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(,’i Project Overview

Benchmarking Advanced Water Splitting e EE0008092
TQChnOIOgIES Start/End Date 09/01/2017 -
Pl: Kathy Ayers, Proton OnSite 09/30/2019
Co-Pls: Ellen B. Stechel, ASU; Olga Marina, PNNL; Total Project Value [TERRY

CX Xiang, Caltech Funds Received to [EREI@Y
Consultant: Karl Gross ——

Project Vision

A cohesive R&D community working together;
interacting with the EMN to define targets, best
practices, gaps, and priorities; aggregating and
disseminating knowledge; accelerated innovation
and deployment of advanced water splitting
technologies.

Project Impact

Development of a community-based living
roadmap across technologies to assist in
maintaining a balanced DOE portfolio.
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Q’ Approach- Summary

Project Motivation Proposed targets
State of
- e T s
Team of subject matter experts
assembled for each sub-area to engage SR el N/A High % response and
. ) priorities opportunity for dialogue
with each sub-community
Component level
Metrics S/kW, parameters; system
S/kg .

Consultant from a similar effort in considerations

hydrogen storage added to convey Node Identification of gaps and

lessons learned assessment e strengths
Barriers Partnerships

Lack of consensus regarding testing _ .
protocol/standards LTE (PEM/AEM): Proton OnSite

HTE (SOEC): PNNL
STCH: ASU

PEC: Caltech
Consultant: Karl Gross

Large diversity of information to compile
and develop recommendations from

Different TRLs for different technologies
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& Approach- Innovation

* Develop a framework of protocols/standards for testing
performance of materials, components, devices, and systems

* Facilitate acceptance of community-wide technology

e Establish an annual project meeting to share learnings and
develop recommendations within and across technology areas

* Assess capabilities and identify gaps for development of
advanced water splitting technologies

* Promote acceptance of protocols and methodologies including
cost and performance assessments and database comparisons

* Assemble roadmaps to further development of each technology
pathway

HydroGEN: Advanced Water Splitting Materials



Q‘p Approach- Budget Period 1 Project Tasks

1. Framework Sep ‘17 —Aug '18 Develop a searchable library of

Set-up

3. Protocol Jun’18 — Mar ‘19
Definition

4. Protocol Nov '18 — Mar ‘19
Verification &
Revision

5. Program Nov ‘17 — Mar ‘19
Management

HydroGEN: Advanced Water Splitting Materials

screening tools, materials, and state of
the art technology (with HydroGEN)

Develop bench scale testing protocols for
each water splitting pathway as output of
Year 1 project meeting

Verify procedures and configurations
have been sufficiently defined for
reproducible results

Ensure protocols and Best Practices are
developed in accordance with broader
EMN guidelines



Qi Relevance & Impact

* Development of standardized test methods and benchmarks LTE

— Community wide workshop held to review and provide feedback
on draft frameworks 0, +4H"

2H, |0, +2H,0

2H, + 40H

Cathode Anode

Anode e Cathode

— Test protocols identified and are being drafted

— Leverage EMN node capabilities 2H0 il 2h:0
. Alkaline
: . d
— Decrease development cycle times through common comparison Ad
— Support DOE Hydrogen and Fuel Cells Program goals to HTE
sustainably produce hydrogen for <S2/kg 90% ll,()\ﬂo%m 10% H,0 + 90 9% H,
— Allow for direct comparisons of materials and water splitting e [FD PGl Nk e /3{ ,
. 2, i 204 de 2 H, 420 |
technologies
20° Gastight Electrolyte. YSZ or Sc¢SZ
* Supports the HydroGEN Consortium R&D model by bringing T B s B207 0,14« FRSREE
s £ Porous .perov‘"ls. SM

together and partnering with National Labs, Academia and
Industry to:

— Develop and implement test methods and evaluation criteria

— Facilitate R&D and commercialization of water PEC
splitting technologies

Energy in, Oxygen in,
Oxygen out Energy out

— Develop roadmaps for each water splitting HER catalyst
technology to align future development projects :

Photoabsorber

OER catalyst n"’\‘r\‘
hv O
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g;i Accomplishments- Budget Period 1 Milestones

Milestone #

1.1

1.1.1

211

221

3.11

G/NG 1

Task Completion Date (Project Quarter)

Revised
Planned

Project Milestones Original

Planned Actual

Year 1 project meeting to present output of
capabilities and gap assessment, and
solicited input to define details of bench
scale protocol development based on an
initial framework.

9/30/2018 10/30/2018 10/30/2018

Important questions and parameters for each
technology area and surveys ready for
dissemination.

12/31/2017 1/31/2018 3/31/2018

Capabilities assessment including surveys of

each Node with 80% response rate 3/31/2018 3/31/2018
completed and synthesized.

Gap assessment including questionnaires

with a goal of 50% response rate completed 6/30/2018 6/30/2018
and synthesized.

Workshop results and outcome report 12/31/2018 12/31/2018

compiled and published.

Draft bench scale protocols published,
definitions and notations agreed on, and
metrics recommended. Draft Roadmap
framework for each technology area
completed

2/28/2019 4/15/2019

HydroGEN: Advanced Water Splitting Materials

Percent
Complete

100%

100%

100%

100%

100%

60%

Progress Notes

Workshop was held on
Oct 24-25, 2018. Test
frameworks were
reviewed, and updates
will be made based on
breakout session
feedback.

Framework and
guestionnaire developed
for each technology.

Table developed to
summarize capabilities
and readiness.
Feedback received from
node owners.
Questionnaire
responses received.
Node gap analysis
completed.

Workshop breakout
session summaries and
attendee surveys
compiled and
distributed.

In Progress



Qi Accomplishments

Framework and questionnaire developed with
input from node experts at National Labs for
each technology in a common format

Questionnaire for each technology distributed
to broad community for input and responses
collected

Framework reviewed by questionnaire
respondents that “opted in” to provide
feedback

Completed assessment of node capabilities and
summarized capabilities and readiness

Quarterly Newsletters sent out to the advanced
Water Splitting Technologies community

Fall Community Wide Meeting held at Arizona
State University on October 24 - 25, 2018

Preliminary roadmaps developed for each
technology

HydroGEN: Advanced Water Splitting Materials

. } i [ Advanced Water Splitting
Y alsm -
Hy'wr\guf—-" Benchmarking Team
ACHICRC Ve g Wister = Praton Onsita | PNML | Caltach | Asu
Pecember 10, 2018

To: HydroGEN Community
Suhject: AWSM Benchmarking Newsletter: Workshop Summary

The benchmarking team held a warkshop for the advanced water splitting technologies within the G ‘
an Octaber 24-15 at Arizona State University, in Tempe, AZ. Several breakout sessions wers he
t

each technology ares to gather information for material protacols and oritical parameters. Re

summiaries were compiled and sent to the participants for each technology, as well & a cr i
mmmmmm . The acticn items coming aut of the mesting are being reviewed by the be m
and incorporated into & priaritized list of pratocols to be drafted by the end of Fe s

pratocals will then be tested and reparted on at the nest workshop in fall 2019,

& survey an the workshop was sent to the participants with & ranking gl 5 and opportunity to

camment on strengths and areas of improvement. The feadback penerally pesitive, as
summiarized below, with many good suggestions for Future Q8o cgmmon theme was (o make sure
that the actions identified during the mesting wens d well-defined autputs and task
awners. The benchmarking team is committed to get t results from this effort and is
deweloping the initial st of pretacols and actions ta be ciopleted by @nd of February 2019, The team is

urements and analysis for information,
perspective, and participation in the fu lofment and refining of AWS protacols. We highly

reaching aut to experts in specific areagof A
ancourags anyang interested in oo X drafts to contact the F for their technalogy listed
bk o fimd out miore on B b e [emails below).

& beiet summary af repgSenfativeh

hap Questions and Responses:

1. Attendance hi)o was a productive use of time
There was sting g @ us |[Average Rating= 4.46] that workshop was a productive use of attendees’
gl Mo At it was informative and provided an opportunity for fruitful discussianes,
s Faee back related to a lack of coverage of hybeid system topics and similarity, overap to a
t IE. eting in low termperature electrolysis.

2. Overall agenda structure was effective

The consensus [Average Rating= .31} was that the agenda structure was effective, with comments that
the breakout sesions were useful, Suggestions included to hald pre-meetings in advance of the
workshop to brisf the breakout sessions leads on roles and sxpectations and to better organizs report
Ul sEginng.

3. The initial plenary session was effective

Most attendess felt that a short plenary session was necessary and that the talks were helptul to set the
stage {Average Rating = 4.46). Several participants propased to further shorten the plenary
presentations.

A Sandia (FEwy
LTI [| Natioral THIOFE -
SRNL

.—_15 |aboratories

NL @




{]\’ Accomplishments- Questionnaires

* A questionnaire was created and distributed for each water splitting pathway.

— Collected broad feedback across the community
— Target of obtaining >/= 50% response rate from EMN Level 1 Node Leads and Project PI’s.

Response Rate Response % Response
Affiliation Sent Rec'd Rate
EMN 21 17 81%
e itmes iy @y = | | Domestic (Non EMN) 33 2 27%
_— 6 International 16 11 69%
— 214 N11S
- )
= | Total | 70 37 53%

4.b) Cathode Side GDL

29 responaes

Large consensus on carbon paper standard

s
4)Would you find any of these GAs lefuslon (GD & .
mndmd" &\ 4.3)'Anode Side 20 <

@ Carton Pager

@ Porous Tassum

::@ @ Carton Paper

rfrdn  diopdon @ Porous Tiankum Screen
.‘A:U'MFTLWWW jon. . w L‘

@ Titanium screen, or sinter vs. Carbon
paper may depend on flow felg and

pressure operation or not. This needs
10 be snawernd In a wider comtext

Complete results can be found on the data hub: https://datahub.h2awsm.org/project/about/benchmarking

HydroGEN: Advanced Water Splitting Materials 9


https://datahub.h2awsm.org/project/about/benchmarking

(:i Accomplishments- Test Frameworks

A standardized framework was developed
— Applicable across all water splitting pathways

— Comprehensive best practices of benchmarking
methods

— Primary categories: Ex-situ materials testing and
in-situ testing

e Standards for calibrating test equipment and test
methods identified based on inputs from subject
matter experts and literature

— Includes minimum performance criteria for Ex situ example: catalyst activity

comparison via rotatmg disk electrode
— Continue to review and solicit feedback from -

subject matter experts

* Individual frameworks have been developed for each
technology

— Continue to refine based on feedback from the
guestionnaire and workshop breakout sessions.

In situ example electroly5|s

test cell for components

HydroGEN: Advanced Water Splitting Materials 10
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Accomplishments- Test Frameworks

Specl

eters: el

s 143v ro2) ™ ™

10ma/cm2

OER: <1.5V vs. FNE JES

RN - 2012 3 d
R v cm2 Overpatentials

LTE

Loading [OER/HER): 17.8
PGM/em2
®onset potential [D v Hepc
o | a. I a. I I I
current
2500 rpem
Cutabyst L 1 ‘Activity Evaluation [OER):
Current at Set Potential of
Catalytic Activity BT 1.50
Activity Eva
£CsA 2/gPGM Pagftsen
e catalys!
Catalyst Dissolution of catalyst % P 2 Performed as
companents proc
HRD: Can
crystallinity a
data whan o
JCPDS sty
Catalyst Particle Size nm TEM, SEM.XRD
HATEM: Pa
analysis, it
struct
Typical cati
Catalyst Surface area m2fg // BET 1 100m

HTE

ac impedance

lectralpte

Chemical stability

lonic conductivity Tem

\ur point measurements
lon tranderence number Periniation technique

Polzrized cell tachnique
Linaar tharmal sxpansion ot Dilats LW-‘tw
coaffizient
HT-x30
mg 'Iymal gravimetric analysis
4

¥ lnttice constak

SEMEDS, RO, TEM

cha
Relative ity i Hilatemetry
Archimedes methad
Bend strength MPa Flexural test
Fracturs toughnass M
Creep rate MPa \étlain testing

-

HydroGEN: Advanced Water Splitting Materials

NS

OER-PEM: 0.30 A/mglr at 1.55V
{Ir nanopawder, metal, Johnson

El=ctralyte

Alia - 2016 JES

DER-PEM: >0.208/mglr

lomic conductivity

ponent

Slem

lon tranderence numbear

Linear thermal expanzion
coafficient

Chemical stability

mg

¥u lmtkice constank
change




N,

Accomplishments- Test

Frameworks

PEC

STCH

-Subjective analysis

UV-vis " 23
Bandgap -Bulk band gap may differ from surface Si(111) 1.1eV
Photoluminescence -Shows optimum performance
-Surface heterogeneity
Band positions EIS (Flat band potential) -Impacted by surface states n-Si(111) Evbm= 0.88 eV
-No spatial resolution p-Si (111) Evbm= 0.27 eV

Minority carrier diffusion

length (carrier mobility, carrier

XPS/UPS -Exsitu
Transient absorption " lifeti I
spectroscopy ~Measures lifetime only

Time-resolved -Cryogenic temperatures

Photoluminescence K
contribute

-Non-radiative sources of decay may

n-Si (P-doped, nD = 5x1016 cm-3)
p-Si (B-doped, nD = GX1O‘5cm'3)

2’ 3(\(\

168 um
. SO m
Photoabsorber life time) -Typically qualitative
Electron Beam-Induced Current -Damages organic materials u
-Exsitu
Chopped photocurrent-time  -Low precision 12
15 ( Mott-Schottky) -Amorphous structures 2913
B . -Surface states
Doping types and doping L il P, 5x1016 cm3
concentrations -Lowmo ility . B, 6x1015cm3
Hall measurements -High polycrystallinity
-Multiple carrier species
N External Quantum Efficiency -Sensitive to lamp calibration 29,1415
Photo-generated carrier (111) 33 mA/ 2
. . i mA/cm
collection efficiency Internal Quantum Efficiency -Determination of absorbed photong,dfffic
A J
o ‘ A Standard for
Material Metric(s) Units Test Method 2,3) Notes Reference Link to procedure or node
- Calibration
Redox Active ’ v
Fluorite \ 7% Ceria (Mo50)
. N ™ 4 Requires fixing the reducti
productivity Moles H, flow reactor or ¢g€rm equires Tixing the recuiction N .
Mole Cati mol/mol measurements 1 temperature and oxygen partial 0.025 Stagnation Flow Reactor
per Mole Cation ) pressure (e.g., 1400C, 10 Pa)
rcnaelzgad : R 2 un?z;t:‘:tlifr:se::er:t Experimental measurements are high-temperature-x-ray-diffraction-ht-
enthalpy of reduction ki/mol_O q . 1 developed for measuring 8 as a TBD xrd-and-complementary-thermal-
¢ erature and partial pressure ) "
function of T and p02 analysis
or equivalent; van Hopf analysis from Experimental measurements are
d - P .y developed for measuring 5 as a high-temperature-x-ray-diffraction-ht-
. easurements of equilibrium reduction extent .
entropy of reduction N N 2 function of T and pO2; van Hopf TBD xrd-and-complementary-thermal-
as function of temperature and partial pressure analysis has been applied but as an vsi
of oxygen Y PP analysis
toT -
ph: \ " Uunitles X-ray diffraction 1 % of desired phase 99%
2
te of réfuiction umol/sec/cm”or Stagnation flow reactor 2 Normalization is an open question TBD Stagnation Flow Reactor
Py mmol/sec/mol_O
. \ I/sec/ 2 Normalization is an open question;
ate of re-oxidation rmoljsec/cm or Stagnation flow reactor 2 also open is how to measure in TBD Stagnation Flow Reactor
mmol/sec/mol_O
counterflow
Need t t a standard t t
oxygen conductivity S/m 2 e N F)se a standard iemperature TBD
or temperature
Need t t a standard t t
thermal conductivity W/em/K 2 ee N .ose a standard temperature TBD
or temperature
Melting point K [Thermal measurements 2 2000 K
Heat capacity as
function of reduction J/mol_M/K 'Thermal measurements 3 no minimum
extent

HydroGEN: Advanced Water Splitting Materials
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Qp Accomplishments- Node Gap Analysis

* Areas for expanded EMN node capabilities identified and reviewed with DOE

Material/Component

Test Method Gaps

Membrane

Water content/uptake

3-D dimensional change
H2 cross-over/permeation
Mechanical Testin

Bigblar Plate

Carbon GDL

Contact Resistance

Material/Component

Materials Level

Test Method Gaps

Photoabsorber doping types and
concentrations

Photoabsorber minority carrier
diffusion length (carrier mobility,
carrier lifetime)

Electrolyte optical and polarization
properties

Area specific resistance
FlExu@ Btrength

4] lee(

Tensile Strength
Flexural Strength =

B

b B

~

MEA

Hydrogen permeation
Water flux

Durability: Cycling I n

Low Temperature Hlastsakssls (LTE)

Full Stack

Durability/Cell Decay =~
Ohmic Resistance

Stack Voltage

Stack Efficiency

Hydrogen Crossover

Device Level

Spatially resolved local pHs at
photoele:

Spppmlly re: ‘endigetiy
jalliscape at
N\ iconductd¥cal a
ot iconductdWele:

interfaces
Membrane/electrolyte interface

‘energetics
ubb| n; it
n I en BT
niErsion effciendy af
- 4 6 d Mumidbticl (e.go

(atelevated temperature and
elevated H2 pressure)

Average STH conversion efficiency
during diurnal cycles (at varying
temperature and elevated H2

de E
Dlogy

Material/lComponent

Test Method Gaps

MaterialComponent

%W(HTEJ

High Temperature E|

Test Method Gaps
Conductivity measurements.

SelckEye Transference numbers
High-throughput screening of
lectrodes to A -
losses
Electrodes Vs
Porosity of electrodes

High pressure electrode kinetics

Seals

Impurities tolerance
Long term stabili
j a r n a
Mﬁ
n
spectroscopy

Cell

Durability

Accelerated aging protocol
Life time predictions

Bench scale high pressure cell
testing platform

Cell fabrication assistance
Hydrogen production control

Robust humidity sensors

Stack

Test protocols

Stack evaluation
Stability/Degradation
Efficiency
Maintenance

Start-up cycling

Solar Thermochemcial
(STCH)

Redox Active

Phase Purity

Rate of Reduction
Rate of Re-oxidation
Oxygen conductivity
Thermal conductivity
Melting point

Vapor pressure

Heat capacity as function of
reduction extent

HydroGEN: Advanced Water Splitting Materials

STCH
example
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g} Accomplishments- Annual Project Meeting

A community wide workshop was held on October 24 - 25, 2018 at Arizona State
University, Tempe campus.

Workshop Objectives:
- Understand needs of the community for effective comparison of results
- Review/refine draft frameworks for standardized testing by component/ configuration;
- Hold face-to-face discussions about protocol development in breakout sessions;
- Refine methods based on community engagement;
- Leverage international efforts to increase harmony across the field;
- Realize increased usage of DOE database capabilities for community benefit.

Representative Outputs:

- Protocols Version 1.0;

- Documentation on needs/gaps in
protocols and benchmarking;

- Perspective paper to be written
on crosscutting and/or overall
advanced water-splitting
technology pathways.

HydroGEN: Advanced Water Splitting Materials 14
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Accomplishments- Annual Project Meeting

Breakout Sessions

2018 HydroGEN Advanced Water Splitting Technology Pathways Benchmarking and Protocols Workshop - Breakout Sessions
Brankout Sessien
L Sessian D Technalogy | Topic Room ID Lead
1 C1A PLC/LTE | Membran Ing at diff Vavapal Cy Fulimotc
Thenry an catalytic reactions with metal axides Tadashi Ogite &
1 c1i LIE, FEC | and athor materlals Yuma Hector Calon-Mercads.
PEC, LTE, HTE, and i
1 cit STCH sl s Graham Karl Grog
A4
1 s1A SICH Metrics - units, Fingl i
2 H2-A HTE Elerobyle: oxpgen and I Wavmpai "
2 L2A LTE PEM: Membrana Fhysical Requirements/ Tests Yumna e tvaar
Graduate
o e LTE Non BEM Catshyst: OCR Stabilisy & Acthity Plenary muqsﬂm
7 P78 FFC Pratocol devalopment in & half el vs. a full coll Finel o A Todd Neutsch
In situ/operands methods for PEC interfsces and | Graduate N Shu Hu B
2 P20 PLC devices Location #2 : ’ Wialhter Driseell
2 S2-A STCH li“"d“d materials and form factors Sa Dave Ginley
d =

2 528 Jirrs Milles

H3-A Juseph Barton

A ¥u Sucng Kim

[ET) Memanja Danilovic

Kimberly Papadantonakiz

[ ] £ ey 1

Adam Weher

Andrea Ambrosini

Example Session Output:
Quad Chart for Each Breakout

=

3 53-8 Location #2 Fllen Stechel
4 Ha-A Yavapal Mark Willlams
Graduate
4 LA Plenary Adam Weber
4 L] Yumna Gulda Berder
‘Graduate
4 P4 Liocation 7 lames Young
a P4-B Graham Memanja Danilosic
4 S4h Pincl Tony McDanlel
4 548 RM’.&I(MI’TFK Sarita Cruz Buan Fronanorski
Graduate
5 H5A ¥ it methods for degradation stisdies Plerary ‘ngha Ly
5 L5-A L1 Carbon GDL: PhElﬂ'R!ﬂlﬁ!lﬂeMﬁnﬁB (\:E Chriz Capuano
Giraduate
158 \Q il Stick Level Protocols: CritiriafTests Location §2 Corky Millelstiadt
PS4 m FEC Mo es capabilities and gaps assessment. Crisala Tadashi Ogitsu
S5-A N WPSTCH "Owick mnd dirty” kinetics soreening Plats Tony McDaniel
E STCH | Durabliity protocols Yawapal Fean Ermanoskl
CGiraduate
L3 HTE ull Plenary Jurnes O Brien
% Camparative analysls on kay crass cutting
o PEC/STCH, | metrics {definition and discussion of device
& (oY LIEMTE | efficlency, cost of hydragen, ate) Capper h
& 16B-A LTE HOLD FOR AD-HDC SESSIONS Crisola TROD
Giraduate
(J Pé-A rEC HOLD FOR AD-HOC SESSIONS Lucation #2 TED
o SEA STCH|HOLD FOR AD-HOC SESSIONS Plata TRD
Sexni - ¥
L Sexzian |z
P —_
s | I TF [
o
H HIE —
iC Cross-Cuttng

HydroGEN: Advanced Water Splitting Materials

Summary of Discussion

Should we standardize the electrolyte for
PEC testing?
—  Sugpest 3 electrofybas:
o 05 P H2504
*  Fhasphate v, horate huther
¢ IR KOH
— I3t a systemn?
What characterization should we use
benchmark electralyte?

Dizcussed solid electrolytes as well

Consensus or Dissenting Opinions

*  Meed to warry foremast about safety
and cost

*  Ensure that electrolyte is not
sacrificial

+  Transport properties beyond
conductivity could be important

water transpart, hubble management,
gas salukility/ permeation

Key Take-Aways

Electrolyte choice should not be
rastrictive

There could be effects due to spectator
counterion

“ote that pH should be measured

Local conditions are critical sa stability
oy soaking is not enaugh, nesd to test
in eperating coll where pH gradients
cah form

Hyrdrmiab T Adwanoes Slaler Spiding Ralenaks

Action items
+  Suggest possible acid, neutral
and alkaline electrolytes to use
= Ineledes purity assessment
— Understand interactions with lght

— Interaction with other
components including Bath
chassis and photoelectrodes

15



Qi Accomplishments- Test Protocols

* Afirst round of test protocols were defined and written in a
standardized format prior to to the close of Year 1.

AWS

Technology Protocol

LTE Compressibility

LTE Strength

LTE lon Exchange Capacity

LTE Chemical Stability

LTE Thermal Stability

LTE Conductivity

LTE lon Exchange Capacity

LTE Gas Permeability

LTE Chemical Stability

LTE RDE

LTE ECS

LTE Surface Area (BET)

LTE Define necessary tests and protocols
LTE Electroconductivity

LTE Corrosion/degradation protocols
LTE Mechanical testing protocols

LTE Resistance measurements and water properties
LTE Material characterization protocols
HTE Conductivity

HTE Mechanical Strength

HTE Mixed lon Conductivity/Transference Numbers
HTE Density Measurements

HTE Thermal Expansion Coefficient
HTE Thermal Stability

HTE Leak Tests

HTE Cell Condition Protocols

HTE Performance Steady State Tests
HTE Polarization Resistance Tests
HTE Impedance Spectroscopy Tests

HydroGEN: Advanced Water Splitting Materials

Component
GDL

GDL

PEM

PEM

PEM
AEM

AEM

AEM

AEM

PGM

PGM

PGM
Non-PGM
Non-PGM
PTL

PTL

PTL

PTL
Electrolyte
Electrolyte
Electrolyte
Electrolyte
Electrolyte
Electrolyte
Electrolyte
Electrolyte
Electrolyte
Electrode
Electrode

AWS

Technology Protocol

PEC
PEC
PEC
PEC
PEC

PEC

PEC

PEC

STCH
STCH
STCH
STCH
STCH

STCH
STCH
STCH
STCH
STCH
STCH
STCH
STCH
STCH
STCH

Standard protocols for photoelectrodes preparation
Standard protocols for illumination calibrations
Tandem light absorber IPCE measurements
Measurements and reporting of STHs

Measurements of product crossovers

Standard protocols for stability measurements of protective
layers

Standard protocols for measurements and characterization
of interfacial band energetics

Standard protocols for conductivity and permeability
measurements on membrane separators

Metrics, Units, Definitions

Ceria Standard and Material Specs

ABO3 Standard and Material Specs

Detailed Thermodynamic Screen

"Quick and Dirty" Thermodynamic Screen

Extracting the Thermodynamics Measurables from the
Measurements

Surrogate Measure for "Quick and Dirty" Screen
Detailed Kinetic Screen

"Quick and Dirty" Kinetic Screen

Durability Level 1 Screen

Durability Level 2 Screen

Durability Level 3 Screen

Computational Materials

Systems Performance Model

Techno-economic Model

16



Q’ Accomplishments- Roadmaps

PEM
Materials

MEtErals

Components

Device/Stack

Preliminary roadmaps have been developed for each water splitting technology
Detailed tasks and timing currently under review; will be presented before the next annual workshop

LTE Example

E Bectralyzer speciic palymerns “u Imgraved processing .:::. Triln, reinfarcad materials
-
AEM
Mambrane

Mon-PGR
Catalyst

Manufacturing pracess development

Ripalar Plate
Anade PTL Optimized interface Stable, low cost coatings - Advanced manufacturing

Increased activity ™y Lower PGM content

Increased current capabibty .-..::::-Hiul' efficiency

Pedyrrer slabdiny

Inoreasad ackivity "'N Lower Pizid loadings '::- PiGk-free catalysts

Improved properties hEsnufacturing processoss

High
Priarity

Bectralyzer speciic materials

{

r Component integration _- M protesd physical properties

Leracer
Priarity

Test development Durahility charscterization

Current State

H2 Cost (S/%g) <$3.5

HydroGEN: Advanced Water Splitting Materials 17



f Accomplishments- Roadmaps

Materlals

Cell Materials

Stack Components

Advanced processing and

scalabilicy

Baseline: a portfolio of Improve activity, transparen improve activity, transparency and stahility undet. Advanced processing and
r different pH d stabllity at all pHs d nd Impurities scalablliy

Baseline: transparent, conductive oxide’
mater|

Baseline: adoption of LTE membranes and™,
commaon electrobytes

daseline: a portfolio of
miconductors

Reduce product cross-
a:d I:lTsnF-;I;.\n:l:r_\:src ; = s . Baseline {Current State’

Standardization of prototypes & durabili B Accelerated stress test and de

Baseline Testing”> - - % e rization & new device architects* stability in real werld conditions* scalability™

S —mmaEE

H2 Cost (S/kg)

HTE

Impraved canductivity Improved procassing : rable alectralytas

Improved long-term durability
Maximized density, minimized thickn

praperties ", Jptimized manufacturing p

Impraved canducthity and carroslan resistance Stabla canducthve coa

Test protocol development i *Reguires
doveiapment af
test capabilities

Current State :‘$ ENiN

H2 Cost ($/kg) <$3.50 82
HydroGEN: Advanced Water Splitting Materials 18



é\ Responses to Previous Year Reviewer's
. Y Comments Slide

Project was not reviewed last year

HydroGEN: Advanced Water Splitting Materials

19



&9 Collaboration- Effectiveness

* Wide-ranging and collaborative effort within and beyond the
HydroGEN consortium
— LTE, HTE, STCH, and PEC technologies

* Goal: develop a roadmap across technologies to assist in maintaining
balanced DOE portfolio

— Protocol and benchmarking development
— Specific needs for each technology
— Cooperative coordination effort across technologies

 Approach: Engage subject matter experts, Steering Committee, FCTO
staff, and community in dialogue for each pathway

— Gather input through surveys and questionnaires

— Assess capabilities and gaps, including EMN Lab nodes

— Engage broad community in development of standards, protocols, and
priorities through annual workshop and regular communication

— Encourage collaborative best practices development efforts
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N,

9

Proposed Future Work

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

* Budget period 2 will focus on Bench Scale Protocol Validation &
Sub-Scale Development

Milestone # Project Milestones CorrIIDp:teetlon

31 Assessment of relevant operational conditions for field use

6/30/2019
completed.

Gap assessment on capabilities within EMN / R&D
3.3.1 community for field simulations and long term reliability 12/31/2019
testing completed.
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A,
&P Remaining Challenges and Barriers

* Timely engagement of broad community in contributing to
and/or drafting protocols.

* Increased bandwidth and resources at Labs
e Path to reach consensus on standards and protocols.

* Improved set of common definitions to establish context for

common standards and definitions (tie to real world conditions).

HydroGEN: Advanced Water Splitting Materials
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(;i Budget Period Status & Outlook

* Projectis on track to meet BP 1 milestones (no cost extension
granted to push go/no go 6 weeks)

e Upcoming BP 2 Milestones
e Task 3: Protocol Definition- Finalize draft protocols

e Task 4: Protocol Verification and Revision- Exercise protocols and
update as necessary

* Impact on water splitting research community

— ldentification of capabilities within nodes

— Provide outline of test methods and criteria for characterizing and
benchmarking new materials

HydroGEN: Advanced Water Splitting Materials
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(;i Project Summary

Objectives:
— Define targets, testing protocols, validation standards, best practices, gaps, and priorities
— Aggregate and disseminate knowledge
— Accelerate innovation and deployment of advanced water splitting technologies

* Relevance & Impact:
— Development of a community-based living roadmap across technologies to assist in
maintaining a balanced DOE portfolio

e Collaboration Effectiveness:
— Engagement of node subject matter experts, HydroGEN Steering Committee and broad water
splitting community at annual workshop and through regular communication

* Accomplishments:
— Areas for expanded EMN node capabilities were identified and reviewed with DOE
— A community wide workshop was held to review, develop and update standards and test
frameworks
— Draft test protocols were developed

— Preliminary roadmaps have been developed for each water splitting technology

e Future work:
— Continue protocol development, protocol validation and accelerated test development
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