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This project was funded by the United States Department of Energy, Nationadl
Energy Technology Laboratory, in part, through a site support contract. Neither the
United States Government nor any agency thereof, nor any of their employees, nor
the support contractor, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or
any agency thereof.
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NETL SOC Capability Overview

: SOC technology is cost prohibitive due to long-term performance degradation
. Develop degradation modeling and mitigation tools to improve performance / longevity of SSEC

Systems Engineering and Analysis Performance Degradation Modeling Electrode Engineering

«  Techno-Economic Analysis * Degradation prediction to.ols. « Degradation mitigation
+  Hybrid configuration assessment * Atoms-to-System scale bridging * Microstructure optimization
e R&D Goals Evaluation * Experimental validation * Technology transfer to industry
i @ * Advanced Gas, Temperature Sensors * System demonstrations
PR ln Thermal Tl |
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6  $20/MWh Electricity on lifetime performance




NETL SOFC Work Plan Tasks

* Task 2: Cell and Stack Degradation Evaluation and Modeling
* Performance and degradation model development
* Microstructural analysis and analysis methods
* Machine learning for materials studies, electrode design

* Task 3: Electrode Engineering

* Infiltration for degradation mitigation
R-SOC characterization
Protonic SOC materials characterization and development
Advanced electrode design and manufacturing
S/TEM analysis of cell degradation

* Task 4: Strategic Systems Analysis and Engineering
* R-SOC, SOEC system studies
* SOFC scaling study, H,-fueled SOFC market study

* Task 5: Cyber Physical Modeling
* 1D real-time SOEC stack model development
* Controls design for dynamic operation of SOC stacks
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D -- Delamination
ref -- no delamination & no crack




Computational materials design

Discovering higher performing, more stable materials
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Proton-conducting SOCs N=[HATioNAL
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Expanding the degradation modeling framework’s material sets

* Proton-conducting SOCs can help lower operating temperatures, increase
operational stability, and don’t have a diluted H, stream

 Materials needs:
* More active electrodes
* Electrolytes with higher &, higher H* transference number
* Less expensive thermal processing

 SOEC, SOFC performance model code options created for
proton-conducting systems

e NOTE: NETL's available SOC stack manufacturing cost
tool includes options for P-SOCs

High concentration

Pure H, cathode
steam anode

il
* OSTIID:1842511 Proton-conducting SOEC

#2 % U.S. DEPARTMENT OF
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A defect model solver was developed to allow incorporation of nonlinear 6-dependent
defect reaction energies and entropies for calculating defect concentration of the triple-

conducting perovskites (La,Ba)Fe, ,M, 0, ¢
* H, incorporation through [OH, ‘] and [H, '] (hydride) defects.

* QOctave-based Script publicly available on NETL s EDX Server:

doi.org/10.2172/2328139
I 4

Triple-Conducting-Perovskite Defect Model Released

-

Input variables: Subroutines to generate plots: A
C, ., Cu, Q ( ) 1. Brower diagrams (C%f, P(O,), P(H,0))
AHdeLfa(cS l\é I\(/IZ ) Program loops to output 2. Brower diagrams (Cdef P(Hz) P(HZO))
ASdef(S’ CLa’ CM)’ the defect model solution ' ot T—873"’127.;>K 2afr 2
for4 defeét rLg'ac’lé/ilo'nS' ' in a defined grid of T, P(O,), ' 3. Cdeftemperature dependences at
Hydration Reduction. P(H,0) and their equivalent | specified P(O,)/P(H,0)
Dispropo’rtionation, ’ N P(H,)/P(H;0) ) 4. Cdeftemperature czzlepenélences at
\_ Hydride formation N specified P(H,)/P(H,0) y

& 5% U.S. DEPARTMENT OF
JENERGY Y.L. Lee, et al.,, Submitted to ECS Transactions Vol. 111 for SOFC XVIII, 2023. _
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Temperature dependencies of V5, OH,, and Hy'

P02=1 e-27 atm, PH20=0.03 atm

\J_._O
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MCHE= 1

0.8

0.9 1
1000/T(1/K)

1.1

o
-
o

o 10-0?

Pi2=0.1 atm, Py20=0.03 atm

1000
100" [
1002 [
10 |
1004 |
10795 |
1076 |

[
10ﬂ8r
10ﬂ9r
10710 [
10711 |

-
L=

D

o

—

|

1]

(3]

O

M=0.1, La=0.1
MCHE= 1

10-12
0.7

0.8

0.9 1
1000/T(1/K)

1.1
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* Hydride ([H,]) defect formation added for proton conduction at low P(O,)

« Defectreaction equations

1. Hydrogenation (proton) reaction
H9 + 2[0%]+ 2[M3] = 2[0Hy| + 2[ME]

2. Oxidation reaction

1
5057 + [V"1+2[M5] = [0F]+ 2[Mj]

3. Hydride formation
[06] + 2 [Mg] + [Hp] = [V5']+2[ME] + [OH{ ]

« Calculating ¢y and gy

Ji: Hydrogen permeation

flux

F: Faraday constant

R: gas constant

k: Boltzmann constant

L: membrane thickness

cy: Hydrogen conc. [atoms/m3]
Dy: self-diffusion coefficient

1. Hydrogen concentration

[0Hp| + [Ho] = cy

2. Hydrogen conductivity [M?2/s]
z: charge number
4F2L.] P} 22

_ Hzl Hy _ z"e“cyDy

OH = " pr M T T r
H»

| | | |
Godal Experiments DFT

(Clemson) (UW-Madison)

urian, R., Merkle, R., & Maier, J. (2017). Solid State lonics, 299, 64-69.  Duffy, Jack H., et al., Membranes 1
ueh-Lin, et al. ECS Transactions 111.6 (2023): 1823.




Proton diffusion in Ba(Co, Fe, Zr)O,_; (BCFZ) N=

Initial partial pressures: PH,: 0.05 atm , PO,: 0.002 atm

H conductivity

1 g -2.0
0+ g8 —2.51
E -8~ BCFZ %
- _1 - _expt i
=) L - E[FE_m:::IEIEtutaI} H —3.0
o) =8~ BCFZ_model([OH]) —
% _2 N + E‘:E_mtdE'[[Hn]:' IE':' _3.5_
= n
-3 S 4.0
T .
)
_— T T T T T h _4.5
0,8 1.0 1.2 14 16 1.8 2.0 =

1000/T [K~1]
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H conceniration

0.8 1.

0 1.2 14 16
1000/T [K~1]

Hydride formation improves match with experimental data

U.S. DEPARTMENT OF
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Developing materials through DFT N=|nAToNAL
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O p-band correlates well with air electrode material properties LABORATORY
2
a8 o y=3.76x + 2.38
4| FR=087
) '5 1. BSCF ‘
SU?fZie g -6 1 _2 L ! '.;! . . D Oc o0 %90% °° o
. —~ N BORDD ° (
exchange &, 7 v _ ks St 835??0 —> BSCF
[1] 3 ': | 8" 72~ 1000k g 6 % —> LSCF
= 7 8.LSM P(0,)= ~0.2 atm ~ = 0 48N x
10 — X Sk g
B4 B 26, 23 A8 44 —87 Lox® *
" Op-band center (eV) 3 ’1 X ng"%g
_;l —104o : (O x 8o %0%xx %ﬁ( )’?@*X .
-Ig —12 'J;h———qroﬂ fgo ) ° (o]
T —-14+° 0’ o Q0Q ° oo © o Ternary
v By ¥2° P
° ° o~ o o % o o) Q t
From predicted k* using DFT- [-SST3 0% B RE3e £ﬁ&gom o sznae::ary
calculated O p-band center of _18 | | | |
>2100 perovskites, NETL examined 0 100 200 300 400 500

Ba(Fe Co Zr)O3 (BFCZ) materials Energy above convex hull (ORR conditions) (meV/atom)

. DEPARTMENT OF




BFCZ (Zr = 25, 50, 75%) Performance N=[MeneA
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Higher k_;.,, improved stability, not enough o,

LSCF/BFCZ75 composite

-1.5
—_ - LSCF
‘g‘* =2.0 - 5 (-ZI;Y-"“: """"""""""""""""""""" —2.0{ & LSCF/BFCZ75
~ 214 AN R2:0.99 =
E \\ slope :-1.18 g -2.5
¥ =221 ‘@ S -3.0 Eace=1.06 eV
(@] \ _—
— -23 \ 7
E \\ < -3.5 /
c | \\ g ¥
£ AN Z -4.0 // Eact=1.02 eV
5 Yy BSCF \\‘ -
e L
x e \. —-4.5 4 /

0.0 0.2 0.4 0.6 0.8 1.0 -5.0 . ‘ ; i ; . ;

Zr fraction 0.850 0.875 0.900 0.925 0.950 0.975 1.000 1.025 1.050
1000/T (1/K)
All BFCZ compositions highly active, on LSCF/BFCZ75 composite shows about 9x
par with BSCF, with only 0.5 109 Kenem reduction in ASR at 800 °C, 65% less

difference over enfire Zr range performance degradation vs. LSCF

» U.S. DEPARTMENT OF
b




Machine learning prediction of properties N=|VATIONAL
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Using machine learning for faster calculations, larger sampling space

Data-centric ORR/QER perouskits e 749 data points from 313 studies for

catalytic materials design

299 unique perovskite compositions

Perovskite
s * Elemental features calculated using
ditabase MAST-ML (UW-M) instead of using DFT
o machinelearn ~ * 19 Miillion perovskite oxides were
g Eollacons examined using ML model

relationships

Number of Number of Number of
Property studies measurements unique
Screen and examined extracted materials

discover new

Feature importance

(s materials
(¢ 0 39 80 48
B@o. 37 66 42
235 422 257

Jacobs, R., et al. Adv. Eng. Mat. (2024), just accepted

U.S. DEPARTMENT OF




Machine learning predicted electrode materials N= |MATIONAL
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* Trained machine learning model could predict properties faster and at least as accurately than
DFT-based study and could cover a larger space containing traditionally less-explored elements

800 700 600 500 400
3.01 [ DFT O p-band + Linear model 3] — LSCF
[0 Elemental features + Random forest —— BSCF

m —— SCCN
8 257 5| — sznccu
% o —— KSmSCNT
D 2.0 A g — BISYNC
9 ] 1_
w £
T}
<15 o
= o O]
G 1. 2
o - 3 -11
2
Te}

0.5 .

0 o <« 0.932  1.028 1.145 1.294 1.486

«&° v 1000/T (1/K)
Property
SrZry 125NDBg 155C00 65CU 12505 (SZNCCu),

Ko.255M0,125570.625NP0.125T80.125C0g 7503 (KSMSCNT)
SCCN: Xin, H. Nature Energy (2022), Zhai, S., et al. Nature Energy (2022)7(8), 3366 Big 1255r0.575Y0.125Nig.125C00 7505 (BiSYNC)

S. DEPARTMENT OF
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Time dependent cross-validation N=|NATIONAL
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Examining how many data points would be necessary to make advances LABORATORY
1.0
0.8 -
©
© !
€ 0.6 - :2'0- H
c § %
1= £ y
o 515 \
© e i\
O a \
= 0.4 - : \
.. . 0 € 10 ~I H ’
Training on materials known 0 < I‘ = SERE L 1
. . O o : I I\’“ “*__‘__T_ p
prior to _2003 suggest§ high . oracision] = 1 j I ? 117
performing materials in the ' T e
—&— Recall S R e ST A T i gl 0 B O v
Ba(Fe’ Co, ZI’)O3 space, o T— @qe,n@@,»egq;vf,n@@g,»eqq,»@o,%a@gq,»e@nfw@@@&w@%ﬂ
suggesting BSCF and BFCZ could o ————— hememeees
have been predicted at the time RO R R R JC L IS S R IS
using machine learning &’ o o &' o o & o o & o o & o
ICRIIC ORI I R I A I R

Year range of training data
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Electrode Design and Engineering

Building better performing, longer lasting electrodes

5{& U.S. DEPARTMENT OF
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SOC Electrode Design and Engineering N=[noNAL
T L R5SRRToRY

Objectives

* Enhancement of performance and longevity
* Materials engineering

Approach

* Microstructure engineering

DEVE©)[e

Benefits
e Cell/stack cost reduction
* Cell overpotential reduction

* Increased thermo-chemical/thermo-mechanical
stability DEVELOP tailored electrode designs

* Reduced cost-of-electricity and/or cost of hydrogen

DESIGN new materials and structures

DEPLOY in commercial SOC systems

U.S. DEPARTMENT OF
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* Using in-house multiphysics code to optimize )
cathode performance by controlling infiltration AR D
and backbone structure p Y |
(LY_I64-P_11) I
Optimal catalytic properties for a given backbone i :
composition/structure £ (L$_64_P_00) % |
Optimal backbone composition/structure for given E """" A ’ :jﬁf—"'"""'::::_’_’_’_’.’(i%*st_l) -
catalytic properties K e T
«  Optimal lifetime performance based on é s p 10— RS E )
backbone/infiltrated particle degradation 2 |, = L P
(LY b5-P_00) (LY 55-P_01) Y5% Pa“if_l_‘?__s_i,?-g——-""""iii_46-P_zz)
(LY _46-P_11
Volume fractions: Particle size: (D
40:60 -1,0,1,2,3,4 (LY_E{%_P_OO)
50:50 0 = Baseline
60:40 -1 = Coarser

1-4 = Finer Notation: Backbone LSM:YSZ-LSM/YSZ Particle size

.S. DEPARTMENT OF




Experiments vs. Simulations N=]anona
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* LSCinfiltration into LSM/YSZ overcame the spread in performance from the different

backbones.
Il _scC-infiltrated-exp
1.5 1.47 B As-Made-exp - 0.20 + B LsC-infiltrated-sim 0.19 019
B As-Made-sim
N’\
£ 1.0-
S
o
V)
<C
0.5 4
0.0 - .
CC46 CC55 CCo64 FF46 FF55 FF64 CC46 CCh5 CcCo4 FF46 FF55 FF64
LSM/YSZ backbone LSM/YSZ backbone

/ ﬁ’l ENERG' _
R ————— S ——_—




2024 Update: LSCF/SDC Electrodes N=[NAToNAL
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LSCF/SDC volume ratio

-9
=777 (LS164-P_22)
A - _ ‘q-— - i
\(LS_64-P_11) i
o & :
< 1 |
(LS| 64-P_00) ‘b‘@c\ AT .
QQ : ’,I "—-’-‘:"t |
\)%o B (Ls:Tss-P_zz)
/55-P 10y E(LS_SS-P‘_J‘IJ)
(LS| 55-P_00) (LS_55-P_01) SDC particic size (LS_46-P_22)
- - 0’ .
o (LS_46-P_11)
(LS?46-P_00)

.S. DEPARTMENT OF

Parameters:

1) Volume Fraction
VLSCF: VSDC = 4‘0%' 60%, 50%' 50%, or 60%' 4‘0%
2) Grain Size

£ = 0: Coarse grain(P-0) Dyscr = 0.52P1SCF - D)oo e
B = 1: Fine grain (P-1)

Dsp¢ = 0.38Fsnc . Dspc ref

Discryrer = 0.68 um

Sample Notation Dspcrer = 0.63 um

ex) LS_46-P_01 (CF44)
volume fraction: Vi ¢cr: Vspe = 40%: 60%

ngIin Size: BLSCF — 0, BSDC= 1
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7 5 OOC 7500(: DOLSCF & DVO.LSCF
0.008 i syie .
0.075 g oxygen ion transport (Do, ) interface charge transfer
“c : £ 0.006
é}’ 0.01 g
= & 0.004
£0.005 E
N ] 0.002 | AT e T LR R o
0~037 ~ 038 039_ 04 , 041 042 043 j i e M A N i
Zreal (Q-cm”) 0 b 1 S *; — 0
0075 10 10 10 10 10 10
o Exp_FF55 (750 °C) Frequency (Hz)
& a Exp_FF55_infiltrated (750 °C) i
E 001l Sim_FF55 (750 °C) Bharge tt:::ff.r (baseline)
a U Sim_FF55_infiltrated (750 °C) Vg,LscF( e:-me)
= - Do . (baseline)
> ? Dv & Do, ... (baseline)
© i O,LSCF LSCF
£0.005; — D, (baseline)
N i . pean e ETATRII N D | e charge transfer (PBC-infiltrated)
[ .. ..0.0.0.0,.02.° e o858 . . T | e Dv (PBC-infiltrated)
ST 10° 10, 100 iy 10 10° 107 Do, ... (PBC-infiltrated)
requency(Hz) | D Vo.scr & DO; g (PBC-infiltrated)

.................. (PBC-infiltrated)

gas




polarization resistance (Q:cm?)

PBC Infiltration of LSCF/SDC Backbones ¥E oW

0.15

0.1

0.05

Pola

0.118

CCa6

Baseline

rization resistance of backbones (baseline)

Elexperiment BEsimulation —Exp_line —Sim_line

FF46 CC55 FF55 CCe4 FF64

(Q-cm?)
o
o
N

0.015

tion resistance
o
°
(=9

riza

0.005

pola

PBC-infilirated

Polarization resistance of backbones (PBC-infiltrated)

Elexperiment BEEsimulation —Exp_line —Sim_line

CCa6

FF46 CC55 FF55 CcCe4 FF64

As with LSM/YSZ, infiltration levelized the performance of all the backbones.

Still suspect that microstructural discrepancies exist between real and simulated microstructures

.S. DEPARTMENT OF
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Recent focus on SOEC infiltration before transition to R-SOCs LABORATORY
e Ni-YSZ/SSZ/LSCF/SDC Samples operated at 1 A/cm? at 850°C
* Post-mortem analysis is ongoing
* Infiltrated R-SOC testing beginning this quarter
Infiltration into Steam Electrode Infiltration into Air Electrode
1.2
125 —— High porous Ni-YSZ/SSZ/LSCF-SDC baseline cell H- LsCrEDC basene cef
—— 9.4 mg Pt infiltrated high porous Ni-YSZ/SSZ/LSCF-SDC cell —— 0.7mg $1Fe204 infiltrafed LSCF/GD{" ell
1.2 ——&ﬂqmmmmmmhmmmmyﬂmﬂmWEwcm1 LI5S L 0f'mg BhFe}04 infiltrated LSCF/GDIC cell
; ——9.2 mg Fe infiltrated high porous Ni-YSZ/SSZ/L.SCF-SDC cell ; i O.Emg 15Co infiltrate(;TLSCF/GDC chll
Eg 115 B Eg 1 . | -
g 11 B g 1.05 y et - :‘ﬁ r
o [o) ! - , .
v L] e | e
> s N i i Z $:; o
ol Baselin¢ gelll performance degradatjon rate:/36 mV/1000h
1 gimz:ilf’tc;l:lﬁ[;:::::cll(::lw ;"fgiﬂ:ﬂ";ﬂ?? 1 Stl:lllnl";/t i(_";ghs V1000 0.95 0.7|/mg $rFe2O4 infilthated cell pgrformance deETldatlon rate: 33 mV/1000h
8 m§ Pt infiltrate cellI;Jerformance degngration rate:: 23:.9 mVIlOO(:li 0.7/mg ByF2O4 infil{fated cell pfrl’ormﬂnc degradation rate: 7F:1V/1000h
0.95 0.9
0 200 400 600 800 1000 1200 1400 1600 1800 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400
Time (h) Time (h)
Fe infiltration more effective and cheaper than Pt In terms of performance, LSC > BaFe,O, > SrFe,O,

.S. DEPARTMENT OF
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Additive Manufacturing of SOCs N=|AnonaL
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 Automated spray deposition system built at WVU used to apply active anode, electrolyte, and
active cathode layers. Deposition parameters adjusted to improve quality/performance

» Cathode polarization resistance at 800°C improved from 0.377 ohm-cm? down to 0.0381 ohm-cm?

* Finer resolution nozzle installed, deposition width of 1.21 mm vs. 10.95 mm

" — Cathode Layer #2
= —am @
- - Electrolyte Layer

50/50 vol% NiO/YSZ and 1 .5—LLm PMMA
3 Anode Layer #2
&, 30/70 vol% NiO/YSz ~ 70/30 vol% NiO/YSZ

and 5-um PMMA and 5- pm PMMA
| Anode Layer #1

Pressed
Anode
Support
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Cell and Stack Degradation Modeling

Simulation-driven design of advanced SOCs
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Analyzing performance degradation N=|anoNaL
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How to determine what’s a good or bad electrode? LABORATORY

* SOC Simulations run on database of 1000s of synthetic microstructure covering large

matrix of microstructural parameter combinations (particle sizes, phase fractions, particle
size distribution, phase fraction distribution, etc.)

Need a single figure-of-merit that Lifetime energy production chosen.

Cop’rures initial performance Presently: operation at a given current density,
and stability up to a given time

NETL Microstructure Resources
e SOC Synthetic Electrode Microstructure Database

* 1,970 unique 3-phase electrode microstructure files
 DOI: 10.18141/1988063

Power [W/cm?]

Area = lifetime energy produced
[Wh/cm?]

 PFIB-SEM 3D reconstructions of real SOFC electrodes:
DOI: 10.18141/1425617



https://www.osti.gov/scitech/search/filter-results:FD/semantic:10.18141/1988063

SOFC Cathode Feature Importance Ranking

Impact on voltage decay [%/khr]
Lower is better

LSM/YSZ
D-LSM
D-pore
Porosity
o-pore
0-LSM
D-YSZ
o-YSZ
HF-LSM
HF-YSZ
HF-pore

Each point represents a
feature value from a
specific simulated
electrode microstructure

e
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High

Feature value

Impact on lifetime energy [Wh/cm?]
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D-pore
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o-pore
0-LSM
HF-pore
HF-LSM
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Higher is beftter

High

-
i
H
Feature value

-1 -1o -5 0 5 10
SHAP wvalue (impact on model output)

Small LSM particle sizes are bad for voltage decay, but
net good for lifetime performance -

worthwhile tradeoff.
Lower LSM/YSZ ratio is good for both metrics

yet al., ECS Trans., 103, 209 (2021).

L
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Linking SOEC lifetime performance to economics LABORATORY
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£ 300 .07
2 5 06
2 250 o
> 205
E 200 11 q 7 e 11 o R
S Area = “lifetime” energy consumed D04 Area = "lifetime” Amp-hrs/cm?2/khr
g 150 [Wh/cm?/khr] 5 os
2 100 3 Faraday's law — kgy,/cm?/khr
o 0.2
50 0.1
0 0
0 200 400 600 800 1000 0 200 400 600 800 1000

Time [hr]

Time [hr]

“Lifetime” energy consumed — at a given

. DEPARTMENT OF

“Lifefime” H2 produced — at a given




Feature Importance

Impact on H, Produced
[kg/cm?2/khr]

Ni/YSZ
Porosity
D-Ni
D-YSZ
o-YSZ
D-pore
HF-YSZ
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o-pore
HF-Ni
HF-pore

—0.006 —0.005 —0.004 —0.003 —0.002 —0.001 0.000 0.001 0.002
SHAP value (impact on model output)
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Impact on energy consumed
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10 -5 0 5 10 15 20
SHAP value (impact on model output)

Low Ni/YSZ ratio, low porosity, small solid particles beneficial for both, but

& U.S. DEPARTMENT OF

ENERGY

rankings are different

Other figures of merit (e.g. degr. only) may show different dependence
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Making specific recommendations: SOEC N=|NAToNAL
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Commercial electrodes’ ML model trained on bank SHAP analysis to estimate

initial microstructural of results from synthetic feature impact in
parameters (measured) microstructures commercial electrodes

Low Ni/YSZ ratio, small solid particles
were good choices

Fuel Elec. from supplier A

Biggest drain was pore size

higher = lower,
base value f(x)
0.02747 0.02847 0.03947 0.020:0.03 0.03147
>}}l)_—— Chosen metric was
h3=0' 51:13 0.172 | davg? = 0.458 davg3 £ 0.414 | pf23ratio=0.9 'davgl = 0.539 H2 prod uced
Fuel Elec. from supplier B higher = lower
base value fi(x)
0.02747 0.02847 0.0294 0.03047  0.03 0.03147

hp )

I
davgZ = 0.52 | pf23ratio = 0.87 pfl = 0.17
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e Samples from Materials Systems Research Inc. (MSRI, Salt Lake City, UT).
Small YSZ powder was a good choice Biggest drains are LSM/YSZ ratio and D,
Pl cathOde Mr:guzglrofpuﬁ:lse value /
25.1 32.6'1 327.1 3233.1 329.1 .'33Iﬂ.25 331.1 33.'7_’.1 333.1 33.4'1 335.1 3315.1 337
pf1 = 0.36 I--stc:lﬂl =0.16 dawvg3 = 0.395 | pf23ratio = 1.2 | davg2 = 0.585 hfl = 0.018?. | std2 = 0.285
Pz cathOde base wglue tljriigu:-r;zlrou:tputl?;:lel.l; .
323.1 3251 327.1 3291 331.1 3331 335.1 327337.75 339.1 Chosen metrlc was
| | O | | lifetime energy

davg3 = 0.38

—
davgl =0.45 | std3 = 0.145 pf23ratio = 0.83

P2 Anode higher = lower
base value model output value

336.1 336.6 337.1 337.6 338.338.21 338.6 339.1

pf1 =017 hf2 = 0.0066 hf3 = 0.0104
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Conclusions

* Materials discovery using machine learning can screen an even larger parametric space than
previous high throughput methods

* Modeling is useful tool for deeper interpretation of performance data, designing more durable
electrodes, and providing context to literature results

 NETL continues to develop advanced electrode design and fabrication tools for more optimized
lifetime performance

How can NETL help you?

 NETLs synthetic microstructure database, real 3D microstructures, microstructural analysis tools,
and defect modeling tools are available to the public

* NETL can collaborate with partners, using partner data and conditions to run performance
degradation and optimization simulations
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e “Cation Migration and LSCF Decomposition Related to Long Term Operation Mode as
Revealed by Electron Microscopy” — Yoosuf Picard

* “In-House Developed Multiphysics Simulation for the Performance of Solid Oxide Cells
(SOCs)” — Jian Liu

 “Defect Thermodynamics and Transport Properties of Perovskite and Fluorite Materials
for Solid-Oxide and Proton Conducting Oxide Cells Evaluated Based on Density Functional
Theory Modeling” — Yueh-Lin Lee

» “Pathway Study for Large-Scale Hydrogen Production from Solid Oxide Electrolysis Cell
Technology” - Kyle Bucheit and Alex Noring

 “Modeling Ni Coarsening under Humid Atmosphere in Electrode of Solid Oxide Cells” -
Yves Mantz

* “Inter- & Intra-Granular Nanostructure Degradation of YSZ in Electrolyte Under SOEC
Operation” = Yun Chen and Xueyan Song
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