 tri

| ayer sample with ~ 25 em t hi ck meresguct@eniss t her
shown in Fig2-6. The thredayers are YSZ, LSM, and AISI 441 from left to right.

2.3.3. ThicknessEffect 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 profitasttie YSZ/LSM/AISI 441 trlayers
with different LSM thicknesses are shown in R 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 analysik. should be pointed out that the-kayers are from mechanical
polishingonly and uneven sample surfaces cause larger data variation for the line scan results.
Fig. 2-9 is more suited foa qualitative trend analysis on Cr diffusion. For edigure, the Cr
atomicfraction $iows insignificant change fromeft to right across the porous LSM electrode,
which means the Cr species diffuse into the LSM ldy@m the interconnect and distribute

randomlyon the porous air electrode layer. In air atmosphere an®@fC3 the vapor phase
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diffusion of the volatile Cr species can reach hundreds of mieamsshe porous air electrode
[30]. That means through thei®®0 € m t hi c k in this studyghle €Ercconterd threugh
the porous layer is not obviously differeagardless of the LSKkhickness.
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Fig.2-9. EDS line scan of Cr content across the YSZ/LSM/AISI 441ayer samples with
different LSM thicknesses. (a) 1 print,-105 thick, (b) 2 prints, 2B 0  thick, (c) 3 print,
304 5 thiah. The three layers are YSZ, LSM, and AISI 44dm left to right. Each curve is
averaged by 3 random scans.

In SOFCs,a thicker air electrode layer is proved to be benefitmal decreasingCr
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 pathwag gashflow affects the vapor
phase diffusion and Cr depositidnvestigation of the morphological effeads 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 ndatignificantly increasewith the thermal treatment time.
Thermodynamically, increasing the thermal treatment time should increas€rtspecis
diffusion. However, he current resulbccursbecause that theeposition othe Cr specieon the
surface of he LSM electrodeliminishes over time because of the reduced siedability. In
addition the LSM electrode surface area also decreases with the thermal treatment time because

of LSM grain growthMore experiments need to barried out to clearly answthese questions
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2.4. Conclusions

LSM electrods with different thicknessearemade angssembled with YSZ electrolyte

and AISI 441 interconnect into a-tayer configuration using screen printing. Theldyer
samples are thermally treated in aittwR5 vol% water vapoat 800°Cfor up to 500 hrsThe

poraus LSM air electrode show gragrowth during the thermal treatment. EDS elemental
analysis shows that Cr species generated from the AISI 441 interconnect diffuses into the porous
LSM layer and depsits on the LSMgrain surface mainly throughvapor diffusion. Sr
segregation on the LSM surface is also found for thardsred and thermally treated electrodes.

The EDS line scan shows that the &omic fraction decreases with LSM layer thickness

increase but is not sifficantly affected by witthermal treatment time.
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Chapter 3

Surface and InterfaceBehaviorsof Sr-dopedL anthanum

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 perfornrattds.work,
an yttria-stabilized zirconia electrolg (YSZ)/strontiunradoped lanthanum manganite electrode
(LSM)/AISI 441 alloy interconnect tiayer structure has been fabricated in order to simulate the
working environment of a real ceNith Cr-containing interconnécThe samples are thermally
treated inmoist airatmospherg (0 vol%, 10 vol%, and 25 vol% moistureg)800°C for up to
500 h. The interactions among different cell components are characterized. The LSM air
electrode shows slight grain growth but thevgiois less inmoist atmospherg 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 onL®E surface is slightly more for the
samples thermally ¢lated in the moist atmospheres and shows no significant difference between
the 10 vol% and 25 vol%noist air At the YSZ/LSM interface, La enrichment is significant and
facilitates the Cr deposition while Mn depletion occurs. The YSZ surface compositimt is

strongly affected by the atmosphere.
3.1. Introduction

Solid oxide cells (SOCs)including solid oxide fuel cells (SOFCs) and solid oxide
electrolyzer cells (SOECsare promisingelectrochemical devices thgénerateslectricity from
fuel orproducehydrogen by splitting watein order to obtain desired power output or hydrogen
production,SOCstacks of planar geometry is widely investigdted) .

Ferritic stainless steel with high Cr contenthas been intensivelgtudied as a cost
effective interconnect materitdr SOC stacks working at 768D0°C [6-8]. Perovskitematerials

have beenvidely investigateds air electrode materials, such asi§ped lanthanum manganite
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(LSM) and Srdoped lanthanum ferrit9-11]. The air electrode is fabricated on the electrolyte,
such agyttria-stabilized zirconia (YSZ)to reduce the oxygamoleculesnto oxygenions (in the
SOFC mode) ooxidizethe oxygen ioato oxygenmoleculegin the SOEC mode):
SOFC:%2 0, (gas)+ 2¢ (cathodeyy O* (3-1)
SOEC:0O” (electrolyte)A % O, (gas)+ 2€ (3-2)

The ceramic air electrode of SOCs sintered with the electrolyte shawiel certain
porosity and thickness in order to provide gas flow route and active sitethefabove
electrochemicafeactiors. At the contact between the electrolyte dhed 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 interfacgl?]. For the longermoperation the air electrode should k&ablein thehigh
temperature oxidizingenvironment and @mically compatibé with other contacting cell
componentg§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 sitesFor example, L&r,O; and SrZrQ formed at the YSZ/LSM interface block the
TPBs and cause an increase in the ohmic resisfdi@&20]. Furthermore, the deposition of
poisoning species such as Cr species fronfdhréic stainless steelcross the air electrode and
at the TPBs is a critical issue in cell degradafi25].

The degradation of the air electrode sdi by theCr-containing alloy interconnects
(chromum poisoning [26,27] includes three steps: oxidation and vaporization of Cr species
from the surface of the interconnect, the diffusion of the Cr species, anddfaiinn 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; &rCrO,(OH), are the two major
compounds of the volatile Cr species, &r,(OH), is the dominant phase when water vapor is
present in the atmosphdiz8,29].

Cr,03 + 3/20, A 2CrGs (3-3)
Cr,03 + 3/20, + 2H,0 A 2CrOy(OH), (3-4)

Besides that the volatile Cr species are strongly affected by the water vapor in the
atmospherelNielsen et alobserved that the SOFC voltage dropped 70% in 12.8 nmrait air
and small particles appear on the YSZ surf@@. Kim et d. observed ~25% cell voltage drop
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when using a 40 vol% moisture content. Composition analysis showed gatfoens on the
LSM air electrode surface and decreases conducf®ify

AISI 441 is a promising staiets steel interconnect material that shows good stability in
the SOFC working environment, forms a (Mn4Qx) layer, and decreases the Cr evaporation
[7,32]. The composition of the alloy is shown in TaBlé. As seen, AISI 441 hashégh 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.

Table3-1. Nominal composition of AISI 441 alloy (wt%4)/,33]

Cr Fe Mn Ti Si Al C S P Ni Nb Re

176 80.68 033 0.18 0.47 0.045 0.01 0.001 0.024 0.20 0.6 -

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)

/Lag gSIhMnO3 (LSM)/AISI 441). The samples are thermally treated at8d0r upto 500 h in

dry air, 10 vol%moist air and 25 vol%moist air,respectively. 8anning 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-tayer samples were broken &xaminethe cross
sectiors. Some samples were mounted into epoxy, and then cut and ground to detect different
positions (distances away frotine AISI 441 layer) in the porous LSM air eleade Along the
30 em t hi c khe éex&ihed lacatiens were shown in Bg.. 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 (XRASused to obtain surda chemistry and elemental
distribution across the LSM layer.-bay diffraction (XRD) andenergy 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 therpus LSM air electrode. XPS is carried out at five
locations: YSZ/LSM, LSML_eft, LSM Middle, LSMRIight, and LSM/AISI 441.

3.2. Experimental Procedures

3.2.1 Sample Reparation

LSM powder was prepared by conventional salidtereaction method34]. AISI 441
ferritic stainless steel samples (ATl Allegheny Ludlum Corporation, Brackenridge, PA) were
prepared as rectangular substrates (25.4 x 25.4thickness 2.08 mm)lhey 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 polishé8l 441 surface by screen
printing [35]. The LSMIlayer on theYSZ substrates (20 mm diameter, 2200e m t hi,cknes s
Nextech Materials, Lewis Center, Pi#as20-30e m t hi ck aft er 9dér2hg si nt
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After the sintering of the LSM/YSZ Hayer, theAlS| 441 alloy was placed on the LSM
electrode side as the interconnddie details of the tliayer sampleonfiguration can be found
in the previoushapter

Thermal treatment was carried outdny air (compressed air), bl% and 25 vol%
moist airat 800°C for 500 h. The thermal treatmentigetwasgivenin Chapter 2 The flow
rates werelO ml-s™ for the dry air, D ml-s* air/1.1 ml-s* water vaporfor the 10vol% moist ait

and 30 mis* air/10 mks* water vapoffor the25 vol%moist air,respectively.
3.2.2. Characterization

After the thermal treatment, the-tayer samples were broken to examine the eross
sections. SEMQuanta 600 FEG, FEI, Hillsboro, ORpausedto study the microstruate The
EDS module (Bruker AXS, MiKroanalysis Gmbh, Berlin, Germany) attached to the s
used for compositional spot analysgome 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 electrodeby an X-ray photoelectron spectromet@fPS, PHI Quantera SXM03, Physical
Electronics Inc., Chanhassen, MM n Al KU r adeViawas used ag thetd8y6 . 6
source. Along the 30 em thick LSMFidg &y Ewey, t he
were labeled as YSZ/LSM, LSMeft, LSM Middle, LSM Right, and LSM/AISI 41 from the
YSZ to the AISI 441 In order to identify the phasesrdy diffraction (XRD) studies were
carried out in an Xo6Pert PRO diffractometer (
The step size was 0.030%svithCuKU r adi ati An (&= 1.5406

3.3. Results

3.3.1. Microstructure

Fig. 3-2(a) shows the microstructure tfe LSM layer at the LSM/AISI 441 interface
before and aftethe thermal treatment ithe different atmosphere§.he AISI 441 interconnect
was removed after the thermal treatment; the SEM imagEgii3-2(a) are taken at the LSM
At op 0 whichiddaectlyin contactwith the AISI 441 polished surfacBefore the thermal

treatment, the microstructure of thepar s L SM | ayer shows HKg3ain si.:
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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 aboutsize. Also, the grains become

more roundisttcompared with those before the thermal treatment. The air electrode looks dense.
For the samples thermally treated in 10 vol% and 25 val#ist air atmospheres, the
microstructures are almost the same, with the latter having more roundish grains. Tihe grai
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 imaes 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 secti@of theLSM layerand the YSZ/LSM interface are shownFig. 3-2(b).
The YSZ/LSM samplesvere fractured toobtain the cross sectionand avoid morphological
alteration from polishingThe LSM air electrode layer shows good adhesion tith YSZ
electrolyte after sintering and after the thermal treatment. No visible cracks in the porous air
electrode ot the interfaceareobservedThe microstructure of the LSM porous air electrode is
homogeneous across the LSM thickness, where naehifes 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 Atopo surface. The sample ther ma

99



grain growth among alhe samples, where small grains adhere together and form large grains
over 5um. For the samples thermally treated in 10 vol% and 25 wadfist air the grain growth
and bonding are observed but less than those for the dry air treated sample. Tineigk#e
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 theoriginal surface of the YSZ substrat@ithout any LSM layer) after
sintering which showsclear grain boundariesFigs.3-3(b)i 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
morphologiesat the interfaces, the LSM layers were carefully sbedcoff 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 surfaige3X3(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 bondingspots substantially increase and #mot size increasse to ~1 um
(pointed by the arrowsNo YSZ grain boundaries can be se&his means moresxtensive
contacts are formed during the thermal treatméFtiis result is consistent with the
microstructure of the LSM layer (Fig-2(b)). The bonding spots for the sample thermally
treated in dry aj however, are clearkor the sample thermally treated in 10 voifist air
(Fig. 3-3(d)), individual bonding spotare flatter but harder to distinguish. On the YSZ surface,
the grain boundaries are hard to be seen and many small particles with €58 timarsize are
observed. These small particles tend to distribute along the boundaries of the YSZ grains. For the
sample thermally treated in 25 volfoist air the bonding merges into a continuous layer and
the YSZ grain boundaries are invisible (F3g3(e)). More small particles are seen with larger
sizes (~100 nm and more scattering over the interface).
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Fig. 3-3. SEM images of the YSZ/LSM interface after the LSM porous layer rem@ja¥Y SZ
surface (b) assintered (c) thermally treated in dry gi{d) thermally treated in 10 vol¥toist 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 (Fig3-4). The examinationbat i ons ar e ma3X e resuss A + 0
show that the main elements are Zr and Y (the peaks are very strong and not showa-4). Fig.
This is expected because of the presence of the YSZ substrate. The minor elements are La and
Mn (approximatet less than 1 aim%), 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
Crk goverlaps with Lap,.0ne of the minor peak of La; and Mgthe main peak of Mn, ovaips
with a minor Cr peak G, (Chapter 2) Since La shows relatively strong peaks, for comparison
purposs, the La gpeak is used as a reference to compare other element3:-4Ag.rescaled to
obtain approximately the same intensity for the fmeaks.The assintered sample shows a very
small Mrx dCrk ppeak. After the thermal treatment, the peak height increases for all the samples.
However, the MR ¢Crk ppeak increases the most for the sample thermally treated in dry air and
the least for the sampleésermally treated in the 25 vol%hoist ait Compared with the main
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La, gpeak, theCrg dLa, » peak shows no significant difference between theirsered state (no

Cr deposition) and the thermally treated samples (with Cr deposition), which medad the
peak is very weak. From this, it can be deduced that the contributire Gfrc , peak is very
weak and the MagCrk ppeak intensity represents the Mn content. This result means using La as

a reference, Mn deposttelativelyless in the high moistui@mosphere.

100.0 |
C La;,
; L
- LaLl aLBl NInKa/CrKB
80.0 r CrKa/LaLﬁz
S 25v0l% 500 h
E 60.0 ,
£ 10 vol% 500 h
=
,3 40.0
i Air 500 h
200 |
As-sintered
I "
00 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 il 1 1 1 1 1 1
4.0 4.5 5.0 3.5 6.0 6.5

Energy (keV)

Fig. 3-4. EDS spot analys of YSZ/LSM interface after the LSM porous layer removEthe
analyzed spots are on the YSZ surface. The correspotadiationsare slown in Figs.3-3(b),
(c), (d), and (e)marked by crosses

3.3.2.Depositionand Distribution of Different Species

After the thermal treatment at 800°C for 500 h in different atmospheres, the AISI 441
interconnec wereremovedand XPS analysis was carried oat different locations @ossthe
LSM layer. Along the porous LSM airelead ode | ayer (~30 em thick)
obtained for the XPS analysis-i§.3-5). The thickness of each layer is controlled by a

micrometer a~8 & m. The resul ts bycoesiderimgrLanp &, Mz &ad Crt o
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only in orderto avoiderrors by oxygen from the mounting epoXihe elemeral concentrations
are averaged by threeeasurementat each location.
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Fig. 3-5. Compositionof the LSM layer before and after the thermal treatment at 800°C for 500
h in different atrespheres(a) dry air (b) 10 vol% moist air and(c) 25 vol% moist ait All the
concentrations are normalized to 100% by considering La, Sr, Mn, and CAtolyic ratios:(d)
(La+Sr)/Mn ratio, €) La/Sr ratio. The solid and dash lines mark the valuesl atandard

deviations of theatiosbefore the thermal treatment.

The surface compositieno f t he L SM aftértsiotgring al 1d.G0& for 2 h
(shown in Fig3-2 ( a ) -s i i A showdgaificant enrichments of La and 8rot shown in
Figs.3-5(a) 3-5(c)). The content of La, Sr, and Ma 49.6%, 14.3%, and 36.1%, whichvery
different from the designed0% La, 10% Srand 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 m#éwtshe surface composition has
changed after sintering, wtee Sr enriches the most, La enriches less than Sr, and Mn content
depletes accordingly at the LSM surface. Such Sr and La surface segregatitite &mal
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 th&M/AISI 441 interfacethe contendf La,
Sr, Mn, and Ciis 45.0 £ 1.0%, 15.6 = 0.3%, 30.7 + 0.3%, and 8.7 + 1.@%pectively. The
surface composition is very close to that of theiatered state if Cr is excluded the 10 vol%
moist air, the contenof La, Sr, Mn, and Cis 50.6 + 1.86, 12.3 + 1.2, 27.9 £ 0.80, and 9.2 +
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0.2%, respectively In the 25vol% moist air the contents 50.3 + 0.7%, 14.3 = 0.5%, 24.4 £
1.1%, and 11.1 + 1%, 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 2®nex%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 evatontent, from 8.7% to 9.2% 11.1%, which
is a considerable amount and reflects the Cr deposition @artekectrode.

Across the LSM porous layer, the contents of La, Sr, and Mn show different changes
from right to left of the trilayer assembly. For the LSM sample thermally treated iranlrythe
La, Sr, and Mn conteng almost the same as tlattheLSM/AISI 441 interfaceFor the sample
thermally treated in 10 vol%noist air the composition is also fairly consistent with some
random variations such as the higher Mn content in the LSM Middle loc&worthe sample
thermally treated in 25 vol%noist air, the coment of La and Sr decreasd&dy about 10% and
20%, respectively, and Mn increases by about 20% at the LSM Right location compared with
those at th& SM/AISI 441 interface These results indicate that higher water vapor content in the
atmosphereauses more La and Sr composition segregation atSNEAISI 441 interfacebut
the segregatiors limited to the interface.

At the YSZ/LSM interfaceamuch higher La content is detected at 61.3 £ 9.0% in dry air,
59.5 * 6.3% in 10 vol%mnoist air and 64.8 = 3.5% in 25 vol¥hoist air On the other hand, the
Mn content is lower than those across the LSM layer and dtSMYAISI 441 interface are
20.1 + 8.4% in dry air, 16.2 + 3.2% in 10 vo®ist air and 15.4 + 2.7% in 25 vol¥hoist air
Sr corient also decreases compared witht #tross 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%noist air even though theontent is
close to that fothe samples thermally treated in dry and moisture spimeres. This mearisat
La is more favorable to interaat) with the YSZ electrolyte and likely forms teaontaining
compounds at the interface. Sr and Mn segregate inwards to the LSM layer. Water vapor in the
atmosphere increases the La enrichment andi®éfetion while having negligible effect on the
Sr composition at thESZ/LSM interface

After the thermal treatmen@r is detectedh all the locations of the ttayers for all three
conditions. At LSM Rght (close to the AISI 44]1Yhe Cr contents arl2.2 + 3.9 in dry air, 9.4
+ 2.1% in 10vol% moist air and 14.4 + 5% in 25 vol%moist air which are similar to the Cr
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contents at theSM/AISI 441 interfaceand show no clear inggtfrom moisture. The lowest Cr
contents of the samples are 4.4 +98.8hown in LSM Right in dry air, 6.4 1.0% shown in
LSM Middle in 10vol% moist ait and 6.6 = 1.2 shown in LSM Middle in 25 vol%noist air,
respectively. This meanthatt he hi gh moi sture | eads to highe
locations close tohe YSZ, which is probably because of the different concentration of the
volatile Cr speciesAccording tothe work of Opila et al. [29], compared with dry ahe Cr
evaporatiorrate could be ten timdggherin moist air with less than 5 vol% water vapohis is
because the gas phase &f@H), has lower formation energy than GrOn equation 3 and 3
4). In the present work,tahe YSZ/LSM interface the Cr content increases to 9.0 £%.\ dry
air, 14.4+ 8.6% in 10 vol%moist air and 10.0 + 1% in 25 vol%moist air Thus here as well,
high moisture content aggravates Cr deposition atY®®&/LSM interface For all the thermal
treatment conditionshe Cr cotentfirst decreasgefrom right to left almg the cross section of
the LSM layerand then increasesyhich showe the preferential deposition of Cr at the
YSZ/LSM interfacei.e., atthe TPBsFor the samples thermally treated in 10 vol% and 25 vol%
moist air the Cr content increases at the LSMtletation compared with that of the LSM
Middle location. Cr accumulates at ti&Z/LSM interfaceandshowsevenhigher concentratign
as much as over 50% compared with the lower values at LSM Middle or LSM Left. The higher
Cr content at the LSM Left lodan for themoist airconditions is a propagation of the high Cr
content at theYSZ/LSM interface This means high water vapor not only accelerates Cr
accumulation at th& SZ/LSM interfacebut also causes a larger extent of Cr deposition in the
adjacent rgion.

That he surface compositioohangesfor the thermally treated samples different
conditionscan be more clearly seerin the atomic ratiosf the elementgvolved (Figs.3-5(d)
and (e). The solid and dasgld lines mark the values and standardidi&ons of the(La+Sr)/Mn
and La/Sr ratios ofthe LSM layer before the thermal treatmen#t this condition the
(La+Sr)/Mn ratio is 1.8+0.2which ismuch highetthan the designed ratio of labdshows the
surface enrichment of La and &rdthedepletion of Mn;and the La/Sr ratio is 3.5#) which is
less than the designed ratio of &td indicates that the Sr surface enrichment is more significant.
After the thermal treatment different atmospheres, these two ratios do not show significant
changesacross the LSM porous layer (LSM Left, LSM Middle, and LSM Righigs. 3-5(d)
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and (e)).These results meahat the composition of the LSM laydoes not changsgnificantly
during the thermal treatment tine different atmospheres.

At the LSM/AISI 441 interfacethe (La+Sr)/Mn ratios arell higher than that of the as
sintered state, and thmoist air treated samples show higher values than the dry air treated
sample This meanghat water vapor leads to more lamd Sr enrichmentsn the LSMfid p 0
surface The chemical composition at th¥SZ/LSM interface shows more remarkable
enrichment of La (Fig3-5(e)), which is consistent with the microstructure (Bi§) and the
EDS results (Fig3-4). At the YSZ surface, the (La+Sr)/Mn ratios are 4026 in dry air,4.4 £
0.9% in 10 vol%moist air and 5.0 £ 1.9% in 25 vol%moist air the La/Sr ratios are 6.5 + ¥8
in dry air,5.9 £ 0.7% in 10 vol%noist air and 6.7 + 0.8 in 25 vol%moist air La accumulates
and forms new species such agdrgO; with YSZ (Figs.3-3 and3-4) [18,36].

3.3.3. LSM/AISI 441 Interfacial PhaseEvolution

XRD is used to analyze the phases of the LSM porous layer in contact with the AISI 441
interconnect (the LSM B-2(a@)pafier theuintefcanneet isaesnovedh o w n
(Fig. 3-6). Before the thermalreatment, the LSM air electrode showpure perovskite phase.

After the thermal treatment 800°Cfor 500 hin dry andmoist air some minor new phases are
indentified. They aréVin; sCr; 50, and SrMngOg«. 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 ame small amountslt should be nad that the YSZ phasthownin some

of the XRD patterngs 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 @ontact with the AISI 441 interconndatfore and

afterthethermal treatment at 800°C different atmospheres for 500 h

Forthe LSM sample thermally treated in dry air, oMw; sCr, 5O, is indentified. For the
samples thermally treated moist air(10 vol% and 25 vol% moisture), boklin; sCr; sO4 and
SrMngOg.« are detectedMin, sCr; sO4 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 SrM§Oe.«x should be caused by the Sr surface segregaton
indicated by the XPS results in FB5. This result means that the Sr surface segregation is more
significant in the wet air atmosphere. However, the amour8rbfrsOe« is too small to be

compared between the 10 vol% and 25 vol% moisture conditions.
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3.4. Discussion

34.1. LSM Grain Growth and Sintering

From the SEM images, the microstructure of the porous LSM air electrode changes
during the thermal treatment. For thesastered samples, the LSM particles bond with each
other, forming a homogeneous wetk 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 treatedstrair even though
the sanple treated in 25 vol%noist air exhibits more sintering than the 10 vol#toist air
sample Overall, the samples thermally treated in 10 vol% and 25 vol% moist air show
significantly less sinteringhan that in dry aiwith a slight difference of graisize This means
that the LSM sintering is likely to bemuppressebly 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 betwetre LSM grains in he porous layeafter the thermal treatment
should bebeneficial for reducing the ohmic resistapts]. However, theactivationpolarization
increaseis generally much larger than the ohmic resistafroen the materialsand the
microstructure effects haveot been well establishgd3,37,38]. There is more work needed to
correlate the microstructure to the cell performar@e.the other hand, at the LSM/AISI 441
interface, the microstructure of the LSM is the same as that across theu®ht 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 theCell Components

The LSM air electrode porous layerin 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 treat in dry air but stays about the same after being treated in moisture
atmospheres, which is consistent with the grain growth (Bigsand3-3). This result can be
explained asheinfluenceof theatmospheren the diffusion during the thermal treatmehdry

atmosphere likely facilitates the diffusion and bonding between the LSM grains while the
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moisture atmosphere induces the formatdrsubstantially higher amountd the volatile Cr
species, which suppress the diffusion of other elements suchaasllMn. 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 helpuoderstand the YSZ/LSM interface interaction process.

Small particles appear on the YSZ surface after being thermally treatecishairand
the size and number of the particles are larger for the higher moisture conditiag3JFigoth
EDS spot angkis and XPS surface analysis show that La compounds form on the YSZ surface
at the assintered state and after the thermal treatment. Similar microstructure change has been
observed inthe work ofNielsen et al[30) and Hagen ¢39. Neelsenétsal[30]o r k
observed small particlesn the YSZ surface when the cell was treated in moisture atmosphere;
while the YSZ surface was clean when thermally treated in dry air. Hagen[&%]gbroposed
that the microstructure change is attributedhe enhanced diffusion of Mn and the impurity
elements such as Si, Ca, and Soum elemental analysis, no impurity elements are detected and
La is considered the major component aagishe particlelike feature on the YSZ surface. The
EDS spot analysis has better lateral resolution of a fed fira XPS, on the other hand, shows
the average composition in tens of nanometdrdepth 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 XRSpectively (the La atomipercent at the YSZ/LSM
interface in Fig3-5 is the value after excluding Zr and Y). Additionally, the quantitative result
of the surface concentration of La does not showignificant difference caused by the
atmosphere. La is concentratatithe YSZ sirface. Combining the EDS and XPS results, the
particles are likely Lacontaining species such as,Ze0;[18,40].

At the LSM surface, the deposition of Cr is considerable for all the three samples, but
there are no visible @ontaining particles. It is believed that the-c@ntaining 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 beesta®@ithed41,42).
Detailed investigation of the air electrode surface reactions involving Cr deposition will be
needed to immve 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 performanisgradation [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 increasingdhactive 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, § 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 themddeireatment conditions
(Figs.3-2 and3-3). Mm sCr1 504 and SrMnOe.x phases are detected by XRD. Cr also deposits on
the YSZ surface. (Cr,MaD, spinel is generally believed bethe phas¢44,45]. Current density
can significantly accelerate this proc¢46] and will be repoed infuture work. In the present
work, no visible Cicontaining particles are found and the Cr deposition amount is small. This
could be due tthe following (i) without polarization the driving force for Cr deposition at TPBs
is not strong enough; (ithe AISI 441 is designed to form a MBr 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 amoibt air, the
amount of the volatile Cr§fQOH), phase is higher thahat ofthe CrQ [29]. In this study, the Cr
content is slightly higher for thmoist airconditionsafter the thermal treatmerithis reflects the
moisture effect.However, the deposition process without current is slow in boty and

moisture atmospheres, and the deposition amount is.small

35. Conclusions

The YSZ/LSM/AISI 441 trlayer is thermally treated at 800°C for 500 h to investigate
the interaction between different SOC components in dry air, 10 wod¥%t air and 25 vol%
moist air The LSM microstructure shows more grain growth and bonding in dry air than in the
moisture atmosphere$he bonding between the YSZ and the LSM is more extensive as the
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moisture content increases. At the YSZ/LSM interface, moiséads to Lacontaining 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 frahe AISI 441 sideto the YSZ side and shows
accumulation at the YSZ/LSM interfac&éhe Cr deposition amouns slightly higher for the
samples thermally treated in the moisture atmosph&remall amount ofCrisMn; 0, is
detected on the LSM surface fdi the samples, an&rMn;Oc is identified for the samples
thermally treated in the moisture atmospheres.
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Chapter 4

Surface and InterfaceBehaviors of (La gSrg.2)xMnO 3 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 tergn cell performance. In thgudy,
tri-layer sample of yttria-stabilized zirconia (YSZ{Lag sSty2)xMNnO3; (LSM)/AISI 441 stainless
steel aremade andhermally treated in dry air atmospheteB0O0°Cfor 500 h The air electrode
composition is varied by changing the x value ino@Sa 2)xMnOs; from 0.95 b 1.05(LSM95,
LSM100, and LSM105) The LSM composition segregation, YSZ/LSM/AISI 44dterfacial
interaction and the reaction of volatile chromium speaieth the LSM surface are characterized
by scanning electron microscop$KEM), X-ray photoelectronmectroscopy (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, Scontaining compound lela 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 surfacgegregation are discussed.
4.1. Introduction

Solid oxide cells (SOCs), including solid oxide fuel cells (SOFCs) and solid oxide
electrolyzer cells (SOECSs), are promising electrochemical devices in high efficiency #jectric
generation and novel hydrogen production technetd-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 teQD00C hasattraced attention because
a reduction inoperating temperatun@eans lessnaterial degradation such as coarsening of the

porous electrodesstresses and failures caused imysmatchesof coefficient of thermal
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expansion (CTE)and sealing problems, and enableplacement of ceramic interconnebtg
cheaper metallic materialgs,7]. In this temperature range, ferritic alloy (stassesteel)
containing 1825 wt% chromium becomes the choice of interconnect material because it is more
cost effective and easier to fabrici8el2].

However, the degradation of the SOC air electrode has been a challenginghwbkele
the Crcontaining alloy is employed as the interconnect matefiais is often caused by Cr
containing species evaporation and transport to the air electnddeh is also called Cr
poisoning[13]. Cr poisoning has been observed in both SOFC and SOEC, demukisgto fast
decreasesn power output (SOFC)14,15 or hydrogen production (SOE(QL6,17]. At 700
900°C, a chromia oxide scale forms on the surface -@o@taining alloys, which evaporates and
forms volatile Cr species. In the oxidizing atmosphere, the volatile Cr specieSr@g
compounds and the composition is dependent on the moisture level in the atmoSpkere.
evaporation occuras[18§] :

Cr,03+ 320, A 2CrGs (4-1)

Cr,03 + 3/20%; + 2H,0A 2CrOy(OH);, (4-2)
When the water content is more than 0.1 mol%, LZp8), becomes the dominant volatile Cr
species in the atmosphdfe3, 19].

The volatile Cr species diffuse through the porous air electrode and deposit on the
electrolyte/air electre/air triple phase boundes (TPB) andthe interfaceof electrolyte and air
electrode materials. For different provskite air electrode materials, Cr poisoning is observed in
the widely used strontiurdoped lanthanum manganite (LSM) dadthanum strontim cobaltite
ferrite (LSCF)for SOFCs[20,2]]. In the SOEC mode, Cr deposition on the LSM oxygen
electrodeis also believed to cause the degradation of SOEC ssfdck. However, the
mechanism of Grontaining species interaction with and deposition on the air electougns
controversial. For the extensively investigated ystabilized zirconia (YSZ)/LSM half cell, the
Cr depositionconcentrates®n the YSZ/LSM interface and blogkhe pores of the air electrode
under cathdic polarization in the SOFC mod#&5,22]. Some studies suggest that the deposition
of the Cr species is closely related to the oxygen activity at the electrode/electrolyte interface
(TPB) and competeswith the oxygen reductiofl5]. In contrast, others believe that the
interfacial degradation by Cr poisoning is caused by the blocking of electrochemically active

sites by electrochemical reduction of -@mtaining species, which is driven by the
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thermodynamics without direct influence of the electrical potenf2d24]. In some further
studies, the Cr deposition is observed not @tlthe TPEBs, but also in the porous air electrode
layer several microns away frothe interfacg25,26]. Overall, the surface interaction between
the LSM air electrode ahthe 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,
atmosphereand cell structure, leading to varying results. Second, the Cr spepiesitas 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 differentneéats duringhe characterization also
presers problems.

The resulting phases of the §peciesinteractionwith the LSM air electrodéave not
been well defined26]. Although MnCpO,4 and (MnCr);O, spinel phaseas well aLCr,0O3 have
been identified in the LSM air electrode and contact [§8@28], the surface chemistry of the
Cr poisoning and the degradation mechanisihet.SM electrodeare not clearPrevious work
indicates that Mn is an important factor for the reactions between the volatile Cr species and the
LSM electrodg23]. Different LSM stoichiometry such as excessive or deficient Mn can lead to
differences in such surface reactions. Detailstlidy of the interactions of the electrolyte/air
electrode/interconnect tkayer can improve the understanding of the Cr poisomiracess and
the interaction at the interfaces

In this chaptey LSM air electrods with different stoichiometry((Lag gSto.2)MnQOsg,
(Lag.gSrh.2)0.95s MnOg3, and (La.gSlo.2)1.0dMNO3 (LSM100, LSM95, and LSM10%areprepared on
YSZ electrolyte. AISI 441, a stainless stei@l applied on therSZ/LSM bi-layer as a SOC
interconnectnaterial The tri-layered samples are thermally treated at 800°C for 5T00d1L.SM
electrodecomposition and the Cr distribution in the porous air electrodaralyzedo examine
the LSM stoichiometry effect on the Cr depositeomd the interface reactianthe fhase at the

interfacesare determined.
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4.2.Experimental Procedures

4.2.1 SamplePreparation

LSM powders with different stoichiometry were prepared wittonventional solid state
reaction method29]. SrCQ (99.9%, Sigma Aldrich, St. Louis, MO), k@3 (99.98%, Alfa
Aesar, Ward Hill, MA), and MnC® (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 weralcinedin a box furnace (DelTech, Model B&1-FI-8-C,
Denver, CO) at 1200°C for 20 hrEhe LSM air electrode was fabricated on ¥&Z surfacéy
screen printing30]. The LSM layer on the YSZ substragrfol% yttriastabilized zirconia20
mm diameter250-2 9 0 & m t NMekTedh Materials, Lewis Center, PMias 263 0 & m
thick after being sintered at 1100f@ 2 h

After the sintering of th&rSZ/LSM bi-layer, the AISI 441 alloy was placed on the LSM
electrode as the interconnect. The configuratibthe YSZ/LSM/AISI 441 trlayer wasgiven in
chapter 3 Also, some YSZ/LSM bBlayer samples were prepared without the AISI 441
interconnect layer. All the tliayer (with AISI 441) and blayer (without AISI 441) samples
were thermally treated in a tubh@nace(173020 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 setp wasalso shown inchapter 3 In order to observe the TPB region, the
LSM porouslayers were peeled off to show the YSZ/LSM interface for 1®@ Bthermaly
treated samples.

4.2 2. Characterization

After the thermal treatment, the-tayer samples were broken &xaminethe cross
sectiors. Some samples were mounted into epoxy, &ed ttut and ground to detect different
positions (distances away frotine AISI 441 layer) in the porous LSM air electroddong the
30 em t hi c khe éx&hhed laxatiens were shown in Hig.. 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 microstructurdgoth secondary electron images aratkscattered electron
imagesof scanning electron microscopy (SEM, Quanta 600 AHE, Hillsboro, OR) wereised.
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Surface analysis was carried out im&-ray photoelectron spectrometer (XPS, PHI Quantera

SXM-03Physi cal El ectronics I nc., Chanhassen, MN
as the Xray source. In order to idengithe phases, Xay diffraction (XRD) studies were carried
out in an Xo6Pert PRO diffractometer (PANal yti

sizewas 0.030°5wi t h Cu KU radiation (&= 1.5406 ).

YSZ/LSM LSM/AISI 441

Fig. 4-1. The examination locations of therpas 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/AlISI 441 interconnect cross
sectiors areshown in Fig4-2. The top images are before the thermal treatment and the bottom
images are after thathe images are taken from tpelishedtri-layer samples mounted in epoxy
The thickness of the LSM porous layer is-2®  ¢Fig.4-2 shows that theritlayer
configuration is maintained.d8ore the thermal treatmerthe LSM grains appear to have been

sintered {op of Figs. 4-2(a), (b), and (9) The porous LSM air electrode layisrhomogeneous
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for all the three different compositions (LSM95, LSM10@nd LSML0O5). The grain size
distribution of the LSM electrode ioreases from LSM95 to LSM105. For the LSM95 sample,
the grainsare2e m and al most no smal | Bortha L6M100baed ow 1
LSM105 samples, smaller grain sizes below frare apparerand some large grains of €5m
are observedThe grain size of the LSM100 samplesigyhtly larger than that of theSM105
samplesThe LSM95 sample shows the most compact netaorkngthe three samplegor the
other two samples, local pare regions are more prevaleAtso, thegrairs inthe LSM100 and
LSM105 samplsdo notbond well

Fig. 4-3 shows the SEM images of the unmounted, fractured YSZ/LSMybr cross
sections, before (top) and after (bottom) the thermal treatment. The gd@disayer can be
observed without the possible damage from grinding and polisiniige SEM images, the YSZ
electrolyte is dense althougmall closed pores are presefmong the three studied samples, all
the interface show goodcontactbetween the Y3 electrolyte and the LSM electrotbefore the
thermal treatment (top of Fig4-3(a), (b), and (c))The LSM grain size difference is consistent
with that in Fig4-2. The LSM95 sample has more uniform grain sizes. The LSM100 and
LSM105 samples show larger grain size distribution, especially for the LSM100 sample. For
the LSM95 sample, the LSM grains and the YSZ surface seem toafbatter contact. For the
LSM100 and LSM105 samples, the contact of the LSM grains with the YSZ surface may be
slightly les. These different microstructures indicate that theeMeessive sample (LSM95) is
easier to sinter and fornaetter contact with the YSZ electrolyte.

After the thermal treatment of the-tayerand btlayersamplein air at 800°C for 60 h
the micrestructure(bottom of Figs4-2(a) and 43(a)) of the LSM95 layebecomes more porous
without singnificant change in tHeSM grain size This is mainly because the sintering process
at 1100°C has consumed the excess surface eaedglye LSM microstructure such as porosity,
pore size, and pore structure are mostly determinedhéysintering process The thermal
treatment at 800°C causes no substantial change. For the LSM100 sample, however,
microstructure changes afted®h of thermal treatmerdre morevisible (bottom ofFigs.4-2(b)
and4-3(b)). Some smalLSMgr ains (< 1 em) disappear and | a
continuous network. The grain size is aboub52 € m  A0f htofetherm&l treatment. For the
LSM105 sample the microstructure shows the smallest sintepetn sizeqbottom ofFigs.4-

2(c) and4-3(c)) andthere 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 showsotie
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

Fig.4-2. SEM images of YSZ/LSM/AISH41 trilayer crosssections before and after thermal
treatment in air at 800°@r 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 treatmeamples s

aremounted in epoxy ahpolished.
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Fig. 4-3. SEM images of YSZ/LSM Hayels before and after thermal treatment in air at 800°C
for 500 h(unpolishedcross section)a) LSM95, (b) LSM100, and (c) LSM105. For each figure,
the top is before the thermal treatment andbiiteom is after the thermal treatment.

43.2. YSZ/LSM interface Analysis

To examinethe microstructureat the YSZ/LSM interface, the LSM porous layer was
mechanically peeled offom the YSZ substrateThe resulting YSZ surface morphologies are
shown in Fig4-4 for different conditionsFig. 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 andthegram si ze i s a bhL®M9% sample,ghm LSMHaydiorms h e
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extensive bonding spowith the YSZ layer even before the thermal treatment (Big(b) top).

For the LSM100 and LSM105 samples, the bonding with the YSZ diminishes at$heesied

state (top of Figs4-4(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. &#b) bottom shows the

low and high magnification images respectively. The YSZ grain boundaries cannot bEseen.
the LSM100 and LSM105samples (Figs4-4(c) and (d) bottom, also with low and high
magnification images)he bonding spots with the YSZ $are and the residual LSM on the
YSZ surface diminish in the same ordEor the LSM100 sample the bonding spots increase
compared to the asintered samplaxyhich meansnore contacs are formedduring the thermal
treatmeniFig.4-4(c)). However, the grai boundaries of the YSZ surface are still visibalthe

high magnification image shows less extensive bonding stfatshe LSM105 sample (Fig4-

4(d)), there are very few bonding spots after the thermal treatameivery little LSM residual is

seen o the YSZ surfacelhe 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 thifénent samples.
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Fig. 4-4. SEM images of th& SZ/LSM interfaceafter theLSM porous layeremoval (a) YSZ
surface, (b) LSM95, (c) LSM100, (d) LSM105. For (b), (c), and (d), the top is temtased
sample and the bottom is the thermally trdatample with low and high magnifications.

4.3.3. LSM/AISI 441 Interfacial Composition Analysis

In order to examinéhe LSM layer chemical compositiomnd understanthe interfacial
interaction between LSM and AISI 44the AISI 441 interconnect is removédr the XPS
analysis The elemental compositions at the LSM/AISI 441 interface at different conditions are
shown inFig.45. The scan ar ea 2 Bise tBeOLSM $ampke® &e nsoumted in
oxygencontaining epoxy, oxygen is excluded from the analyEhe 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 shownlib.Fig.

The initial composition of the LSM samples is shownFig.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 (Figl-5(a)). Sr and La show enrichment on the LSM surface. Sr
increases by 46% in LSM95, 42% irsM100, 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 shoulohbted that oxygen is
excluded from the analysis and thebanges are for the relative change of the respective metal

elements only. The surface Sr and La segregatéon be understood as followBhe crystal
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structure of the LSM surface is different from that in the bulk. Broken bonds and strain energy
drive camposition redistribution [31,32]. For LSM, Sr surface segregation is a vkelbwn
phenomenoifid3-37]. La®>* (1.36v) and Sf* (1.44 v) have much larger ionic radii, wheethose

for the Mn**/Mn*" ionsare relatively smalfless tharl v) [38]. As a resultLa and Srare more
likely to reside on the surface for siaecommodationSr shows more surface enrichment than
La for the LSM95 and LSMI0 samples, which causes tte@@Srratioto decrease to 3.5 frothe

initial ratio of 4 (Fig. 4-5(b)). For the LSM105 sample, the La/Sr ratio increases to 4.3. This is
likely due tothe excessive A sites of the LSM perovskite structmtdch offer more
acommodation to LaAr the sametime, Mn ions decrease significantly (Fid:5(a)), likelydue

to Mn migration to the LSM bulkas a result ofts small size. The (La+Sr)/Mn ratiohus
increases significantlynitially the (La+Sr)/Mn ratios are 0.95, 1, and 1,.6&spectively (Fig4-

5(c)). At the assintered state, this ratio increases toA@ The significant change of the A/B
site ratio in the LSM indicates that the LSM surface may not maintain thesgésoerystal
structure.

For the YSZ/LSM bilayers without the presence of the AISI 441 interconnect after the
500 h thermal treatmenthé surface compositions of the LSM samples change continuously
(Fig. 4-5(a)) La slightly decreases by 4% in LSM95 abhiM100, 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, ande8ectively
(Fig. 4-5(b)). These values are drasticdthyver 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 3336%. As a result, the LSM95 and LSM100 samples show very similar surface
compositions. For the3M105 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
assintered samples at 1280 (Fig.4-5(c)). These values again are very different frone th
designed value of 0.95.05 and indicate likely crystal structure change on the LSM surface.

For the YSZ/LSM/AISI 441 trlayers, after the thermal treatment for 500 h, Cr is
detected on the LSM surfacEor the LSM105 sample, the Cr concentration a ghrface is
13.7%, which is higher than tho$er the LSM95 and LSM100 samples at 7.1% and 8.7%
respectively (normalized to 100% of La, Sr, Mn, and Cr). If oxygerewmcluded in the atomic
percent calculationhe Cr deposition amountgould be2-5%, much higherthanthose from the
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energy dispersive spectroscofigDS) analysisin Chapter 3 The reason ishat XPS collects
composition data from at most ~ 10 mihdepth while EDS collects composition data from ~ 1
e mof depth[39]. For the Cr deposdn on the LSM surface, XPS surface analysis is a more
sensitive technique.

After the trilayer sample thermal treatment, La decreases for all the three samples
compared to the asintered sampleg,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 adayer<i
However, La decreases more significantly on the surfaces than for-kiwebisamples. This is
believed to result from Gt taking the place of L in the surface structures and causing'lta
diffuse into the LSM samples. For LSM95, Sr increases by 3@f&tpared to the asintered
state, which is much higher than the increase for tHayler sample (9%). For LSM100 and
LSM105, the Sr increases are much less than tioogke bilayers. This is likelydue to the fact
that theMn decreases in the opposéeection instead ofemainingunchanged for the ttayer
samples, which provides more room fbe Sr to resist segregation. Interestingly, after the tri
layer thermal treatment, the Mn surface concentrations of the LSM95 and LSM100 samples are
very clo®, at 31% and 33%espectively (Fig4-5(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 ragid_8M95
sample is 2.1 while those for the LSM100 and LSM105 samples are 2.8 amdsp&xtively
(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 & tLSM95 and LSM100 samples are very
close to the same value of 1.9 (Hgb(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 me significantly than that of the f©r condition. For the LSM100
sample, boththe La and Mn decrease arttle Sr increase are less than those of theCno
condition. The final resulshows similar (La+Sr)/Mn ratios. For the LSM95 and LSM100
samples, Cr ligly froms MnrCr 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 interactiorth@it®r species, which also
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increases the amount of Cr surface deposition. However, other analysis suthXRD cannot
verify thisconjecture
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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.

4.34. LSM/AISI 441 PhaseEvolution

XRD patterns of the LSM with different stoichiometries (LSM95, LSM100, and LSM105)
are shown in Figd-6. Beforethe thermal treatment, the LSM95, LSM100, and LSM105 air
electrods showanalmost pure perovskite phase. The aespee and deficierivin contentdn the
nonstoichiometric 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 pattes of all the three samples show no detectable change (not
shown in Fig4-3). 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 wit 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 trilayer samples,fter thethermal treatment at 800°C fof® h the LSMlayers
with different stoichiometes mainly contain the samperovskite phaseHowever,some other
phasesareidentified SrMnOs., is a minor phase identified in the LSM95 sample, which cannot
be detected in the other two samples. The 3@dpphase maygorrespond to the surface phase
of the LSM95 sample with higher Sr concentrationm#or Mn sCr; 504 phase $ detectedn
the LSM95 andLSM100 sample For the LSM105 sample, no other phase can be identified
besides the perovskite LSM. As indicated in, 3@ Cr species may interact with La and Sr and
form (La,Sr)CrQ. However, no new phase is detectedtyXRD because the possible phase
should be at the very surface. This shows again tti@iXRD is moreof a bulk detection
technique and its result qaot be correlated with the XPS results. Other experimsunth as
high resolution Xray technique and electron diffractishould be sought to confirm the phases

related to the Cr surface deposition.
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Fig. 4-6. XRD patterns of the LSNayerbefore and aftethe thermal treatment at 800%Gr 500

hin air. The latter case is thedayer arrangement.

4 .3 5. Cr Distribution

In order to investigate the Cr species diffusion through the poroMsdiSelectrode and
deposition atboth the LSM surface and théSZ/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 ¥82Zh
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 bottoMJEESM
interfacg as shown in Figd-1. The results are normalizéal 100% by considering La, Sr, Mn,
and Cr only. Al ong the porous LSM air el ectrc
are obtained for the XPS analysis (Fgl). The thickness of each layer controlled by a

micrometertB-1 0 & m.
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Along the cross sections of the LSM layer, from th8 M/AISI 441 interfaceto the
locations close to th& SZ/LSM interface the distribution of La, Sr, and Mn stay almost the
same. There are some composition variatitms the differences are not significant. TGe
content, however, decreases from right to left for all the samples. The Cr amounts at the
LSM/AISI 441 interfacereflect the effect of the stoichiometry. The LSM95 sample shows the
lowest Cr concentration at about 7.1%; the LSM100 sample shows ab#yteid the LSM105
sample shows 13.7%. Excessive A sites lead to more Cr deposition, consistent with the La
replacement explanatioRor all the samples, the Cr contesfitows a decreadrom the AISI 441
side to the YSZ sidghrough the porous LSM layefexcept at theYSZ/LSM interface.
Compared to the Cr content ofl4% at the LSM right anthe LSM/AISI 441 interfacethe Cr
content shows onlg-5% at the LSM left(Fig. 4-7).

At the YSZ/LSM interface the Cr content showan increase for the LSM95 and
LSM100 samples b decrease for the LSM105 sample. For the LSM95 sample, the Cr content
at theYSZ/LSM interfaceis 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 LSWM1i5 is
because th€r deposition is affected e La contentin a mannersimilar 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 LSM&@8&@Ee, 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 (1722Q.1%), even thougthey are all much lower than those across the
LSM layers. The different extent of Cr deposition at W&Z/LSM interfaceis related to the
interactions between the LSM sample and the YSZ electrolyte. As shown #&ig.SM9O5
and LSM100 form stronger bda with the YSZ electrolyte. The interfacial interactions likely
lead to new species formation such as SgZf@@]. The Cr deposition at the YSZ/LSM95
interface is accelerated by the newcBntaining phasebecause¢he Sr content at the interface
may crate more sites for the volatile Cr speciesleposit From the LSM95 to the LSM105
sample (Figs4-7(a), (b) and (c)), La shows increasing enrichment while the amount of Cr
deposition decreases. This means that the excessive La and likebytaening plase (such as
LayZr,0O7 [41]) are not favorable for Cr deposition and bond formation with the YSZ surface. Mn

does not participate in these interfaciatieractionsbut the overall depletion at théSZ/LSM
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interface will compromise TPB reactivity. However, XRD cannot identify the new phases
suggested by the XPS analysis. This meiuas the amounts of these -Sontaining and La

containing phases are lowdstay at the very interface.
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Fig.4-7. Atomic concentrations along the LSM air electrode layer. Y8B&/LSM/AISI 441
samples are thermally treated in air at 800°C for 50Qah 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 LSMvith an ABOj3; perovskitestructureconsiss of (La,Sr)O(A-site plang¢ and
MnO, (B-site plangconsising of MnOg octahedrpatomic layersalternatively stackef4?], the
same XRD results for the aynthesized LSM means that although the (La+Sr)/Mn ratio is
slightly changed in LSM95 and LSM105, tiMnO, layers maintain the same structuFer the
assintered and thdi-layer samples (without Cr deposition) after the thermal treatment, the
surface segregatioof La and Sr fundamentally changes the (La+Sr)/Mn ratio. Ihighly likely
that the LSM surface cannot maintain the provskite structure and composition segregation occurs
more easilyThis La and Sr surface enrichment is mainly caused by their larger size¢beFRrt
layer samples, the Cr deposition inhibits sueface segregatiaof La for all thesamplessinceit
has a tendency toccupy the La sitesHowever, Crcan onlyinhibit the Sr surface segregation
for the LSM100 and LSM105 sampld=or the LSM95 samplethis inhibition is less effective,

mostlikely because othefewer A site species in the composition desifime SrMn;Og.«x phase
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identified in the LSM95 sample meatisatin the Mn excessive situatipsr interacts with the
excessive Mn first instead of waiting for the diffusing Cr species to becorialdea

The presence of Cr across the LSM layer indictte€r distributionfrom the AISI 441
interconnect into the LSM air electrode layer, which in turn changes the surface structure of the
LSM. The Cr-containing phase forra a very thin surface layeron the LSM since the
microstructures do not show visible morphological changes and the XRD pattern shows very
weak detectable peaks of the new phaség interaction is schematically shown in HeB.
First of all, La and Sr surface segregation occungn] Cr speciedepositon the LaSr enriched
LSM surface forming Mny sCry 504 for the LSM95 and LSM100 samples afidh,Sr)CiO3 for

the LSM105 sampléelhe reaction equatiortan be expressed as:

R
(Lag.sS1h.2)xMnOs3  wuuuuuuy  (La Sr)..nMnO; (surface) (4-3)
LSM95 and LSM100:

(LaSrk+nMnO;3 (surface) 1 (LaSrk«nMnimOsz +-m CrysMny 504 (Surface) (4-4)
LSM105:
(LaSrk+nMnOs (surface) 4 (LaSrk«n-mMnOs + m (LaSr) CrOs (surface) (4-5)

At the same time, Cr diffuses to the YSZ/LSM interface. For the LSM95 sample,
excessive Mn in the LSM95 is ber@él for forming a good bonding between the YSZ and the
LSM and the interaction leads éssignificant change of theicrostucture (Fig4-4(b)). The Cr
shows significant accumulation at the interfageich 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 thbange 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, SrZray be the phase leading to more Cr
accumulation. The LSM100 sanapis 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 defient Mn in the LSM105 leads to the JZZ&,O; formation at the TPBs
causingpoor interfacial bonding. Furthermore, the,Zga0; 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 elewtithd€r-
containing specieand YSZ: (a) thermally treated without Cr species, (b) LSM95 and LSM100
thermally treated with Cr species, (c) LSM105 thermally treated@vitspecies.

As seen, LSM is highlynstableatthe very surfaceSr and Lasurface segregation at
deposition on the LSM surface changes the surface cherargiripe bonding between the YSZ
and the LSMand compromisethe activityfor oxygen reductionThese interactions can impose
serious constraints on the performance and-teng stability of SOFC/SOEC&ompared with
the effects of Cr species deposition on the LSM surface, La and Sr surface segregation and the
subsequent impact oMSZ/LSM bonding and the reaction with the TPBs should be more

carefully considered
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45. Conclusions

In this study, YSZ/LSM/AISI 441 samples with different LSM stoichiometries are
thermally treated to study the LSM composition effect on the interfadiefaictions. All the
LSM samples (LapsSth2)xMnO3, x= 0.95, 1, andL.09 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 segregatiaf La and Srfor the LSM100 and LSM105 samplefor the
LSM95 sample, the Sr surface segregation is accelepteatie Cr depositionSrMnsOg.« IS
identified for LSM95 andCr; sMn; 5O, is identifiedfor both LSM95 and LSM10QCr deposition
decreases with increasing distancenfrthe AISI 441 interconnect but increases again at the
YSZ/LSM interface. The YSZ/LSM95 interface shows strong bondimg;XPS analysis shows
a higher Sr concentration and Cr deposition. The YSZ/LSM105 interface shows poor bonding;
the XPS analysis showes 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 oxidefuel cell operation,electrical current playan importantrole in the air
electrode interactiomvith electrolyte and interconnect and letegm cell performance. In this
study, (Lay.sSto.2)xMnO3 (LSM) air electrodswith different stoichiometry (x = 0.95, 1, and 1.05)
arefabricated on the surface of yttria stabilized zirconia (Y&ZJthen sandwiched ih AlSI
441 stainless steel interconnebtie simulated half cells are thermally treated at 800°C foh500
under a 200nA-cm” current density in dry air. YSZ/LSNhterfacialinteraction and the reaction
of volatile chromium species on the LSM surfacee arharacterized 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 Y3ZBM interface and accelerates Cr deposition. Deficient Mn in
LSM leads to extensive interfacial reaction with YSZ, forming moredwataining phase and
inhibiting Cr deposition.

5.1. Introduction

Solid oxide fuel cells (SOFCs) are composed of ceramidrelgie and electrodes, metal
interconnect, and glass sefls4]. Compared with other kinds of fuel cells, the high operation
temperature (generally 6aM00°C) offers SOFCs advantages such as flexibility in different fuel
gases inluding hydrocarborfuels and much higher tolerance for fulpurites[5-7]. In order
to obtain desired electric power output, single cells are oftenchted 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 vieugwering the operabin temperature of SECs is
highly desired. At the reduced temperaturé80(900°CQ), material degradatiorssuessuch as

coarsening of the porous electrodssiesses and failures caused dnefficient of thermal

146



expansion (CTE) mismatcheand sealing problemsan be lessened; metallic interconnects
become feasible with cost and processability advan{fddeks).

When the Cicontaining 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
electode side. TheCr poisoning is caused by the diffusion of volatile Cr species evaporating
from the Crcontaining metallic interconne@nd deposition on the air electrode and the air
electrode/electrolyte interface, leading to a fast degradation in akltank performancgl7-

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 theatiotar
For themost commonly usedir electrode anélectrolyte material, strontiunmrdoped lanthanum
manganite (LSM)nd yttriastabilized zirconia electrolg (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 e porous LSM air electrode
[25]. When the polarizatiors absent, the Cr species in the TPB area are insignifichaeteTare
considerable disagreements on the mechanism @o@aining species interaction with and
deposition on thair electodeand electrolyteOn one handKonysheva et al.26] believed that
the Cr volatile speciesdeposit by electrochemical reductioon the airelectrode (mostly
considered to happen the TPBareg. Cr-containing mixed oxiddorms fromthe interaction
with the air electrodeandis driven by thermodynamics withoan influencefrom the electrical
potentials.On the other hand, Jiang et §27] proposed that the deposition of Cr is not
dominated by electrochemical reduction of the high valence Cr volatile speciedyihg fibrce
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 LSirbes an important
factor to be evaluated for the Cr species interaction with other cell components.
(Lap sSrh.2)xMn0Os is classified as an AB{perovskite compound, where La and Sr are in the A
sites and Mn is in the B sites. The A/B cation ratio hasatigffects on the phase stabili8].

In the case of %1, the excessive La can lead to the formation Zt®; with YSZ, which is a

nonconductive 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 excessivel{XLSM as the air electrode.
However, the effect of LSM stoichiomery on the Cr deposition has not been studied.

In order to clarify the mechanisof 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 thkayer is needed. Although &3; and (Mn,Cr}O4 have been identified
in the Cr depsition, the effect of Mn is not totally know[24,30]. Furthermore, the surface
segregation of Sr and La from LSM affects #lectrochemicabxygen reduction reactiom
SOFCs[31,32]. Surface chemistry of the TPB area is also a poorly undersémtor for the Cr
deposition.

In this work, LSM samples with different stoichiometri€lsag gSry.2)xMnO3 (x=0.95, 1,
1.05 notated as LSM95, LSM100, and LSM105) were made into air elecinod8Z electrolyte
YSZ/LSM bi-layer samples were assembled with the AISI 441 alloy to simulatertetectode
side of SOFCs. Aathodic polarization curremtensityof 200mA-cm? was applied on the tri
layer samples. The samples were thermally treated in dry air &E8060500 h. Microstructure
examination, surface analysis, and phase analysiscaeried 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 SamplePreparation

LSM samples with different stoichiometries (LSM95, LSM100, and LSM105) were
prepared witha conventional solid state reaction metla screen printed on t&Z substrate
(8 mol% yttria stabilized zirconi&0 mm diameter, 252 9 0 & m { NexTedk Mawgals,
Lewis Center, Ol 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 paperg33,34].

After the sintering of th& SZ/LSM bi-layer, the AISI 44%alloy was placed on the LSM
electrode as the interconneét potentiostat (VersaSTAT FRrinceton Applied Researcak
Ridge, TN was used toupply a current density of 200 mA-&@mPlatinum 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:laywer tri
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setupwas shown in Figh-1. The YSZ/LSM/AISI 441tri-layer samples including a control
group of LSM samples without any electric current were thermally treated in a tube furnace
(173020 HT Furnace, CM Furnace Inc. Bloomfield, NJ). Thermal treatment was rcéed out

in dry air (compressed air) at 800°C for 500 h. In order to observe the TPBgap@SM

porous layers were peeled off to show the YSZ/LSM interface for @ehdhermaly treated

samples.
I(-)
O Interconnect Pt mesh
P(:)telltl(-)Stat | | 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 7 )
P R T R A EO I R TR — A . ~fen
Air electrode
¢ Electrolyte
\ P 4
d paste
I(+) W

Fig. 5-1. Schematic representation of ttrelayer sample testing setup with an electric current

applied.

5.2.2. Characterization

After the thermal treatment, the-tayer samples werfacturedto examinethe cross
sectiors. Some samples were mounted into epoxy, and then cut and ground toddéteent
positions (distances away fraime AISI 441 layer) in the porous LSM air electrodée detailed
experimental description can be found in the previous g&3r To study the microstructure,
scanning electron imagd$SEM, Quanta 600 FEG, FEI, Hillsboro, OR) wesbtained.An
energy dispersive spectroscofizDS) module (Bruker AXS, MiKroanalysisismbh, Berlin,

Germany) attached to the SEM was u$adcompositionanalysis.Surface analysis waalso
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carried out in a X-ray photoelectron spectrometer (XPS, PHI Quantera ®8MPhystal

El ectronics I nc., Chanhassen, MN) . A n-rayA | KU
source. In order to identify the phas&sray diffraction XRD) studies were carried out in a
Geigerflex D/maxB X-ray diffractomete(Rigaku Corporation,Tokyo, fJan). The step size was
0.01°8*wi t h Cu KU radd.ation (o= 1.5406

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 gtahs assintered state
(Fig.5-2(a)).The pores form a 3D network structure with round grain shapes and corners. The
grain size is abouti 3 um. After the thermal treatment without an electric current (B-ig(b)),
small grains grow larger to about®n 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 (Fidg-2(c)), however, the grains actually become smaller and the
decreased bona between the grains is visible. For the LSM100 sample, before the thermal
treatment without an electric current (Fig2(d)), the grains have a wide size distribution,
ranging fromli 4 um with irregular shapes and sharp corners/edges. Many small gttiok to
the large LSM grain surfaces. The grain bonding is lower than the LSM95 sample. After the
thermal treatment without an electric current (Big(e)), the grains grow larger and more
roundish. However, the bonding between the grains shows noastilis change. After the
thermal treatment with the electric current (Be(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 LSMA.@ample before the thermal treatment (Big(q)),
the grain size is much smaller with a narrower size distribution ZQubn). After the thermal
treatment without an electric current (Fsg2(h)), the grains grow larger and the bonding
between the gras 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 othe LSM mrous layerafter the thermaltreatmentat 800°C for 500.
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.
(&) (c), LSM95 assintered, thermally treated without and with an electric currédi;(f)
LSM100 assintered, thermally treated without and with an electric current{@in¢) LSM105

assintered, 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 (Fig5-2(a)), to LSM100 (Fig5-2(d)), to LSM105 (Fig5-2(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 differemteden 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 bred&wn). The LSM100 sample shows grain growth. The LSM105
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sample shows no obvious grain size chanflee phenomenon that cathodic polarization
influences grain growth and bonding has been investigated by Wang and Jianf3&886§|.
Theysuggestdthat the Mn ions in the lattice and interstitial sites are electrochemically reduced
under cathodi polarization, forming concomitant oxygen vacanci€ee 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 £&h|886
(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 vacancyajereand 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 arrovés3jFighe
bright particles withirregular shapgare theLSM grairs left on theYSZ electrolyte surfacd-or
the LSM95 samples before the thermal treatnfEigt. 5-3(a)), extensive bonding spots aboiit 1
2 um in size are formewith the YSZ layer after the sintering. After the thermal treatment
without an electric curren{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 currefiig. 5-3(c)), large areasof the YSZ surfaceare coved by
small grainsof 20/ 40 nm in size The crystalshowdistinct facetswith cubic shapesThe EDS
spot analysis shows 1.2 + 0.3 a@6 (average of three measurements), which is a considerable
amount of Cr deposition compared with the previous results, whererfheesCr deposition is
hard to detect by ED$34]. This means LSM reacts extensively with-€@ntaining species
under the electric current. For the LSM100 sample befmr¢hermal treatmel(Eig. 5-3(d)), the
bonding spot sizes are less than 0.5 um and shallow. The surface has some rough texture. After
the thermal treatment without an electric curr@ng. 5-3(e)), the YSZ surface is also clean and
the grain boundarieare visible. The bonding spots are much larger and deeper with sizes about
1 um. After the thermal treatment with the electric cur{&ing. 5-3(f)), the YSZ surface is still
visible. The LSM bonding spots are larger than those at tsthesed state, Ut smaller than
those without the electric currerti 2 um in size. Somdrregularshapeddeposits 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 smalagicles adjacent to the bonding spots.
For the LSM105 sample before the thermal treatnfEig. 5-3(g)), the microstructure of the

152



YSZ surface is similar to that of the LSM100 sample, where small and shallow bonding spots are
seen.The rough surface textei is visible with some roundish particles present. For the LSM105
sample after the thermal treatment without an electric cu(Fegt5-3(h)), the YSZ surface is
clean. The bonding spots are over 1 um in size. However, the shape of the bonding sgots is n
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 irreghi@ped speciesre present at the bonding
spots. Combing Fig®-3(f) and5-3(i), it indicates that interfacial reaction(s) occurs for LSM100

and LSM105 under the electric current, but mainly around the bonding spots.

"-W .
4

Fig. 5-3. SEM images of the YSZ/LSM interface aftee LSM porous layer removhg&fore and
after thethermal treatrant: (a)i (c) LSM95 assintered, thermally treated without and with an
electric current;(d)i (f) LSM100 assintered, thermally treated without and with an electric
current; andg)i () LSM105 assintered, 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 teteibbonding with the YSZ
substrate than the LSM100 and LSM105 samples. For the LSM95 sample, extensive Mn
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facilitates the bonding with YSZor LSM100 and_.SM105, therough surfaces and partidike
species meathat new compoundskely 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 weakestbuan The bonding spots for the latter are not condikee

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 &wontaining phase based on the EDS analysis. For LSM100, the electric current
leads to the formation of irregutahaped species at the bonding spots. For LSM105, the bonding
spots are larger but the new deposit is also more extensive.€elg formed phase at the
interface for the LSM100 and LSM105 samples is believed to be-@mhiaining phas¢29].

This will be discussed more in thdlawing sections.

5.3.2. Elemental Analysis andDistribution

After the thermal treatmentvith a 200mA.cm? current density the AISI 441
interconnec wereremoved The YSZ/LSM bilayer smples were mounted into epoxy, and then
cut and ground texaminedifferent positionsacrossthe LSM layerby XPS analysisAlong the
porous LSM air electrode lay¢r3 O & m), fivén differknt locationglabeled as YSZ/LSM,
LSM Left, LSM Middle, LSM Right, and LSM/AISI 441 from the YSZ to the AISI 44}
studied (kg. 5-4). The thickness of each layer is controlled by a micromete8 a ¢ 38]. The
results argresented by atomic percent amatrmalized to 100%y considering La, Sr, Mn, and
Cr only in order to avoid errors by oxygen from the mounting epoxyhe elemerat
concentrations are averaged by thme@asurementat each locatiomnd the standard deviation

of each examination point is shown by an error bar
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Fig. 5-4. Compositionsof the LSM layer after the thermal treatmerith a 200mA-cm? current
density (a) LSM95, (b) LSM100, and(c) LSM105.

In Fig.5-4, aross 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 theYySZ/LSM interface The original compositios of the LSMsamples with different
stoichiometryare39.0% 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 currengt the right side of the LSM porous laydfrom LSM Middle to
LSM/AISI 441 interfacg the compositionare48.1151.4% La, 13.414.8% Sr, and 31i33.8%

Mn for LSM95; 44.954.4% La, 14.614.9% Sr, and 29(86.6% Mn for LSM100; and 49.3
51.8% La, 11.113.8% Sr, and 3018B2.9% Mn for LSM105Higher La and Srcontentsand
lower Mn content arebserveccompared with the designed compositiohse La and Sr surface
segregation of LSM is a welinown phenomenon for the -asitered LSM and during the
thermal trement, whichis caused by broken bonds and strain energy mieeposition re
distribution [37,38]. Furthermore, after the thermal treatment with the current, the surface
compositions of La, Sr, and Mn for all the three sampleshot show significant differees
(except for the locations close to tW&Z/LSM interfacd. The stoichiomerty influences are
insignificant on the surface segregation of LSM.
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Remarkable changes happen at¥$/LSM interfaceand the LSM Left location. At the
the YSZ/LSM interface Srshows 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 discusstdddtition,
Mn shows a consistent depletion at tM&Z/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 differeand 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 aninlecrease. 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 4d4de$88,40].
For the LSM95 sample (Fi§-4(a)), the Cr deposition amounts are low across the LSM layer,
1.5/5.2%. At theYSZ/LSM interface the Cr content suddenly increases to 22.3 %6mhich
means Cr deposition is most significant at W8&7/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, ah&M/AISI 441 interfae the Cr contents are also
low, from 1.4% to 3.6%. At LSM Left, the Cr content increases to 8.1 + 2.9%. MSHA SM
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 interfaceto LSM Middle are 3.87.1%, higher than those of LSM95 and
LSM100. Similar to the LSM100 s#ple, the Cr content increases to 13.6 + 1.5% at LSM Left,
and then decreases to 5.2 + 1.2% atB&/LSM interface The La content, on the other hand,
is 72.0 £ 2.4% at th¥SZ/LSM interface This result means that even though Cr has a tendency
to accumlate at theYSZ/LSM interface the Lacontaining phase at the interface lessens the Cr
deposition. Overall, Mn depletion is beneficial for La enrichment, which in turns hinders Cr
deposition at th& SZ/LSM interface
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5.3.3. PhaseAnalysis

XRD patternsat the YSZ/LSM interfaceshow phase results (Fig: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@mounts
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 phas®in;sCris04i s at 2d = 35.2A, which Myesl aps
a result, the Cr and Mn enriched phase cannot be unambiguously determined. Additional
evidence is needed to confirm the phase of the small particles #SHASM interfacefor
LSM95. However, no techniques are available so far for phase analysis without disturbing the
interface while detecting the low phase amount.

The XRD patterns showhat La,O3 forms for all the samples at theSZ/LSM interface
The low XRD peak means the,0O3; amount is lowFor the LSM100 and LSM105 sample, the
La-containing phases at théSZ/LSM interfaceare consistent with the SE&Rhd XPS results.

This result meanthat the La enrichment at the YSZ surface does not lead to a large amount of
La,O3 phase. The.a,0O; 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 th& SZ/LSM interfaceafterthethermal treatment at 800%0Gr 500 h
under a 200nA-cm” current densityThe scan was on the YSZ surface after removing the LSM

porous layer.
5.4. Discussion

Stoichiometry effects on the YSZ/LSM interfaciateraction have been studied before.
Mitterdorfer et al[29] believed that the formation of @3 is thermodynamically driven by the
diffusion of L&". In this study, the excessive La in LSM105 leadextiensivela enrichment at
the YSZ/LSM interface The XPS surface analysis and the phase analysis also indicate that even
for the LSM100 sample, La gohes at the interface and,O3; 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,
La,O3; formation can be suppressd&ghsed on the XRD result, the amount of@aformation is

qualitatively proportional to the La content in the LSM samples. The Cr deposition at the
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YSZ/LSM interfaceis in inverse relationship to the La content. As La content increases, Cr
deposition substantially decreases. Higher La content at the interfe@elealds to more
significant Mn depletion at théSZ/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. Thesame trilayer samples were investigated before with the same thermal treatment
without the current applie[B3]. 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 LSMA0With the electric current, the Cr amounts at Y18Z/LSM
interfaceare 22.3 + 6.4%, 5.7 £ 1.3%, and 5.2 + 1.2% for LSM95, LSM100, and LSM105,
respectivelyThe enrichment of Cr is most significant while the Mn depletion is least significant
for the LSM% sample. The microstructure shows small particles on the YSZ surfac&-(Fig.
3(c)). This means that the new phase is related to the high amount of Cr deposition and excessive
Mn, likely Mn; sCr; sO4. 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 th8Z/LSM interfaceis determined by two factors: i) engiu
Mn from the LSM to provide the sites for the deposition; ii) cathodic polarization modifying the
electrical stateof the surfaceMn cations and causing more oxygen vacancies to accelerate the
interaction[42,43]. Combining with Fig5-2(c) and5-2(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 Bkl 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 thie3B5um thick LSM layer, a typical result of
the diffusion procesg33]. For the LSM95 sample under polarization, the Grod@ion amount
on the AISI 441 side is lower, because the more rapid reaction é6#/&€SM interfaceabsorbs
more volatile Cr species and changes the concentration gradient across the porous LSM layer.
For the LSM100 sample, the Cr distribution shovisveer Cr content on the right side (far away
from theYSZ/LSM interface from LSM Middle toLSM/AISI 441 interfacg and an increase at
LSM Left. The Cr deposition at théSZ/LSM interfacefor LSM100 is5.7 = 1.3%,much less
than that for LSM95 a22.3 + 64%. For the LSM105 sample, the Cr deposition amount on the
right side (LSM Middle td_SM/AISI 441 interfacgis higher than that for LSM95 and LSM100,
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which is comparable with the thermally treated samples with no electric c{@&nfrhe Cr
deposition increases at LSM Left and drops.@+ 1.2% at th& SZ/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 ate.

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 prdgdses):

2CrOs(g) + 66 A Cr,0s(s) + 3G (electrolyte) (5-1)

The Crdepositionis associated wittMn?* at the YSZ surfac§46]. Although the Mn
depletion at the LSM surface happens in all the samples with diffsteichiomteries, the
excessive Mn composition (LSM9%an still lead to some Mn ions diffusing to tH&Z/LSM
interface Under the cathodic polarization, the Mn ions are considered as partially reduced to
Mn?* [43]. In this processthe Mrf* contentat the YSZ surface causes the observed Cr
containing crystals at the YSZ surface (FH¢B(c)). The reaction is believed to be:

3CrOs(g) + 3Mrf* (YSZ surface) + 86 2Cr; sMn; s04(s) + O (electrolyte)  (5-2)

5.5. Conclusions

YSZ/LSM/AISI 441 trilayers arghermally treated at 800°C in dry air for 500 h, and a
200mA-cm? 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
La,O3; at the YSZ/LSM interfaceis 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; BEM95 with excessive Mn results in a large amount of Cr deposition and the

formation of small cubic shaped Cr/Miontaining crystals.
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Chapter 6

Conclusions and future directions

6.1. Conclusions

After the thermal treatment at 800°C for 9@0the microstructure ahe LSM porous
layer changedsr-or different stoichiomeiies after sintering,ie LSM95 sample shows the most
compact networkFor the other two samples, local porous regions are more prevaletiteand
grairs in the LSM100 andLSM105 sample 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 atmospheref 200mA-cm? currentdensity significantly prohibits the grain growth
and bonding during the thermal theeent for LSM95 and §M105. The polarization effecf
the microstructure is less extensive for the LSM100 sample.

The bonding between the YSZ and theM.& affected by the atmospherige;is more
extensive as the moisture content increaSesthe LSM10Gsample, at the YSZ/LSM interface,
moisture leads to laontaining 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@tgest 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 L3Maxe in all casesThe Cr deposition amoums
slightly higher for the samples thermally treated in the moisture atmospghemall amount of
Cr1.sMn 504 is detected on the LSM surface for all the samples,SaihzOs is identified for
the samples #rmally treated in the moisture atmospheies: different stoichiomeigs, Cr
surface depositiomhibits the surface segregatioh La and Srfor the LSM100 and LSM105
samplesFor the LSM95 sample, the Sr surface segregation is accelbsated Cr depsition
SrMngOs. is identifiedin LSM95 andCry sMn 504 is identified in both LSM95 and LSM100.

The cathodic polarization changes the Cr deposition across the LSM poroushlayeid not
lead to formation of more other phases at the LSM surface.
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Cr deposition is detected across the porous LSM layershodis various deposition
amountsat the YSZ/LSM interfacefor the conditions without an electric current appli€d,
deposition decreases with increasing distance from the AlISI 441 interconnextrbases again
and enrichest the YSZ/LSM interfacdor LSM95 and LSM100The YSZ/LSM surface for
LSM105shows higher La concentration and less Cr deposition.

With the 200mA-cm? currentdensityduring the thermal treatmerthe Cr deposition
increasest the locations close to the YSZ/LSM interface and decseddbe locations close to
the LSM/AISI 441 interface compared to tlkeendition without anelectric current. &r the
LSM95 sample the current caugbe highesCr deposition at the TPB area, iaih is the result
of the excessive Mn. The LSM100 and LSM105 samples show much less Cr deposition because
the YSZ/LSM interaction forms LZr,O; phase and inhibits the Cr deposition. Timest
significantCr depositiontakes place at the YSZ/LSM interfasdenboth excessiveMn in the

LSM and thecathodic polarizatiomre present.
6.2. Future Work Suggestions

For the interactionsdiscussed aboveespecially at the YSZ/LSM interfacewith
polarization and Cr deposition, tipeocess is very complexn thefuture, 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 otBhe 3
porous structure can help to improve the matésatlevelopment. The advanced
manufactuing technique helps to fimg control the porous structurend the new
characterization techniques such as FHB 3omography provide the quantitative
results for optimiation.

2. For the interaction research, improving the characterization is critical. If the
resolution and detaon limit of EDS, XRD, and XPS can be improveaore detailed
composition and phase information of the materials can be achieved. On the other
hand, @veloping new methafor the sample preparation can work as well, such as
simplifying the YSZ/LSM interface as thin film deposition and using high Cr
containing materials toncreas Cr deposition in a shat amount oftime. The

simplified samples can by more significant resdtfor analyzing the interactions.
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Furthermore,rather than carrying out experimente data from thesimplified
sampla can be used for computseimulation

. The interfacial interactions and the vapor phase deposition researchicdulde

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

alsolead to degradation of the system too.
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