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Routes to Solar H, by Artificial Leafs:
Physical boundary conditions
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Routes to Solar H, by Artificial Leafs:
Physical boundary conditions

Involved elementary processes are
equivalent:

=L ight absorption, charge carrier
generation and seperation

=|_oss free interface transfer of
chemical potential and photocurrent

»Minimisation of overpotentials of
multielectron redox reactions

Optimisation needs of elementary steps
are_equivalent

but

Complexity of device structures,
given understanding,
and reached/expected performance
are not equivalent
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Photovoltaic converter requirements
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Optimisation of performance: Optimisation of perforn;ance:
*Maximize photovoltage Uy, < Eg - |E¢ *Adjust photovoltage U,,°P > |E eq - Eyl

*Maximize photocurrent iy,

*Maximize photocurrent iy,
*Minimize overvoltage losses n

nSTH =i, T AE 0/ Py, (=1 faraday eff.)

for operational U, > AE 55 + Upes
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Performance to be considered for VECHSCHT:
thin film Si multijunction PECs 2l
Data from cooperation with Finger et al. FZ Jilich AEHzo TMH20 =0.5V
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Driving force (U,,°P) of PV component must exceed 1.6 V + U, at operation

"U,,°P>1.23V+0.1V+03V+0.1>17V+U,
AEHZO nHER nOER IR
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1. step: Optimization of PV-Converter e. g.
nip-Structures leading to high photocurrents
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Optimisation:  j(U)=G(U)-RU) =1 <31% (AM 15)

n-membrane i-absorber p-membrane lluminated: ”jph“ max
A
- - () QE (M) —1
Ecs Lpig = (D 1)¥2 > 3/a
c — & — > lluminated: V. max
CB= === e e g
nN-Eg
p-E- IVOC g G max:
h+
E. 700777777, g R min:
" | jo o« exp (-Dg/kT)
e+transfer blocked R = SIFAn q
blocked h™ transfer S”: GIFV DOS”:
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Single absorber PEC cell for water splitting UN IVERSITAT
DARMSTADT
H,O u H, Ec A o — = \
H,-catalyst nE; t ERedox (Hz/ Hzo)
2 b'ﬁ I' - E, Al | [1.28ev b Ap> 1.7 eV
uffer layer U %P =U,,mPP = 1.7V
ol | :nA ERedox (Oz/Hzo)‘ UEhoc >1_p9\/; EG>2.2€V
EVB —

Fountaine, et al Nature comm. (2018)

Ideal

A Tmax=5.4%

B max=30.6%
® max=15.1%
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Tandem cell devices for PEC H,O splitting cells BELVEE?%
)
H,O u H, H,O \u H, hV>_Er~ ) w V> h+
H,-catalyst H-catalyst [
e o o o
buffer layer C/ Vi Z//) % H
recombination Dl d B 2 +
junction ) /
S T semiconductor Il h 7 Ee
T % by // Ay HZO
metal |electrode | %’ - —h.- — :\
XXX XXX XXX h G 7 O,
O;-catalyst LR 3 h+
H,0 77X o, : E
. H, -
% STH efficiency limits = -
> “ 25
22
- » Challenges: - Current coupling
o &= . .
£ 5 E - Maximise photocurrent
2. . - Optimise Photovoltage
i | - Stability
May, Déscher, Turner. - Cocata|ysts
s 08 08 10 12 12 15 18 20 'Integrated Solar Fuel Generators"
Bandgap bottom cell / eV RSC Publishing 2018 = SuperStI’ate arrangement
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2. Step. Electrocatalysts for H20 splitting reactions

with minimized overpotentials
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E [V Elektrolysis
E (HY/H,)=
AE = 1.23 [V]
E (H,O/Oppezzz---mmmmmmmmmmmmmmmmmmmmmeeeooooes G

T]OZ/HZO

lg i [mMA/cm?]

[>AU:1.23V+O.1V+O.3V+iR>1.7V

nHZ/HZO T]OZ/HZO
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Energetic Stabilisation
of Intermediates e. g.

*which intermediates?
*which catalysts?
swhich stabilisation?

*New catalysts: metals, oxides, biomimetic?
«Catalyst-support interaction?

«Catalyst nanostructure effects?

sImproved mechanistic understanding

[ ]
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Activity and availability of multielement catalysts D
N OER Activity of Various Catalysts after 2 h at 10 mA cm*
£ 12 zz {Acid
£ g 88 £, _
o | £EpLigi2
% 0.4 2SS mT T ¥o- E E_
%00 0 ZEZZZ Ezz
9 100009 2352 SSHsE
SNREL HEUT 508
0 T e YT evyT <13 O
5 -0.8|Base ...~ £¥ Acid =
HER ...T. Jaramillo, JACS 2015

« Fundamental understanding and optimization of benchmark catalysts
« Improved (uncritical) multielectron transfer catalyst with advanced properties

« Electronic coupling to PV absorber components and reducing interface losses
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3. step: Addition of passivation layers and
catalysts for water splitting
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Optimisation:  jlU)=G(U)-RU) = 7. <25()% (AM 1,5)

H2 evolution I-absorber  O2 evolution o _
E 4 E, PEC Performance optimisation:

interface engineering needed
- graded junctions

- buffer layers

- reaction layers

- catalysts

Erog == [

Chemically and structurally
adjusted interfaces

e transfer blocked
blocked h* transfer
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Solid electrolyte interface engineering

A .
P40 Marcus-Gerischer theory
—(E—E% +7)°
05 Wor(B) =~ Bxp —E—Ertos 1)
AT 4KT .
CB
2
1 _(E_E?edox_‘f”)
Wied(E) = E - .
VB wlf) = "p( KT,
A : reorganization energy

» Distribution of density of states across interfaces ?
» Marcus Gerischer theory only valid for reversible one-electron redox_couples

» Involvement of surface states, passivation layers and/or metal co-catalysts ?
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Some achieved STH efficiencies for PECs:
Immersed tandem (triple) cells

NstH | ! =
12,4% 1 S FE z: N
=<, 7 7Y F-l ! c: EE__ ol £ Light
o += = |

Water

Nsth

2

2H* + 2e

~ B———0
Q ' 0
. F Mg 0, graphie 6.4%
T ! 7 Ag
< : HER catalyst
x O N 9
&CD o o o'e
= = || + Q
I < = 3
Top cell: Bottom cell: + < c0®
GalnP GalnAs 8 e I .°0.
E=178eV I Eg=126eV 1 é" OER catalyst
(anode)

. M. May, ..., T. Hannappel, ACS energy letters (2018)
electrolyte Ptcoil Co-Pi grad-doped FTO glass ITO 2-jn a-Si Ag/Cr/Al Urbain ...Finger, ...Jaegermann,
BiVO contact . )
4 Energy and Environmental science (2016)
...Van de Krol, Nature Communications (2013)
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Device optimisation and engineering needs
shown for buried junction tandem PEC-cell

hv>Eg

j

J\ J
Indiviual component 1. PV englneerlng 2. Electrocat. engineering holistic device

eng_in_eeri_ng/ engineering/
optimisation 3. Interface engineering optimisation
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Artificial leafs: Materials Science challenges for
promising device structure (thin film tandems)
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H, Hio H2
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Contact ! .
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Contact
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Contact
and
passivation

0,- &
0, - catalyst H,O 9]
catalyst H,0 0 22

~2

Absorption of light: Two thin film absorber layers: EG1 about 1.2 eV, EG2 about 2 eV

Interface engineering: Buried junctions with electronic and chemical passivation
layers

Adjusted multielectron transfer catalysts: Co-catalysts redox reactions needs to be
adjusted to band edge positions

Involved materials preferentially be based on non-critical materials
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Generation 3 solar cells:
Thin film tandem cells of inorganic thin films
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Tunnel Junction

Middle Cell: GaAs

Tunnel Junction

_N ovel
Materials

Drawing Not To Scak

c-Silicon

Contact

*AR: Ant-Reflzctive Coafing

Expected advantages: » Cheap deposition technology
* Low material consumption
» Cheap materials
« Economic very competitive
* Higher performance

Discussed disadvantages: <_Limited resources (?)
» hazardous materials (?)
* nearly no scientific efforts yet

Wolfram Jaegermann, Surface Science, TU Darmstadt
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Selection criteria of PV converters
(green: easily to be calculated by DFT)

= Optical properties (indirect gap vs direct gaps, forbidden transitions)
—> easily checked by optical measurements, DTF calculations
- immediately rules out materials

» Transport properties (mobility, minority carrier lifetime, diffusion length)
—> intrinsic property effective mass given by DTF calculations
—>extrinsic properties. defects, recombination centers, given by materials manufactoring,
related to deposition technique and substrate

= Contact properties (doping, homo-hetero interfaces, metal contacts)

—> can be checked by experimental studies, no proven and valid design strategies
- immediately rules out materials

= Morphology (grain structure and texture, pinholes, secondary phases)

- identified by SEM, XRD
- may be solved by suitable deposition technique (huge parameter space)
—> strongly determined by interface thermodynamics, no kinetic control

Which materials to choose, are there clear criteria?
When is it worth to optimize a material or a device structure ?
How do we know where to start optimizing ?



Novel bandgap engineered oxide/chalkogenide
Semiconductors: multinary compounds
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Parent Oxides ? chalkogenides ! Novel Oxides ?
electronic structure based on filled d(s) states chalkogenides !
e.g. Md% Md% Ms? Mt,°

Cu,ZrS,, etc

ZrS, Cu,S
M‘ sp© M* sp©
M d | M d°
Eg>3eV 1
Eg>2eV
Eg>3eV ! ¥
M‘ le M‘ le
S2p S2p —‘ S2p —‘

Bandgap Reduction with (?) retained favourable semiconductor properties:
high absorption coefficients, high mobilities, high carrier lifetime ...,
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Detrimental effects due to localisation/redox
reactions of semiconductor band edge states?

tendency to intra bandgap defect states:
polarons or reduction/oxidation states

old view  this work
Fe;0,

An+ dm

S

electron polaron formation energy
e mm— e m e —————————— - E intrinsic
Egort>2eV Er range/
l hole polaron formation energy polaron gap

Xn- p6

» optical gap # electronic gap

» polaron gap acts as effective bandgap
reduce (quasi) Fermi level shifts!

> pOIaronS reduce Carrier mObIIIty Lohaus, Klein, Jaegermann, Narture Commun. (2018)
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Photoelectrolysis cell:
Interface and kinetic engineering needs
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Most of the photovoltaq@
is lost at the interfaces

.......................................

May, ..., Hannappel,
Nat. Commun. (2015);
ACS Energy Lett. (2018)

Top cell: Bottom cell: =
GalnP GalnAs ) E
E~178eV 1 E~126eV 1

Ub\as -1

Ublas + Ublas =+

x Schottky contact: Heterocontact:

SC buried junction:
Favorable adjustment

Fermi level pinning

Unfavorable adjustment
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Photoelectrolysis cell: Interface engineering 5y UNERSITAT

* Interface engineering:
h*——> U bias - chemical surface passivation
7 —1 - electronic surface passivation
- energy line-up of quasi Fermi
levels to redox electron states

h+

* Kinetic engineering:
- advanced catalysts
(Pt, RuO, ...)
- electronic coupling to
SC substrate and electrolyte
o No intermediate states with
electron energies situated far
Er from band edges allowed

N A
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Research needs: Adjusted energetic alignment of
Improved and uncritical electrocatalysts

Specifically designed

H2 evolution i-absorber 02 evolution
=4 electrocatalysts
Py i
L & —f/—> 5%
E — || Y adhy Aipad
red | _EF ‘ Mn - Complex :
p-EB /5 Vo c biomimetic Hammerstrom et al
........ -] — ox
— AP,
h + Co** = Co* — Co*
L Ca K 2 Hzo
D!
G:H*.#e]
2H,0 0, +4H*
e transfer Co-Pi
+ )
h™ transfer Noceraetal  Metal oxides Kurzetal
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Co-catalyst engineering: surface electronic structure TR
and inner interfacial double layer potential drops DARMSTADT
IMI 1.5eV .
Evac J 0.8 eV .
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EVac

= = A
Evac _
= J/\\ = /\ - J./W“#\f \ |‘> 5

Electrocatalysts needed with high electronic DOS  pmmsr
close to E;: study of surface electronic valence band
stucture

N899

N8 €Y

ATE |

Ti TiO, MnO,

Influence of interfacial layers formed at internal
junctions: increase of overvoltage Eve

1.9 eV

Internal and external potential losses lead to
photovoltage losses due to interfacial dipolar
potential drop: to be measured in surface science
experiments and by changes of surface potentials

A2 9'9

N LY

P. Connors et al. BK, WJ, unpublished results
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Understanding interface engineering

Influence of different layers —

on contact potentials:

-Surface layer

e4(z)

Brac T h

eXsc

Dgc

Ece

Eve

1000 A |

1
1
eXSC I
1
1
I\ 1
1

¥ =
1

* 1

evk=evm./’>
. |
1

RS

(DOS)
(

semiconductor

Electronic structure
and density of states:
-Surface layer
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Stepwise formation of semiconductor/electrolyte 0
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Influence of different layers
on contact potentials:
-Surface layer
-Adsorbate layer
- e4(2)
=] R
Dsc i
Eon :i er=+eVbb/;
Y ] .
\\ %z Electronic structure
\ 5 and density of states:
| -Surface layer
s -Adsorbate layer

(DOS)SS
(DOS)SR

semiconductor

Materials Science | Surface Science Divison | Prof. Jaegermann | %urface
cience




Stepwise formation of semiconductor/electrolyte

interfaces

Influence of different layers
on contact potentials:
-Surface layer

-Adsorbate layer

-Electrolyte layer

eb(2)
Brac T M

eXsc

Dgc

Eve

N

(DOS)SS

semiconductor

(DOS)SR

]
Evac

Dygds

=
ZZ@ Electronic structure
and density of states:
-Surface layer

— ] erews-Adsorbate layer
(DosyE -Electrolyte layer

electrolyte phase
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Stepwise formation of semiconductor/electrolyte
Interfaces

Influence of different layers
on contact potentials:
-Surface layer
-Adsorbate layer
-Electrolyte layer
-Passivatienl&f2r

eXsc

]
Evac

Dgc Dygds

i

eVi=eVhp

Eve

Ece |-
Z@@ Electronic structure
2 and density of states:
-Surface layer
-Adsorbate layer

DN\

semiconductor adsorbate phase - P ass | Vat | on I aye r

core leve




Stepwise formation of semiconductor/electrolyte ) PR
. NIVERS
interfaces DARMSTADT

Influence of different layers
on contact potentials:
-Surface layer
-Adsorbate layer
-Electrolyte layer
-Passivatien&2r
-Metal Catalyste*sc

]
Evac

Dgc Dygds

i

eVi=eVhp

Eve |\

e s

-Adsorbate layer
- DOy -Electrolyte layer

semiconductor adsorbate phase - Pas S |Vat| on I ayer
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Need for advanced materials fir PV components,
electrocatalysts, contacts, interface engineering:
Improving performance, reducing criticality

engineering along the length scales
nano meso micro macro

macro morphology
device structure
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Novel compounds doping In(ex)ternal interfaces morphology

[ S S e S e |

contact

compositional Fermi level interface _ _
engineering engineering engineering engineering engineering

MATERIAL‘S GENOM
Integrative effort: pre use, in operando , post mortem

Modelling platform: advanced simulation technigues crossing time and lenght scales

Synthesis platform: advanced synthesis technigues beyond thermodynamic to improved kinetic control

Characterisation platform: chemical, structural, electronic, performance, across levels and time scales

— Materials bookkeeping and management: resources, recycling, energy & cost demands, assessment




Comparison PV-EL vs PEC TECHNISCHE
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Photovoltaic-electrolyzer cell (PV-EL) Photoelectrochemical cell (PEC)

v
T ge Ve g¥uy

o Jagiosge do|

H+

Electrolyzer

Heat accelerates reactions
Integration reduces costs
Low Jpnete —> Cheap catalysts

x Heat degrades PV performance
*x Many components = high costs
x Noble metal catalysts

For adjusted coupling of PV and catalysts component PV-EC and PEC provide the
same STH efficiencies and j-V dependencies, which needs

. alignment of electrochemical potentials of electrons and holes across interfaces
. no recombination via defect levels
. fast charge transfer/no ohmic losses_across interfaces

- PEC H2 may provide advantages compared to PV-EL combinations
- comparable basic research needs allow different technology decisions
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