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=PFL SC-Liquid Junction (SCL)J)

LIGHT
DARK (OPEN CIRCUIT CONDITIONS)
A
qE°(H*/H,) qE°(H*/H.)
)
5 qE*(0,/H,0) qE%0,/H,0)
photoanode electrolyte
n + An* : y :
E .= Ep+ kBTln( - ) If n-type semiconductor Photzr'\fc‘:zf;‘iigi”'er
n>p . . .
Ay > An* E, r~Ep n"=n+An
Epp =Ep+ kgTin (p - ) n n p'=p+ AR*\
— * * Increase
p=Ap Eyr \ by light
dark

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



=P~L Thermodynamic Energy to Split Water
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The photovoltage in the semiconductor is the
potential difference between the quasi-Fermi
levels of electrons (E;,) and holes (E;,) under
illumination.

V,n <E;of the SC

due to losses (arising from factors such as
radiative recombination, incomplete light
trapping, and non-radiative recombination).

In addition to the thermodynamic
requirement, there are overpotentials
associated with driving the kinetics of the
HER and OER at the solid-liquid interface.



=P~L Metrics in Photoelectrode Development
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photogzode Liquid electrolyte Dark current before onset should be small,

indicating no irreversible processes
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=P~L Metrics in Photoelectrode Development
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photoanode indicating no irreversible processes
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=P~L Metrics in Photoelectrode Development

External
Da rk : Counter A
bias, Ve electrode
,“ ----- Dark current H
K cathode > ll
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l Vext 1 Potential (Vo) vs. reference
[_E(HZO/OZ) :
Flat band potential
(L % IRy | I 3

Dark current increases when energy states
become available in conduction band.

n-type
photoanode

Liquid electrolyte
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=P~L Metrics in Photoelectrode Development

Li h External Counter A
Ig t bias, Vext electrode Photo current
/“ ----- Dark current
K cathode >
2
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©
=
Reference o
o E(H*/H,) electrode 3
T VA
hy 1.23V >
Eg AP l
. 1 Potential (V) vs. reference
E(H,0/0 :
(H,0/0,) Flat band potential
O
h+
n-type Liquid electrolyte At the Vy, there is no electric field to separate
photoanode the photoexcited electron-hole pairs.
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=P~L Metrics in Photoelectrode Development

Light
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Reference
E(H*/H,) electrode
I Vext
1.23V _____4L
/" E(H,0/0,)

Liquid electrolyte
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Photo current
----- Dark current
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1 Potential (Vo) vs. reference
Flat band potential

Under illumination (hv>E,) a photocurrent is
observed due to the presence of holes at the
interface between the semiconductor and the
electrolyte



=P~L Metrics in Photoelectrode Development

External

|_| ht . Counter
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Photo current
----- Dark current
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1 Potential (Vo) vs. reference
Flat band potential

The photocurrent increases and eventually
plateaus due to limitations of light absorption,
surface kinetics, carrier transport, etc.
Eventually, the dark current sets in.



=P~L Metrics in Photoelectrode Development

External

. _ Counter A
nght bias, Vext electrode Photo current

,“ ----- Dark current
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£ 1 The photocurrent increases and eventually
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(3) surface kinetics, carrier transport, etc.
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=Pr~L Photoanode and Photocathode

At equilibrium With light
Photocathode
a};‘/v Semiconductor b Semiconductor :C Semiconductor :
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| |
- e e |H'H € e- € e
CBp——— L. 2 CBlx e | CBf— €e !
| e, ! I G
B o) ) : ‘ |
S B E : E Vo P :
5 ! - . 1 (redox v “ ¥ (redox
)4 R W E, 3 P N o, =g R E.r..,...f..‘~_?" ¥
VB Y VB Y 1 VB Yy P |
h* h* h* h* h* h* I h* h* h* I
+ I \ I
- ~— | —_— |
g
deqv e  f :
_“ n-type n-type | n-type |
|
cp—&—& ¢ CBIEE e‘_,/ | cpl&.& e‘_,/ :
A A F I N l:‘ F
= T ——— 1 i ——— 2 T ] Y ... FolZElredog |
“F E : 2 L 1 |
7 - F(redox) - I “ Vi
E, E, OHT0, | £, ~MloHro, |
' e (R
OH /0, / I Fp I
A A v + I y +
VB T —— VB e ht N : VB = h* N :
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Photoanode

Image taken from Y- Zhao et al., Electrochem. Energy Rev., 6:14 (2023)
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=P~L Tandem PEC Cell

CB of photocathode higher than EF+/H2 + n e

Eyi1>Ey,

STH 22% with
1.8eVE,;and
1.15eVE,,

Photoanode Membrane Photocathode

VB of photoanode lower than EH20/02 4 . WRC: water reduction catalyst
WOC: water oxidation catalyst
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=Pr~L Photoanode and Photocathode

Photoanode
Counter electrode

<Photoanode>

n-type SC: Photoanode

Co-catalyst

i Photoanode Electrolyte Counter
Ohmic contact electrode

................ > d
p-type SC: Photocathode
Co-catalyst
o
- E‘

Counter electrode

Photocathode Counter Electrolyte Photocathode :

Dliaticaitiodes electrode Ohmic contact
Park et al., RSC Adv., 9, 30112 (2019) 12
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=P~L Photoelectrochemical Test Setup

a Single Vessel Cell b Double Vessel Cell
WE RE CE
S I Pt h
Sample (Ag/AgC) Pt mesh amp\:z (AgiAQC) / MES

|
g

<— Epoxy resin

<— Epoxy resin Grease joint
/

I
]

—-_
_._§
W — .

«— Grease joint

o I ——

Circulation u / Circulation
Circulation Circulation system | system |l
system system —— { . = S
: Separator
lllumination :
T ‘ | K
| L [ — ))
( ]
o N B
Magnetic stirrer Magnetic stirrer

Z. B. Chen et al., J. Mater. Res., 25, 3—-16 (2010)
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=P~L Photoelectrochemical Test Setup

Counter electrode
(Platinum wire)

Reference electrode

Ag/AgCl in saturated KCI ’
(AgiAg ) y Working electrode

(hematite on TEC15)

/ (back view)
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=PiL Photoelectrochemical Test Setup

Reference cell 1--------4

_ : Verify the intensity of the solar simulator
- = == ?Q\Lg /

— Block the light, e.g. chopped light experiments

|

. |

Solar Simulator I
|

S Cell
\‘Sample
REF MiE CE
[ Potentiostat ) Control the sample’s potential
> ee @ |32mA Measure the current

Experimental setup for measuring the performance
of a photoelectrode under irradiation with
simulated sunlight.
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=P~L Photoelectrochemical Test Setup

Reference cell 1--------

Solar Simulator

~Sample

REF | CE

Potentiostat 123V
e e @O '32mA

Experimental setup for measuring the performance
of a photoelectrode under irradiation with
simulated sunlight.
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Current density

Current-Voltage Curve

Photo current
---- Dark current

—-.-h"_——’

Potential (V.) vs. reference
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~=Pr~L Photoelectrochemical Measurements

Front- and Back-side lllumination

a 0.7 | b Front illumination The curved Iirfe represen‘ts
L : t the e)fponefit/q/ly decgy/ng
_ 0.6 - : 1 Oniii light intensity in the film.
“'g 05 : ' M A\ light
< 0af : 0
g 03 L Substrate — Electrolyte
S, 02 L Back |Ilum|nat|onT
o1 L 1 D h* transport is more
' difficult than e-
0.0  —— —— . — D.arkl . Ignt \ (W (IS transport in Fe,05!
06 08 1.0 1.2 1.4 16 1.8 0
Potential (V vs. RHE) Substrate —* Electrolyte
Current—voltage curve of a spray-deposited film of 0.2% Under front-side illumination, most light is absorbed
Si-doped a-Fe,0; in the dark and under continuous front- near the semiconductor/electrolyte interface.
or back-side illumination with 80 mW/cm? simulated This means that the photogenerated electrons have to
sunlight. travel a larger distance before reaching the interface
Y. Liang et al., Int. J. Photoenergy, Article ID 739864 (2008). than the phOtOgenerated holes.
For backside illumination, the situation is reversed. 17
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~=Pr~L Photoelectrochemical Measurements

Chopped Voltammogram

a T T v T T r
Light on Light off
1.0 |- v [
\\ v
N’E“ " Photocurrent transient y
< 05Ff ’ -
E
]
OO N 1 N 1 " | iy - -l L

0.5 1.0 1.5 2.0
Potential (V vs RHE)

b -

Current

Light off Light on __Light off

N e
Ll |

>

e Accumulation of h* near the interface,
- F == accumulation of e in the bulk (i.e., slow e
. transport) and loss by recombination.

- o 1 Poor e transport

i Accumulation of h*
r. ., ?"q='-l.canberuledoutas
the main
recombination
mechanism.

(a) Voltammogram for a spray-deposited BiVO, photoanode on FTO glass under chopped AM1.5 illumination.
(b) Current vs. time curve for BiVO, under high-intensity illumination with 364 nm light from a continuous-wave
Ar* laser at a potential of 1.23 Vgue. In both cases, a 0.15 M K,SO, aqueous electrolyte solution was used.
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=PiL Photoelectrochemical Test Setup: EQE

A monochromator is used to filter out a narrow part of
the spectrum centered around the wavelength of interest.

B I —

Lamp Lens  Monochromator

Shutter Lens Long pass : Cell Calibrated A

( D— ‘0_ _ -.‘:::::..;-:;:x filter(s) é photodiode IPCE / %

P [ s E

: Xo.___::::‘- b— — — —(} — —: — — 4

: P Eh
s -

[ A A . R —— '
: LED Driver ——® = I
: L T T
- : REF v'fz CE
Potentiostat peyy .
4 e e @O (32mA ”
A— wavelength / nm
FRERE &
&

Experimental setup for measuring the photocurrent
and/or quantum efficiency as a function of wavelength.
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—=PiL IPCE, APCE and ABPE

Incident Photon-to-Current (Conversion) Efficiency (IPCE) or External Quantum Efficiency (EQE) =
Collected electrons at a given wavelength — Jsc/q Jsc(A/cm?) 1240

% A(nm) %

Photons in at a given wavelength Pi,/hv Py (W /cm?)

Absorbed Photon-to-Current (Conversion) Efficiency (APCE) or Internal Quantum Efficiency (IQE) =
electrons/sec EQE  EQE

absorbed photons/sec "1—-R—-T LHE

Applied Bias Photon-to-Current (Conversion) Efficiency (ABPE or ABPC) =
(Total power output — Electrical input power)  Jscx(1.23 — |[Va[)Xng

Light power input P;
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=PFL Faraday Efficiency

Faraday efficiency (also called faradaic efficiency, faradaic yield, coulombic efficiency or
current efficiency) describes the efficiency with which charge (electrons) is transferred
in a system facilitating a desired electrochemical reaction. In other words, the faraday
efficiency is the ratio of experimentally measured moles of gas divided by the theoretical
number of moles of product gas.

Norog 1S the gas measured experimentally in mole.
_ Nprod Q is the charge in coulombs corresponding to the photocurrent at time (s) (C =AXx s)
o Q/nF F is faraday’s constant (96485.33 C/mol)

nis the number of charges needed to drive the reaction

nNr

", For O, producti _ "o
or O, production: =
Q/2F " TF =0 /4F

For H, production: N g =
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~=Pr~L Faradaic Losses

Faradaic losses are experienced when electrons or ions participate in unwanted side

reactions.
These losses appear as chemical byproducts and/or heat.

Example 1) In the oxidation of water to oxygen at the positive electrode in electrolysis, some
electrons are diverted to the production of hydrogen peroxide. The fraction of electrons so
diverted represent a faradaic loss.

o E0 (V) vs SHE
O,(gas) + 2e ™+ 2H* & H,0, (liquid) r
0 _ O,(gas) + 4e + 4H* < 2H,0
ES 0. /0, = 0.682V vs.SHE o] ©at8as) 2
O,(gas) + 2e™+ 2H* & H,0,
0.5 —

0.0 —
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=PFL 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, (AG® =
237.2 kJ/mol at 25 °C).

(mmol H,/s) x (237,200 ] /mol) 4= This equation calculates the_power output
STH = T (numerator) based on the direct measurement of the
Prota (m_z) X Area (cm?) ] true H, production rate by an analytical method such
cm AM1.5G as gas chromatography or mass spectrometry.
(]SC (mA/cmZ) X (1_23 V) X N 4= Alternatively, this equation uses the relation that
STH = l mw ] power is the product of the minimum energy to split
Piotal (Cm—z) AMLSC water, current, and the Faradaic efficiency for

hydrogen evolution
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=PL Solar-To-Hydrogen Efficiency

PC PEC

Photocathode

mmol H,/s) X (237,200 ] /mol mA/cm?) x (1.23 V) X ng
Piota (—)xArea (cm?) Piota (—)
total \ ¢ 2 AM1.5G total \ ¢m?2 AM1.5G
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=PFL Solar-To-Hydrogen Efficiency

 Benchmark efficiency (suitable for mainstream reporting of stand-alone water

splitting capability)
— solar-to-hydrogen conversion efficiency (STH)

» Diagnostic efficiencies (to characterize and understand materials system/interface

performance)
— external quantum efficiency (EQE) = incident photon-to-current efficiency (IPCE)

— internal quantum efficiency (IQE) = absorbed photon-to-current efficiency (APCE)
— applied bias photon-to-current efficiency (ABPE)
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~PrL Assessment of a Dual Tandem PEC Cell

H*/H, 0,/H,0
e | Operation point !
Q ! .
— 1
5 | '

_____ § Photo?athode PhotQanode
o ! :
o ! |
Photoanode ; : : >
Memb
3 Prﬁg cathc Photoanode Membrane Photocathode O E VS RHE 123

Examine separately photoelectrodes.
Predict ‘best’ performance (overlapping of JV curves)
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~PrL Assessment of a Dual Tandem PEC Cell

o
H*/H, 0,/H,0
+- I Operation point !
C 1
o | :
= ! :
----- 8 PhOtoqathOde Photdlanode
o | |
o | |
Photoanode E : >
Memgﬁgt%cat ii’zf 2 Photoanode Membrane Photocathode O E VS RHE 123
Real
H*/H, 0,/H,0
Today’s low-cost PEC cells suffer from poor STH g | Photodathode Photganode
- Poor performance of photoelectrodes = | Operation point 1
- Non-optimized combination of 2 | |
photoelectrodes (band gaps) & | i
0 1.23

E vs RHE
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=PFL Challenges to Address

B BULK PROPERTIES
M:&te surface defects = Bulk defects (recombination)
A | = Carrier transport
: i j * Doping density (conductivity, depletion depth)
s redox = Morphology (charge collection)

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

Catalytic properties

Stability

]ph =G = Jpr —Jar —Jss = Jt = Jte

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

* Electron losses by reaction with redox through tunneling
(t) across the potential barrier or at the surface (te)
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~PrL Assessment of a Dual Tandem PEC Cell

A0 ~ _
1-qE°(H*/H
0.0 t-g-(--_%)___ ______ B
10 J-9E°H,0/0,) B
- Cu,O
29 = E =20eV
ERHE (V) o o
BiVO 5 F9203

Eg =25eV 21eV
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Top cell band gap energy, E_, [eV] g
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Lol
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2.4-5
a5
2.8-§
3.0

3.2 3

21.6 %

3.4 2

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

30 28 26 24 22 20 18 16 14 12 10 08 06
Bottom cell band gap energy, E , [eV]

Low performance (non-

complementary light absorption).
Hematite filters useful light for Cu,0

29



~PrL Assessment of a Dual Tandem PEC Cell

a
-1.0 - e E
N . 0 - UJ‘S,
oo JEUH W
3 [ 2
1.0 J-9E°(H,0/0,) I %
0 - -~ T o
. CUZO 2
20 - 3
: E =20eV =
ERHE (V) 3
B|VO Fe O, 2 ok
E,=2.5 oV 216V B R R
Bottom cell band gap energy, E , [eV]
] 50 nm BiVO,
.- == e,
:,g ] ' CUZO
<
s
21‘_
O ]
0 ]

V vs. RHE (V)

. 30
* Jun-Ho YUM, junho.yum@epfl.ch Bornoz et al. J.Phys. Chem. C. 118, 16959-16966 (2014).



=Pr~L Examples of Photoelectrodes

Photoanode (n-type SC)

Q/‘k ®Cu
A,/?.—\Q ¥Sn,

Copper(l) oxide Cu,ZnSnS,
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=Pr~L Examples of Photoelectrodes

Band edge positions of semiconductors in contact with the aqueous electrolyte at pH =0
relative to NHE and the vacuum level.

Vacuum ENHE
o fr— A

/

. ?’ or B Conduction band edge I Valence band edge

-3.0F 15
-3.5F -1.0

-4.0} 05

45F 0
5.0 05

55~ 10

3.2ev

60 15

65k 2.0

7.0 25

75 3.0 === —
80} 35} SiC ZnO
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=Pr-L a-Fe,0; (hematite) as a Photoanode

Advantages

 Cheap and abundant (Fe in the earth crust, 6.3%
by weight)

» Stable

* Environmentally benign

* Absorbs over 16 % (AM 1.5G, E, = 2.1 eV)

* Theoretical max STH =15%, J,,,, = 12.5 mA/cm?

Challenges

Bulk problems
e Short hole diffusion length (L =5 nm) (light penetration depth of 118 nm at 550 nm wavelength)
* Poor conductivity (10® Qlcm™ for single crystal and 1014 Q'cm for polycrystal)

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

Electrolyte Electrolyte

holes cannot ¢

reach SCLJ

Nanoparticles Mesoporous

Nanorods Nanotubes Nanosheets Nanocones Cauliflower

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

Electrolyte Electrolyte

holes cannot
reach SCLJ

‘// ‘n‘ \‘I .. ’ ‘
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

P 1 PR

TR

==

M, RN

Nanorods Nanotubes Nanosheets Nanocones Cauliflower

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

= >
APCVD (6 L min™) with Ir0, o [~ 3° 3
/ g
APCVD Optimized at 6 Lmin-y/  [~30 &
, _ _ 5 o5 3 Si-doped
Si doped APCVD (2 L min~") with Co’;;,_{ / S Fe,0,
—20 5
/ @
/ =%
Ultrasonic spray pyrolysis (Si doped)/ — 15 o
@ N
’/ - 1.0 8
Ultrasonic spray pyrolysis / fa 5
Undoped colloidal o _—— o . d Substrate
D— Spray pyrolysns - 00 o (F:Sn0,)
1 l I I I L] I I l ] 1 1 1 ' ] 3 : |
1995 2000 2005 2010 N
Year

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

To promote charge transfer by increasing donor density
e Ti%, Sn*, Zr**, Nb5* (n-type) and improve the electronic conductivity of hematite.
* Mg*, Cu®* (p-type)
Ex) Zr* doped hematite: 0.1 Q'cm™ with 10*° cm?3
doping concentration
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=Pr~L Bulk Problems in a-Fe,0; (hematite)

Morphology control
Doping

= Jun-Ho YUM, junho.yum@epfl.ch
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=Pr~L Bulk Problems in a-Fe,0; (hematite)

0.6 0.8 1.0
V/'V vs. RHE

Mott-Schottky

w1 r 1 r T 1 T
04 06 08 10 12 14
VRHE (V)
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=P~L Surface Problems in a-Fe,0; (hematite) — Overpotential

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

JImA em™

Coupling with an electrocatalyst

| =magnitude of applied potential vs. reference

E(O,/H,0)

photocurrents

-
- -
-—---
O Ko
i
-

dark currents

1.0 1.2 14 1.6
VIV vs. RHE

|

E(0/H,0)

electrocatalyst

Including IrO, shifts slightly the
Von, but still far from Vg,

Not only a charge transfer issue?

39



=P~L Surface Problems in a-Fe,0; (hematite) — Overpotential

Surface recombination. Examining the electrochemical properties of the SCLJ

1] b -
CB i Hematite Liquid 0.6 10 180
g / L 160
| | = 0.5 4 140
—€hui | ” 100 T
o i [FE(CN)BJS 4 b 04 o NE R 120{\.‘E
= = H—H,0 £ Photocurrent o &
[ R = 2 { 0 3 104 c-; o 100 L
[«}] Ahﬁ g g =
° E () .} 80 =
(a8 S5 — @ o
+ . S 02+ sbeo 8
iR \ . L 103 o O
[ 01 ¥"CT via surface - 40
i ,bulk J §tates (Rct,trap) - 20
,,‘Y\,— 0.0 - . r . 102 Lo
rco| VB 02 04 06 08 10 12 14

Vvs Ag/AgCI/V
B. Klahr et al. J. Am. Chem. Soc., 134, 4294 (2012)

* Cy.p indicate the accumulation of charges at the SCLJ just before the water oxidation starts.

* Charge transfer takes place from this surface state.
e Suggests that applying enough potential to overcome the strong surface recombination is necessary:

“the delayed” onset of photocurrent is caused by Fermi Level Pinning.
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=PFL Fermi Level Pinning (FLP)

No surface state / No FLP (band edge pinning)
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=P~L FermilLevel Pinning (FLP)

No surface state / No FLP (band edge pinning)

DARK

Eredox_l

Joh

Eredox_Z

When the semiconductor possesses an excess of surface states (with a density of =10%3-
10'* cm~2), non-negligible potential drop occurs within the Helmholtz layer (HL), so that
band bending degree in the space charge layer is greatly weaken and becomes

Presence of s jhdependent 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

aHat1.1Vv, .

k.=150s"
Kyon=135s"

L

aHat 1.1 ‘U’RHE

with NiFeO,
K., =65s"
K'yar= 135"

/

NiFeO, passivate surface traps.

Thorne et al. Chem. Sci. 7, 3347 (2016)
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B 123V
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k.r

frar

RHE

1.8

1.5 1
T 1.2 -

£ 061 4
0.3 -
0.0 -

. L . IDarE(
040608101214 1.6
Potential (V versus RHE)

Deposition of NiFeO, shifts V,,
close to Vg, !

Jang et al. Nature Commun. 6, 7447 (2015)
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=PiL Theoretical Maximum Solar-To-Hydrogen Efficiency

" Ll L Ll I v Ll L4 Ll -

R 41 ! Optical Limit (AM 1.5 G) .,
— : | .-_
g 403 AE® = 1.23 V for water splitting [
@ :
O 35 J ;
o |

g 30 o I
o 1 :
o 1
- 25 4 |
> . I
6 i : '
o 20 4 '
T ] I
LTI
m - I
® { !
B 10 — ]
g 3 I
- 5 : '
— - l
] > -

W s

1.0

Band gap / eV
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=P~L BiVO, as a potential photoanode

Advantages

* Cheap and abundant

* Stable

* Environmentally benign

* Theoretically 7.5 mA cm™ (2.5 eV)

Challenges

Bulk problems
* Short carrier diffusion length (L, =70 nm)

Surface problems
e Poor kinetics for water oxidation
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=P~L Bulk Problems in BiVO,

h.lectrodeposmon hv

Compensate the short L using extremely thin-

absorber (ETA) heterojunction structure

- BiVO, thin enough to ensure extraction of
carriers

- Nanostructure with high-aspect ratio to ensure
high light-absorption

ITO/PYITO
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=PFL Surface Issues in BiVO,

1.4

CoPi/BiVO p
| /
1.2 unmodified B|VO4
1.0 1

,nH"" |

|
,,...HHLM'”HHHH

0.8
0.6 1

0.4

current density (mA cm'z)

0.2 1
0.0+
-0.2 1

04 06 08 10 12 14 16 18 20
potential (V vs RHE)

Deposition of CoPi (Cobalt phosphate,
co-catalyst) enhances performance.
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a) Without catalyst b) Surface passivating catalyst

ky
Koo Vv

re¢

C. Zachaus et al. Chem. Sci. 8, 3712 (2017)

Analysis of carrier dynamics of photogenerated
holes in BiVO, suggests that the main role of CoPi
on BiVOQ, is not to enhance the water oxidation
kinetics, but to suppress surface recombination.
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=Pr~L Examples of Photoelectrodes

Photoanode

Photocathode

Q/‘k ®Cu
A,/?.—\Q ¥Sn,

Copper(l) oxide Cu,ZnSnS,

CuFeO,
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=P~L Cubased Metal Oxides

(A) 3HY 'sA |enusjod
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‘sung frest
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sveo | nest
deo — e ez I_

_m_>mNP_
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“0t'e1n |— >m. 9C |.._
Stofel®ng —l >m 9¢ |_I—
sofaNno = neeL —]
“ofaning - Ao o) l_
*0%aNNO —">m e1 |
ronno | rezt | :
No¢“_=o_. Ao w
'o%ano - Ao gl m
oro - neg - |
oo — reoz —|
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(A®) wnnoeA “sA ABiau3g

Cu-based metal oxides

C. Li et al., Energy Environ. Sci., 13, 3269 — 3306 (2020)

49

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



=P~L Cu,O (Cuprous oxide) as a photocathode

Advantages

e Cheap and abundant
* Environmentally benign
e Bandgap2eV

Challenges

Bulk problems
* Minority carrier diffusion length around 200 nm
(light penetration depth 2.2 um at 550 nm)

Surface problems
* Instability under operational condition (Facile
reduction to Cu)
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+0.004

+0.47 ]
+0.60 7

+1.234

L Cu,0 + H,0 +2e” <===>2Cu + 20H"
[~ 2Cu0 + H,0 + 2e™<---> 2Cu,0+ 20H"

| 0, +4H" + 4e~ <~==>2H.0

Cu,0 ZnO

TiO,
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=PiL Nanostructuring Cu,0 as a photocathode

Cu(OH), Cu thick

Cu21.5um
| .
v m —

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

-~

G

Cu sputtering

Cu20 nanowire
Cu,O planar film

vvvvvvvvvvvvvvv

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

-10

J. Luo et al., Nano Lett., 16, 1848 — 1857 (2016)
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(C) 80+

IPCE (%)

Photocathode: Cu,0/AZO/TiO,/RuO,

Nanowire Cu,0
20 nm Al-doped ZnO/100nm TiO,

forms a buried p-n junction
RuO, catalyst

—— CuzO nanowire
—e— Cu,0 planar film

60

IIIIIIIII

400 450 500 550
Wavelength (nm)
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=PiL Improving the onset potential in Cu,0 photocathode

Under illumination

Pre-equilibrium Dark equilibrium ideal cases)

ECB
ECB
-4.5 eV E°(H*/H,)
o . o N — Y
Cu,O-liquid junction U H,) "
F
Er gV Eve
EVB
Electrolyte Electrolyte Electrolyte
—— — Under illumination
" Pre-equilibrium Dark equilibrium (ideal cases)
n-type
Overe * Improved photovoltage
Ecs 3 " Ecs
{ AEg —
......................... B ...........ccERERE [ ] P iv i n in
Cu,O-n-type overlayer Er £ NN E :ss atio a?ga st
heterojunction (called Y photocorrosion
buried junction) j[Ere o
 Still limited photovoltage
Eve 8 . due to a large conduction
L VB
n-type N n-type band offset
Overlayer Overlayer
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=PrL Improving the onset potential in Cu,0 photocathode

Cu Cu,0 AZO Cu Cu,0 Ga,0, Photocathode: Cu,0/Ga,0,/TiO,/RuO,
CB CB
* The C.B offset between Cu,0 and Ga,0; is
A i

small.
- =m AEqg=-026 6V * A build-up of a large photovoltage.

@ ©,

A
E——
=—

I,,J

——— Cu,0/AZO/TiO,/ RuO,
Cu,0/ Ga,04/ TiO, / RuO,

VB VB e ———

Current density (mA cm™)

b &
‘;‘i —

L
=)

—(;.2 0 OTZ 0r4 ofe 0?8 1i0
Potential versus RHE (V)
L. Pan et al., Nature Catalysis, 1, 412 - 420 (2018)
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“P~L Outlook on PEC Tandem Cells

* The formation of a SEMICONDUCTOR-LIQUID JUNCTION (SCLJ)
can drive stand-alone photoelectrochemical reactions.

* There is still need for finding NEW IVIATERIALS 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.
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=P~L An Emerging Application for Organic Semiconductors

Photoanode Membrane

2H,0 = 4H" + O, + 4¢” E = 1.23 Vvs RHE

4e” +4H" - 2H, E =0V vsRHE

Inorganic semiconductors

v’ Harsh preparation condition
v’ Poor charge separation
v’ Fixed energy level

=
IS
©

|

Photbcathbde

Aromatic Amines
and Phenols

+
o

+
hd

TiIO, WO; Fe,0; BIVO, CuWO, ZnFe,0,
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Aromatic
Hydrocarbons
Carboxylate Salts
and Ketones

Potential (Vgye)
- o
32y
eV '
. 2.4eV '
=
o)
o
5
2.0:eV >
m

Organic semiconductors

v Tunable energy levels
v" Solution-processing & low temperature processing

= HOMO (theo.)
BB oy o Lo HUMOftheo)] 4
® o o o ¢ ¢ o o o
404 EH+/H0
-4.5 . = pH 0
S e H 14
L 504 .
= - -
2 . :
9 55
> [ ] I
(o))
© 6.0
c
I

K. Sivula, Chimia 2017, 71, 471-474
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=P~L An Emerging Application for Organic Semiconductors

Solar-to-fuel conversion: “Artificial photosynthesis”

v

BHJ

Hole or

. electron
* transport
% layers

OS-based
photoactive
layer

o
o
.
o
03
o
.
-
03
o
S

Catalyst
layer
Membrane
Photocathode Or Photoanode Coliriter
electrode

See review article: Yao et al. Adv. Energy Mater., 2018, 8, 1802585.
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=P~L Ultimate Goal
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~PrL Identification of Ideal OS Materials: Photoanode

/\/\/\I/\/\/\ EVAC (eV) ENHE (V)
Os _N_ O 3] 191
OO 354 17 -3.64eV
O‘O o 4 -0.5{403ev
45] 0]
4.5 - - >.
o N o 54 05417
\/\/\)\/\/\/ ] 1 0. —H,0/0,
55 1 -5.22 eV (pH 9)
PDI-V (acceptor) 6. 1_5;-5_77 eV
Evac (eV) ENH? (V)
354 -1.01
4.04 -0.51
| )
454 0.0 | < o
504 0.51 o
O X=CN,Y=H; '
H’CE’H” [or X=H,Y= CN] 55] 1.0- HzQ/O:
CgH17 CaHo . 1 5' \I
PNDITCVT (PA) PBDTTTPD (PD) %071 ] pH 9
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J (mAcm™?)

2.5

2.0

1.5

0.5

0.0

in pH 9 buffer solution

L Water oxidation
r—— FTO/ZnO/PD:PA/Co-Catalyst

| —— FTO/ZnO/PTB7-Th:PDFV/Co-Catalyst

-
(]
- ﬂﬂj
L r/r
scan | ]
i :UkU’ZUZUtUMJU
02 04 06 08 10 12

Potential (V vs RHE)
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=P~L Polymer BHJ Photoanode for Solar Water Oxidation

a
mZnO HTL o 5] -20] C
(ETL) (OER catalyst) ] 1 2 5
Bt B Water oxidation (pH 9)
FTO -85 ~107 < FTO/mZnO/BHJ/FPTAA/LIO (]
- I~
409 708 . 2.0 F —— FTO/mZnO/BHJ//LIO /
1 Sun -4.5 07 - & i ( . )
50 05 |% H,0/0, /] T
- 1 = (H9) /] 1l
-55 1.0 - / ru
—6.0—- 1.5 / ) r
r
b 0.40
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g - JL L._ J.. LL_ LJ;.. Ju L.LJ
x 025
- ) ) ] . ] ) ]
(o}
§ 0.20 0.2 0.4 0.6 0.8 1.0 1.2
(@]
> .
S 015 Potential (V vs RHE)
L € Average value from Pt foil
0.10 - Linear fit
Y  FTO/mZnO/BHJ/PTAA/LIO H.-H. Cho et al. Nat. Catal. 2021, 4, 431-438
005 | L | L | L | L |
0.4 0.6 0.8 1.0 12
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=P~L Ultimate Goal

tocathode | photoan
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=P~L Organic semiconductor photocathodes for direct H, production

+ -
ty (a) (b)o - ‘V -
Pt10 nm =14
h+ .
,.
- NE -3
0 P3HT:PCBM 200 nnii oy 111|/ < o0 T
2 E H E ) " 5 os U V
- o 2 h+ : '5— / | ;
= o Red/ox €—— . E -10]
B9 2H+ ALY s
w S 74 Y : ~ 00 03 06 09
v R i . | V (V vs. RHE)
e H20 " 00 02 04 06 08 10
V (V vs. RHE)
- 5 (d)o
0.2 SRE
Light on 21
_, 04 <2 3! 4
— 5 7|
o, -06 % ey
- : -5
I -0.8 -
B | —— CA at0V vs. RHE
1.0 40 nm TiO, 71 w/ PEI 0.1% overlayer
™77 T P — g—— P —— T ———— -8 T T T T T T T 1
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Time [min] t (min)
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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=PFL Whyis a BHJ in Water So Unstable?

Or can a direct BHJ/water junction
photocathode be stable?

FTO

substrate @ pH 1
/M003 -3.04 -1.57
~  polymer ] ]
BHJ
| 4.59 0.04 __
O
I_ ——
L

& ._"; .:‘;-
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=PFL Whyis a BHJ in Water So Unstable?

. . . od - . -
Or can a direct BHJ/water junction INRIRINN
photocathode be stable? -
FTO § 2- I
substrate <
S 31 /
MoO
/ ? (L7 12mEu
& E(I)_ijer aal) Aqueous electrolyte
; ' —— PTB7-Th:PCBM
02 00 02 04 06 08
V(V vs RHE)
0 —— PTB7-Th:PCBM
14
;;;; T 3
2 E
4 -
1.2 M Eu3*
5.
Aqueous electrolyte
-6 T . T .
0 5 10 15 20
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=PFL Whyis a BHJ in Water So Unstable?

. . ) 04 - .
Or can a direct BHJ/water junction nnannmmm
photocathode be stable? - I d

FTO 5 21 ’ /
substrate < d /
S 3- 4 /
/MOO3 ] /1 //
“  polymer MV
BHJ A |V
2 —— PTB7-Th:PCBM
54 —— PTB7-Th:PDI-V
02 00 02 04 06 08
V(V vs RHE)
0 — PTB7-Th:PCBM | |
—— PTB7-Th:PDI-V
14
;;;; T 3
& £
44
5
0 5 10 15 20
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=PrL Insight into Stability of NFA BHJ with Electron Scavenger

Changing the Eu3* concentration: Changing the applied potential:
0 —
0 0-
fE‘ 2 0.41V vs RHE
-4 -4 (&
0.05M 0.05 M < ] — -
0—1 mn F g T : T : I 0 T T d T T T T T T é K_L\“‘rO21 V vs RHE
=
_ _ . A
12 M Eu3+ 0V vs RHE
44| JUbE 4 —
—02M —0.2M 0 5 10 15 20

Time (min)

b= =

(&) &)

Eo'w'w'r M0 ' EO T T T T T

= ULW: j Changing the illumination intensity:
fl

4 UL 4
) —o6m | w “2T0.05 M EW™
0f—— - - . - I e _02- 100 mW cm™
\|/0.4
AR 10 mW cm™
-4 -4 0.6+
— —12M S
U| T T v T v T T 1|2|\/I "\‘-.slw"& ‘|' i ‘I T IWI‘“' 208
-0.2 0.0 0.2 04 0.6 0.8 0 5 10 15 20 ) <
Potential (V vs RHE) Time at 0 V vs RHE (min) 1.0- 2mWcm
0 _ 5 10 15 20
L. Yao et al. J. Am. Chem. Soc., 2020, 142, 17, 7795-7802 Time at 0 V vs RHE (min) 65
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=PiL Adding a Catalyst to Drive H, Production

“Dark” electro-

catalysis (on FTO)

a 0_—RU02 b
— Pt
2]
T
(&)
<
£
= -
84
_10_
pH 1
02 01 00 !

Pot. (V vs RHE)
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FTO substrate
/ MoO,
/ Polymer BHJ

RuO,HER
catalyst
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L. Yao et al. . Am. Chem. Soc., 2020, 142, 17, 7795-7802
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=P~L Stability with Catalyst

0 -
-2 -
E o
G -4 -
B sl ——— A
-6 -
= 33% Light off
_8 T N b 4 [ /o oo
Light on pH 1
1 N 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1 v 1
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Time at 0 V vs RHE (h)

Scale bar: 1 um
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=PiL Large Area Demonstration

Active area: 3.88 cm?
= ]

Current (mA)
©

—  CA@ 0.0VvsRHE

'18 * | ' 1 > | E | ; I > I
0 5 10 19 20 25 30
Time (min)
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=Pr~L What is Next?

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

[Back] [Side]

BHJ photocathode BHJ photoanode
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D. Zhang, et al., Adv. Energy Mater., 2022, 2202363.
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