Liguid Sunlight Alliance

Harry A. Atwater | DIRECTOR

BESAC Meeting
July 271, 2023

s

\\“” LIBLID SUNLIGHT ALLIANCE



o
O
>

O

1ISSIONS

Closing the CO, Em

reSs_+

Y

Co

—
s, ¢

s 20 . .
o2
?
¥

Transfor




Direct solar to liquid fuels via artificial photosynthesis
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. Is there a need for solar fuels? CO, Mass Balance for Methanol Synthesis
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Toward CO,-free energy
Tackett, Gomez & Chen, Nature TC: Thermocatalytic conversion of CO, to CH;OH

Catalysis, 2 (2019) 381 EC: Electrocatalytic conversion of CO, to CH;OH
HB1: CO,-free H, from electrolysis for thermocatalysis of CO, to CH,OH
HB2: Electroreduction of CO, to (CO + H,) for thermal CH;OH synthesis
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. Liquid Sunlight Alliance

Vision: Establish science principles by which coupled  Transformative Impacts and Outcomes:

microenvironments directly generate liquid fuels from = A new ‘co-design of microenvironments’ science
sunlight, water, carbon dioxide and nitrogen. paradigm for generation of liquid solar fuels with
. .. - unprecedented selectivity, durability, and efficiency
* Unprecedented catalytic selectivity, durability, and
efficiency = The science foundations for direct solar-driven synthesis
= pure and impure feedstocks; fluctuating solar of multi-carbon products from mixed and dilute CO,
resource feedstocks
Strategy: = Discovery of innovative light-driven phenomena in

chemically complex environments
Create coupled microenvironments by co-design

= A new predictive science of materials durability and
Team: active repair in electrochemical systems

’\‘] "}NREl o=l A . . . .
CalteCh | K qi_’-\\, = A national alliance for solar fuels science spanning
i e s academic, national labs and industry sectors, creating
UNIVERSITY OF a platform for next-generation solar fuels technologies

U CI University of O
California, Irvine

OREGON UC San Diego
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Electrochemical Photolysis of Water
at a Semiconductor Electrode

ALTHOUGH the possibility of water photolysis has been investi-
gated by many workers, a useful method has only now beep
developed. Because water is transparent to visi_blc_ hght. it

‘ - ) AKIRA FUJSHIMA
Department of Applied Chemistry,

Kanagawa University, Yokohama

KenicHl HoNDA
Institute of Industrial Science,

University of Tokyo, Roppongi, Tokyo
Received September 13, 1971; final revision April 24, 1972,
NATURE VOL. 238 JULY 7 1972
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Fig. 2 Electrochemical cell in which the TiO, electrode is con-
nected with a platinum electrode (see text). The surface area of
the platinum black electrode used was approximately 30 cm?2.
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ARTIFICIAL PHOTOSYNTHESIS: QUANTUM CAPTURE
AND ENERGY STORAGE

MELVIN CALVIN

Department of Chemistry and Lawrence Berkeley Laboratory, University of California, Berkeley, CA
94720, USA

(Received 16 August 1982; accepted 4 October 1982)

Abstract—Organized systems are described to achieve separation of the charges produced by quantum
absorption in a sensitizer, and their stabilization in separated chemical form. These systems involve phase

boundary charge separation by both membranes and charged particles, in both cases simulating the
natural system.

. Artificial photosynthesis, at almost 50 years old, is still in ifs infancy

Vesicle

Micelle

Solar fuels to date has focused on photocatalysis at individual reaction centers



. But nature builds systems of coupled microenvironments

.P ATP synthase
00000000

chloroplast stroma

ferredoxin-NADP reductase ! 'l E @
@ Ilght

cytochrome
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oxygen-evolving complex

thylakoid lumen
Light dependent reaction: 2 H,O + 2 NADP* + 3 ADP + 3 P; + light — 2 NADPH + 2 H* + 3 ATP + O,

Calvin cycle: 3 CO, + 9 ATP + 6 NADPH + 6 H* — C3HOs-phosphate + 9 ADP + 8 P, + 6 NADP* + 3 H,O

Microenvironments in photosynthesis are at once highly integrated but compartmentalized
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. Two paths for liquid fuels via artificial photosynthesis

- Design single reaction center: CO, /O/iix;f - CO
"~ 7 C,HsOH?
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+ Coupled microenvironments:

Co,

Catalytic
Reaction Center

A ‘:/- — :A;.;‘j.l"‘. >
/ ‘Q \
(
Y *,\ "
:\,‘ / -/‘i Lol g 3
A —/ co,
Molecular Photocatalys Separation nds
Modifier or Shuttle and Transport
Catalytic
Reaction Center

Photocatalyst
Photocatalyst

H+, OH-, H,0
Management

Coupling microenvironments opens many directions for liquid solar fuels

({ “{%\)) LiSA

LIBUID SUNLIGHT ALLIANCE




* 38 Pls & > 120 researchers

. Liquid Sunlight Alliance

o l =) "I“
Management 1?‘ W
Team =1

Horry Afwofer Frances Houle Bill Tumas Tom Jaramillo Carrie Hofmann

Director Deputy Director Community Alliance Science Impacts Associate Director,

Caltech LBNL Coordinator NREL Coordinator SLAC Caltech

Team [T
Leads s
N
v A Il Ve :
John Gregoire Junko Yano Tom Jaramillo Theo Agapie Emily Warren Walter Drisdell
Photoactive Materials Photodynamics Durability Chemical Systems and User Facilities
Caltech LBNL SLAC uenvironments Infegration NREL Lead LBNL
Caltech

Diverse expertise in solar fuels, inorganic chemistry, accelerated materials discovery,
m operando measurement, materials & catalysis theory and experiments, systems design
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. LISA's Goals

Goal 1: Understand and integrate |
multi-component systems of
coupled microenvironments ,
tailoring molecules and materials
for achieving targeted S
alr, seawa_ter, emlsswns)
functionality in transport and
activity around the active site.

_ Molecular Photocatalyst,
Modifier, or Shuttle

-
o D

Photocatalyst = " Water (vapor, liquid) H+, OH-, H,0 Management

Goal 1: Realize multicomponent systems comprised of coupled microenvironments
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SYSTEMS OF COUPLED MICROENVIRONMENTS

Design of hierarchical assemblies to produce solar liquid fuels

GOAL

Photo-driven Multi-junction Photon
intermediate generator Management

H,0
-

Solar-Thermal
Oligomerization

CH,
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SYSTEMS OF COUPLED MICROENVIRONMENTS

Tailoring molecules and materials for targeted functionality
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SYSTEMS OF COUPLED MICROENVIRONMENTS

Tailoring molecules and materials for targeted functionality
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SYSTEMS OF COUPLED MICROENVIRONMENTS

Tailoring molecules and materials for targeted functionality

GOAL
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SYSTEMS OF COUPLED MICROENVIRONMENTS

. Design of hierarchical assemblies to produce solar liquid fuels

GOAL

local pH imaging

Testbed in operation  CO&H 0 (g)
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. LISA's Goals

Goal 2: Discover photon, electron,
and molecular processes, from light
excitation to the catalytic center:
realizing ensembles of molecules and

materials that achieve efficiency and
selectivity beyond those available
with conventional electrochemical

Processes.

Goal 2: Discover and harness photodynamics from excitation to the catalytic center

m )) LiSA

\\\\H' LIBUID SUNLIGHT ALLIANCE




FROM EXCITATION TO CATALYTIC CENTER

Photon, electron, and molecular processes from excitation to catalytic
center

GOAL
. heat t
N '

heat
~ ﬁ
“b @
generation cooling polaron diffusion suries
formation recombination
———— * * >
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FROM EXCITATION TO CATALYTIC CENTER

Photon, electron, and molecular processes from excitation to catalytic
center

2

GOAL

trapping recombination

o
\
'O
generation cooling polaron
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———— >
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FROM EXCITATION TO CATALYTIC CENTER

Photon, electron, and molecular processes from excitation to catalytic
center

GOAL

generation cooling polaron diffusion surface trap/

formation recombination
*—0 * * >
@) fs Ms ms s

0 1000 2000
Time (fs)
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FROM EXCITATION TO CATALYTIC CENTER

2

GOAL

center

Photon, electron, and molecular processes from excitation to catalytic

Eneration cooling polaron diffusion surface trap/
formation recombination
———— * * >
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Ultrafast ab initio dynamics
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. LISA's Goals

Goal 3: Develop and validate
predictive models for component
and interface durability, and the
implications for solar to fuel
efficiency and selectivity under
real-world conditions.

Reaction Rate

| Goal 3: Develop models for component & interface durability and performance
il
IS LSA
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PREDICTIVE MODELS FOR DURABILITY

3 Component and interface durability, and implications for STF, selectivity

GOAL
Mechanisms of catalyst corrosion
a L o e T e )
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« Cu* adions are stabilized by free sulfate and sulfonate
« Tethered sulfonate + polymer backbone disrupts the ordered adion layer
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PREDICTIVE MODELS FOR DURABILITY

Component and interface durability, and implications for STF, selectivity

GOAL

Reaction Rate
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PREDICTIVE MODELS FOR DURABILITY

Component and interface durability, and implications for STF, selectivity

GOAL

Reaction Rate

Chemisorption energies for 3 adsorbates (*CO, *H, *CHO) on
over 300 sites of 39 surfaces of 11 Tellurium-containing materials

H vs CO adsorption energy for Telluride surfaces 2nTe ZnTe ZnTe
25, BeBr  GaTeSe, GaTe ~ GaTeCl _InTeBr _RbTeAu __ YbTe ~ 2Zn(GaTej; (Trigonal) (Wurtzite) (Zinc-Blende)
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Project Plan

Phasel: Microenvironment design

= Control transport of water and ions
- Water dissociation reactivity
- Role of electrolytes
- Localions in catalytic microenvironments
Molecular design of microenvironments
- Catalyst selectivity when embedded in supports
- Modified interfaces
Co-design of stable photoelectrodes
- Defect and transport properties of nascent materials
- Discover materials tuned for durability and activity
= Understand charge carrier dynamics
- Probe and control dynamics across scales
- Transport and potentials
- Theory of excited state processes

(f‘{!} )) LiSA
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Laying the foundation for successful systems

PHASE1 V\‘ Photocatalysts

COMPONENTS - g

Molecular
Catalysts

"\ Heterogeneous
" Catalysts

WENVIRONMENT
ASSEMBLIES ~ /

Feedstocks

PHASE 3

ENVIRONMENT
SSEMBLIES

O

Catalyst
Supports

Molecular
Addifives
N-Ar
Redox
Shuttles

Molecular Photocatalyst,
Photocatalyst Separation Modifier or Shuttle

H+, OH-, H,0 and Catalytic
anagement Transport . Reactlon Center

Catalytic

Molecular Photocatalyst .
,,,,,,,,,,,,,,,,,,,,,,, \ S J Reaction Feedstocks
SYSTEMS OF Modifier or Shuttle ) Center
Sunlight .

Photocatalyst Separatlon CHO
and Transport

H+, OH-, H,0 Management
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Project Plan

Phase 2: Microenvironment exploration and integration

= Co-design assemblies of microenvironments
Operando techniques to probe components and assemblies
Architectures with enhanced selectivity by control in space and time

= Light-driven processes to control reactions
Elucidate unique photocatalytic pathways

Principles of photon-mediated and photothermal processes

Using photoacids/bases to understand transport and mechanisms

= Mechanisms of degradation

- ldentify interfacial processes underlying corrosion and deposition

Determine processes leading to sintering and migration

(f‘{!} )) LiSA
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Catalyst
Supports

PHASE 1 Photocatalysts

B

Molecular Molecular
Catalysts Additives

R R N"Ar

COMPONENTS

"\ Heterogeneous Redox
" Catalysts Shuttles

Molecular Photocatalyst,

Photocatalyst Separation Modifier or Shuttle
Catalytic

He+, OH-, H0 ol
Management Transport . Reactlon Center

Feedstocks

HENVIRONMENT ~ /
ASSEMBLIES ~ /

PHASE 3

SYSTEMS OF
ENVIRONMENT
SSEMBLIES

" Molecular Photocatalyst, Catalytic
\ Modifier or Shuttle > Rggﬁteorn Feedstocks

Sunlight . )
Photocatalyst Separatlon CHO
and Transport

H+, OH-, H,0 Management
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SEH 009,

Evaluating how assemblies of microenvironments function



Key LISA Knowledge Advances 2023

"
[ 1. Foundations of coupled microenvironment cascades

« 31T & PEC/Thermocatalytic cascades y

N
[ 2. Interfacial modification to enable catalytic selectivity of Cu

« Molecular additives and ionomer coatings on cathodes >
a )
3. Ulirafast soft X-ray characterization of carrier dynamics
_+ Carrier relaxation dynamics in photoelectrodes >
a )
4. Surface instabilities of CO, reduction catalysts
_* Relating catalyst morphology to corrosion mechanisms y
a )
5. Discovery of new photoelecirode materials
_* InTiN, and amorphous Ni-Sb photoanode J
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. DOE assignment to Fuels from Sunlight Hub, FY23

“Establish design principles, synthesize and integrate components, and
evaluate the performance of 4 photochemical architectures that
incorporate a light absorber and a multi-catalyst cascade to achieve CO,
reduction to carbon-based fuels.”

- Office of Management and Budget requirement
- CHASE and LiISA each deliver 2 architectures

« Quarterly report on progress

+ Regular check-in meetings with CHASE and DOE

A o

IiLisa
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3-TERMINAL TANDEM TASK FORCE

Goal: Experimentally demonstrate a solar driven device with two coupled
microenvironments to produce a liquid fuel

Three terminal tandem (31T) Importance of Microenvironments
cascade for |IC|UIC| fuels For both single and tandem catalysts, potential and mass
<x¢z> ST el s s transport must be tuned for liquid fuel production
3TT Solar Cell
the potentials needed for o Cay PEEEYe T4
the cascade steps. — 3 1 % 3
; A single immobilized I 2
High Egl g N TR .
e molecular catalyst (CoPc) s4mi o, g @ Vol £ 2 o
»T;:p;"é, Low E; |  drives both steps of the e 2 O ° £
L2 S cascade. , © e 5 10
N, e, KHCO; Bulk Electrolyte g /!
C—?‘L :“ >\ ‘ glass TG Open Boundary © o _g----" ¢ ‘
COZ —_ v :’ y R R j j FEH2: 83%
gold | 1.4 0.8 0.9 1 1.1 1.2 1.3
co - . V Vs. RHE FEc0=24%
/\ 1 Convection >5% total FE to methanol
CHSOH g 0:8, 4 0
G i mmol «— /+
Inverted p on n 5 | Vo ( mZs ) o 10
structure enables % o £ + g_mwmmm
_cattalys;c_ ith Continuum simulations show that .,32 } b o :30M
integration wi efficient mass transfer of 14 ) e |
Au back contact N T intermediates is critical. o

} } ' ' ' time [min]
0 5 10 15 20 25 30 35
flow velocity [cm/s]

Substantial progress has been made towards realizing a solar-driven tandem cascade scheme to selectively make
a liquid fuel, methanol, from CO,.
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PEC-PHOTOTHERMAL TASK FORCE

Goal: To demonstrate the coupling of photoelectrochemical (PEC) and photothermal
reactors to produce a liquid fuel from sunlight, CO,, and water vapor

Tandem PEC/photothermal cascade for synthesis of liquid fuels Product composition

Photo-thermal Photo-Electrochemical
Oligomerization Reactor
Reactor Catholyte out Anolyte out

PEC Reactor: CO, conversion = 1%,
Ethene Faradaic efficiency = 30%,

Selective Solar Absorber }

Quartz Viewport

L

Sunlight

|
o

Vacuum-Insulating Layer

Copper Block l

Products - C,Hg, CcH, 5, ...

N
|8

B[N

17

T =

—

Egn

N3]

CO,in

Catholyte in

Anolyte in

Ethene concentration = 0.5%

Photothermal Reactor: Ethene
conversion = 3%, butene selectivity
= 98%, hexene selectivity = 2%

Next steps

Operate PEC/Photothermal cascade
in a batch recycle mode to boost the
conversion of CO, and the yield of

Operating conditions: PEC Reactor - 1 atm, 4 sccm CO,, 2 ml/min 1 M KOH,
1 sun, 3V, 60 mA/cm?, Photothermal Reactor: 1 atm, 115 °C, 3-sun

hexene

Substantial progress has been made towards realizing a solar-driven PEC/Photothermal cascade scheme to
selectively make a liquid fuel, hexene, from CO,.

il

\ ~ %=3
(") LiSA 0 eencerey tas LINREL UCSanDiego

/ LIOUID SUNLIGHT ALLIANCGE MM NELERER T LML) NATIONALRENEWABLE ENERGY LABORATORY




PEC-PHOTOTHERMAL TASK FORCE

Goal: To demonstrate the coupling of photoelectrochemical (PEC) and photothermal
reactors to produce a liquid fuel from sunlight, CO,, and water vapor

Tandem PEC/photothermal cascade for synthesis of liquid fuels

Photo-thermal Photo-Electrochemical
Oligomerization Reactor
Reactor Catholyte out Anolyte out
Selective Solar Absorber

IL\
A ——

_ =1

5

AS
B '_“;j.‘ ]

Vacuum-Insulating Layer

|
[l
A _
WAL
Wy Al
Copper Block l |
CO,in

Products - C,Hg, CcH, 5, ...

Catholyte in Anolyte in

Operating conditions: PEC Reactor - 1 atm, 4 sccm CO,, 2 ml/min 1 M KOH,
1 sun, 3V, 60 mA/cm?, Photothermal Reactor: 1 atm, 115 °C, 3-sun

Substantial progress has been made towards realizing a solar-driven PEC/Photothermal cascade scheme to
selectively make a liquid fuel, hexene, from CO,.
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16 38 56

Technicdal Sr. Grad
— Staff Students
L SA BY THE
< I NUMBERS
““' Since FY 2020

Admin. Staff Postdocs
1 2 M Using coupled microenvironments to directly generate liquid 4
fuels from sunlight, water, carbon dioxide and nitrogen with U niversiﬂes

unprecedented catalytic selectivity, durability, and efficiency

Journal LISA 101 National
Boards [ publications § Tutorials Lalbs
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