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‘;i Advanced Water-Splitting Materials (AWSM)

= Sandia
....... u National
AWSM Consortium ﬁl‘ @ Laboratories
6 Core Labs:
." M Lawrence Livermore s RNL

) National Laboratory
Idaho Nafional laboratory

Accelerating R&D of innovative materials critical to advanced water splitting
technologies for clean, sustainable & low cost H, production, including:

Production target
<$2/gge

——

Solar Thermochemical Hyd rogen
(STCH)

Water
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Technologies

A Thermochemical and Hybrid Water Splitting

Thermochemistry

MO - MO _, +gO2 (1) Reduction

MO_;+0-H,O—>MO_.+o6-H, (2)Oxidation

5.]-[20_)%02 +J-H, (3) Thermolysis

 Metal cation is redox active
element in two-step cycle.
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TC + Electrochemistry

4 »7 stO4
o, H,0 + SO,

g{; H,O + SO,
H, H,SO,

H.,S0, «» H,0+30,+ %0,
(thermochemical; 800-900 °C)

50, +2H,0 — H,50, + H,
{electrochemical; 80-120 "C)

Net Reaction: H.O — H,+ %0,

e Sulfuris redox active
element in two-step cycle.



Thermodynamic tuning
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S.\ﬂ HydroGEN-AWSM Framework

Approach

W DOE \
? EMN \ FOA Proposal

Process

HydroGEN
/ y \ K Proposal calg
Core labs out capability
capability H nodes
\ nqqes /  Awarded
‘ \ projects get
access to

https://www.h2awsm.org/capabilities

[ Data Hub
k ) / nodes W
& /NS //
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¢p9 EMN HydroGEN

Approach

[ STCH: Solar Thermochemical & Hybrids J (Barriers

\
e Cost

GI'CH Node Labs\

Sandia ]
National _
Laboratories Idaho National Laboratory

HNREL

SAVANMAH RIVER NATIONAL LABORATORY

B Lawrence Livermore

\ National Laboratory/
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Support
through:

Gy |

Personnel
Equipment
Expertise
Capability
Materials
Data

- Efficiency
\* Durability,

/ STCH Pro;ects\

Greenway Energy LLC

el :
Northwestern
University




Cp HydroGEN-AWSM Core Labs Nodes

Impact

Comprising more than 80 unique, world-class capabilities/expertise in:

Materials Theory/Computation Advanced Materials Synthesis Characterization & Analytics
i 3

= High-throughput spray |
. pyrolysis system for
electrode fabrication

Bulk & interfacial
models of aqueous

electrolytes Stagnation flow reactor

to evaluate kinetics of
redox material at high-T

LAMMPS classic molecular dynamics Conformal ultrathin TiO, ALD TAP reactor for extracting
modeling relevant to H,0 splitting coating on bulk nanoporous gold quantitative kinetic data

HydroGEN fosters cross-cutting innovation using theory-guided applied

materials R&D to advance all emerging water-splitting pathways for
hydrogen production

HydroGEN: Advanced Water Splitting Materials 7



40 STCH Nodes Available in the Consortium

Impact

A|Computation & Analysis |

.15:' _.o 0 I - :I —— .
"~ “‘ ¥ % b IZ S Iu 18
| Iy . - . - .‘..". A i .
' '.“-‘ Ry ‘{; - | ' 13
4| : o

Analysis: 1 Characterization: 5
Computation: 6 Synthesis/Process: 6 m
Analysis: 1 Characterization: 3
Computation: 5 Synthesis/Process: 4 m

|
Analysis: 1 Characterization: 4 m
Computation: 4 Synthesis/Process: 0

11 nodes from 5 National Labs supporting 5 STCH projects.

HydroGEN: Advanced Water Splitting Materials 8
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5 Seedling Projects Awarded in FY2018

11 nodes from 5 National Labs supporting projects

Accelerated Discovery of STCH Materials via \

High-Throughput Computational and
Experimental Methods
PI, Ryan O’Hayre, Colorado School of Mines
Co-Pl, Michael Sanders, Colorado School of Mines
Project Vision HObE L
Merging combinatorial synthesis methods with combinatorial Firstprinciples  NREL S. Lany
theoretical calculations to rapidly discover new potential materials theory
materials for use in two-step metal oxide cycles for STCH (HTE) thin film NREL A. Zakutayev
— — combinatorial
| Exbnitamoca Laser heated SFR  SNL A, McDaniel
.’; ]
L Sywhavie |
POSTER ID: M‘gw-]
| ||
PD165 =
|’m'\-¢-
| S
&
Transformative Materials for High-Efficiency \
Thermochemical Production of Solar Fuels
Pl, Christopher Wolverton, Morthwestern University
Co-Pl, Sessina Haile, Northwestern University NODE LAB Pl
First principles NREL S.Lany
Project Vision theory
Combine high-throughput computation and experiment to study T“'hn.feconom'c NREL G. Saur
the properties of novel, predicted STCH materials analysis

Tools for enhanced NREL D. Ginley

S thermochem H2
E 1) Mesoscale kinetic
E 0 madeling
POSTERID: = .
PD167 4

PR
Themes are fundamental:
— Computational material
science, machine learning,
high throughput screening,
accelerated discovery

HydroGEN: Advanced Water Splitting Materials

LLNL  T.W. Heo

Computationally Accelerated Discovery and
Experimental Demonstration of High-
Performance Materials for Advanced Solar
Thermochemical Hydrogen Production

P1, Charles Musgrave, University of Colorado
Co-Pl, Alan Weimer, University of Colorada
Project Vision

Utilize machine-learned models coupled with ab initio
thermodynamic and kinetic screening calculations to accelerate
the RD&D of new STCH materials

POSTER ID:
PD166

Cptamal atesYimng s ity

Mixed lonic Electronic Conducting Quaternary
Perovskites: Materials by Design for Solar
Thermochemical Hydrogen

Pl, Ellen Stechel, Arizona State University
Co-PI, Emily Carter, Princeton University

Project Vision

Accurate (enough) first principles calculations of the oxygen
chemical potential for complex mixed ionic electronic (off-
stoichiometric) doubly substituted perovskite solid solutions
from which we can extract the thermodynamics

| Ehange S
Jjmak0fK

POSTER ID:
PD168

%m0 o 80
¢

— T — T — TRT

Ceria (CeO, Fluorite structure) /

High temperature reactor catalyst material
development for low cost and efficient solar
driven sulfur-based processes

PI, Claudio Corgnale, Greenway Energy
Co-Pl, John Monnier, University of South Carolina

Project Vision

Develop new material catalyst using our demonstrated
surface free energy and electroless deposition technique,
and integrate directly into a solar reactor-receiver

L5 wih i TRD, 250, 54« 5 .

POSTER ID:
PD169

NODE LAB  PI

First principles NREL 5. Lany
materials theory

Techneeconomic  NREL G. Saur
analysis

HT-XRD & TA SNL  E. Coker
Laser heated SFR - SNL A, MecDaniel
NODE LAB PI

Tools for enhanced NREL D. Ginley
thermachem H2

HT-XRD & TA SNL  E. Coker

UQ Toolkit SHL
Laser heated 5SFR~ SNL

B. Debusschere
A, McDaniel

Engineering BOP
of hi-temp systems

NREL Z.Ma

Catalystsfor harsh  INL
environments

Flow sheet SRNL M. Gorensek
development and

technoeconomic

analysis

D. Ginosar




N,

Project Success

Leveraging HydroGEN Capabilities to Enable

Computation:

First Principles Materials Theory for °
Advanced Water Splitting Pathways (S La ny, NRE L)

— Role of charged defects in generating
configurational entropy

— Comp. screen material thermodynamics o

(B.Debusschere, SNL)

— Bayesian statistical uncertainty quantification e
to assess impact of imperfect knowledge

Mesoscale Kinetic Modeling of Water
Splitting and Corrosion Processes (TW HEO, LLN L)

— Model reaction kinetics and phase dynamics

e Uncertainty Quantification in Computational
Models of Physical Systems

Characterization:

Analysis:

Engineering of Balance of Plant for High-

Temperature Systems (Z' Ma' NRE L)

— Solar reactor design and CFD model-based
performance analysis

Techno-Economic Analysis of Hydrogen

Production (G'Saur’ NREL)
— H2A analysis of production pathway

Advanced Water-Splitting Materials Requirements
(M.Gorensek, SRNL)

Based on Flowsheet Development and Techno-
— Conceptual design of solar plant

Economic Analysis

Econ-finance analysis of solar plant

Synthesis:

Development and Evaluation of .
Catalysts for Harsh Environments (D-Gmosa F IN I—) ¢

— Durability and performance @ hi T and low pH
High-Temperature X-Ray Diffraction (HT-XRD) (E COker SN L)
° ?

and Complementary Thermal Analysis
— in operando XRD, validate structure models

— Thermal analysis, validate thermo models

Virtually Accessible Laser Heated Stagnation Flow .
®  Reactor for Characterizing Redox Chemistry of (A_ M C Da nie II S N I_)
Materials Under Extreme Conditions
— Measure reaction kinetics and quantify redox
performance

HydroGEN: Advanced Water Splitting Materials

High-Throughput Experimental Thin
Film Combinatorial Capabilities (Aza kutayev, NRE I—)

— Pulsed laser deposition of compositionally-
varied oxide materials libraries

— Chemical and physical analysis of oxide films

Computational and Experimental Tools for Enhanced (DG | N Iey’ N R E L)

Thermochemical Hydrogen Production

— Controlled material defect engineering for DFT
validation and descriptor testing

10



A Example node: SNL

Uncertainty Quantification in Computational Models

Accomplishment
(Bayesian inference of thermodynamic ) (Bayes Factor reveals model preference\
model parameters predicted v. Observed 5 x
o2 Model A .
Bayes’ rule updates prior belief in 3 AN N
_ pd[AM)p(A,M) parameter values (4) with data (d), £ ]
p(l|d, M) = p(d|M) to obtain posterior belief in the z N7 AN P
parameter values 000 © cle A
) T T"fmu Co -
_ 1, (Topamb (- Model C <17
v Eln( Po, ) z f+f10(1—3)+f20u+f30u(1—3) - | | A=
Tref z =-L& o | NN
p= (T) 1+f11(A=B)+f21ut fz1u(1-p) - 5 P 2 |s|lz]sl\ ],
Py, amb = 0-20946 - | olele[e[s /],
Tyef = 1073.15 o | ! e LA e W
Considered 4 models in 000 003 05t D08 eyt 010 02 ololo|ele[o]o]/\]
transformed (P, T, §) variables Model C is strongly preferred because Strong dependencies
additional parameters allow better fit between some parameters
\§ VAN ,
* Derive simplest possible model to fit O, chemical potential in solid.
— Analytically extract material thermodynamics to solve inverse material design problem
* Uncertainty Quantification determines model parameters needed to
predict thermodynamic behavior with specified uncertainty.
— How accurate does the model have to be?
— How does error propagation impact predictions?
HydroGEN: Advanced Water Splitting Materials 11




A Example node: NREL

First Principles Materials Theory

Computational predictions
(capabilities and expertise)

Oxide thermochemistry
Defect formation energies
Defect equilibria
Electronic structure

CU Boulder
C. Musgrave, A. Holder, S. Millican
éGP:*-LI . ‘ﬁ'-lz.FEOq Fe-d
@ |
s s Op |
=] Als My |Lr| r|||||||
i ..\’( .Iﬂ- L' | =."| I' ]
4 2 0 2 4 6 & 10 12 14
E-E,(eV)
W Fe-d
8| as 02 | I,
AV |E | \
AR il | I
4 .2 0 2 4 B 8 10 12 14
E-Ey(eV)

Electronic structure of hercynite in
DFT and in band gap corrected GW
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Basic design principles for STCH water splitting

e Optimal STCH activity by utilizing entropy
due to charged defect formation

log [jpfatmi]

0 500 000 1500 2000 2300
TG

AAugHaT (k)

owm o o B

EAN S

500 1000 1500 2000
T{°C)

S. Lany, JCP 148, 071101 (2018)

Colorado School of
Mines

R. O'Hayre,

M. Sanders,

V. Stevanouvic,

N. Kumar, J. Pan

Ba-Mn-0 phase diagram in
chemical potential space

‘ﬁ“Ba (BV)




Case Study: High Temperature Reactor Catalyst Material Development
ﬁ’ for Low Cost and Efficient Solar Driven Sulfur-based Processes

Collaboration

POSTER ID: PI, Claudio Corgnale, Greenway Energy (GWE)
PD169 Co-PI, John Monnier, University of South Carolina

LEVEL 1 Catalysis fundamentals Level 1 Action | Institution | Need for the AWSM
H,SO, reaction catalyst understanding and development -
Catalyst development UsC - INL capability = run of
| - Catalyst performance understanding LA e e lien
. tests atthe required T, P
- Catalyst development and synthesis Catalyst tests under :
. o " INL and concentration
- Catalyst performance experimental tests realistic conditions
Level 2 Action | Institution | Need for the AWSM
— i i i Identification of novel GWE — NREL - NREL has been
H,S0O, reaction solar reactor design solar reactor critical to identify and
Detailed model of the optimize the novel
- Novel reactor baseline configuration new reactor GWE-USC s sotlzr reactor
- Numerical modeling of the reactor concept (‘;c:gﬁfep ; R%T%’ille "
- Reactor fabrication and experimental tests Eebetel Bl GWE—NREL ©
demonstration
Level 3 Action m Need for the AWSM
LEVEL 3 — System analysis B i .
Techno-economic analysis of the solar plant G Sl M?EL el
design of solar tower
L Solar plant design GWE - NREL plants
- Novel HyS process flowsheet - SRNL capability >
- Conceptual design of the overall solar plant Plant techno-economic ~ GWE—SRNL a0\ el0pment of HyS
- Economic-financial analysis of the solar plant analysis - NREL process flowsheeting

INL experimental
apparatus

Final objecti
H.S0, decomposition system integrated INL test conditions
in a solar HyS
- High energy and exergy efficiency - Tupto=1000°C
(>20%, DOE target) - P up to tens of bar
- Low hydrogen costs (<2 $/kg, DOE target) - H,;80,4 conc > 90 wt%

HydroGEN: Advanced Water Splitting Materials
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POSTER ID:

Case Study: H,SO, Decomposition Reactor
(GWE Seedling Project)

Progress
Measure

é\'

* Novel NREL solar cavity receiver design.

— Direct solar irradiation of SiC receiver

achieves higher operating temperature Solar
Radiation

— Reduced volume and weight
— No need for intermediate heat transfer fluid

Temperature (K)
17180

 Completed preliminary large scale
reactor design.
— CFD model-based analysis

1558.0

| 1400.0

— Verified effective heat transfer to H,50, gas

— Predicted higher system efficiency

1082.0

822.00

HydroGEN: Advanced Water Splitting Materials 14



Case Study: Accelerated Discovery of STCH Materials via High-
Throughput Computational and Experimental Methods

@

POSTER ID: Pl, Ryan O’Hayre, Colorado School of Mines (CSM)
PD165 Co-PI, Michael Sanders, Colorado School of Mines

=Inarganic Crystal Structure Database (ICSD)

Stephan Lany

First Principles Materials Theory

Task 1: Computational

=Ordered stoichiometric compounds

*Perovskites
phs and their spin

» Computational resources (Peregrine) The computational resources and

« Expertise and guidance on research plan and execution expertise provided have been of the

» Shared recent paper on charged vacancies utmost importance. This was

Continued assistance to CSM computational team especially true in the early phase of
the project.

#Enthalpy of formation
*Material Stability

=Charged oxygen defect formation
*Effectof Ce doping

*Promising STCH

(MM W ) S ) SR ) SR S

ek

Andriy Zakutayev
HTE Thin Film Combinatorial Capabilities

Technical guidance on film deposition strategies The combinatorial film deposition

» Deposition of proof-of-concept and combinatorial library films ElsE TR We Lol F= VLT E oI

» Characterization of pre and post processed films anywhere else and are integral to the

* Brought post-doc (Yun Xu) onboard to alleviate deposition screening plan for this project. Project
bottleneck, greatly increasing the number of films available for EIe-E1e (Y oITole ERETe [\ T s W1 315

early testing resource node.

12 R Anthony McDaniel
1.0 Tox =§:Q"C Laser Heated Stagnation Flow Reactor
ra
08 ——BCM -
——sLmade64 1 Discussions on durability testing of BCM and assisted with The SFR remains the best STCH test

H, production rate (umol/g/s)
o
o

execution stand available and its continued
04 » Assisted in SFR operation for testing of Compound X access helps to not only verify new
0.2 * Main interface between group and pathway-specific Working EuElCIgEIN o= g {olgq F-Ta LW oI} He [\/-T3E: |
0.0 b o e Group reliable baseline for comparing to
10 i © 1000 previously tested materials.

HydroGEN: Advanced Water Splitting Materials 15



POSTER ID:

% Progress | Case Study: High Throughput Computational Materials
Y , , _ PD165
h' Measure | Screening (CSM Seedling Project) Accomplishment
sInorganic Crystal Structure Database (ICSD) a
Oxide Enthalpies of Formation
Sr
eOrdered stoichiometric compounds Sr o ogf
Ba Ca

\ Ba
*Perovskites ?3 ______ B a___}_“_________—______?_ﬂ
*Polymorphs and their spin configurations £ Fjb Ca sr ,, . LIkElY region

‘ = Bal'sr o, of interest !
¢Enthalpy of formation g Pb Ca Ca sr s :
*Material Stability ) 5‘%2 _____ e e e c_: jr_ o BA. _!
eCharged oxygen defect formation S B2
sEffect of Ce doping ) Pb Pb
*Promising STCH 1 4 : : . : Pb

. B site element .
- T| \" Cr Mn Fe Co Ni
W T W
Ce

Searched prospective water splitting perovskite formulations from
all possible A-B element pairs of interest.

— Selection criteria based on structural configuration, formation enthalpy,
defect formation energy

— Used NREL computational resources or existing databases

HydroGEN: Advanced Water Splitting Materials 16



N,

Other Notable Accomplishments from Projects

Computationally Accelerated Discovery and
Experimental Demonstration of High-
Performance Materials for Advanced Solar
Thermochemical Hydrogen Production

Pl, Charles Musgrave, University of Colorado
Co-PI, Alan Weimer, University of Colorado

Project Vision
Utilize machine-learned models coupled with ab initio

thermodynamic and kinetic screening calculations to accelerate Technoeconomic  NREL G. Saur

the RDE&D of new STCH materials

POSTER ID:
PD166

NODE LAB Pl

First principles MREL S. Lany
materials theory

analysis
HT-XRD & TA SNL  E. Coker
Laser heated SFR~ SNL A McDaniel

Mixed lonic Electronic Conducting Quaternary
Perovskites: Materials by Design for Solar
Thermochemical Hydrogen

Pl, Ellen Stechel, Arizona State University
Co-Pl, Emily Carter, Princeton University

Project Vision
Accurate (enough) first principles calculations of the oxygen
chemical potential for complex mixed ionic electronic (off-

stoichiometric) doubly substituted perovskite solid solutions
from which we can extract the thermodynamics

Change in Entropy
1m0k

dAS(BT
POSTER ID: \\T)
PD168 e T

&

— T — T — T

Transformative Materials for High-Efficiency
Thermochemical Production of Solar Fuels

P, Christopher Wolverton, Northwestern University
Co-Pl, Sossina Haile, Morthwestern University

Project Vision

Combine high-throughput computation and experiment to study
the properties of novel, predicted STCH materials

&l as
Bt arsreriod
B b
" o
POSTER ID: = . .,
- e LT
PDI67 1 .
k. Ea -9 L] " B
B 5 crisleal®.5 mol O, K}
NODE LAB Pl
Tools for enhanced NREL D. Ginley
thermochem H2
HT-XRD & TA SML  E. Coker
uQ Toolkit SNL  B.Debusschere
Laser heated SFR~ SML A, McDaniel

Ceria (Ce0), Fleorite structure) /

HydroGEN: Advanced Water Splitting Materials

NODE LAB Pl

First principles NREL 5. Lany
materials theory

Technoeconomic  NREL G. Saur
analysis

Tools for enhanced NREL D, Ginley
thermochern H2

Mesoscale kinetic  LLNL T.W. Heo
modeling

17



W

Progress
Measure

Discovery

Machine Learning Accelerated Materials

POSTER ID:

PD166

Computationally Accelerated Discovery and Experimental Demonstration of High-Performance Materials for Advanced

Solar Thermochemical Hydrogen Production
Pl, Charles Musgrave, University of Colorado

Utilize Machine Learning (ML) models coupled with ab initio thermodynamic and kinetic screening calculations

to accelerate the RD&D of new STCH materials

0.0

b
n

| &—e exp

*Machine learned model for

o training set i Mo pr.edicting the Gibbs energy, G(T),
£ 04 test set 003 §0.44 with errors ~0.05 eV/atom
S g * Model depends on composition
© =03
% 0.8 5 and 0 K calculated structure
B 3 go.2 (PBE)
T 1o o g . Ena_bles .hlgh—through.p!_l.t rxn
NS S 0.1 engineering from ab initio
5 -02 00 02 g thermodynamic screening
-1.6 residual 0.0{m—— ; — . .
-1.6 1.2 —0.8 —0.4 0. 300 600 900 1200 1500 ° Collaboration with NREL
Glreq (€V/atom) Temperature (K)
V. Goldschmidt 1926 Bartel et al. 20182
s + Iy i
t= ——"—— t="=_n, (HA - ﬂ) *Machine learned model (r) for
VZ2(rg +1y) g Inry/rg . . .
40 N . . - ; — : improving upon Goldschmidt's
3 354 it 5 301 . nonperovskite t for predicting perovskite
< 30 precicted nomperoveie || T 25| brected ronperovette stability
: o 0 _ 0
Z 25 74% accuracy| <207 92% accuracy T—92% vs. t. 74% accuracy
€ 20 i L 5 151 for 576 experimentally
315 i 3 characterized compounds
n . .
£10 £ 107 *Used to as 1%t step in material
3 3 screening to reduce required
(@] A
U :A L vy ] .IA_

0.8 09 1.0
t

1.1 1.2 1.3

8 10 12

DFT calculations

Machine learned models trained on experimental data make application
of theory faster and more reliable.

HydroGEN: Advanced Water Splitting Materials
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POSTER ID:

DFT Enabled Materials Screening and

Progress
h M PD167
easure| Materials Engineering .
Accomplishment
Transformative Materials for High-Efficiency Thermochemical Production of Solar Fuels
Pl, Christopher Wolverton, Northwestern University
* Rare earth series (RMnO;) oxygen * High throughput DFT screening of RAM,O,
vacancy formation energy. double perovskites.
— Energy follows R** octahedral tilt amplitude — R=rare earth; A= alkaline earth; M=transition metal
quadratically * Large number of new stable compounds
— Can predict and engineer oxygen vacancy predicted.

formation ener
&Y — Experimentally screening for redox activity

4.1 O N e Te e Te e TS I T I TS IS TS T TS TS TS T T 0.10
ng - AN ANPANP AN AP AW ANV AW AW AN, WAL,

sob e vol @ A AAAAAAAAA A Alloos
e ¢ 5P IS SOO0000000 YoYelele Yole,

30l v OO A O AA :::. . :.. . :.. g :_. YetoTelelotolotolote 0.08

A
Sm HO_:A. ( AA ..... A (! .'.'.'UO?E
sas} N | MOAODOAAODOOOOOOOOOOOOOOOC 8
§ ® DFT Th| ‘V" _::_::__:_ AA _____ ] A 005%
£37 5 : Gl O AAOAACOOOOOOC AOOQOOOOOC 0058
z B O GAPAP Q AAALLLLAQ QAAA *g
253.6} ISV VVYYY ISIoIoIoIoIel YOO 0043
PriAAAAAAC AQ:__::__::__.:__.AAQ DOOC ...r...rA g
35 NAAAADAS OO0 AAS olololelole| st
mAAQQAAQQQuw: AAAD OO0
sat ' AAAAGOOSO Aovo Yole
mAAAAQQQAQA AAAA D000 Oefoor

3065050 055 050 08 090 095 1.00
Amplitude of R** mode (A)

* Datain Open Quantum Mechanical Database (OQMD) used to assess new
double perovskite materials.

HydroGEN: Advanced Water Splitting Materials 19



POSTER ID:

DFT (SCAN+U) based CALPHAD Model PD168

Accomplishment

Progress

N
ﬁ’ Measure

Mixed lonic Electronic Conducting Quaternary Perovskites: Materials by Design for Solar Thermochemical Hydrogen
Pl, Ellen Stechel, Arizona State University

&
C T T T T 0, (0K
or — 1673 K, exp ‘ ] 200K
Ak |— 1673 K, SCAN+2+sub-lat : ]
I 47 1 0, (1673K,
-2F 0, (1673 K, 10 Pa) "7 ; *1atm)
I ‘ s
O [ C—
= -4
5'_ CeO, (Fluorite)
6t i Hypothetical structures, energies
L ‘ calculated via setting references;
1 1 ey i | . - - .
e 15 171 1.8 2 0 Red are oxygen ions; ceria ions Ce,0; (Fluorite)
O/Ce are inside.

Gibbs energy of CeO, ; in fluorite (F) phase; oxygen chemical potential is the derivative wrt §;
equilibrium determined by equating oxygen chemical potential to gas phase

Ggeoz_g - yCe4+yOGge4+;o + yCe3+yOGge3+;0 + yCe‘H'yVaGgg‘H';Va + yCe3+yVaGge3+;Va +
RT (yCe‘“' lnyCe‘H' T Yies+ lnyCe3+) + 2RT (yO In Yo T Yva In yVa) + Gexcess

Configuration entropy: ideal y= Site fraction

solution behavior Correction term
All Energies determined with DFT (SCAN+U)

e Oxygen chemical potential in solid calculated directly using DFT method
avoids computational cost associated with modeling entropy effects.

HydroGEN: Advanced Water Splitting Materials 20



é\’ Engagement with 2B Team and Data Hub

Accomplishment

e Collaboration with 2B Team Benchmarking Project.

 Node feedback on questionnaire & draft test framework.
— Defining: baseline materials sets, testing protocols

* All HydroGEN STCH node capabilities were assessed for AWS
technology relevance and readiness level.

e STCH data metadata definitions in development.

* Large number of STCH datasets uploaded to hub.
— Designing custom APIs to facilitate error-free, auto-uploading

HydroGEN: Advanced Water Splitting Materials 21



é\’ Future Work

Leverage HydroGEN Nodes at the labs to enable successful
Go/No-Go of Phase 1 projects.
— Validate computational approach and predictive power of theory
— Demonstrate high-throughput experimental approach to oxide discovery
— Demonstrate enhanced material performance that validates predictions

Enable research in Phase 2 work for some projects and enable
new seedling projects.

Work with the 2B team and STCH working group to establish
testing protocols and benchmarks.

Utilize data hub for increased communication, collaboration,
generalized learnings, and making digital data public.

Any proposed future work is subject to change based on funding
levels

HydroGEN: Advanced Water Splitting Materials 22



é} Summary

* Developing and validating tools for accelerated materials
discovery are major seedling project themes.

— Computational material science proving effective
* Machine learned models make application of theory faster
* DFT-CALPHAD model accurately predicts oxygen chemical potential in CeO,

e Supporting 5 FOA projects with 11 nodes and 11 Pls.
— DFT modeling, materials characterization, synthesis, analysis, design
— Personnel exchange: Pls and graduate students visit the labs
— Collaboration: Node PIs meet regularly with projects

* Working closely with the project participants to advance
knowledge and utilize capabilities and the data hub.

e Future work will include continuing to enable the projects
technical progress and develop & utilize lab core capabilities.

HydroGEN: Advanced Water Splitting Materials
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