HZB Helmholtz

Zentrum Berlin

Towards Efficient Solar Fuels Production
from materials to large-area devices

Fatwa F. Abdi
Institute for Solar Fuels

Helmholtz-Zentrum Berlin fur Materialien und Energie GmbH
Berlin, Germany

E-Mail: fatwa.abdi@helmholtz-berlin.de

[isBtesal

Webinar Direktorat Riset dan Pengembangan Universitas Indonesia, 14 Oktober 2020



HZB......

Zentrum Berlin

R rTITIE N

Wannsee — Lise-Meitner Campus

-u'“ 2 ié | . ; < - at
g SR gl : 7 .
P A S 4
1 AR a 3y ke 5 o ¥%
' i R o2 Y o« Lg%

Adlershof — wilhelm-Conrad-Roéntgen Campus

Compound semiconductor photovoltaics

Solar Fuels

« BESSY-II Synchrotron

« Silicon & perovskite photovoltaics

« Energy Materials In-situ Laboratory

« Nano-architectures for Energy

PV Competence Center Berlin (PvcomB)

Electrochemical energy storage (battery)
Soft matter & functional materials
Magnetic materials



Why Renewable Energy? Reducing CO, emission
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CO: emissions per capita vs GDP per capita, 2016 Costa et al. PLOS One 6 2011 29262

Carbon dioxide (CO:) emissions per capita are measured in tonnes per person per year. Gross domestic product
(GDP) per capita is measured in international-$ in 2011 prices to adjust for price differences between countries and

)
adjust for infiation. CS‘J - 2000
Qatar = Africa QO :
* United Arab Ernn'alqs. - ésia [T . USA
* i urope
—— ’.Ur\lted States T UO) 1 O 1 - 0]apan
‘ o ko .‘mn Singapore ® Oceania = = A China
10t Libya hina Potand @ 4 ialreland Norway » South America o = Brazil
®  * siovawaUSited Kingdom =, L g i
¢ (P gl Fortugal! oL B 2 e ¥ Indonesia
: "# atvia ¢ [4v] 5
pr Slabeiisa® ;L Matta e 0 P India
= 1 ite anama — - -
8 o ‘-d sa Uliguay % 109 E +Nigeria
E- Sviia . 3 ;:ma i : O E *® Bangladesh
» Lesotho | pakisidly ‘\ 7 - |
As 1t Vel ’magus. .Pnraquay OJ
o =1 =
@2 anbsbwege o Nigeria - D—
£ ® < genegal d
a». N Indonesia 210 F
o yowntuqug_ enya =
2 Hot o 8y deos = 3
Liberia  Gumea L '9 =
Fas -
e s [
iger . - —
0.1t & Mail E
° amotratic Republic of Congo -2 -
Burufdi Chad I-IJ 1 0 il 1 I
$589 $1,000 $10,000 $100,000 0 02 04 06 08 1
GDP per capita ) : ' )
Source: Global Carbon Project; Maddison (2017) OurWorldInData org/co2-and-other-greenhouse-gas-emissions/ « CC BY H U ma n D evel 0 pm e nt I nd ex (H D I)

. . COZ COZ
How to break the relationship? D
g

GDP
more efficient low/zero-carbon
use of energy energy source




Hard Facts on Renewable Energy
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Sunlight is the most abundant  Energy- and power-densities of ~ Our energy use: 17% electricity, 83% fuels
source of energy chemical fuels are off the chart Large infrastructure for fuels
120,000 TW vs. 30 TW (2050)

|
Fuels from sunlight

Is this possible?



6 CO, + 6 H,0 > C,H,,0, + 6 O,

O,

5 chemical feedstock for
Fischer-Tropsch -
methanol, diesel, etc.
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Photoelectrochemical Cell

4H* + 4e~ < 2H,

© 2H,0+4h" &0, +4H"

Transparent  Semiconductor Metal counter-
conductor Overall reaction: electrode

2H,0(1) <> 2H,(g) + O,(g)



The ,,Holy Grail“ : Direct Photoelectrolysis

Requirements

« Good visible light absorption

Suitable band edge positions

Efficient O,/H, evolution (catalysis)

Efficient carrier transport

High (photo)chemical stability

Low cost

Electrolyte  Semiconductor  Electrolyte

We are interested at complex metal oxide semiconductors



A Success Story: Bismuth Vanadate (BiVO,) ‘

Yellow pigment (paint, printing ink)

Kudo et al. in 1998
Photoactive phase: monoclinic scheelite

n-type, bandgap is 2.4 eV




Spray Deposition of BiVO, Thin Flims

Precursor & Spray Parameters Nezzle
e Solvent: ethanol + acetic acid - I
e 0.02 M Bi(NO3)3°5H20 Spray Controller

e 0.02 M VO(AcAc),
e Substrate temperature: 450°C

Reservoir

____ Sample

Heating Element
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BiVO, as prepared ﬂ
| — BiVO, + Co-Pi catalyst

Performance limitations due to:

 Slow water oxidation kinetics
— deposit CoPi OEC

« Poor carrier transport
— doping with W [21'; H insertion [l
2WO, +Bi,0, —2¥% 28X + 2W,, +80% + % 0,(q) + 2¢’

HZ(g) — 2Hi. + Ze/ 012 | 014 | 016 | 0f8 | liO | li2 | 1f4 | 1f6 | 1j8
. . Vo (V)
* Poor Charge carrier separation RHE

— dopant gradient 4
1%—0% W
in BiVO,

— nanostructuring 5]
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[1] J. Phys. Chem. C116 (2012) 9398 [4] Nat. Commun. 4:2195 (2013)
[2] ChemCatChem 5 (2013) 490 [5] Kim et al. Science 343 (2014) 990 4
[3] Adv. Energy Mater. 7 (2017) 1701536 [6] Pihosh et al. Sci. Rep. 5 (2015) 11141 ITO/PYITO




Progress in BiVO,

Photocurrent (mA/cm®)

J. Phys. D. Appl. Phys. 50 (2017) 193002
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Highest reported photocurrent already very close to the theoretical maximum



Oxide (BiVO,)-based devices show increasing efficiencies

Reported solar-to-H, (STH) efficiencies

for water splitting devices based on oxide absorbers
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Progress in BiVO,

J. Phys. D. Appl. Phys. 50 (2017) 193002
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How can we go beyond the theoretical limit?



Sulfur incorporation to reduce the bandgap of BiVO,

-2 Marlene Lamers
7 -
-1+
S -4
S S ok CB Lo o iy, Sulfur partial
= : EI’ G pressure [bar]: 0 3.5x10°% 1x10+4 3.5x104 1x103 3x103
S 5
0 % 'l E= — 7/ T T T
% @l @ | T R RS T oBivo,S
> > 2 o XRF ol w
2 > 2+ © 0 XPS % 0,
w -7 VB Lé 05 é | Ov
gl ; . S =
S incorporation S m
8 .
4 | B[VO4 5‘) 00__"9_'"7'/'/"'0' """""""" ?____;- """""" 6dﬁtF6|'- B|V04
v v 0 ) 16-6 16'5 16'4 l(l)'3
S partial pressure (bar)
. Bandgap shifted by ~0.3 eV, which e e o nerovieVI
increases the STH,,, 10 12% T T
cesee ] [ N FocicaL
o - _ _ \
. . — R 1 S-BiVO, !
* N-incorporation has also been reported, » (b, =35x10%bar) Y UNIVERSITY
but not successful for our BiVO, 2 [ 1 SINGAPORE
& 0014 - -~ .‘ 4
Solar RRL 4 (2020) 1900290 "« BV, \ ’
< \ \
% - ‘4 = =
0.000 O L

T T T T T T T T T T T T T
360 380 400 420 440 460 480 500 520 540 560 580 600 620

Chem. Mater. 30 (2018) 8630 Wavelength [nm]



CuBi,0,-anovel complex metal oxide

* Bandgap ~1.8 eV
Mobility and diffusion length comparable to BiVO,

Band edges straddle the H, and O, evolution
potential

Large photovoltage ~1.0 V
Stability is an issue — protection layer
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Chem. Mater. 28 (2016) 4231

Ongoing collaboration with Ul (Dr. M. Khalil)
J Mater. Chem. A 5 (2017) 12838

CuBi,0,/Bi NPs for photoelectrochemical
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a-SnWO, - a novel complex metal oxide

D E vs. vac [eV]
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«  Orthorhombic crystal structure 20["] a-SnWO,
* Ep~0Vvs. RHE
« Thin films deposited using pulsed laser plananantaafannaaaananaaanns
deposition (PLD)
« Bare film is unstable due to self-oxidation: a-SnWO,/NIO
Sn?* oxidizes to Sn#*
* NiO, deposition extends the photoelectro-
chemical stability and we obtained record o-SnWO, L I
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Chem. Mater. 30 (2018) 8322 16



Understanding the limitations of a-SnWO,/NiO,

0.25
100 T T T
‘g Electron escape depths - experimental: s—
£ extrapolated: em—
£
v ®
0204 i e |
- ' 4 Hard X+ay High Kinetic Energy
= Photoemission - range
S - :
= ] '1. E 1k
o ‘1 'E vlnnzkami :
3 0.15 - ! & o ran
<] . _0 1 photoelectron spectroscopy 01
' 10 100 1000 10000 ©
= E Electron kinetic energy (eV)
AY

NiO, layer thickness (nm)

NiO, layer thickness (2 — 50 nm)

Photovoltage (OCP) decreases with NiO,
deposition

Hard X-ray Photoemission Spectroscopy (HAXPES) was performed at the BESSY-II synchrotron

Films with different thicknesses of NiO, were investigated with varying photon energies (i.e.,
different information depth)
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Understanding the limitations of a-SnWO,/NiO,
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The presence of Sn** at the a-SnWO,/NiO,
interface (as defects or SnO, phase) causes

the limited photovoltage

Schnell et al. submitted
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Next step: Scale-up!

Only a handful of reports (out of more than 100) demonstrated active area > 1 cm?

Efforts at HZB

. 4 10 m?
:. ® Qe
PEC|DEM modules ‘
200-250 cm? T =
modules '
50 cm?
ECH electrode
<1 cm? o
device Sust. Energy Fuels 3 (2019) 2366
O STH efficiency
2.1%
Efficiency limited by potential drop in the Dr. ‘.Sonya éaman
ici electrolyte due to proton conductivit 177,
STH gf;Lc;;ency y p_ nouct y 7 PvcomB
. Electrochemical engineering 19



Multiphysics simulations are important in identifying losses
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Experimental validation Is needec

In-situ pH measurement sy
nas NS PN 0, cross-over and separation
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Simulation Measurement by
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the entire water splitting cell

Obata et al. in revision .lﬁ




Further experimental validation approach in ou

Electrolyte velocity and pressure measurement Bubble dynamics
using Shadowgraphy

pulse laser
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Take-home messages

Solar energy is the way to go

® We just need to store it!! = Solar Fuels

Materials development is key in order to enable breakthroughs in
photoelectrochemical water splitting

®* Progress in BiVO, has overcome many of the materials limitations;
the bandgap now limits the achievable photocurrent

® Sulfur incorporation shifts the bandgap by 0.3 eV (STH max. 12%)

* CuBi,0, or a-SNWOQO, is a promising novel oxide with 1.8-1.9 eV
bandgap

Scale-up is challenging; important to develop ‘feeling’ for this

® The combination of modeling and experimental validation is
powerful to fully unravel the limitations in electrochemical cells
23
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