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• Utilization of proton-conducting materials has been adopted as a 
tactic to lower the operating temperature of the solid oxide cells 
(SOC) with improved efficiency and to mitigate degradation and cost 
issues occurring at high temperatures.

• BaFeO3-δ and its alloy compounds are promising candidates as  
electrode materials for development of protonic conducting ceramic 
cells, due to their high proton conductivity at intermediate 
temperatures.

• Characterizing defect and transport properties of triple-conducting 
oxides remains a challenging task due to: 

• Complex coupling of protonic conductivity with electronic and 
oxygen-ion conductivities.

• The need to determine the defect equilibria (𝑂𝐻𝑂
• , charge, and 𝑉𝑂

••) 
in response to the operating conditions. 

Introduction
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Duan et al, Science, (2015) 349: 1321. 
Merkle, Annu. Rev. Mater. Res., (2021) 51:461.

Duffy, J. Mater. Chem. A, (2023), 11, 8929.

https://en.wikipedia.org/wiki/Protonic_ceramic_fuel_cell

Kreuer, Annu. Rev. Mater. Res. 2003. 33:333–59.

𝑂𝐻𝑂
•



1. Defect Thermodynamic Model Tools for Proton and Oxide Conducting Electrolytes

• JOM, (2022), 74, 4506.

• Physical Review Research, (2021), 3, 013121.

2. Perovskite Defect Thermodynamic Model Tool for Triple Conducting Oxides

• ECS Transactions, (2023) 111, (6) 1823-1838;  Submitted to JES (2024) in July; under review.

Objectives and Defect Modeling Tools
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Available Defect Modeling Tools at NETL

• Recent studies identified δ dependence in defect energies (enthalpies) of hydration reaction 
and oxygen vacancy formation reaction (linear or nonlinear function forms)[1-3].

• Use density functional theory (DFT) calculations to correlate the electronic structure 

information to energetic and transport properties of  materials and rationalize their influences 

on the defect thermodynamics.

• Conversion of P(O2)/P(H2O) expressions to the P(H2)/P(H2O) expressions is needed for 

understanding defect equilibria of oxide materials used in the fuel electrode applications. 

1Sereda, Acta Materialia, 2019, 162, 33-45.
2Hoedl, J. Phys. Chem. C 2020, 124, 11780.
3Millican, Chem. Mater. 2022, 34, 2, 510.



1. Defect Thermodynamics and Transport Properties of 
Proton Conducting Electrolyte BaZr1-xYxO3-δ (x≤0.1) 
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vs. P(H2)vs. P(O2)

JOM, 74, 4506–4526 (2022).

Electron-poor oxide material



Electron-rich oxide material: Ba0.95La0.05Fe0.9O3-δ

• Generate Brouwer diagrams of Ba0.95La0.05Fe0.9O3-δ in a range of 

T and P(O2)/P(H2O) or P(H2)/P(H2O) conditions.
• Methodology extended to include the hydride (𝐻𝑂

• ) defect formation energies and entropies into 

the model, allowing to examine defect equilibria under reducing conditions.

𝑶𝑯𝑶
•

2. Defect Thermodynamics and Transport Properties of 
Triple Conducting Electrode Ba1-xLaxFe1-yMyO3-δ (M= Y, 
Zr) 
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JES (2024), under review.

Developed GNU-Octave scripts to model (La,Ba)Fe1-xMxO3-δ defect thermodynamics
Available at NETL-EDX: https://edx.netl.doe.gov/dataset/triple_conducting_perovskite_defect_model 

𝑯𝑶
•



• Non-linear ε(O2) or ∆hO needs alternative 
description beyond the rigid band model.

Non-Rigid Band Defect Behavior
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Sereda, Acta Materialia, 2019, 162, 33-45.Lankhorst, Phys. Rev. Lett., 1996,  77, 2989; JSSC, 1997, 133, 555-567. 

g(εF): Electronic 
Density of States

vs.



Generalized Defect Model for (La,A)(M,B)O3-δ 
Perovskites
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• A range of physically possible 𝑉𝑂
••  values are selected to 

reversely solve the defect model and to obtain the 

corresponding P(O2). 

• Can include nonlinear or higher order δ terms (quadratic, 

cubic,….) for the defect reaction energies/entropies.

TABLE II.  Small polaron (SP) and large polaron (LP) expressions of the defect thermodynamic model 

equations used for solving the unknown variables (as listed in TABLE I) as a function of temperature. 

Label 
Model 

Expression 
Equations 

A-site conservation SP, LP 

 

[𝐵𝑎𝐴
′ ] + [𝐿𝑎𝐴

x ] = 1 

 

[II.1] 

B-site conservation 

SP 

 

[𝐹𝑒𝐵
• ]+[𝐹𝑒𝐵

′ ] + [𝐹𝑒𝐵
x ] + [𝑀𝐵

q
] = 1 

 

[II.2a] 

LP 

 

 𝐹𝑒𝐵 + [𝑀𝐵
q

] = 1 

 

[II.2b] 

O-site conservation SP, LP 

 

 𝑂𝐻𝑂
•  +  𝑉𝑂

•• +  𝑂𝑂
𝑥 = 3 

 

[II.3] 

Charge neutrality 

SP 

 

[𝐹𝑒𝐵
• ] + 2[𝑉𝑂

••] + [𝑂𝐻𝑂
• ] + 𝑞 • [𝑀𝑞 ] − [𝐹𝑒𝐵

′ ] − [𝐵𝑎𝐴
′ ] = 0 

 

[II.4a] 

LP 

 

 ℎ•  + 2[𝑉𝑂
••] + [𝑂𝐻𝑂

• ] + 𝑞 • [𝑀𝑞] −  𝑒′  − [𝐵𝑎𝐴
′ ] = 0 

 

[II.4b] 

O vacancy formation 

SP 

2𝐹𝑒𝐵
• + 𝑂𝑂

𝑥 ↔ 2𝐹𝑒𝐵
𝑥 + 𝑉𝑂

•• +
1

2
𝑂2  

𝐾𝑂 𝑣𝑎𝑐 = exp  
−𝛥𝐸𝑂 𝑣𝑎𝑐(𝛿) + 𝑇𝛥𝑆𝑂 𝑣𝑎𝑐(𝛿)

𝑘𝑏𝑇
 =

[𝐹𝑒𝐵
x ]2 ·  𝑉𝑂

•• · 𝑃 𝑂2 
0.5

[𝐹𝑒𝐵
• ]2 · [𝑂𝑂

𝑥]
 [II.5a] 

LP 

2ℎ⬚
• + 𝑂𝑂

𝑥 ↔ 𝑉𝑂
•• +

1

2
𝑂2  

𝐾𝑂 𝑣𝑎𝑐 = exp  
−𝛥𝐸𝑂 𝑣𝑎𝑐(𝛿) + 𝑇𝛥𝑆𝑂 𝑣𝑎𝑐(𝛿)

𝑘𝑏𝑇
 =

 𝑉𝑂
•• · 𝑃 𝑂2 

0.5

 ℎ• 2 · [𝑂𝑂
𝑥 ]

 [II.5b] 

Charge disproportion 

reaction 

SP 

2𝐹𝑒𝐵
𝑥 ↔ 𝐹𝑒𝐵

• + 𝐹𝑒𝐵
′   

𝐾𝑐ℎ𝑔 𝑑𝑖𝑠𝑝 = exp 
−𝛥𝐸𝑐ℎ𝑔 𝑑𝑖𝑠𝑝 𝛿 + 𝑇𝛥𝑆𝑐ℎ𝑔 𝑑𝑖𝑠𝑝 𝛿 

𝑘𝑏𝑇
 =

[𝐹𝑒𝐵
• ] · [𝐹𝑒𝐵

′ ]

[𝐹𝑒𝐵
x ]2

 [II.6a] 

LP 

𝑛𝑖𝑙 ↔ ℎ⬚
• + 𝑒⬚

′   

𝐾𝑐ℎ𝑔 𝑑𝑖𝑠𝑝 = exp 
−𝛥𝐸𝑐ℎ𝑔 𝑑𝑖𝑠𝑝 𝛿 + 𝑇𝛥𝑆𝑐ℎ𝑔 𝑑𝑖𝑠𝑝 𝛿 

𝑘𝑏𝑇
 =  ℎ• ·  𝑒′   [II.6b] 

Hydration reaction SP, LP 

𝐻2𝑂 + 𝑉𝑂
•• + 𝑂𝑂

𝑥 ↔ 2𝑂𝐻𝑂
•  

 

𝐾𝐻𝑦𝑑 = exp 
−𝛥𝐸𝐻𝑦𝑑(𝛿) + 𝑇𝛥𝑆𝐻𝑦𝑑(𝛿)

𝑘𝑏𝑇
 =

 𝑂𝐻𝑂
•  2

𝑃 𝐻2𝑂 ·  𝑉𝑂
•• ·  𝑂𝑂

𝑥
 
 [II.7] 

Hydride formation 

SP 

1

2
𝐻2 + 𝑉𝑂

•• + 𝐹𝑒𝐵
′ ↔ 𝐻𝑂

• + 𝐹𝑒𝐵
𝑥    

or  
1

2
(𝐻2𝑂 −

1

2
𝑂2) + 𝑉𝑂

•• + 𝐹𝑒𝐵
′ ↔ 𝐻𝑂

• + 𝐹𝑒𝐵
𝑥  

 

𝐾𝐻− = exp  
−𝛥𝐸𝐻−(𝛿) + 𝑇𝛥𝑆𝐻−(𝛿)

𝑘𝑏𝑇
  

=
[𝐹𝑒𝐵

x ]· 𝐻𝑂
•  

[𝐹𝑒𝐵
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2 0.5
  or  =

[𝐹𝑒𝐵
x ]· 𝐻𝑂

•  ·𝑃 𝑂2 
0.25

[𝐹𝑒𝐵
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2𝑂 0.5
 

[II.8a] 

LP 

1

2
𝐻2 + 𝑉𝑂

•• + 𝑒⬚
′ ↔ 𝐻𝑂

•  

 or 
1

2
(𝐻2𝑂 −

1

2
𝑂2) + 𝑉𝑂

•• + 𝑒⬚
′ ↔ 𝐻𝑂

•  

 

𝐾𝐻− = exp  
−𝛥𝐸𝐻−(𝛿) + 𝑇𝛥𝑆𝐻−(𝛿)

𝑘𝑏𝑇
  

=
 𝐻𝑂

•  

[𝑒⬚
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2 0.5
 or =

 𝐻𝑂
•  ·𝑃 𝑂2 

0.25

[𝑒⬚
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2𝑂 0.5
 

[II.8b] 
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• ] + 𝑞 • [𝑀𝑞 ] − [𝐹𝑒𝐵

′ ] − [𝐵𝑎𝐴
′ ] = 0 

 

[II.4a] 
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 ℎ•  + 2[𝑉𝑂
••] + [𝑂𝐻𝑂

• ] + 𝑞 • [𝑀𝑞] −  𝑒′  − [𝐵𝑎𝐴
′ ] = 0 
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• + 𝑂𝑂

𝑥 ↔ 2𝐹𝑒𝐵
𝑥 + 𝑉𝑂
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1

2
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0.5
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𝑘𝑏𝑇
 =
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•  2

𝑃 𝐻2𝑂 ·  𝑉𝑂
•• ·  𝑂𝑂

𝑥
 
 [II.7] 
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1

2
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•• + 𝐹𝑒𝐵
′ ↔ 𝐻𝑂
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𝑥    
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1

2
(𝐻2𝑂 −

1

2
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x ]· 𝐻𝑂
•  

[𝐹𝑒𝐵
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2 0.5
  or  =

[𝐹𝑒𝐵
x ]· 𝐻𝑂

•  ·𝑃 𝑂2 
0.25

[𝐹𝑒𝐵
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2𝑂 0.5
 

[II.8a] 
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1

2
𝐻2 + 𝑉𝑂

•• + 𝑒⬚
′ ↔ 𝐻𝑂

•  

 or 
1

2
(𝐻2𝑂 −

1

2
𝑂2) + 𝑉𝑂

•• + 𝑒⬚
′ ↔ 𝐻𝑂

•  

 

𝐾𝐻− = exp  
−𝛥𝐸𝐻−(𝛿) + 𝑇𝛥𝑆𝐻−(𝛿)

𝑘𝑏𝑇
  

=
 𝐻𝑂

•  

[𝑒⬚
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2 0.5
 or =

 𝐻𝑂
•  ·𝑃 𝑂2 

0.25

[𝑒⬚
′ ]· 𝑉𝑂

•• ·𝑃 𝐻2𝑂 0.5
 

[II.8b] 

 

JES (2024), under review.
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• Provide concentration 
information of 𝑉𝑂

••, 𝑂𝐻𝑂
• , Fe2+

, 
Fe3+, and Fe4+ in a range of 
P(O2) and P(H2O).

Merkulov, JSSC (2016), 243 190

Defect Chemistry of SrFe1-xSnxO3–δ 

Apply the model to describe the experimental results reported in the literature.

T= 800 C



Reaction Energetics for Modeling BaFe0.9Y0.1O3-δ

11

Chemical reaction equilibrium constants can be 

determined either from DFT or experiments:

      𝑲𝒓𝒙𝒏 = 𝒆𝒙𝒑 −
Δ𝑮𝒓𝒙𝒏

𝒌𝒃𝑻
 = 𝒆𝒙𝒑 −

Δ𝑯𝒓𝒙𝒏−𝑻Δ𝑺𝒓𝒙𝒏

𝒌𝒃𝑻
 =

ς𝒋 𝑩𝒑_𝒋
𝒏𝒑_𝒋

ς𝒊 𝑨𝒓_𝒊
𝒎𝒓_𝒊 

Δ𝑯𝒓𝒙𝒏 𝐶 𝐵𝑝 , 𝑇, … .  : Δ𝑯𝒓𝒙𝒏 = Δ𝑬𝐷𝐹𝑇 + Υ • 𝐶 𝑉𝑂
••  + ….

e.g., O vacancy formation reaction:

      𝐾𝑂 𝑣𝑎𝑐 = exp
−𝛥𝐻𝑂 𝑣𝑎𝑐+𝑇𝛥𝑆𝑂 𝑣𝑎𝑐

𝑘𝑏𝑇

      = exp
− 𝛥𝐸𝑂 𝑣𝑎𝑐+Υ•δ+⋯. +𝑇𝛥𝑆𝑂 𝑣𝑎𝑐

𝑘𝑏𝑇
=

 𝐹𝑒𝐵
x 2 𝑉𝑂

•• ·𝑃 𝑂2
0.5

 𝐹𝑒𝐵
•  2·𝑂𝑂

𝑥

Evac: O vac. formation reaction E

Ehyd: hydration reaction E

ECD : charge disproportionation E

Reaction energies as function of δ 

Yttria Substituted BaFeO3-δ

ECS Transactions, (2023) 111, (6) 1823-1838. 



Defect Chemistry of BaFe0.9Y0.1O3-δ at T=800 K

12

ECS Transactions, (2023) 111, (6) 1823-1838.
O stoichiometry.

O stoichiometry.



• Reversed trend in 

defect concentrations 

vs. P(H2)/P(H2O) as 

compared with those 

vs. P(O2)/P(H2O).

Brouwer Diagrams of Ba0.95La0.05FeO3-δ at T = 873 K

Distinct Gas Pressure Dependences: P(H2)/P(H2O) vs. 
P(O2)/P(H2O) 

13

P(O2)/P(H2O) description P(H2)/P(H2O) description

JES (2024), under review.

•  𝐻𝑂
•   more prominent when 

P(O2) is 10-15 atm or lower. 

• Increasing P(H2O) increases 
 𝐻𝑂

•   at lower P(O2).

• Crossover of  𝐻𝑂
•   vs.  𝑂𝐻𝑂

•   is 
predicted to occur at P(O2) 

approximately equal to 
10-21 atm at P(H2O) = 1 atm.



•  𝐻𝑂
•

•  𝑂𝐻𝑂
•

•  𝐻𝑂
•

•  𝑂𝐻𝑂
•

The results highlight conversion of the Brouwer diagrams from the P(O2)/P(H2O) expression to the P(H2)/P(H2O) 
expression, which experimentally are more accessible in the later scenario, for interpretation of the gas pressure and 
temperature dependences of the defect chemistry.

Oxygen Poor or Low P(O2) vs. Hydrogen Rich or High P(H2) Conditions

Distinct Gas Pressure Dependences (Both in Reducing 
Conditions) 

14

P(H2) = 0.21 atm P(O2) = 10-23 atm

JES (2024), under review.



2.8 eV 

𝐻𝑂
•

𝑉𝑂
••

𝑂𝐻𝑂
•  (-0.3 to +0.2 eV)

P(H2O) =0.3 atm (—

),

 0.03 atm (--), 

0.0003 atm (···).

Distinct Gas Pressure Dependences: P(H2)/P(H2O) vs. 
P(O2)/P(H2O) 
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(b) P(O2) = 10-23 atm(a) P(H2) = 0.21 atm

JES (2024), under review.

For the 𝑂𝐻𝑂
•  proton defect (blue lines):

• Apparent formation energies within the range of -0.3 to +0.2 eV.

For the 𝐻𝑂
•  hydride defect (black lines): 

• Apparent formation energies of 0.2 eV under P(H2)=0.21 atm vs.  2.8 eV under P(O2) = 10-23 atm.

0.2 eV

𝑂𝐻𝑂
•  (-0.3 to +0.2 eV)

𝐻𝑂
•

𝑉𝑂
••

P(H2O) =0.3 atm (—), 0.03 atm (---), 0.0005 

atm (···).
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• A generalized defect thermodynamic modeling tool was developed for triple conducting 

(Ba1-xLax )Fe1-yMyO3-δ perovskite which can be found here: 

• https://edx.netl.doe.gov/dataset/triple_conducting_perovskite_defect_model

• The developed defect model is able to go beyond the rigid-band type defect model systems.

• Non-rigid band defect behavior is due to δ dependent electronic/magnetic structures.

• Hydrogen defect species are incorporated into the model for a wide range of P(H2)/P(H2O) or 

P(O2)/P(H2O) conditions.

• Included in the hydride species 𝐻𝑂
•  for the reduced (e.g., fuel electrode) conditions.

• Identified distinct temperature and gas pressure dependences for the defect species between 

the P(H2)/P(H2O) and P(O2)/P(H2O) expressions in reduced conditions.

• This computational capability facilitates understanding of the bulk defect thermodynamics and its 

role in performance improvement and is beneficial to computational material screening of triple 

conducting perovskites for the SOC applications.

Summary
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A modeling tool of the defect thermodynamics of (La,Ba)Fe1-xMxO3-δ perovskites which includes 

energetic information about oxygen vacancy formation, hydration, hydride formation, and charge 

disproportionation reactions has been developed1. This tool incorporates defect energies and 

entropies expressed as sixth order polynomial functions to allow refinements of the defect reaction 

equilibrium constants in the thermodynamic analysis. Calculation of (La,Ba)Fe1-xMxO3-δ Brouwer 

diagrams as a function of pO2/pH2O and pH2/H2O in a range of temperatures of interest is facilitated 

by this modeling tool. The results obtained can provide direct guidance on how the electronic and 

ionic defect concentrations of the triple conducting perovskite materials can be used to optimize 

performance of solid oxide cells for energy applications. The impact of magnetic and electronic 

structures of the perovskites on the defect reaction energies and entropies as obtained from density 

function theory modeling and the role played by hydride defect species will also be discussed.

1https://edx.netl.doe.gov/dataset/triple_conducting_perovskite_defect_model  
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19



Workflow of the Defect Model Solver

20

 

 

 

 
 

 

 

 
 

Input variables: 
C

La
, C

M
, Q

M
,  

ΔH
def

 
(δ), and ΔS

def

 
(δ), 

for the four key defect reactions 

Initial guess taken from the defect 

model solution of Ref. [1] without 

the hydride species in  

specified conditions of T, δ,  

P(H
2
O) and P(O2) 

Program loops to output the 

model solution on a defined 

grid of T, P(O
2
), P(H

2
O) and 

their equivalent P(H
2
)/P(H

2
O) 

conditions 

Numerical solver of the  

defect model functions 

summarized in Table II with 

inclusion of the hydride formation 

reaction 

Workflow of the developed defect model solver that 

includes the hydride defect formation reaction. The defect 

model equations are summarized in Table II. CLa and CM are 

concentrations of La and M (M= non-transition metal) 

substitutions at the A-site and B-site of BaFeO3-δ, respectively. [1] ECS Transactions, 111 (6) 1823 (2023).



Rigid-Band Type Defect Behavior for Perovskite Oxides

21

Energy Environ. Sci., 2011, 4, 3966.

Millican, Chem. Mater. 2022, 34, 2, 510.Lankhorst, Phys. Rev. Lett., 1996,  77, 2989; JSSC, 1997, 133, 555-567. 

g(εF): Electronic 

Density of States



• Electronic structures of Fe based 
perovskites show non-rigid band 
behavior with increasing hole 
doping.

• Coupled with magnetic ordering 
transition vs. δ.

Non-Rigid Band Type Defect Behavior

Magnetic/Electronic Structures vs. δ

22

Ribeiro, Journal of Applied Physics 113, 083906 (2013).

G-AF BaFeO2.5 (δ=0.5)

FM BaFeO3 (δ=0)

Wang, Phys. Rev. Mater., 2019, 3, 025401.Ribeiro, Journal of Applied Physics 113, 083906 (2013).

0 hole corresponds to δ=0.5

a=3.97A ° 
(open circles)

a=4.12A ° 
(closed circles)

BaFeO3-δ

La1-xSrxFeO3-δ



BaFeO3-δ Magnetic/Electronic Structures vs. δ and 𝑶𝑯𝑶
•

23

(a) δ=0 
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-- 

(b) δ=0.125 or (δ=0 with  𝑂𝐻𝑂
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Maznichenko, Phys. Rev. B, 2016, 93, 024411.

The negative TC means the absence of 

ferromagnetic order.

 mean-field

■ random-phase 

approximations

ECS Transactions, (2023) 111, (6) 1823-1838. 
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