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« Utilization of proton-conducting materials has been adopted as a Electric current
tactic to lower the operating temperature of the solid oxide cells =
(SOC) with improved efficiency and to mitigate degradation and cost F“:E:” f aEae L
issues occurring at high temperatures. T ‘c,jand
e other
« BaFeO;¢ and its alloy compounds are promising candidates as HI' = gases
electrode materials for development of protonic conducting ceramic " “To,
cells, due to their high proton conductivity at infermediate Excess = Unused
temperatures. fuel 0| Cou
<<=
- Characterizing defect and transport properties of friple-conducting T T e
oxides remains a challenging task due to: Electrolyte
Complex coupling of protonic conductivity with electronic and https://en.wikipedia.org/wiki/Protonic_ceramic_fuel_cel

oxygen-ion conductivities.

« The need to determine the defect equilibria (OH}, charge, and V;°)
in response to the operating conditions.

Duan et al, Science, (2015) 349: 1321.
Merkle, Annu. Rev. Mater. Res., (2021) 51:461.
Duffy, J. Mater. Chem. A, (2023), 11, 8929. Kreuer, Annu. Rev. Mater. Res. 2003. 33:333-59.

S. DEPARTMENT OF




Objectives and Defect Modeling Tools N=|Naronal

T L TECHNOLOGY
LABORATORY

« Recent studies identified § dependence in defect energies (enthalpies) of hydration reaction
and oxygen vacancy formation reaction (linear or nonlinear function forms)-31,

« 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(O,)/P(H,O) expressions to the P(H,)/P(H,O) expressions is needed for
understanding defect equilibria of oxide materials used in the fuel electrode applications.

Available Defect Modeling Tools at NETL

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.

1ISereda, Acta Materialia, 2019, 162, 33-45.
’Hoedl, J. Phys. Chem. C 2020, 124, 11780.
3Millican, Chem. Mater. 2022, 34, 2, 510.
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1. Defect Thermodynamics and Transport Properties of [N=|NATONAL
Proton Conducting Electrolyte BaZr, Y0, s (x<0.1) TLJRs6R~1GRy
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2. Defect Thermodynamics and Transport Properties of N=|MATONAL

Triple Conducting Electrode Ba, ,La,Fe; M, O; s (M=, TE TECHNOLOGY
ZIr)

G H,O®O , ©

Electron-rich oxide material: Bag ¢sLag gsF€0.904.s OH$O

« Generate Brouwer diagrams of Bag ¢sL0g gsF€5905.5 IN a range of O g
T and P(O,)/P(H,O) or P(H,)/P(H,O) condifions. % © ©
«  Methodology extended to include the hydride (H;) defect formation energies and entropies into

|
] o=
- Lt}

Log(Conc)
o b

Log(Conc)

B B ':.'-:-.:::!}-::::.:E:é':{.:':'-" ey PO ] ‘ 01,’
1 0 ) o . _/4/2‘7(2
R T 2 3 a2 a0 T T
Log(PH,0) e Log(PH,0) T - o
57 12 Log(PHz) 512 Log(PHz) O stoichiometry

Developed GNU-Octave scripts to model (La,Ba)Fe, ,M, O, s defect thermodynamics
Available at NETL-EDX: https://edx.netl.doe.gov/dataset/triple_conducting_perovskite_defect_model ,
JES (2024), under review.
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e [ ] auo:c LaysSr,,C00, 5 ! xide . 1 2 1 A ] R 1 . 1
A ssorc JrSpeE €0, = 250l ® Mizusakietal.[8] |SrFeO,; & L
= * 950°C + 3,3-"** e ) || 4 Yooetal. [21]
£ ¥ = g _4elVel —v) 00| ® Bakkenetal [22] - |
= o X s(0,) vl ~ g (er) || o Patrakeev et al. [23]
g ’ 2 —— ¢ Merkulov et al. [24] I
] g _ o *  this work N
o A4 -0 < g(aF):. Electronic g 1 = Holtetal [2] -l i
£(0,) Density of States 2 16091 & starkov et al. [27] » ;
| | A -
o 0 O.OIZS 0.:!5 0.0I75 U.I_w .:o 130 T 70 i 15 kJ/mO| [29] A“‘ ™
; < %' .
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ree * Non-linear ¢(O,) or Ahy needs alternafive
350 ' ' ' description beyond the rigid band model.
-0.35 -0.25 -0.15 -0.05 0.05

electron occupation number 25-x

Lankhorst, Phys. Rev. Lett., 1996, 77, 2989; JSSC, 1997, 133, 555-567.

Sereda, Acta Materialia, 2019, 162, 33-45.
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Generalized Defect Model for (La,A)(M,B)O; ¢ N=|N4ToN
Perovskites TL A8k

« A range of physically possible [V;°] values are selected to

H 1
reversely solve the defect model and to obtain the . w05 S G Vg0
Corresponding P (O ) Koo = xp (—AEovac(ls)k'FTTASovac(ls)) _ [Feg][F'e[.I;(; ] [;x(]oz) ’ [11.54]
. . 21+ . . 0 vacancy formation i - Bl o
« Caninclude nonlinear or higher order 6 terms (quadratic, . 2h,+ 0 & Vi +30,
cubic.,....) for the defect reaction energies/entropies. Kovae = oxp (2O TR0 @) TR 151
2Fe} © Fej + Feg
SP —AE g 4isp (8) chg disp (8) e5] - [Fep

TABLE I1. Small polaron (SP) and large polaron (LP) expressions of the defect thermodynamic model Charae disproportion Keng aisp = eXP( A k:TTAS >= LF [F]‘eg[]i ] [11.6a]
equations used for solving the unknown variables (as listed in TABLE 1) as a function of temperature. g reacfi Onp ey

LP —8E g aisy8) + TASirg aisp )\ _ 1
Label Model Equations Kchgdisfexp( ko dise T hg disp )=[h]~[e] [11.6b]

EXxpression
H,0 + Vg + 03 © 20H;

A-site conservation SP, LP Bay] + [Laj] = 1 1.1 i i .
[Baa] + [Laj] [n.1] Hydration reaction SP,LP o = o2 O+ T851,0(8)) _ (OHs T2 .
fyd k, T P(H,0) - [V5'] - [0%] ’
1 . ' o x
SP [Feyl+[Fep] + [Fe§] + [M3] =1 [11.23] FH2+ V5" + Feg o Hi + Feg

. . or 5 (H,0 —50,) + V5" + Fey o Hy + Fej
B-site conservation

Sp —AEy-(8) + TASy-(8)
Koo =
ag _ ESR T
LP [Fep]l + [Mg] =1 [11.2b] b [11.8a]
o IFebisl o (PRI 1P(02)"2
. . [Feg V5" ]-P(H2)05 [Feg] [V5"]-P(1H20)05
Hydride formation 1 !
O-site conservation SP,LP [0Hy] + V'] + [03] = 3 [11.3] gt + V5" +en o Ho
or (Hy0 —30,) + V5" + el o Hp
LP —AEy-(8) + TASy-(8)
’ ’ Ky- = ex (—)
SP [Fep] +2[Vg'] + [OHy] + q » [M] — [Fep] — [Bay] = 0 [11.4a] o= EXP kyT [11.8b]
) _ [H5] or = _LHpI-P©02)°% '
Charge neutrality ler V51 PCHOS ™ T lers [V P(H2005

LP [A] +2[Vg ]+ [OHp] + q o [M?] = [e'] = [Ba,] =0 [11.4b]
JES (2024), under review.
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Reaction Energetics for Modeling BaFe, ,Y,,0;.¢ N

NATIONAL
ENERGY

Yttria Substituted BaFeO, g

Chemical reaction equilibrium constants can be
determined either from DFT or experiments:

"p_j
—TAS [l B,
— rxn - rxn rxn -
Kpxn = exp(—205) = gxp(— e Th%my _ Jop)
b [1; 4, ;

AH oy (C(By), T, ..): AHpyy = AEppr + Y o C(V5™) + ...

e.g., O vacancy formation reaction:

_ —AH yactTASo vac
KO vac — €XP ( kT
= eXx (_(AEO vac+Y'5+“'-)+TASO vac) _ [FBE]Z[VO“]'P(OZ)O'S
= exp kpT - [Fep]2-0%
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Reaction Energies, eV
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Reaction energies as function of &6

E vac=-0.46%+2.46-0.15

E cd =7.2267-1.2446+0.02

E hyd = 0.652-1.26-0.5

0 0.1 0.2 0.3 0.4 0.5 0.6

6 of BaFe Y1055
E,.c: O vac. formation reaction E

E,,q: hydration reaction E
Ecp: charge disproportionation E

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




Defect Chemistry of BaFe, Y, .0, s at T=800 K
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(a) BaFeg0Y(10:5at T=600 K

A = R T z 10 0
Log{PH:0) 4 40 T A
o Log(POy)

Log(Conc)
&

0 ;

2 a3 : = “:_ - Q—. : 0
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O stoichiometry.
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(b) BaFep9Y(10:;at T=1000 K

LogiConc)
&

2§ g———a~T% 20 10 0
Log(PO;)

23—y a0 @ A0 0
Lo Log(PO3)

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




Distinct Gas Pressure Dependences: P(H,)/P(H,0) vs. N = |NATIONAL
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Brouwer Diagrams of Ba, ¢:.La, ,;FeO,; s at T =873 K

P(O,)/P(H,0) description

T=873 K

Log(Conc)

P\Oz)"/, v@f

e

P(H,)/P(H,O) description

Log(Conc)

hhhhh

T=873 K

2 3 7SN ~ ﬂ‘?o G /2
Log(PH0) ~ 47 o “as 2 T Log(poy) < 20
T2 710 Log(PHz) O stoichiometry

O stoichiometry

[H)] more prominent when

. ¥ P(Oz) is '|O-15 O-I-m or |Ower. Z ° Reversed Treﬂd in .
§ 4 Increasing P(H,O) increases 5. defect concentrations
S [Ho] af lower P(O,). g \ésc;:w(;é)r/elacj(l-\lriic’r)kl ﬁ\sose
8
0 g Crossover of [Hj] vs. [OHp] is 8
oG e _20/_15“-/10‘T ’ predicted to occur at P(O,) DT vs. P(O,)/P(H,O).
0g(PHz0) 5~ 30 25 Log(PO) approximately equal to Log(PHO)
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102" atm at P(H,O) = 1 atm.

JES (2024), under review.
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Oxygen Poor or Low P(O,) vs. Hydrogen Rich or High P(H,) Conditions

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

P(H,) = 0.21 atm P(O,) = 102 atm

(d)

—_—
L£]
—

(a) (b)

P(0,)=10-2atm

P(H,)=0.21 atm P(H,)=0.21 atm 0 P(0,)=10% atm

Log,, Concentration

° H(')
. OH},

,_.
Log,, Concentration

y=0.47x-2.24 { 3

y=0.25x- 2.53 -1.5

Log,, Concentration
Log,, Concentration

y=-0.52x-4.58

O stoichiometry

-3 -2.5 -2 -1.5 -1 -0.5 0
P(H,0), atm

[%,]
O stoichiometry

-5 -4 -3 -2 -1 0
P(H,0), atm

P(H;0), atm

-3 -2.5 -2 -1.5 -1 0.5 0
P(H,0), atm

JES (2024), under review.
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Distinct Gas Pressure Dependences: P(H,)/P(H,0) vs. N
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(a) P(H,) =0.21 atm

(b) P(O,) = 10-2% atm

10° .
Vo'

107 |

o} OH; (-0.3 fo +0.2 eV)
o [V T _____
E 10-3 |. _B_GHO ------------------ o JUTTPIOPETePS

10* | : """"" O —— - _

H, ®
10% | 0.2eV
P(H,0) =0.3 atm (—), 0.03 atm (---), 0.0005

10° =T
( )D‘

0.8 9 1 1.1

1000/T(1/K)
For the OH, proton defect (blue lines):

10° P ———
Vo' @ ©
107 | ]
OH;, (-0.3 to +0.2 eV)
10 | ;\ 1
0 Vo g > -o
5 102 |- OHo 1
o —G-H.D
10| 28¢eV 1
.| P(H,0)=0.3 atm (— Tl N
107 | ~ 1
), Ho ho)
. 0.03 atm (--), 0 “o
10 8 — :
0g  -00Gpgatm (). 1.4
1000/T(1/K)

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

For the H;, hydride defect (black lines):

« Apparent formation energies of 0.2 eV under P(H,)=0.21 atm vs. 2.8 eV under P(O,) = 10-22 atm.
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« A generalized defect thermodynamic modeling tool was developed for triple conducting
(Ba,La, JFe; M, O4 ¢ 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 &6 dependent electronic/magnetic structures.

- Hydrogen defect species are incorporated into the model for a wide range of P(H,)/P(H,O) or
P(O,)/P(H,O) conditions.
 Included in the hydride species H;, for the reduced (e.q., fuel electrode) condifions.

 |dentified distinct temperature and gas pressure dependences for the defect species between
the P(H,)/P(H,O) and P(O,)/P(H,O) 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.

, U.S. DEPARTMENT OF
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A modeling tool of the defect thermodynamics of (La,Ba)Fe, M O, perovskites which includes
energetic information about oxygen vacancy formation, hydration, hydride formation, and charge
disproportionation reactions has been developed!. This tool incorporates defect energies and
entropies expressed as sixth order polynomial functions to allow refinements of the defect reaction
equiliorium constants in the thermodynamic analysis. Calculation of (La,Ba)Fe, M, 05, Brouwer
diagrams as a function of pO,/pH,O and pH,/H,O in a range of temperatures of inferest 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
stfructures 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.

Thttps://edx.netl.doe.gov/dataset/triple_conducting_perovskite_defect_model
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4 N N
. TABLE II 8mall polaron (8 F) and larg = polaron (LP) sxpressions of the defect thermodsrnamic model
|n|t|a| gUESS taken from the defect squations need for solving the nnionown variables (as listad in TABLE ) as a function of tempertura.
Input variables: model solution of Ref. [1] without Labat Medd E quations
CLa, CM, QM, the hydrlde SpeCIGS In A-szits conservation IBLE [Ba+ [Lag=1 [rij
def def - H'H Fay 4+ Fe,] + [Fes]+ [(M3] =1 22
AH  (8), and AS (D), * specified conditions of T, 9, e = (P3Pl 4 (Pl + 04 ms)
for the four key defect reactions P(H,0) and P(O2) w (R34 31 = 1 w201
O-gite consarvetion SR LF [OH:]+ Va1 + [0351= 3 mI3)
/ P [Fei] + 2[Va"1 4+ [OHS] g [M7] — [Faw] — [Ba.]= 0 [I4s]
. Chargs neutralify
e W] + ZVET+ O] +g o [M]—[8] — [Ba, ] =0 [1.41b]
Program loops to output the : 4140 2Fe1 + U + 20,

3 o t_p dIO P Numerical solver of the e muu[ jfm;;f;z]_ 20 g

model solution on a detine defect model functions o ey fommasen S |
grid of T, P(O,). P(,0) and g summarized in Table Il with sl - AL
their equivalent P(H 2)/P(H20) inclusion of the hydride formation S R
conditions reaction T e O ey

\_ ) \_ J . . H.0 4 i 403 s 208

e e s G LAy P .

LHo4 VE 4 Feu e Hi 4 Fei
or :-(Hlo—im + Vi 4 Fe, = H:, + Fe3

Workflow of the developed defect model solver that = 2 (B T

kT
o . [I.32)
_ ek Hag) — e g e
= a =

includes the hydride defect formation reaction. The defect - S SR

model equations are summarized in Table . C,, and C,, are w R

E,

- Wz ) — _lug} [1.8s]
- S X =

concentrations of La and M (M= non-transition metal) T
substitutions atf the A-site and B-site of BaFeO5 ¢, respectively. [1] ECS Transactions, 111 (¢) 1823 (2023).
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Rigid-Band Type Defect Behavior for Perovskite Oxides [N=|VAnonaL
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® goo°C Lagy ¢Sry,C00, 5 Eremi
: gggg [ 3 L oxide ( before
* 950°C ¥ o €0, = : adding
S an- % Sl g = 0 -
5 . ©0.) § 0 124 S N T O (S — A — »
5 5 ‘ =S T T gl s 7
: S e = ermi
2 s 8 peiore
< 43 < g(eg): Electronic removing
e(0,) Density of States s
7 0 u.u'zs u.ins u.ol?s u.l.m Energy Environ. Sci., 2011, 4, 3966.
-200
La,,Sr,Co0,; ©ox=07 DFT Structure: Predictions of
=-250 | A o ]
£ 23 ®
: g g
8 .+§' ® o
T-300 A 2
A 2
* 4 _" - Q
+ oA (]
-350 T T I
-0.35 -0.25 -0.15 -0.05 0.05 =

electron occupation number 25-x

Lankhorst, Phys. Rev. Lett., 1996, 77, 2989; JSSC, 1997, 133, 555-567. Millican, Chem. Mater. 2022, 34, 2, 510.
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Magnetic/Elecironic Structures vs. 6

Non-Rigid Band Type Defect Behavior

25
501 FM BaFeO3 (6=0)
8 6 4 -2 0 2 4 6
Energy (eV)
(o] . . ; . . . . T T T
Fe
— O
| G-AF BaFeO, . (6=0.5)
S D

Energy (eV)
Ribeiro, Journal of Applied Physics 113, 083206 (2013).
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La, Sr,FeO, ¢
=0 © XPS-VB | 0K
| —— X= [ - I -edge XAS
—x=02 EF:
x=0.37
10

0.3

0.2+
0.1

0.0

-0.1-
-0.2-
-0.3-

 x=05 A

(aE)?3 (10° eV23.cm23) T
o

o

0 1 2 3 4 5
Photon Energy (eV)

o

Intensity (a.u.)

[ . L i ! f
1 2 3 10 8 6 4 2 0 -2 -4 -6
Photon Energy (eV) Binding Energy (eV)

7 0 hole corresponds to 6=0.5

a=4.12A°
(closed circles)

» Electronic structures of Fe based
perovskites show non-rigid band
behavior with increasing hole

(open circles)

BaFeO;5 |
a=3.97A° 1

doping.

« Coupled with magnetic ordering
transition vs. 6.

0.1 02 03

Holes per oxygen

0.0

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

Wang, Phys. Rev. Mater., 2019, 3, 025401.
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