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IINTRODUCTIONNTRODUCTION

Major Challenges for Commercialization of SOFCs Major Challenges for Commercialization of SOFCs 

High Manufacturing Costs High Manufacturing Costs Reduced Cell Performance at Low Operating Reduced Cell Performance at Low Operating 

(SOFC System Costs per Unit of Power ($/kW))(SOFC System Costs per Unit of Power ($/kW)) TemperatureTemperature (Interconnects, Sealing, etc.)(Interconnects, Sealing, etc.)

Single Step CoSingle Step Co--Firing Process Firing Process 

with Conventional Material Systemwith Conventional Material System

Polarization ModelingPolarization Modeling: Systematic Analysis : Systematic Analysis of of 

Cell Performance and Polarization LossesCell Performance and Polarization Losses

R h G lR h G lResearch GoalsResearch Goals

Manufacture Manufacture SOFCs with the Lowest Manufacturing CostsSOFCs with the Lowest Manufacturing Costs

by  by  Single Step CoSingle Step Co--Firing of the Entire SOFCsFiring of the Entire SOFCs

Achieve Achieve the Highest Cell Performance and the Highest Cell Performance and Lower Lower Operating TemperatureOperating Temperature

by  by  Optimization of Materials, Microstructures, and Process Parameters Optimization of Materials, Microstructures, and Process Parameters 

using Polarizationusing Polarization ModelingModelingusing Polarization using Polarization ModelingModeling

MinimizeMinimize $/kW$/kW



SSINGLEINGLE SSTEPTEP CCOO--FFIRINGIRING PPROCESSROCESS

Cathode Current CollectorCathode Current Collector: Screen Printing: Screen Printing

CC d d L M Od d L M O (P )(P )

Cathode Active LayerCathode Active Layer: Screen Printing: Screen Printing

CaCa--doped LaMnOdoped LaMnO + YSZ (Fine & Porous)+ YSZ (Fine & Porous)

CaCa--doped LaMnOdoped LaMnO33 (Porous)(Porous)

ElectrolyteElectrolyte: Screen Printing: Screen Printing

YSZ (Dense)YSZ (Dense)

CaCa--doped LaMnOdoped LaMnO33 + YSZ (Fine & Porous)+ YSZ (Fine & Porous)

CoCo--Firing in AirFiring in Air

Anode Active LayerAnode Active Layer: Screen Printing: Screen Printing

Ni + YSZ (Fine & Porous)Ni + YSZ (Fine & Porous)

( )( )
(1300(1300--13301330ooC)C)

Anode SupportAnode Support: Tape Casting: Tape Casting

Ni + YSZ (Porous)Ni + YSZ (Porous)Ni + YSZ (Porous)Ni + YSZ (Porous)



PPROCESSROCESS DDEVELOPMENTEVELOPMENT

Lowered Electrolyte Sintering TemperatureLowered Electrolyte Sintering Temperature

Density of YSZ : Density of YSZ : Without Sintering Aid: ~ 94%Without Sintering Aid: ~ 94%, , With Sintering Aid: ~ 99+% With Sintering Aid: ~ 99+% @1300@1300ooCC

Matched Thermal Expansion Coefficients and Sintering ShrinkagesMatched Thermal Expansion Coefficients and Sintering Shrinkages

Developed Refractory Cathode Composition Developed Refractory Cathode Composition 

DopedDoped--((La,CaLa,Ca)MnO)MnO33

Matched Thermal Expansion Coefficients and Sintering ShrinkagesMatched Thermal Expansion Coefficients and Sintering Shrinkages

LSMDoped-LCM

Optimized Optimized ThicknessesThicknesses and and PorositiesPorosities of Electrodesof Electrodes

Optimized Optimized Particle Sizes Particle Sizes of Initial Powdersof Initial Powders

Evaluated Pore Former MaterialEvaluated Pore Former Material

pp

Carbon BlackCarbon Black

Carbon Black Methyl Cellulose

Employed Employed Cathode Current CollectorCathode Current Collector Cathode Current Collector
(L C )M O: (La,Ca)MnO3
50μm thick, 50% porous



PPROCESSROCESS DDEVELOPMENTEVELOPMENT
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Temperature: 900oC
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Current Density (A/cm2)

Cathode Cathode Current Collector: Current Collector: 
LCM 50LCM 50μμm thick 50% porousm thick 50% porous

Cathode Active Cathode Active Layer: Layer: 
LCMLCM--YSZ, 30YSZ, 30μμm thick, 31% porousm thick, 31% porous

LCM, 50LCM, 50μμm thick, 50% porousm thick, 50% porous

Electrolyte: Electrolyte: YSZ, 15YSZ, 15μμm thickm thick
Anode Anode Support: Support: 
NiNi--YSZ, 850YSZ, 850μμm thick, 32% porousm thick, 32% porous



BBASELINEASELINE CCELLELL: P: POWEROWER DDENSITYENSITY

Test ConditionTest Condition

Temperature: 700~800Temperature: 700~800ooCC

Fuel: 97% HFuel: 97% H22+3% H+3% H22OO
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Max.=0.55 W/cm2

Fuel: 97% HFuel: 97% H22+3% H+3% H22O O 

Oxidant: AirOxidant: Air
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PPOLARIZATIONOLARIZATION MMODELODEL: T: THEORYHEORY
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* * P.W.LiP.W.Li, , M.K.ChyuM.K.Chyu, , J. Heat TransferJ. Heat Transfer, vol.127, 1344 (2005), vol.127, 1344 (2005)

** ** J.W.KimJ.W.Kim, , A.V.VirkarA.V.Virkar, K, K--Z.FungZ.Fung, , K.MehtaK.Mehta, , S.C.SinghalS.C.Singhal, , J.Electrochem.SocJ.Electrochem.Soc.146 (1) (1999) 69.146 (1) (1999) 69



PPOLARIZATIONOLARIZATION MMODELINGODELING: C: CURVEURVE--FFITTINGITTING (E(EXAMPLEXAMPLE))

Fitting Fitting 
ParametersParameters 100% O100% O22

21% O21% O22 + + 
79% N79% N22

8% O8% O22 + + 
92% N92% N22

Test ConditionTest Condition

Temperature: 800Temperature: 800ooCC

Fuel: 97% HFuel: 97% H22+3% H+3% H22O (300cc/min): FixedO (300cc/min): Fixed

Oxidant: 100% 21% 8% OOxidant: 100% 21% 8% O + N+ N (1000cc/min)(1000cc/min)

0.8

1.0

1.2
 100% O2

 21% O2 + 79% N2

 8% O2 + 92% N2

Curve-fitted

RRii ((Ω·Ω·cmcm22)) 0.0820.082 0.0820.082 0.0820.082

iioo (A/cm(A/cm22)) 0.520.52 0.280.28 0.0970.097

( /( / 22))

Oxidant: 100%, 21%, 8% OOxidant: 100%, 21%, 8% O22 + N+ N22 (1000cc/min)(1000cc/min)

0.4

0.6

 Curve fitted

Vo
lta

ge
 (V

) iiasas (A/cm(A/cm22)) 5.775.77 5.775.77 5.775.77

iicscs (A/cm(A/cm22)) -- 5.425.42 1.771.77

0 1 2 3 4 5 6
0.0

0.2

C t D it (A/ 2)

Assumption: Assumption: iicscs >> >> iiasas and and ηηconc,cconc,c<<<< ηηconc,aconc,a,, ηηactact with 100% Owith 100% O22

Current Density (A/cm2)
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PPOLARIZATIONOLARIZATION MMODELINGODELING: V: VERIFICATIONERIFICATION OFOF AASSUMPTIONSSUMPTION

10002 )

Various Polarization Losses @800Various Polarization Losses @800ooC with C with 

Humidified Hydrogen (3% HHumidified Hydrogen (3% H22O) and AirO) and Air

CathodicCathodic Limiting Current Density Limiting Current Density 

@800@800ooC as a Function of C as a Function of ppO2O2 in Oxidantin Oxidant
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Anodic Con

Cathodic Concentration Polarization

ηconc,c << ηconc,a and ηact except  at high 

current density near  ics

ics rapidly increases as pO2 increases and 

approaches 100% O2

Consistent with assumption that Consistent with assumption that ηηconc,cconc,c is negligible compared to other polarization is negligible compared to other polarization 

losses when oxygen at the cathode nears 100%losses when oxygen at the cathode nears 100%



PPOLARIZATIONOLARIZATION MMODELINGODELING & I& IMPEDANCEMPEDANCE SSPECTROSCOPYPECTROSCOPY
Activation Polarization Resistance at OCVActivation Polarization Resistance at OCV

Anodic Concentration Polarization Resistance at OCVAnodic Concentration Polarization Resistance at OCV

CathodicCathodic Concentration Polarization Resistance at OCVConcentration Polarization Resistance at OCV
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High Frequency Intercept = High Frequency Intercept = RRΩΩ

Low Frequency Intercept = Low Frequency Intercept = RRpolarpolar + + RRΩΩ



PPOLARIZATIONOLARIZATION AANALYSISNALYSIS #1: B#1: BASELINEASELINE CCELLELL

1.0

1.2

Ohmic Loss (Electrode)

Ohmic Loss (Electrolyte)

: Anode + Cathode + Contacts: Anode + Cathode + Contacts
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Temperature: 800oC
H2-3% H2O / Air
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Current Density (A/cm2)

Dominant Polarization LossesDominant Polarization Losses

OhmicOhmic Loss (Electrode)Loss (Electrode)

A ti ti P l i ti (C th d )A ti ti P l i ti (C th d )Activation Polarization (Cathode)Activation Polarization (Cathode)

Concentration Polarization (Anode)Concentration Polarization (Anode)



PPOLARIZATIONOLARIZATION AANALYSISNALYSIS #2: C#2: CONTACTONTACT RRESISTANCEESISTANCE

Cathode Current Collection : Cathode Current Collection : Ag Mesh Ag Mesh vs.vs. Pt Pt MeshMesh
1.2

Max.=0.9W/cm2Temperature: 800oC
H -3% H O / Air

1.0

TT (Ag) = 961(Ag) = 961ooCC
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TTmm(Pt) = 1772(Pt) = 1772ooCC
RRelectrodeelectrode = 0.156 = 0.156 Ω·Ω·cmcm22

0.0 0.5 1.0 1.5 2.0 2.5 3.0
0.0

 Ag Mesh
 Pt Mesh

Current Density (A/cm2)

0.0

)

Ag is softer than Pt at operating temperature. Ag is softer than Pt at operating temperature. 

⇒⇒ Higher Interfacial Contact  AreaHigher Interfacial Contact  Area ⇒⇒ Lower Lower OhmicOhmic Electrode ResistanceElectrode Resistance

In SOFC stacks, the effect of the contacts between the electrode and interconnects can be In SOFC stacks, the effect of the contacts between the electrode and interconnects can be 

substantial.substantial.



PPOLARIZATIONOLARIZATION AANALYSISNALYSIS #3: C#3: CATHODEATHODE MMICROSTRUCTUREICROSTRUCTURE

1 0

1.2
Temperature: 800oC
H2-3% H2O / Air Max.=1.4W/cm2
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13001300ooC SinteringC Sintering
Avg. Grain Size = 2.3 Avg. Grain Size = 2.3 μμmmSintering Temperature: Sintering Temperature: 13001300ooCC vs.vs. 13301330ooCC
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1330oC Sintering

Current Density (A/cm2)

0.0
Avg. Grain Size = 3.2 Avg. Grain Size = 3.2 μμmm

iioo = 0.16 A/cm= 0.16 A/cm220.2

0.3

(Ω
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2 )  1300oC Sintering

 1330oC Sintering

Impedance SpectroscopyImpedance Spectroscopy
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No Significant Change in Anode Microstructure.No Significant Change in Anode Microstructure.

Less Sintering of CathodeLess Sintering of Cathode ⇒⇒ Low Low Activation PolarizationActivation Polarization



PPOLARIZATIONOLARIZATION AANALYSISNALYSIS #4: A#4: ANODENODE PPOROSITYOROSITY

Pore Former in Anode: Pore Former in Anode: 8 wt% C 8 wt% C vs.vs. 5 wt% C5 wt% C

1 2
 

8 wt% Carbon Black8 wt% Carbon Black
Anode Porosity: 37%Anode Porosity: 37%
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Temperature: 800oC
H2-3% H2O / Air
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iiasas = 5.77 A/cm= 5.77 A/cm22

DDeffeff
H2H2--H2OH2O = 0.23 cm= 0.23 cm22ss--11
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 8 wt% Carbon Black
 5 wt% Carbon Black
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5 wt% Carbon Black5 wt% Carbon Black
Anode Porosity: 32%Anode Porosity: 32%

0 1 2 3 4 5

Current Density (A/cm2)

iiasas = 4.97 A/cm= 4.97 A/cm22

DDeffeff
H2H2--H2OH2O = 0.19 cm= 0.19 cm22ss--11

Increased Anode PorosityIncreased Anode Porosity

⇒⇒ Low Low Anode Concentration PolarizationAnode Concentration Polarization



CCELLELL PPERFORMANCEERFORMANCE IIMPROVEMENTMPROVEMENT CCHARTHART
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FFUELUEL UUTILIZATIONTILIZATION TTESTEST : B: BACKGROUNDACKGROUND

Fuel UtilizationFuel Utilization

U =
Molar flow rate of reactants consumed in a cell consumedN&

=tU =
Molar flow rate of reactants supplied into the cell

inN&
=

FuelFuel utilization increases alongutilization increases along the flow path over the electrode surface.the flow path over the electrode surface.Fuel Fuel utilization increases along utilization increases along the flow path over the electrode surface.the flow path over the electrode surface.

⇐⇐ Fuels are consumed and products are formed along the flow path.Fuels are consumed and products are formed along the flow path.

CellCell PerformancePerformance LossLoss nearnear ExitExit (High(High Fuel Utilization)Fuel Utilization)Cell Cell Performance Performance Loss Loss near near Exit Exit (High (High Fuel Utilization)Fuel Utilization)

•• Loss of Nernst Loss of Nernst Potential Potential 

•• Anodic Activation Polarization Anodic Activation Polarization 

•• Anodic Concentration Anodic Concentration Polarization Polarization 

Simulate the effect of practical fuel utilization on single cellSimulate the effect of practical fuel utilization on single cell performanceperformanceSimulate the effect of practical fuel utilization on single cell Simulate the effect of practical fuel utilization on single cell performance performance 

by by increasing Hincreasing H22O content in fuelO content in fuel



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : E: EFFECTFFECT OFOF AANODENODE AACTIVECTIVE LLAYERAYER

1.4 Temperature: 800oC 1.4 Temperature: 800oC

With Anode Active LayerWith Anode Active Layer Without Anode Active LayerWithout Anode Active Layer
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 H2-50% H2O / Air
 H2-60% H2O / Air
 H2-70% H2O / Air

Fuel Fuel 
CompositionsCompositions

Max. Power Density Max. Power Density 
(W/cm(W/cm22))

WithWith WithoutWithout

Current Density (A/cm2) Current Density (A/cm2)

Anode Active LayerAnode Active Layer
Porosity = 26%Porosity = 26% pp With With 

AALAAL
Without Without 

AALAAL

HH22 –– 3% H3% H22OO 1.411.41 1.401.40

HH22 –– 30% H30% H22OO 1.271.27 1.251.25

Anode Active LayerAnode Active Layer

Anode SupportAnode Support

Avg. Grain Size = 1.3 Avg. Grain Size = 1.3 μμmm
Avg. Pore Size = 0.7 Avg. Pore Size = 0.7 μμmm

Porosity = 37%Porosity = 37%

HH22 –– 50% H50% H22OO 1.171.17 0.910.91

HH22 –– 70% H70% H22OO 0.840.84 0.450.45

Anode SupportAnode Support
Avg. Grain Size = 4.3 Avg. Grain Size = 4.3 μμmm
Avg. Pore Size = 2.6 Avg. Pore Size = 2.6 μμmm



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : P: POLARIZATIONOLARIZATION MMODELINGODELING

Ri, Deff
O2-N2 : Independent of Fuel Composition

Deff
H2-H2O : Independent of H2/H2O ratio  (Kinetic Theory of Gases)*

1.2
 97% H2-3% H2O
 70% H2-30% H2O
60% H -40% H O

1.2

 97% H2-3% H2O
 70% H2-30% H2O
60% H2-40% H2O

Fuel Fuel 
CompositionsCompositions

Exchange Current Exchange Current 
Density (A/cmDensity (A/cm22))

With With 
AALAAL

Without Without 
AALAAL

Without Anode Active LayerWithout Anode Active LayerWith Anode Active LayerWith Anode Active Layer

0.6

0.8

1.0
 60% H2-40% H2O
 50% H2-50% H2O
 40% H2-60% H2O
 30% H2-70% H2O

  ----  Curve-fitted
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2 2

 50% H2-50% H2O
 40% H2-60% H2O
 30% H2-70% H2O

  ----  Curve-fitted

HH22 –– 3% H3% H22OO 0.870.87 0.980.98

HH22 –– 30% H30% H22OO 0.840.84 0.780.78

HH22 –– 40% H40% H22OO 0.820.82 0.700.70

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4Vo
lt

Temperature: 800oC

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
0.0

0.2

0.4

Temperature: 800oC

Vo
l HH22 40% H40% H22OO 0.820.82 0.700.70

HH22 –– 50% H50% H22OO 0.790.79 0.570.57

HH22 –– 60% H60% H22OO 0.750.75 0.430.43

* R. Byron Bird, Warren E. Stewart, Edwin N. Lightfoot, Transport Phenomena, John Wiley & Sons (1960)

Current Density (A/cm2) Current Density (A/cm2) HH22 –– 70% H70% H22OO 0.530.53 0.220.22



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : P: PERFORMANCEERFORMANCE AANALYSISNALYSIS

Activation Polarization: Activation Polarization: 

At At Low Fuel UtilizationLow Fuel Utilization (H(H22--3% H3% H22O) O) 

⇒⇒ Dominated byDominated by CathodeCathode⇒⇒ Dominated by Dominated by CathodeCathode

(No Difference in (No Difference in Cell Performance Cell Performance and and Exchange Current Density Exchange Current Density due due 

to Anode Active Layer at Low Fuel Utilization)to Anode Active Layer at Low Fuel Utilization)

At At High Fuel Utilization High Fuel Utilization 
⇒⇒ Anodic Activation Polarization IncreasesAnodic Activation Polarization Increases

⇒⇒ CathodicCathodic Activation Polarization: Independent of Fuel CompositionActivation Polarization: Independent of Fuel Composition



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : P: PERFORMANCEERFORMANCE AANALYSISNALYSIS

Anodic Activation Polarization: Anodic Activation Polarization: 

FuelFuel

Anodic Exchange Anodic Exchange 
Current Density Current Density 

(A/cm(A/cm22))

With Anode Active LayerWith Anode Active Layer

0.20
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 40% H2-60% H2OV)

0.20

V)
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 40% H2-60% H2O

Without Anode Active LayerWithout Anode Active Layer

Fuel Fuel 
CompositionsCompositions

(A/cm(A/cm22))

With With 
AALAAL

Without Without 
AALAAL

HH22 –– 30% H30% H22OO 26.7326.73 4.184.18
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HH22 –– 70% H70% H22OO 1.551.55 0.340.34
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Current Density (A/cm2)

0.0 0.2 0.4 0.6 0.8 1.0

Current Density (A/cm2)
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Exchange Exchange 
Current Current 
Density Density 
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0.87 0.98



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : P: PERFORMANCEERFORMANCE AANALYSISNALYSIS

Anodic Concentration Polarization: Anodic Concentration Polarization: 

Determined byDetermined by Local HLocal H HH O EquilibriumO Equilibrium::Determined by Determined by Local HLocal H22--HH22O EquilibriumO Equilibrium::

Calculation of  Calculation of  ppi,ai,a
O2O2

In Steady State, In Steady State, 



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : P: PERFORMANCEERFORMANCE AANALYSISNALYSIS

Anodic Concentration Polarization: Anodic Concentration Polarization: 

tio
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( )
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C

0.0

i = 0.1 A/cm2 

AAnodic concentration polarization is low when the fuel is nodic concentration polarization is low when the fuel is in the intermediate Hin the intermediate H22O O 

partial pressure region.partial pressure region.

p
H2O

(atm)

Anode active layer had no significant effect on anodic concentration polarization.Anode active layer had no significant effect on anodic concentration polarization.



FFUELUEL UUTILIZATIONTILIZATION TTESTEST : P: POLARIZATIONOLARIZATION AANALYSISNALYSIS

Anodic Electrode Polarization Loss: Anodic Electrode Polarization Loss: 

With Anode Active LayerWith Anode Active Layer Without Anode Active LayerWithout Anode Active Layer
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Activation Polarization: Dominant Loss at High Fuel UtilizationActivation Polarization: Dominant Loss at High Fuel Utilization

⇒⇒ Significantly Reduced by Significantly Reduced by Anode Active LayerAnode Active Layer



AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : B: BACKGROUNDACKGROUND

Cathode Polarization Loss : Major Difficulty in Lowering the Operating TemperatureCathode Polarization Loss : Major Difficulty in Lowering the Operating Temperature

A siteA site--doped Lanthanum Cobaltitedoped Lanthanum Cobaltite
•• High Catalytic Activity and Mixed ElectronicHigh Catalytic Activity and Mixed Electronic--Ionic ConductivityIonic Conductivity

•• High Thermal Expansion Coefficient High Thermal Expansion Coefficient 

•• Solid State Reaction with YSZ at Low TemperatureSolid State Reaction with YSZ at Low Temperature

A siteA site--doped Lanthanum Ferritedoped Lanthanum Ferrite
•• High Catalytic Activity and Mixed ElectronicHigh Catalytic Activity and Mixed Electronic--Ionic ConductivityIonic Conductivity

•• Adj t bl Th l E iAdj t bl Th l E i•• Adjustable Thermal ExpansionAdjustable Thermal Expansion

•• No Solid State Reaction with YSZ up to 1400No Solid State Reaction with YSZ up to 1400ooCC

•• Diffusion of ZrDiffusion of Zr4+4+ into Lanthanum Ferrite : Doped Ceria Interlayerinto Lanthanum Ferrite : Doped Ceria Interlayer

CalciumCalcium--doped Lanthanum Ferritedoped Lanthanum Ferrite
•• Defect ModelDefect Model

•• ThermogravimetryThermogravimetry MeasurementsMeasurements
ppO2 O2 -- Weight Relationship Weight Relationship 

⇒⇒ Equilibrium Defect ConcentrationEquilibrium Defect Concentrationg yg y

•• Electrical Conductivity Measurements Electrical Conductivity Measurements ⇒⇒ Hole MobilityHole Mobility



AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : P: POINTOINT DDEFECTEFECT MMODELODEL

Point Defect Model for Point Defect Model for (La(La0.80.8CaCa0.20.2))0.950.95FeOFeO33--δδ

A-site B-site O-site

OOx

VO••

LaLax  

CaLaԢ  

FeFex

FeFe•

FeFeԢ ≈ 0≈ 0
= 0.2= 0.2××0.950.95

VO

Oxygen Incorporation ReactionOxygen Incorporation Reaction

VLaԢԢԢ  
Fe

VFeԢԢԢ ≈ 0≈ 0

≈ 0≈ 0
= 0.05= 0.05

ChCh Di ti tiDi ti ti R tiR tiCharge Charge DisproportionationDisproportionation ReactionReaction

SchottkySchottky Equilibrium ReactionEquilibrium Reaction



AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : P: POINTOINT DDEFECTEFECT MMODELODEL

Charge Neutrality ConditionCharge Neutrality Condition

2ሾVO••ሿ ൅ ሾFeFe• ሿ ൌ ሾCaLaԢ ሿ ൅ 3ሾVLaԢԢԢ ሿ ሾFeFe• ሿ ൌ ሾCaLa Ԣሿ ൅ 3ሾVLa ԢԢԢሿ െ 2ሾVO••ሿ
= 0.2= 0.2 0.950.95 = 0.05= 0.05

AA--site Restrictionsite Restriction

BB it R t i tiit R t i ti

ሾLaLax ሿ ൅ ሾCaLaԢ ሿ ൅ ሾVLaԢԢԢ ሿ ൌ 1

BB--site Restrictionsite Restriction

OO--site Restrictionsite Restriction

ሾFeFex ሿ ൅ ሾFeFe• ሿ ൌ 1 ሾFeFex ሿ ൌ 1 െ ሾFeFe• ሿ ൌ 1 െ ሾCaLaԢ ሿ െ 3ሾVLaԢԢԢ ሿ ൅ 2ሾVO••ሿ
= 0.2= 0.2××0.950.95 = 0.05= 0.05

ሾOOx ሿ ൌ 3 െ ሾVO••ሿሾOOx ሿ ൅ ሾVO••ሿ ൌ 3 

Mass Action Coefficient for Oxygen Exchange ReactionMass Action Coefficient for Oxygen Exchange Reaction



AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : P: POINTOINT DDEFECTEFECT MMODELODEL

Relationship between pO2 and Weight of (La0.8Ca0.2)0.95FeO3-δ



AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : : TTHERMOGRAVIMETRYHERMOGRAVIMETRY
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AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : D: DEFECTEFECT EEQUILIBRIUMQUILIBRIUM
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High High ppO2O2 range range 

•• [V[Voo
••••]: low]: low

•• Charge neutrality is maintained by hole formation.Charge neutrality is maintained by hole formation.

LL ∆∆HH 37 5 kJ l37 5 kJ l 11Low Low ppO2O2 rangerange

•• [V[Voo
••••]: high]: high

•• Hole concentration decreases.Hole concentration decreases.

∆∆HHoo
oxox = = --37.5 kJ mol37.5 kJ mol--11

∆∆SSoo
oxox = 10.6 J mol= 10.6 J mol--11 KK--11



AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : E: ELECTRICALLECTRICAL CCONDUCTIVITYONDUCTIVITY

Electrical Conductivity MeasurementsElectrical Conductivity Measurements
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Low Temperature: Low Temperature: Thermally Activated BehaviorThermally Activated Behavior
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····]] ↑↑

Hopping Conduction ViaHopping Conduction Via FeFe4+4+--OO--FeFe3+3+ ChainChainpp yy
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High Temperature: High Temperature: Decrease in Hole ConcentrationDecrease in Hole Concentration

Hopping Conduction Via Hopping Conduction Via FeFe --OO--FeFe ChainChain
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AADVANCEDDVANCED CCATHODEATHODE IINVESTIGATIONNVESTIGATION : C: CONDUCTIONONDUCTION MMECHANISMECHANISM

Adiabatic Small Adiabatic Small PolaronPolaron HoppingHopping NonNon--adiabatic Small adiabatic Small PolaronPolaron HoppingHopping
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11 0.1080.108 0.993530.99353 0.1490.149 0.997880.99788

0.210.21 0.1110.111 0.993440.99344 0.1520.152 0.997760.99776
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SSUMMARYUMMARY

Successfully developed singleSuccessfully developed single--step unstep un--constrained coconstrained co--firing of the solid oxide firing of the solid oxide 
fuel cell @ 1300fuel cell @ 1300ooC. C. 

Modeled cell performance.Modeled cell performance.

Achieved maximum power density of 1.50 W/cmAchieved maximum power density of 1.50 W/cm22 at 800at 800ooC and 0.87 W/cmC and 0.87 W/cm22 at at 
700700ooC with humidified hydrogen (3% HC with humidified hydrogen (3% H22O) and air.O) and air.

Simulated the effect of practical fuel utilization on single cell performance.Simulated the effect of practical fuel utilization on single cell performance.Simulated the effect of practical fuel utilization on single cell performance.Simulated the effect of practical fuel utilization on single cell performance.

Improved cell performance at high fuel utilization by employing anode active Improved cell performance at high fuel utilization by employing anode active 
layer.layer.

Investigated defect chemistry and electrical conduction mechanism of novelInvestigated defect chemistry and electrical conduction mechanism of novelInvestigated defect chemistry and electrical conduction mechanism of novel Investigated defect chemistry and electrical conduction mechanism of novel 
cathode material (calciumcathode material (calcium--doped lanthanum ferrite).doped lanthanum ferrite).

FFUTUREUTURE WWORKORK

Employ advanced cathode material in coEmploy advanced cathode material in co--firing process.firing process.

Analyze performance at low operating temperature (600Analyze performance at low operating temperature (600--700700ooC).C).
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