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=F*L " Technical Solar Fuel Approaches (Non-Biological)
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= Thermal and photon-driven, and combinations thereof
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=FFL " Theoretical Efficiency Limits
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Lin et al, J Power Sources, 400, 2018

Lin et al., Sol. Energy, 155, 2017; Lin et al., Energy, 88, 2015
Nandy et al., Chem Sci, 29, 2021

Dumortier et al., Energy Environ Sci, 8, 2015; htip://specdo.epfl.ch

Lin et al., in review;

B HydroGEN Workshop 2022

1 0 \ / H,+co M
] M,0,

¥
Oxidation
Q% +2h* — 120,

3/36

L

%]

L

o

-

—

E 2

co, {Concentrated) Solar Energy H,0 S
e A L — a
€ Reduction | Oxidation ]
| 2H 428 H, |0+ 2h - 2H + 1120, T

| COp+ 2H

Syngas. /
+

co

4 2e s CO + H,0

H20 + CO2
?. Hz2+CO

=1 Quartz glass

== Selective barrier
m= Solar absorber
==1 Anode electrode
mm Solid electrolyte
== Cathode electrode

N

* H0+CO2 ¥

Gutierrez et al., Sust Energy & Fuels, 7, 2021;


http://specdo.epfl.ch/

ol

L —

s

¥

a

)
[0
n
~
(@]
E
3
e}
&=
2]
0
®
(S
c
]
(@]
(@]
L
e
>
T

OZ-IIIII-IIIII-IIIIIIIIIIIIIIIIIIIIIIIII
200 800 200 800 200 800 200 800 200 800 200 800 200 800
Time (sec)
’ o

Tembhurne, Nandjou, Haussener;-Nature Energy, doi:

Leveque, Bader, Lipinski, Haussener, Optics Express, 24, 2016
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Output power of PEC at 474 kW/m?2: 27 W

Current density in electrolyzer component: 0.88 A/cm?

Current density in photoabsorber component: 6.04 A/cm?

Efficiency: 17.1% solar-to-fuel




=P*L " Comparison
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(©) SolarFuelsDB

Dynamic and online tool: — http://specdc.epfl.ch/ and http://solarfuelsdb.epfl.ch
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Tembhurne, Nandjou, Haussener, Nature Energy, doi: 10.1038/s41560-019-0373-7, 2019
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=PFL Scaling: From W to kW Power
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Tembhurne, Holmes-Gentle, Suter, Haussener, in preparation, 2022



=FFL " Operational Versatility
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Operation for multiple seasons:
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- Operational Performance

Date Average  Oper. T uel Tthermal NMPEC My Power Peak Peak H2 Mean
DNI time power prod. DN (at
rate peak)
Wim? b 1% 5] %) kg W KW [NL/min [W/ar]

-

This is a heat-fuel-oxygen co-generation system
Potential for:
« Co-generation of heat/electricity/fuel/oxygen
« Potential for grid-supported operation during night
« Potential for grid-supported operation for low irradiation
intensity

-
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=PFL - Altemative Chemistry o N =

* Do design guidelines (thermal integration, concentrated R
radiation) also apply to CO, reduction?

« Confirmation of design approach with silver catalyst in
zero-gap gas diffusion electrode (GDE) configuration

PV part

" “py part
' ~ anode

10 mL loop
Front
plate

¥ Window
U PV
Shield
At module
PV EPDM
m 3 MFC
; ‘ L‘_[Tg_c 6-WV o EPDM flow gasket

‘ = gasket PV part B EC pa rt
s.l»_ cathode plate Anode Cathode
. e . FM - current o current
collector ® collector
““ |

u (t)‘

bath Ti-frit with Membrane

Ir catalyst Spacer

B HydroGEN Workshop 2022

Boutin, Patel, Kecsenovity, Suter, Janaky, Haussener, Adv. Energy Mat., 2022.
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=Pt C0, Reduction with Concentrated Light

B HydroGEN Workshop 2022

Typical experimental run

3.5
j (mA cm?) u)
200 + 20 % 18 % 239 19 % H, 20
31 % mco[”
160 - 55 % 4 ] - 2.5
120 steady -State L 2.0
- 1.5
80 -+ 80 % 82 % 77 % 81 %
69 %
= 1.0
404! 45%
- 0.5
*
t(s
0 T (. ) 0.0
0 240 720 960 1200 1440

Boutin, Patel, Kecsenovity, Suter, Janaky, Haussener, Adv. Energy Mat., 2022.

Typical 20 min experiment at 341 suns with
the integrated PEC cell.

Scpy: 0.92 cm?.
Qcoz: 312 scem.
Averaged T, 55° C.

< < lamps switch on.

€ : lamp switch off.

* : activation with 10 cm?® of 1 M CsOH
solution in 1:3 isopropanol/water mixture.

SZ'IH 13/36
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=FFL €0, Reduction with Concentrated Light
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Playing with irradiation concentration
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- v 50
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Boutin, Patel, Kecsenovity, Suter, Janaky, Haussener, Adv. Energy Mat., 2022.
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cPFL t6/38
SolarFuelsDB (©) SolarFuelsDB

= Open, machine-readable database on solar fuel device demos - 5

= Was launched at our workshop in December 2021 e g

Currently includes PEC for hydrogen

= Required the development of classification system
o, ey A o @ SolarFuelsDB Home Articles Devices Charts ¥ Info ¥ Submit Login
] ] (]
Sunlight Simulated sunlight Custom light source Concentrating optics (reflection) Reference =
& i + - Karl Walczak  Vikai Chen Christoph Karp Jeffrey W. Beeman Matthew Shaner Joshua Spurgeon lan D. Sharp Xenia Amashukeli William West Jian Jin Nathan S. Lewis Chengxiang Xiang
‘#j: Emb €--1 -9 Modeling, Simulation, and Fabrication of a Fully Integrated, Acid-stable, Scalable Solar-Driven Water-Splitting System
ChemSusChern, 8(3). 2015. 10.1002/cssc.201402896
Concentrating optics (refraction) Optical window Anode (dark) Cathode (dark)
Inputs Simulated sun | Water | Schematics
s 7 e s
@ @. >@7 @ Outputs Hydrogen | oxygen |
- Taxonom PV-biased Electrosynthetic Cell | Wireless monolith
Solid state photo- Semiconductor-electrolyte Semiconductor-electrolyte “Regenerative” PEC Y m s
i ion ‘4 - " junction “photo-cathode”
Juncfion Jjunction “photo-anode’ J pi solar cell (DSSC) Components Simulated sun light ssl1
7 % Photo-anode pa1 | Cathode c1 | Photo-junction pj1 | Photo-junction pj2
pin - -4 g Electrolyte el1 ] Electrolyte el2 -
A ]

Liquid electrolyte Solid electrolyte Porous membrane Conductive layer Conductive wire
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17/36

=7rL Solar-to-hydrogenvs. date published ) s, ryeisos
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Taxonomy terms: Nielander, A. et al. A taxonomy for solar fuels generators. Energy & Environmental Science 8, 16—-25 (2015).
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=PFL Solar-to-hyd date published
[ -
olar-to-hydrogen vs. date published 5 .. rucio5
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STH efficiency [%]
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30%. Nature Communications 7, 13237 (2016).
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Monash University
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=FFL " Matching Voltages © SolarFuelsDB **

Jia, J. et al. Solar water splitting by photovoltaic-electrolysis with a solar-to-
hydrogen efficiency over 30%. Nature Communications 7, 13237 (2016).
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Power H2 generation based on enthalpy [W]
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o)
&
Tembhurne, S., et al. A thermally synergistic photo-electrochemical hydrogen generator ;
operating under concentrated solar irradiation. Nature Energy 4, 399-407 (2019). g
1 T T §
Taxonomy
10} * PV-biased Electrosynthetic Cell -
* PV-biased Photo-electrosynthetic Cell
ik Photo-electrosynthetic Cell . . i
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[ L] ! ° L
[ ] L]
0.001F $ 3 i
° : ¢ 4 H
100p} . : i
. Ahmet, I. Y. et al. Demonstration of a 50 cm? BiVO4
. tandem photoelectrochemical-photovoltaic water splitting
100y . device. Sustainable Energy Fuels 3, 2366—-2379 (2019). i
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=". " Photo-curmrent density
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=7l Solar concentration
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(©) SolarFuelsDB

Taxonomy
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®* PV-biased Photo-electrosynthetic Cell
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=P7L Electrochemical current density
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Electrochemical current density
(Component mean) [A/m2]

T T

T T T T

-PEM electrolysis typical range o, s
| AE electrolysis typical range i
. . o ]
= ° e -
L
| ° ® e '! ¢
. ° ° b
- [ ., oo o ° . .' N o0 ° ]
| ° e0% om o o |
% e ©
° .
n . ... ° ¢ o & .
» ° ® o e ® ]
®
B ® ¢ i
o .
<
5 e . ]
a
B L ]
B § ]
u 3 ]
0 0.05 0.1 0.15 0.2 0.25 0.3

STH efficiency [-]

(©) SolarFuelsDB

1 Taxonomy

PV-biased Electrosynthetic Cell
Photo-electrosynthetic Cell

PV-biased Photo-electrosynthetic Cell
PEC-biased Electrosynthetic Cell

24/36

Haussener, LRESE



=" Total experiment time vs. date publishe?) ... .05
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Total experimental time [hr]
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=FFL Bibliographic analysis

B Africa
B Asia

I Europe
BN North America
. South America
BN Australia

B HydroGEN Workshop 2022

USA - United States of

America

ISR - Israel
DEU - Germany
ITA - Italy

NLD - Netherlands
CHE - Switzerland
GBR — UK of Great Britain BEL - Belgium

JPN - Japan

KOR - Korea

PRT - Portugal
SWE - Sweden
CHN - China

POL - Poland

SAU - Saudi Arabia
AUS - Australia

SGP - Singapore
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=PFL  Activities in Europe - Consortia
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Canary Islands: PV/wind/ocean-EC, water desalination for .&_’
hydrogen in transportation, MW-scale, 9 partner :

PEC for water and CO, splitting, 13 partner j a-leaf
PEC for oxo-chemical production, 14 partner Sun Chem

PEC for hydrogen, 1m? scaled version, 5 partner FOI®@11~

A
e Ak

PEC for CO, reduction without OER, 14 partner =<' JECADE
PEC+PC+EC for water and CO,, splitting, 14 partners %
Solar-driven chemistry, 1 billion flagship in preparation %
PEC and PC for water splitting and beyond, 14 partners ﬂ%ﬁ

PEC and thermochemistry for storable fuels, 9 partner SU W I8X
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cPrL

H ZB Hz8: Keisuke Obata, Xinyi Zhang, Babu Radhakrishnan, bbi Y. Ahmet, Roel van de Krol, Fatwa Abdi

ﬂs TU Berlin: Michael Schwarze, Tabea A. Thiel, Reinhard Schomécker

Funding:

«  Deutsche Forschungsgemeinschaft (DFG). Excellence Cluster “UniSysCat”
*  Helmholtz Association, Excellence Network “ExNet-0024"

*  Helmholtz Energy Materials Foundry (HEMF)

B HydroGEN Workshop 2022
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EI:‘FL(':oupIed hydrogen production and hydrogenation -I.E HZBG

methyl succinic acid = (Biomass) “— = (Biomass)
\ Feedstock A Feedstock B
+ Catalyst A i Catalyst B
. | C/ ©
hydrogenation Coupled PEC +

Cata|ySt < hydrogenation device
H, C

bubblesc
\ dissolved H, ©

H,

Haussener, LR

Y

N .

Hydrogenatcd. _ S
products y

Chemical
Cosmetics
Pharmaceutical

etc. ” 7s

2

v
/

itaconic acid
H,0O

*  Hydrogen produced by PEC is used /7 s/ifwto hydrogenate feedstock to valuable chemicals and decrease LCOH

o [ase study: hydrogenation of itaconic acid (A) to methyl succinic acid (MSA) with homogeneous Rh-based catalyst
«  Rate of H, production by PEC matches well with hydrogenation rate — ideal for coupling these processes

* Heat integration enhances the hydrogenation kinetics

o Flexible to switch to other hydrogenation reactions by simply exchanging catholyte (contains catalyst + feedstock)

B HydroGEN Workshop 2022

K. Obata et al. submitted



EPF

I'Demonstralion of coupled reactions -I.E HZBG
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= 8 300+ | 78 : 0
eristaltic _g : °
o 2 200 . 1 : 12 0
Catholyte stock o ‘ w . -
Anolyte stock atholyte stoc 00 L] | HZ-tD;MSA EDI?VEFSIDH EHIEIEI’IEV 30 Solar BI]I.I[I'E[I
phosphate phosphate buffer ° P -b60% ; hydragen- g B0 7 B33
buffer (KP;) +itaconic acid 0 T — T — T ation '
+Rh catalyst 0 50 100 150 200 250
Time / min a (00 4808

Assumptions: STH = 3%, 5.4 kWh/day/m?

e H,-to-MSA conversion efficiency as high as 60% demonstrated using photo-electrochemically produced H,
e [oupled approach does not show any deactivation of MSA production, whereas direct electrochemical hydrogenation terminates after ~120 min.

Net energy analysis shows the benefit of coupling hydrogenation process to PEC: energy payback time decreases from 28 to 0 years (assuming STH = 3% and modest
H,-to-MSA conversion efficiency of 12%)

K. Obata et al. submitted
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Energy (eV) Fullerene-PCBM interaction favors

_ electron transfer from the
"20 ] P3HT:PCBM BHJ and the catalyst
% -3.0
i N
g I 3.0 . \
% | _- 2 «w% %
S -4.0_ ﬁ( H,
g | 5.0 | 50 W ! 2
c X =5. [} =0, v Fe)
g ] 4 ‘%" o o052V )
6.0 |
_— -6.5
7.0

Artero et al. Chem Sci. 2022

p-type SC catalyst

cal

ohmic contact

protective layer

Artero et al. Chem. Sci. 2019 Artero et al. Green Chem. 2020

TiO, ALD coating passivates the inorganic semiconductor support and stabilizes the grafting of the catalyst onto its surface
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mo_§° . Dye engineering ”°b
Ney
N \|\cuH \'? 'Y : :> N /s‘/CN ":y

N L K 1
. . N \< NH — %
Catalyst engineering N 3 K
0 N °\;> % \\ ,CuN—>
° k_l/ h |\NH
Ll 10 to 15 pA.cm? 10 to 15 pA.cm? T
96 £ 14 nmol,,.cm2 187 * 25 nmol,;,.cm2
65%17 % F.E. 667 %F.E.
13+ 1 TONs 21 +£6 TONs
i) : & -2
A f o 1010 15 pA.cm Chavarot-Kerlidou, Artero et al., ACS Catal. 2021
< I ;Kw ., 10 to 30 nmol,;,.cm-2
(@f\ﬁm 10 % F.E.
< “ <3 TONs
Kaeffer, JACS 2016
HO_OH
Ho_on |" ) ) o =N o T
"\' _<:" No, Catalyst engineering aVWa HYQ& G
| o 0\\ = N\ N N Sw Nc" />
2 0-p N N-Ri—N i
o 9 N"‘Ru—N P - o ¢ '\‘/ \ \\IJ
Dye engineering 3 ﬁ —of () &
0>F 400-800 nm Sim. AM1.5G — o )
70l -
‘;;;\ou 58+ 11 pA.cm? 847 pAcm? vt Upto 150 pAcem®=
28 + 2 nmol,.cm? 60 £ 9 nmol,;,.cm2 300 to 300 nmol,;,.cm
24+5%F.E. 267 %F.E. )
511 TONSs 13 £2 TONs 509 FE.

100 to 150 TONs
Chavarot-Kerlidou, Artero et al., ACS Appl. Mater. Interfaces 2021

Integrated with BiVO, photoanode in a unassisted PEC device for water splitting
(STH = 4.6 x 10%%) and CO,-to-CO conversion (STF = 1.3 x 102% )

Chavarot-Kerlidou, Artero et al., unpublished
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Self assembly and mononotoring of an artificial leaf )
Elaboration of a single [Co{WS,},]* é
precursor for simultaneaous photodeposition g

of both catalysts

Nocera and coll, Science 2011

Tran, Artero et al., unpublished

Potentiostat
Channel 1 Channel 2 T T T T T T ,;“
WE, E, +RE, Jll WE, CE, + RE 0.0 too E
CA. OV vs. rel
vs. ref ocV = 05 los £ i
(1) AM 1.5 filter ® = =
(2) Quartz window c 2
(3) Clamp cell W .g 1.0 1.0 G
(4) Phosphate buffer 0.1 M (pHT) 5 a 5 O
(5)CoWO (Bc) =] k-] 2
(6)3jn-a-Si PV o 57 . 15 o
a) built-in ITO, b) 3jn. o) Steel f H
b
(7)CoWS “ 20 +-2.0 ‘5
Xenon lamp 10 20 30 40 50 60 ©
280W
100mW fem? Time (minutes)
2 (3) (4) (5) (6a) (6b)

Performances : 2-3% STH

Simplified fabrication with deposition of 2 distinct catalysts from the same solution
Monitoring with bipotentiostat allowed to gain insights into the operational conditions
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=PFL  PEC H2 production coupled to oxidation of solid waste streams
7
w
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Bhattacharjee et al., Adv. Functional Materials, 2021
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