LiNREL

E
Transforming ENERGY 1
i

¢

ancements ml

Production

PRiIME, Honolulu, HlI
Octo , 2024
LO4 — Solar Hydrogen Evolution Reaction or Water Reduction

aan®



When is hydrogen day?



Hydrogen and Fuel Cells Day
October 8

- Held on hydrogen’s 1
very own atomic
weight-day

Hydrogen
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Biden Administration §llg: Bl
Energy Goals it

2035 2050

Carbon-free U.S.
electricity generation

Net zero greenhouse gas (GHG)

buildings, industry,
and agriculture

emissions—including transportation,

Environmental
Justice
Diversity, equity, and inclusion
for energy jobs, manufacturing,
and supply chain all over the
United States
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(:b H2@Scale: Enabling Affordable, Reliable, Clean and Secure energy

Conventional Storage

Transportation Transportation and Beyond

Power
Generation

Synthetic
Fuels

Large-scale, low-cost hydrogen from diverse
domestic resources enables an
Upgrading . .
oil/ economically competitive and
Biomass environmentally beneficial future energy
system across sectors
ALLCUEYA Hydrogen can address specific applications
Fertilizer )
that are hard to decarbonize
Today: 10 MMT H, in the US
Economic potential: 2x to 4x more

H0 Hydrogen
Generation

Metals
Production

Electric Grid

Infrastructure . i )
Fossil Materials innovations are key to
with CCUS . ang
Chemical/Industrial enhancing performance, durability, and

Processes

reduce cost of hydrogen generation,
storage, distribution, and utilization
technologies key to H2@Scale

Heat/Distributed

Infrastructure Power

“Hydrogen at Scale (H,@Scale): Key to a Clean, Economic, and Sustainable Energy
Source: DOE Hydrogen and Fuel Cell Technologies Office, https://energy.gov/eere/fuelcells/h2-scale System,” Bryan Pivovar, Neha Rustagi, Sunita Satyapal, Electrochem. Soc. Interface Spring
2018 27(1): 47-52; doi:10.1149/2.F04181if.

HydroGEN: Advanced Water Splitting Materials This presentation does not contain any proprietary, confidential, or otherwise restricted information



Improving the economics of H2@Scale

Early-stage
research is
required to

evolve and de-

risk the

technologies.

Decreasing cost of H, production

45 Intermittent

Fixed O&M

Cost of Electricity ¢6.6/kWh

¢2/kWh | ¢1/kWh
$400/kW
66%

Capital Cost $400/kW
Efficiency (LHV) 66%

¢2/kWh | ¢1/kWh

Electrolyzer

SMR

MAKE
4 4

Hydrogen
production
technologies

MOVE

H, ﬂl{-

Hydrogen storage,
compression, and

distribution,
and thermal
integration

STORE

Hydrogen

Optimizing
H, storage

Preliminarv

Refineries & CPI 8
Metals 12
Ammonia 4
Synthetic 14
Chemicals
Biofuels 1
Natural Gas 10
Light Duty Vehicles 57
Other Transport 17
Electricity Storage 28
Total 151

Leveraging of national
laboratories’ early-stage
R&D capabilities needed to

Potential
MMT/yr

and

distribution

develop affordable
technologies for

production, delivery, and
end use applications.

https://www.hydrogen.energy.gov/pdfs/review18/tv045_ruth_2018 o.pdf
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What is Hydrogen Energy EarthShot?



ENERGY

edrthshots | Hydrogen

Hydrogen Energy Earthshot
“Hyd rogen Shot”

111 1 1))
Sl for 1 kg clean hydrogen
in 1 decade

Launched June 7, 2021
Summit Aug 31-Sept 1, 2021

] S. Satyapal, et al., “Overview of DOE RFI

i Supporting Hydrogen Bipartisan Infrastructure
Law Provisions, Environmental Justice, and
Workforce Priorities, Feb. 24, 2022




U.S. National Clean Hydrogen Strategy and Roadmap  uuwicioeenss)

Released June 5, 2023

Strategy 50  ~Additional Demands %
Power-to-Liquid Fuels //
{:cop @ Target strategic, high-impact end uses Vislon: = Methanol %

) _ _ _ Affordable clean hydrogen for 40 Blending in Natural Gas for Heat
LRI TR R S o o a net-zero carbon future and a ® Energy Storage
sustainable, resilient, and u Steel _
Reduce the cost of clean hydrogen agultabke soonomy _
@ S rrsss— " Biofuels
Enable $2/kg by electrolysis by 2026 and $1/kg H, by 2031 Ben E“tS' 30 m Trucks
y mAmmonia

Emissions reduction; job growth;
energy security and resilience

Focus on regional networks

@ Daploy regional elean hydrogen hubs and ramp up scale

Refining and petrochemicals

20 .’-“W

Million Metric Tons H» per Year

Work with other agencies to accelerate market lift off

ul
€ 06 6 6 U

Good Jobs and Safety, codes and Policies and incentives Stimulating private Energy and 2030 2040 2050
Workforce Development standards sector investment environmental justice

Enablers

Opportunity: 10MMT/yr by 2030 wesp 20 MMT/yr by 2040 wesp 50 MMT/yr by 2050

~100K Jobs by 2030. ~10% Emissions Reduction by 2050.

U.S. DEPARTMENT OF ENERGY WWwW.energy.gov


http://www.hydrogen.gov/

S7B for 7 Hydrogen Hubs Announced October 13, 2023

Selected Regional Clean Hydrogen Hubs DOE selects

consortium to bridge
° demand for clean H,
o providing market
Heartland

Pacific Northwest -
Hac; ic oH wges Hydragen: Kb certainty and unlock
yarogen Hu Heartland Hub (HH2H) ! : private Capital

PNW H2 Midwest ° ° Jan 2024

. : Hydrogen Hub
Callfo rnia Midwest Alliance for Clean

HYd I‘Ogen HUb Hydrogen (MachH2) Mid_AtIantiC
Hydrogen Hub
Hydrogen Hub Hub (MACHZ) e

Appalachian Regienal Clean
G u If Coast Hydrogen Hub (ARCH2)

Hydrogen Hub

HyVelocity H2Hub
P |

Alliance for Renewable Clean

Hydrogen Energy Systems AppaIaChian
89 (ARCHES)

@ Proposed H2 Facility

@ selected H2Hubs Source: OCED Wwebinar 10/16/23

H2 Hubs managed by OCED: See https://www.energy.gov/oced/office-clean-energy-demonstrations

NREL | 10
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National Laboratory Collaboration is Critical for Success

Hyarogen from Hydrogen Production &
HaNEW o B ElectroCat  RRsapryoats
U.S. DEPARTMENT OF ENERGY roauction Electrocatalysis Consortium

_ —e pa A
a-g N R E L \E'HL_‘/ Argonneo \W/ L?sﬂlanws a Ldll‘.:_.'tjs Alamos Argonneo

Tronsforming ENERGY  iho e obonry | O manoust aansrary Pacific Northwest ~ —— .o || X2 Lonerr T O owa umansrons

N=|ranona = nom &()AK RID("F
= |[EMERGY Lawrence Livermore  ‘eeee] k]

TL [Eciiowoer OAK RIDGE |G pawrenceLivermore  “~|( gepyeLey LaB Transorming ENERGY ! Laboratory

Bringing, Srienie Sokdions o the Yokl

@ e S
Aduance:l Water Splitting Materials P rod uction BRI Sto ra ge

P ~—
$-’ Lt d mlla =
:NREL “7If| BERKELEY LAB \EH_L P Natora iNREL

Transforming EMERGY Bringing Science Solutions to the Warld aho Naions Loboralary Laboratories Transforming ENERGY Faﬂlflc Nﬂrthw&ﬁt

Lawrence Livermore Sandia [t
[ Ratomar E Aty i | Netional (L ot “f BERKELEY LAB

Bringing, Science Sokfions bo the ek

BioH?2 Hydrogfen .."‘"'Co il Fuel Cells
Production FUEL CELL TRUCK

iiNREL I BERKELEY LAB " serkeier as “TRELNAS
Transfarming ENERGY 6 Bringing Scienoe Solutions to the Warld - o ?-T OAK RIDGE
Argonne "1 Pacific Northwest Argonne N R E L BPAK R m’w 11
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4‘b Hyd rOG E N - an AWS M Co nso rti um Website: https://www.h2awsm.org/

Goal: Accelerate foundational R&D of innovative materials for advanced water splitting (AWS)

technologies to enable clean, sustainable, and low-cost ($1/kg H,) hydrogen production.

H, Production
Target: $1/kg

N '
i = S
Anion Protpn- Photoelectro- Thermo- -
Exchange conducting and chemical A 4

Membrane MS- oxygen PEG chemical
Electrolysis conducting ( ) (TCH) 1 Dollar 1 Kilogram
(AEMWE)  SOEC (p-SOEC,
MS-SOEC)

HydroGEN is focused on early-stage R&D in H, production and fosters cross-cutting innovation

using theory-guided applied materials R&D to advance all emerging water-splitting pathways
for hydrogen production
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HydroGEN Lab R&D + Lab Capability Support

Lab R&D Lab Support

Early-Stage Materials R&D Projects Lab capabilities + experts support early-stage
materials R&D projects

HydroGEN Materials Capability Network

Data Hub
Director .
wen i Technology Transfer 55 Lab- and FOA-awarded Projects
{MREL)
Website, SharePoint Site, Zotero Library
Research | | | /'LTE Node Labs \  support /" LTE FOA Projects \
- through: % )
LTE Technology | | HTE Technology PEC Technology || STCH Technology | | Cross-Cutting - N R E L ' | ' # @
Lead Lead Lead Lead Modeling Lead ATIRAL AR DAY LABOATEAT $ | n e
Shaun Alia/ Dong Ding/ Adam Weber/ Tony McDaniel/ Tadashi Ogitsu/ — N 1 BERKELEY LAB
Bryan Pivovar Qian Zhang Joel Ager Sean Bishop Brandon Wood memser el | Personne :
{MREL) Gian Zhang (INL) {LBNL) (SML) : {LLNL) Eaukment |.. Iﬁgﬁgﬁg{fﬂ_&ﬁg&?‘;&
- Wi S&nﬂiﬂ E H
T a— '11 Natioral xpertise CO t
= : - =)
» e % B Laboratories Capability eColeClro
! y IR HLa Li o - Georgia Research
Vi E %8 ’ \ National Laboratory Materials \ Tech corporatlcy
af - ® L Data
- N Sandia B Lawrence Livermore
%= - ' v
[ N R E L R ,, ’-l m National _ National Laboratory
Transforming ENERGY mees
BERKELEY LAB

HydroGEN: Advanced Water Splitting Materials

dobo Nafionol Loberatory

13



é‘; Lab Capability Support of 24 New “Seedling” Projects

5 AEME projects: 3 FOA-awarded projects & 6 p-SOEC projects : 4 FOA-awarded projects &
2 Lab-call awarded projects 2 Lab-call awarded projects
q LLE#NOdE Labs "\ Sapport /] LTE FOA Projects /" HIENodelabs ™\ _ == = /" Interactive HTE Projects
HNREL 00 ERnels] | oee S s, U
S e SR R T, BN | e | Crosmime e
Mg, | oo | eco | | Qe o
swrence Livermore _ : National Laborat i
\@ National Laboratory / Ma;caetr;als \ coch Eﬁfﬁ%ﬂy \ ° e / Data \ y National Laboratony /
6 PEC FOA-awarded projects 5 TCH FOA-awarded projects

Support

/" PECNodelabs  \ supormousn ( Interactive PEC projects /" STCH Node Labs through: /" Interactive STCH Projects \

IINREL e G (=) BSU 0@

TG LNBORATORS i i b Mot | J. -ﬂlizﬂﬂﬂ stﬂ‘te T i I I I
: r.”}] ‘I.:] Equipment Lahoratories Iaho Mafional Lokormtory Personnel University UﬁlveTSggﬁlltjgflloradD
e Expertise/Protocols ug Lawrence Livermore Equipment Ir: :ts:.?tc:z?m
Capability —d National Laboratory Expertise Technology
Lg Lawrence Livermore Materials/cells X 5‘0 Capabilit
—dl National Laboratory MICHIGAN N R E L P Y UI']JVEI'SI
\ / Data \TOLEDD \ o , / Materials \mst] uis.  SAINT-GOBAIN /
MATIINAL RENEWRAELE ENERGY LASCRATORY
Data

6 PEC and 5 STCH FOA-awarded projects have AMR presentations (https://www.hydrogen.energy.gov/amr-
HydroGEN: Advanced Water Splitting Materials ~ presentation-database.html). Some project technical accomplishments are highlighted in this presentation. 14



https://www.hydrogen.energy.gov/amr-presentation-database.html
https://www.hydrogen.energy.gov/amr-presentation-database.html

(;a Science Challenges for Impactful HydroGEN Lab R&D:

LTE: improve AEM electrolysis performance and
durability

HTE:

MS-SOEC: improve performance and durability with a
scaled-up cell

p-SOEC: understand the proton conduction and
electronic leakage mechanisms of electrolyte
materials in proton-conducting SOEC

PEC: materials stability and device durability

STCH: identify and understand how structural features,
composition, and defect dynamics engender high
capacity—high yield behavior in materials

HydroGEN: Advanced Water Splitting Materials

Cross-Cutting Modeling: theory-
guided design to analyze performance
and durability of materials under
simulated operating conditions

P
gp HydroGEN

HTE
LTE

PEC

Tech Spedfic R&D

Develop capability and perform
= Multi-scale simulation

= Multi-physics simulation

= Spectroscopy simulation

= MLand datahub

o)
o
w
e
0
c
-+

Low-TRL transforming R&D

H2NEW

High-TRL assisting deployment

15



& HydroGEN PEC Lab R&D Goal and Approach s efficiency has improved but

(Lead: Joel Ager, LBNL) durabllgzgg; \?;rfct:ﬁl elrsltllmltmg

Goal: Elucidate the degradation mechanism(s) and improve - Lifetime of PEC *
the durability of PEC materials and devices. o frﬁ‘r’)‘ffvserrfee:f;mx
" meet scale-up
Approach: T o e .
* Prioritize durability stressors and establish PEC = l
device durability protocol e
« Use density functional theory (DFT) and 3 . .
microkinetic modeling to describe the local £ o ) .
environment at the electrode/electrolyte interface q: A .
under operation S | . e
* Provide mechanistic understanding of PEC device o e ik . oo
degradation guided by theory and in operando ol ° T eecam
characterization 7 P e

Comparison of the solar to hydrogen efficiency (STH) and lifetime H2
produced for unassisted water splitting devices. The “PEC Goal” point in
the upper right. Data sourced with permission from Cheng et al. in 2022
Solar Fuels Roadmap, J. Phys. D. Appl. Phys. 2022, 55 323003. PEC goal

from Ben-Naim et al., ACS Energy Lett. 2020, 5, 2631-2640.
HydroGEN: Advanced Water Splitting Materials 16



Q” HydroGEN PEC Lab R&D Relevance and Potential Impact

NREL WHELZ maasunsd af LB

o4
| 0 5 1 15 /f
1 E [V} va. refevence; |

- Develop standardized PEC device measurement i
techniques ]: = = i
Improves reproducibility between labs | _m_.;_ .

- Develop device and system-level performance metrics 4
Clearly define improvements needed for economic i
viability 7

- Develop reliability science needed for closing the : - = —_—
durability gap - — sz ||
New materials for durable PEC water-splitting devices P
Accelerated wear protocols to quantify progress -

HydroGEN: Advanced Water Splitting Materials This presentation does not contain any proprietary, confidential, or otherwise restricted information



";a PEC/LTE: Atomistic insights into transport, OER activities, stability

Fe

Oxide overlayer for
selective transport

— chilwei

— =ulfatm

:g- -
Aydin et al., = 2
EES Catalyst =
(Submitted) -10

% 02 04 0.6 0.8 1.0

Fath distance

Developed design principles for
optimizing protective layers

HydroGEN: Advanced Water Splitting Materials

PEC: Protective layers PEC: OER Activity

Conlindum Madel |
—— Anamistic Modal

Zoard @ JACSRef, (pH=1) /

¥ |0 Siretien /

7 el o JEcRe (o) bt/ Developed

3 ] e models for

& predicting

E .

b reaction
137 kinetics
12 T

] & -5 - -3 &
Log J (Aerm?)
10 (a)
—_U=13V
E. —U=15V
051 E, . / \ —u=18v
Reaction 0.0 Ve V=r—d )
. . Nl L _
kineticsas 505 _ b -
@ {—
a function .. -
of applied .| N~
potentials ;. "

251

Deconvoluted impacts of
operating conditions on activity

Zhou et al., ACS Appl. Energy. Mater (2023)

LTE: Catalyst Stability
3 5% 0 »

1 1
b | T
TrreY P I ;L' <
Poddy W .‘1- S
% - " 4 q ol 1’020]’1 AP TS pd Ir03
1A W e » ke p-°4 4
¥ A G ¢
LA - v i 1Y ".i" ML - .
k“; 4 :.‘ g —d - : ot ‘";; e
W ™y S ety S5
| ¥ . L] N o®
B N AN
%
L e e e e v f‘ ﬂ"\:
!t | t\\ o
L s e L4 = ‘
il \: / \:' »
i o i S D P I B B

Deconvolute impacts of surface morphology

Predict how
pH influences
dissolution
kinetics

Free energy

RInetics

/ T

alkaline
.22 e\

—~——u——= neotral
/ 317eV
- = qcidic

Collective variable (CV)

Identified most important factors
controlling catalyst durability

Zagalskaya et al., (in preparation) 18



éa Proposed PEC device- and system-level performance metrics

Device-level metrics System-level metrics

« Solar to hydrogen conversion

efficiency
STH (%)
« Area-normalized lifetime

production of H,
kg/m?

normalized to PV area for concentrators

Parkinson, B. Acc. Chem. Res. 1984, 17, 431-437
Pinaud et al, Energy Env. Sci. 2013.

Ager, J. W.; Shaner, M. R.; Walczak, K. A.; Sharp, I. D.; Ardo, S. Energy
Environ. Sci. 2015

Ben-Naim, M.; Britto, R. J.; Aldridge, C. W.; Mow, R.; Steiner, M. A.;
Nielander, A. C.; King, L. A.; Friedman, D. J.; Deutsch, T. G.; Young, J. L.;
Jaramillo, T. F. ACS Energy Lett. 2020,

Cheng, W.-H., Deutsch, T. G., Xiang, X. in 2022 Solar Fuels Roadmap, J.
Phys. D. Appl. Phys. 2022

Holmes-Gentle, |.; Tembhurne, S.; Suter, C.; Haussener, S. Nat. Energy
2023

HydroGEN: Advanced Water Splitting Materials

g
Lifetime
(hr}

Area

m2

receiver area fOF concentrators
Lifetime

hours
as reported by source

System H, production rate
kg/hr

STH {%%:)

2020
2015

Lifetime Hz

(kgim?) 2010
2005
2000

1995

1990

Analysis of 44 literature
reports using proposed
performance metrics

Ty 1: Single Bed P
Particha Suspanchon = i
STHEMickency  10% I
Am-um
‘/.- 200+ 4h'
Bartidie . O sab i .
5 - tarmiarar
'f:" 0 - “ ¢ Film
e e Drressay Ny — o 3.
= . e . ™ A To
22
Typa Z: Dual Bed .
Particle Suspension Al A AR L 2H 4 Al TG A O, ¢
STHEfckency 5%
Parfoebed  popoys
Figes em‘lgl ¥ H Particle s - Trarspasant
\ ) Sy #
A 2 ] s
Drivgway A [ ey
} l \0 \'-"_ e e -}_ . o' -'.".,.:‘_“’-_/-.t_,-..\;. Io-.—.
0, Biggia H, Baggie ’ im T m
Type 3: Fixed -
Panel Array M Ot

Flastic Cate et

5TH Efficiency  10% 4 >
uq nm-u : Ly T Pared

ot 1t 15 b o ater ket
b
tel ki
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Concentrator Amway
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O, (107 Solar Cowentration | om__——
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g’ HydroGEN PEC Seedling Projects & Lab Collaboration

/ PEC Node Labs \ Support through: /nteractlve PEC prolect\
EENREL < Personnel > A

Transforming ENERGY i
A Equipment
rrerener |
Expertise/Protocols

BERKELEY LAB
Capability
. haa‘i:?{)?]g?ié-é\:ﬁ;%?’;e MateriaIS/CEIIS THE UNIVERSITY OF UNIVERSITY OF
MICHIGAN
k / Data \TOLEDO

Growlh direction

HydroGEN: Advanced Water Splitting Materials This presentation does not contain any proprietary, confidential, or otherwise restricted information



& Semi-Monolithic Devices for Photoelectrochemical Hydrogen

Production - Nicolas Gaillard (Pl), University of Hawaii
Project Vision: Develop innovative technologies to combine

W State of the Expected
dissimilar material classes, such as chalcopyrites and perovskites, Art Advance

into multi-junction (MJ) devices for efficient, low-cost and durable = STH 3-5% >15%
PEC water splitting.

 Task 1 - Perovskite-Chalcopyrite PEC devices

Durability  250-500 hrs. > 1,000 hrs.

— Combine high efficiency wide bandgap perovskite (PCE record = 21.05% FTO ~ FTO s
with 1.7 eV absorber) and high efficiency narrow bandgap chalcopyrite —— 1___;“ ; it
(PCE record = 23.3% with 1.1 eV absorber) single junction cells into ClGSe Al

OER

standalone water splitting MJ devices Membrane

2] =225 mAlem
opp

Current density (mA/em?)

. o : L STH=2.7%
* Task 2 - All-Chalcopyrite PEC devices W World's first )
— Develop efficient wide bandgap chalcopyrites (e.g., CuGaSe,, CuGa,Se., ”’pgcfggté‘;’; T ey
CulnGas,)
* Task 3 - Durable PEC devices “ .
— Develop unique organic (polymer-based) and inorganic (non-precious o, I %’ 50
catalysts) coating strategies to extend durability of PEC MJ devices o 0 o ) . A s
- 100572 years $2.38 254 Coplanar  MI re;::zd '":Z:Lif‘ 0.99
— Superstrate MJ structure: photo-absorbers are sandwiched between an R S S <7 il

FTO-coated glass substrate and a thick stable OER catalyst layer, which
shields the solar absorbers from the electrolyte, ensuring long-term
operation.

HydroGEN: Advanced Water Splitting Materials 21



& Demonstration of a Robust, Compact Photoelectrochemical
(PEC) Hydrogen Generator — Joel A. Haber (Pl), Caltech

Project Vision: Holistic PEC device design to enable water-splitting
electrolysis at potentials that maximize photocurrent from two-
terminal, dual junction Si/organohalide perovskite photovoltaics.
Design electrolysis components that minimizes electrocatalytic
overpotentials, electrolyte polarization, membrane resistance, and
flow inhomogeneities, enabling operation below 1.7 V photopotential.

Project Impact

Holistic
Design of
Efficient,
Durable,

Cost-effective
H,
Generation.

T

Fully Integrated PEC Device

1.7 eV
Halide

Perovskite
PV

* On 20.25 cm? area-matched devices demonstrate 215% STH efficiency for 1000 h under continuous AM1.5 illumination

* Demonstrate 0.1 g/h H, generation under diurnal cycle for 2 weeks at NREL PEC outdoor test facility

Project Approach

* Dual junction organo-halide perovskite (1.7 eV) and silicon heterojunction (SHJ) PV architectures
* Device integration levels to provide diagnostic insight into interface impacts on performance and degradation

» 2-terminal monolithically integrated PVSK/Si PV—probe integration and durability

* Ni activated ALD-TiO2 protected Si PV for OER

e Fully integrated device, minimum shadowing from contacts, minimum charge carrier and ionic transport distances—

highest potential efficiency

e Scale up: Design large-area hydrogen generator device, including reactant feeds and product collection using

experimental measurements and multiphysics modeling.

HydroGEN: Advanced Water Splitting Materials

sse|o o4
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N Gallium Nitride (GaN) Protected Tandem Photoelectrodes for High Efficiency, Low Cost,
‘:p and Stable Solar Water Splitting — Zetian Mi (Pl) University of Michigan, Ann Arbor
Project Vision: Develop GaN-protected multi-junction tandem

[t e
: : . A A
photoelectrodes to achieve both high efficiency (STH >20%) and long- i dvance

term stable (1,000 h) spontaneous water splitting systems. STH 10-20% 15-20%
Efficiency
Project Approach Stability <200 h >1,000 h

* Integrate GaN with high efficiency perovskite and IlI-V

photoelectrodes to achieve stable operation
* Have demonstrated the formation of GaON layer from GaN
leads to self-improved performance and long-term stability
(3,000 h).
* Address the processing incompatibility between IlI-V (or
perovskites) with GaN by utilizing a low-temperature

epitaxial growth process and nanoscale engineering to

Nat. Commun. 2023, 14, 2047.

0

—0h
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-20 ——8h
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——24h
——100h

— Pt/GaN NW/Si

-30

Current density (mA/cm?)
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-40

) i ) ] A wireless Si/perovskite . !
achieve high quality GaN surface protection. photoelectrode protected by GaN. 04 ©z 00 02 o4 08

Potential (Vgue)

2019

* Use concentrated sunlight to significantly reduce the amount _*] STH,,=62% EEIH, B

= O,

of photocatalyst and therefore the overall system cost. L 167
e With the use of GaN-based nanostructures, we have recently é 12
demonstrated direct solar water splitting with STH of 6.2% §
under 160x concentrated sunlight. g
8

=]

]
ey

1.1 ST S ———

J (mA/cm?)

U
Onset potential (V) vs. IrO,

©h

0 500 1000 1500 2000 2500 300
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N, Scalable halide perovskite photoelectrochemical cell modules with 20% solar-to-
hydrogen efficiency and 1000 hours of diurnal durability — Aditya Mohite (PI) Rice University

Project Vision: Develop halide-perovskite based tandem PEC module
with an area of 200 cm?, with an unassisted STH efficiency of 20%,

with 1000 hours of diurnal operation .

Project Approach

High-efficiency PVs: Exploit 3D/2D perovskite solar cells and Si-
Perovskite tandem solar cells and minimodules with Voc > 1.9V

and Jmpp > 18 mA cm™

Barriers: Conductive Adhesive Barrier (CAB) design for
protection and efficient electron/hole transport to catalysts
Integration of catalysts: Reactor design to integrate HER and
OER catalysts with CAB in low-gap configuration e.g. PEMs or

AWE reactors

T~

N
o

>20% initial solar to
hydrogen efficiency

—
(82}
1

&

£

[&]

<

E

> R

‘@ 107 et
8 .

= 5 100+ lifetime
@

8 0 Unassisted water splitting photocurrent

. : . . : . : . .
0 20 40 60 80 100

Time (h)
HydroGEN: Advanced Water Splitting Materials

Integrated PEC-PEM
reactor design

catalyst

State of the Expected
Art Advance

STH 20.7 > 24.5%

Efficiency

Stability 100 h 250 h diurnal
stability

Scale 1 cm? (BP1) 25 cm? (BP2)

Integrated PEC-PEM

design: Monolithic
Perovskite/Si
photoanode with
conductive adhesive
barrier

24



N, All-Perovskite Tandem Photoelectrodes for Low-Cost Solar Hydrogen Fuel
p Production from Water Splitting — Yanfa Yan (PI1), University of Toledo

Project Vision: Design, fabricate, and test all-perovskite tandem W Stat;;)tf the EA);pected
photoelectrodes and panels to achieve low-cost, high solar-to-hydrogen vance

efficiency as well as long-term stable, unassisted photoelectrochemical (PEC) ~ STH 15-18% >20%
s Efficiency
water splitting systems.

. Stability 100 - 500 h > 1000 h
Project Approach
 Wide-bandgap (1.7 - 1.8 eV) perovskite top absorbers Scale 0.1-1cm? > 25 cm?
* Suppress halide segregation by reducing defect density
* Use mixed 2D/3D and all-inorganic perovskites J hy
* Narrow-bandgap (1.2 - 1.5 eV) perovskite bottom absorbers | ‘
* Develop a single-crystal-synthesis route ¥ TCOglass 1.0 e
. .. . Wide-E, perovskite 7 -
* Avoid catalytic interface erosion ,,,mo,,;z—ct"g ;!er 2 ool
e Scaling-up production of tandem photoelectrode panels Narrow-E, pe £t
« All-perovskite tandem photoelectrodes promise theoretical Metal foil |
STH efficiencies of more than 22%. 7 Catalysts E o4}
* Understand material properties and intrinsic stability ﬂjeouse.e‘iﬂo.vte E . |
3 0
* On-sun PCE testing ZHO | O+
o
‘ Aniode L/ 0 15 30 45 &0 V5 90 108 120
Achieved continuous operation in water for >120 h at 1 sun ACS Energy Lett. e
2023, 8, 2611.
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N >200 cm? Type-3 PEC Water Splitting Prototype Using Bandgap-Tunable Perovskite
P Tandem and Molecular-Scale Designer Coatings — Shu Hu (Pl), Yale University

Project Vision: Develop a Type-3 PEC water splitting system,
combining low-cost hybrid organic-inorganic perovskite (HOIP) with
molecularly-engineered ALD-grown coatings of protective,
conductive, and catalytic multi-functionalities

Project Impact & Approach:

 High efficiency (>18%), high purity (>99.999 vol% H,), stability (>2-week
diurnal), and 0.12 gram H, per hour throughput;
e Discovery of <1.15 eV bandgap new hybrid perovskite materials

— Fabrication of thin films of a new Pb-free perovskite-like material (Cs,CuSb,Cl,,). Potentially
more stable to light, temperature and water and can be mass-produced.

* Develop low-temperature protective coating (TiAlO,)
— 100 nm TiAlOx film grown at 85°C show good protection

e Advanced manufacturing approach

— Quality control large scale fabrication by computer numerical control (CNC) machine
— For each unit cell, the 02 and H2 can be generated and collected separately. Therefore,
when assembled into the large-area device, no extra effort is needed to separate O, and H,.

Cs,CuSb,Cl,; {Copper-Antimony perovskite)

m
Am. Chem. Soc. 2007, 139, 27, 9116-9119

Perovskite
FTO/ITO
HydroGEN: Advanced Water Splitting Materials

Coating integration (photoanode or PEC device)

TiAIO,

State of the Expected
Art Advance

Low-T 150 °C 85 °C
coating

Bandgap 1.2-1.8eV <1.15eV

HOIP 1.8/1.2 eV 1.7/1.1 eV
tandem 5
H, e
\ OH- ‘-l
8

W mww = Nifoam with NiMo I Anion exchange membrane

B = W = = |solating mesh Epoxy

Large-area device
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