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—p=| Recap: Mott-Schottky Equation

MS plot for an n-type silicon
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—p=L Photoelectrochemical Measurements
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—pr=| Solar-To-Hydrogen Efficiency

« Solar-To-Hydrogen (STH) efficiency is defined as chemical energy of the hydrogen
produced divided by solar energy input from sunlight incident on the process.

« The chemical energy of the hydrogen produced = The rate of hydrogen production
(mmol H,/s) multiplied by the change in Gibbs free energy per mole of H, ( A GY =
237.2 kJ/mol at 25 °C).

(mmol H,/s) x (237,200 J /mol) 4= This equation calculates the power output
STH = mw 5 (numerator) based on the direct measurement of the
Protal (sz) X Area (cm?) AMLSG true H, production rate by an analytical method such
as gas chromatography or mass spectrometry.
(Jse (MA/cm?) x (1.23 V) X g 4= Alternatively, this equation uses the relation that
STH = mw power is the product of the minimum energy to split
Protai (sz) AMLEC water, current, and the Faradaic efficiency for

hydrogen evolution
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—pr=| Solar-To-Hydrogen Efficiency

PC PEC

47
mmol H,/s) X (237,200 ] /mol 2 _
STH — ( 27/71%/ ( J/ )‘ STH — (Jse (mA/cm#) >in(V1V23 V) Xng
P —— ) X Area (cm? =
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—p=| Assessment of a Dual Tandem PEC Cell

% H+/H, 0,/H,0
e : Operation point
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o | Photocathode Photdanode
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Photoanode ; 5 : >
Memb
4 Prﬁg cathc Photoanode =~ Membrane Photocathode 0 E vs RHE 1.23

Examine separately photoelectrodes.
Predict ‘best’ performance (overlapping of JV curves)
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—pr=| Assessment of a Dual Tandem PEC Cell

i H+/H, 0,/H,0
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Today’s low-cost PEC cells suffer from poor STH E Photoc;:athode Photo%anode
- Poor performance of photoelectrodes § | Operation point |
- Non-optimized combination of %
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0 E vs RHE 1.23
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—pr=| Challenges to Address

. BULK PROPERTIES
- - @¢:>’Jte surface defects = Bulk defects (recombination)
X N '/ = Carrier transport

= Doping density (conductivity, depletion depth)
= Morphology (charge collection)

G jbr jdr j;s

redox

SURFACE PROPERTIES (Semiconductor-liquid junction)
Surface defects (recombination)

Catalytic properties
Jph =G - Jbr - Jdr - Jss - Jt _ Jle Stability

e Charge recombination in the bulk (br), in the depletion
layer (dr) and via surface states (ss).

e Electron losses by reaction with redox through tunneling
(t) across the potential barrier or at the surface (te)
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—pr=| Assessment of a Dual Tandem PEC Cell
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—pr=| Assessment of a Dual Tandem PEC Cell
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—pr=| Examples of Photoelectrodes

Photoanode (n-type SC)
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—pr=| Examples of Photoelectrodes

Band edge positions of semiconductors in contact with the aqueous electrolyte at pH =0
relative to NHE and the vacuum level.
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—p=L o-Fe,0; (hematite) as a Photoanode

Advantages

« Cheap and abundant (Fe in the earth crust, 5.6%
by weight)

« Stable

o Environmentally benign
« Absorbs over 16 % (AM 1.5G, E, = 2.1 eV)

 Theoretical max STH =15%, J_ . =12.5 mA/cm2

Challenges

Bulk problems
. Short hole diffusion length (L, =5 nm) (light penetration depth of 118 nm at 550 nm wavelength)

o Poor conductivity (10-6 Q-1cm-1 for single crystal and 10-14 Q-1cm-1 for polycrystal)

Surface problems
« High overpotential for water oxidation kinetics (surface trap states)
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=pP=L Bulk Problems in a-Fe,0; (hematite)

Electrolyte Electrolyte

~

SRR,

Nanoparticles Mesoporous

holes cannot
reach SCLJ

Nanorods Nanotubes Nanosheets Nanocones Cauliflower

A. G. Tamirat et al., Nanoscale Horiz., 1, 243 (2016)
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=pP=L Bulk Problems in a-Fe,0; (hematite)

A nanostrucutre’ s large aspect ratio provides a long optical path for improved light
absorption along the vertical axis, while its much smaller diameter facilitates collection

of minority carriers over a shorter distance, minimizing the probability of recombination
within the absorber material.
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=pP=L Bulk Problems in a-Fe,0; (hematite)

- >
APCVD (6 L min-") with Ir0, o [~ 39 3
S5 &
APCVD Optimized at 6 Lmin-y/ [~ 30
7 55 3 Si-doped
Si doped APCVD (2 L min~") with Co%._~~ T g Fe,O,
[ —20 5
J @
, 3
Ultrasonic spray pyrolysis (Si doped) / — 15 o
5 —1.0 i
Ultrasonic spray pyrolysis / <
@ —~ 05 5 Substrate
Undoped colloidal . _— >
®—— 9Spray pyrolysis - 0.0 o (F:5n0,)
1 1 I I I ] I I 1 1 1 1 I ] 1 1 1 I ) 3 L {
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Year

K. Sivula et al., Chemsuschem, 4, 432 — 449 (2011)

To promote charge transfer by increasing donor density
e Si4+ Ti4+, Sn4+, Zra+, Nb5+ (n-type) and improve the electronic conductivity of hematite.
»  Mg2+, Cuz* (p-type)

Ex) Zr4+ doped hematite: 0.1 Q-1cm-1 with 101° cm-3

doping concentration vs 10-14 Q-1cm-! for polycrystal
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=PiL

Bulk Problems in a-Fe,O, (hematite)

Morphology control
Doping
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—pP=L Overpotential Problems in a-Fe,0, (hematite)
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=—p=L Surface Problems in a-Fe,0; (hematite) — Overpotential

Surface recombination. Examining the electrochemical properties of the SCLJ

equivalent electrical circuit
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B. Klahr et al. J. Am. Chem. Soc., 134, 4294 (2012)

e G, indicate the accumulation of charges at the SCLJ just before the water oxidation starts.

« Charge transfer takes place from this surface state.
Trapped charge carriers “pin” the Fermi level, Fermi Level Pinning, leading to reduced band bending and

delayed onset of photocurrent (overpotential).
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—p=L Fermi Level Pinning (FLP)

No surface state / No FLP (band edge pinning)
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—p=L FermiLevel Pinning (FLP)

When the semiconductor possesses an excess of surface states (with a density of =1013—
1014 cm-2), the potential drop across the Helmholtz layer (HL) becomes the variable, so
that band bending degree in the space charge layer is greatly weaken and becomes
independent of the applied bias. This effect is called Fermi-level pinning.

Under Fermi-level pinning conditions, the degree of band bending remains unchanged.
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=—p=L Surface Problems in a-Fe,0; (hematite) — Overpotential

Surface recombination. Examining the electrochemical properties of the SCLJ
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Thorne et al. Chem. Sci. 7, 3347 (2016)
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—pr=| Theoretical Maximum Solar-To-Hydrogen Efficiency
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—pr=| Examples of Photoelectrodes

Photoanode (n-type SC)
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—p=L Cubased Metal Oxides
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C. Li et al., Energy Environ. Sci., 13, 3269 — 3306 (2020)
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—p=| Cu,O (Cuprous oxide) as a photocathode

Advantages

o Cheap and abundant
e Environmentally benign
« Band gap 2 eV

Challenges

Bulk problems
e Minority carrier diffusion length around 200 nm

(light penetration depth over 1 um at 550 nm)

Surface problems
« Instability under operational condition (Facile

reduction to Cu)
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’E/V versus NHE

+0.004

+0.47 |
+0.60 7

+1.234

[~ 2Cu0 + H,0 + 2e~ <~

Cu,0

- O? + 4H' + 4" <===>

| 2H' +2e"<-==>H,
| Cu,0 + H,0 + 2e” <===>2Cu + 20H"

==>2Cu,0+ 20H"

26



=p=L Nanostructuring Cu,O as a photocathode

Cu,0

Cu(OH), Cu thick

Cu21.5um
v —

Anodization
10 mA cm'z, 3 min, 3M KOH 600 °C ’ 4h, Ar atmosphere

< I

G

Cu sputtering

Cuzo nanowire
Cu,O planar film

-10

03 -02 -01 00 01 02 03 04 05 06
Potential vs. RHE (V)

J. Luo et al., Nano Lett., 16, 1848 — 1857 (2016)
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Photocathode: Cu,0/AZO/TiO,/RuO,

Nanowire Cu,O
20 nm Al-doped ZnO/100nm TiO,

forms a buried p-n junction
RuO, catalyst
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—p=L Improving the onset potential in Cu,0 photocathode

Cu,O-liquid junction

Cu,0-n-type overlayer
heterojunction (called
buried junction)
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Pre-equilibrium

9 eV

Electrolyte

Pre-equilibrium

EVB

n-type
Overlayer

Dark equilibrium

EO(H*H,)

Electrolyte

Dark equilibrium

n-type
Overlayer

il AE.
1

Under illumination
ideal cases)

EO(H*/H,)

Electrolyte

Under illumination
(ideal cases)

n-type
Overlayer

J. Cheng et al., Chem. Phys. Rev. , 3, 031306 (2022)

Improved photovoltage

Passivation against
photocorrosion

Still limited photovoltage
due to a large conduction
band offset

28



—p=L Improving the onset potential in Cu,0 photocathode

Cu Cu,0 AZO

CB

VB
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Cu,0 Ga,0,

Photocathode: Cu,0/Ga,0,/TiO,/RuO,
CB

« The C.B offset between Cu,0O and Ga,0;, is

ﬁ small.

AEgg=—0.26 oV « A build-up of a large photovoltage.
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L. Pan et al., Nature Catalysis, 1, 412 — 420 (2018)
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=pr=| Outlook on PEC Tandem Cells

« The formation of a SEMICONDUCTOR-LIQUID JUNCTION (SCLJ)

= Jun-Ho YUM, junho.yum@epfl.ch

can drive stand-alone photoelectrochemical reactions.

There is still need for finding NEW [VIATERIALS for the design

of tandem cells (complementary light absorption, robustness,
excellent optoelectronic properties)

Development of NOVEL STRATEGIES to effectively address

issues like poor diffusion length, bulk recombination and/or
surface recombination.



—p=| An Emerging Application for Organic Semiconductors

Organic semiconductors

v Tunable energy levels
v Solution-processing & low temperature processing
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—p=L An Emerging Application for Organic Semiconductors

Solar-to-fuel conversion: “Artificial photosynthesis”
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* transport
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OS-based
photoactive
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electrode

See review article: Yao et al. Adv. Energy Mater., 2018, 8, 1802585.
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—pr=L Ultimate Goal
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—p=L Identification of Ideal OS Materials: Photoanode
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in pH 9 buffer solution
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—pr=L Ultimate Goal
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=p=L Organic semiconductor photocathodes for direct H, production
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M. Haro et al., J. Phys. Chem. C 2015, 119, 6488. H. Comas Rojas et al., Energy & Environmental Science 2016, 9, 3710.
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=p=|_ Why is a BHJ in Water So Unstable?

Or can a direct BHJ/water junction P

photocathode be stable? 4_(/1\
|

Study with sacrificial electrolyte (carrier scavenger that easily oxidised or reduced)
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=p=|_ Why is a BHJ in Water So Unstable?

Or can a direct BHJ/water junction “Tnnnnn
photocathode be stable? 4.
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=p=|_ Why is a BHJ in Water So Unstable?

Or can a direct BHJ/water junction “wnnnnnnnnnm
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—p=L Insightinto Stability of NFA BHJ with Electron Scavenger

Changing the Eu3+ concentration:
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L. Yao et al. J. Am. Chem. Soc., 2020, 142, 17, 7795-7802
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Changing the applied potential:
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Changing the illumination intensity:
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—p=| Insight into Stability of NFA BHJ with Electron Scavenger

The reason of the photocurrent decay over time:
The accumulation of photogenerated electrons at
the BHJ/water interface due to poor charge
extraction

= Jun-Ho YUM, junho.yum@epfl.ch

Changing the applied potential:
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—pr=| Adding a Catalyst to Drive H, Production

b
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—p=| Large Area Demonstration
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—p=L Whatis Next?

Complete solar water splitting at zero-bias
Without any capsulation or passivation

[Back] [Side]

BHJ photocathode

= Jun-Ho YUM, junho.yum@epfl.ch

BHJ photoanode

D. Zhang, et al., Adv. Energy Mater., 2022, 2202363.
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—p=L Whatis Next?

Complete solar water splitting at zero-bias
Without any capsulation or passivation
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D. Zhang, et al., Adv. Energy Mater., 2022, 2202363.
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