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Current global energy use
16 TW
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http://www.ez2c.de/ml/solar_land_area/
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Supply and Demand Disaccord
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M@  Storing Solar Energy for Use on Demand
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—————

(Solar fuels

solar energy

{ H|gh Energy Den5|ty Chem|cals

Added- \}alueFChemicaIs
(Commodities)

Bourzac PNAS 2016, 113, 4545
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M Natural photosynthesis
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‘N Solar energy

¥ chloroplasts

6CO, + 6H,0 W 60, + CH,,0,

hv



M Natural photosynthesis
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REDUCTION
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Natural photosynthesis

“2-Scheme”
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https://www.khanacademy.org/



M Light harvesting
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Chlorophyll a

Chlorophyll b

Chlorophyll a B-carotene
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' Catalysis is also a key process
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Water oxidation catalyzed
by Mn-complex
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Umena et al. Nature 2011, 473, 55



.(Pﬂ- Taking advantage of natural photosynthesis
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Biomass refers to the material originally produced as a result of photosynthesis that can be
eventually harvested to be utilized as a fuel or platform chemical in industry.
Biomass is considered a renewable energy source
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.(Lﬂ-q Biomass use today
. Feedstocks | I Processes I I Products I

Biomass provides 10 % of Biomass Conversion Paths
global energy use

https://www.iea.org/publications/freepublications/publication/essentials3.pdf



) .
A (L Biomass use today

FEDERALE DE LAUSANNE

Biofuels from microalgae

- Processing raw biomass
(transesterification, pyrolysis...)

- Direct photobiological production of
biofuels (with genetically engineered
cyanobateria): H,, butanol, isoprene, etc.

Ooms et al. Nature Commun. 2016, 12699
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/ - \
U.S. Sources of Biomass, 2015
WOO0D AND World biofuels production
?;'EF%%{, WOOD WASTE ' -
. 43_75% ® Rest of World 100 M Ethanol 2006 40

W Europe & Eurasia W Ethanol 2016
W 5. & Cent. America Biodiesel 2006

W Biodiesel 2016

W North America

GARBAGE AND

LANDFILL WASTE
| 10.94%

Data: Energy Information Administration

p
U.S. Biomass Consumption by Sector, 2015

INDUSTRIAL

TRANSPORTATION
48.16% < 26.79%

RESIDENTIAL 9.13%
\_L(OMMERCIAL 2.62%
16 1] North America 5. & Cent. America Europe & Eurasia Rest of World

ELECTRICITY 11.58%

Data: Energy Information Administration
k“TotaI does not equal 100% due to independent rounding. _/

http://www.bp.com/
http://www.need.org/files/curriculum/infobook/BiomassS.pdf
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Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

journal homepage: www.elsevier.com/locate/rser

A review of the ecological and socioeconomic effects of biofuel
and energy policy recommendations

Xi [i*, Xianling Long Renewable and Sustainable Energy Reviews 61 (2016) 41-52

Ene ng & Dynamic Article Links )
Environmental Science

Cite this: Energy Environ. 5di., 2012, 5, 5531

WWW.ISC.Org/ees REVIEW
Photosynthesis-to-fuels: from sunlight to hydrogen, isoprene, and
botryococcene production Energy Environ. Sci., 2012, 5, 5531

Anastasios Melis*®

Available online at www.sciencedirect.com Current Opinion in
ScienceDirect Biotechnology

Limitations and prospects of natural photosynthesis for bioenergy

K{,.?giﬁﬁ?ﬂ Current Opinion in Biotechnology 2010, 21, 271
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2 \ Impact

* Energy conversion can be as high as 15,14+ = 11% in the early stages of photosynthesis
* Best solar energy conversion (e.g. sugar cane, Napier grass) Nsp1qr = 1.6%

Photosynthesis in air
 Land usage. Competition for resources with traditional agriculture for food supply.

f Total arable land on Earth Arable land on Earth in Temperate zone
| 19.8 x 10°km? (3.9 % of total world’s surface) 9.50 x 10° km? (1.9 % of total world’s surface)
Average global irradiation - 1.0% Average Global irradiation in
170 W m™ Nsotar = 1.U% Temperate Zones = 350 W m™
Global energy demand 50% Global energy demand
500 EJ/year = 15.85 TW 500 EJ/year =7.61 TW
% of the world’s surface % of the world’s surface

needed = 4.4% needed = 1.05%
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* 7so1ar NE€ds to be drastically improved
= Ultimate max conversion: 8% in plants like sugar cane

* Microalgae systems have slightly higher n¢,;4 =1 - 4%
= Can be used on non-arable land

* Higher 1,4 Needed to make economical biofuels
= Efficiency is not a selection pressure

e “The 1-2% efficiency of plants, algae and cyanobacteria cannot
compete with solar photovoltaic panels or solar thermal collectors.
Nevertheless natural photosynthesis will become increasingly used for
the production of biofuels and organic products in a world where these
will increasingly come into short supply. It seems unlikely that algae
and cyanobacteria will be used as a source of bioenergy.”

e “Even though integrated microalgae production systems have some
clear advantages and present a promising alternative to highly
controversial first generation biofuel systems, the associated hype has
often exceeded the boundaries of reality.”
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solar energy

{ H|gh Energy Den5|ty Chem|cals Added-value Chemicals
] (Solar fuels (Commodities)

———— — ——— = T -

A//\ \CHOH

ARTIFICIAL
PHOTOSYNTHESIS

Bourzac PNAS 2016, 113, 4545



.(Pﬂ- Artificial photosynthesis as storage route
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Artificial photosynthesis as storage route

=

Brute Force Approach:
PV + electrolyzer

1

Direct water splitting

Photoelectrochemistry

Photocathode

Photoanode Bipolar Membrane

Photocatalysis

o
@9
[
[ ]
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(S Artificial photosynthesis as storage route
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Electrolyzer

- First demonstrated in early 1800s (Volta

and Grotthus). Earlier demonstration of electrolysis
of water by Deiman and Trootswijk using an
electrostatic machine by discharge on Au electrodes.

- Abundant starting material (H,O)

- Clean process to split water into H, and O,

COST 5.20 $ Kg H,

Mostly due to cost of electricity

Today’s Hydrogen (> 95%) is produced at large
scale by steam reforming of natural gas

CH, + H,0 = CO + 3H,
CO +H,0=C0,+H,

Ferrero et al. Energy Procedia 2016, 101, 50-57 Cost approx. 1.50-2.50% Kg Hz
Hinkley et al. 2016 CSIRO Energy
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2H,0 (1) — 2H; (g) + 02(9)

Anode (oxidation): Thermodynamics
2H,0 (1) — 0, (g9) + 4H*"(aq) + 4e~ EY, = —1.23 V | Minimum required 1.23 V for water splitting
Cathode (reduction):

Total potential required (> 1.23 V)
2H*(aq) + 2~ — H,(g) E2, =0.00V

V= Ered - on * Nieg T Nox

electron potential

anode cathode
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Marcus-Gerischer Approach

positive
overpotential

Reduced species (R)
energy I Ienergy
distance Density of O
states N ___) _ _.
Re—0+e¢e

negative
overpotential

metal electrolyte

Oxidised species (O)

Electron transfer at metal/electrolyte interface
- Isoenergetic
- Rate charge transfer proportional to DOS in metal - electrolyte

R&e—0O+e



) .
-ﬂﬂ- Chemical storage of solar energy

FEDERALE DE LAUSANNE

2H,0 (1) — 2H; (g) + 02(9)

Anode (oxidation): Thermodynamics
2H,0 (1) — 0, (g9) + 4H*"(aq) + 4e~ EY, = —1.23 V | Minimum required 1.23 V for water splitting
Cathode (reduction):

Total potential required (> 1.23 V)
2H*(aq) + 2~ — H,(g) E2, =0.00V

V= Ered - on * Nieg T Nox

l

Overpotential

|

—® Ohmic losses (geometry) — IR drop

@ Formation of bubbles at the surface

Limited ion conduction in electrolyte (or
membrane) - Effect of Mass transfer

electron potential

—0

Activation energy to drive the
electrochemical reaction (Kinetics)

anode cathode
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2H,0 (1) — 2H; (g) + 02(9)

Anode (oxidation):
2H,0 (1) —> 0,(g9) + 4H*(aq) + 4e~ EJ, = —1.23V
Cathode (reduction):

2H*(aq) + 2~ — H,(g) E2, =0.00V

Potentially reduce cost of H, from electrolysis

e Reducing voltage demand (reduce overpotentials
of electrodes)

* Coupling PV cells to provide the energy input

Limited by price, availability of traditional
photovoltaics

Voltage output of Si PV strongly dependent on
irradiation intensity

Up to 50% energy loss

Current cost under ideal conditions:
~$10/kg H, (Si PV costs ~$200-300/m?)

electron potential

COST 10 $ Kg H,
anode cathode Hinkley et al. 2016 CSIRO Energy

Sivula J. Phys. Chem. Lett. 2015, 6, 975
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Alkaline or PEM electrolysis?

Alkaline Electrolyzer
40-90 °C

‘.,.... — -
i .

474
LA
g
Fatatitede

OH;

| Alkaline
! -—
[ water
Diaphragm
Anode | Cathode
40H — 0, + 2H,0 + 4’| 4H,0 + 46— 2H, + 40H

- Well-established technology
- Long-term Stability

- Relative Low cost

- Stack in the MW range

Advantages

Disadvantages Low current densities

Crossover gases (degree of purity)
Low operational pressures
Corrosive liquid electrolyte

Le Formal et al. Chimia, 2015, 69, 789-798.

PEM Electrolyzer
20-100 °C

e

High purity | j
water
Polymer membrane

Anode | Cathode
2H,0—4H'+0,+4e | 4H" +4e—2H,

High current densities
High voltage efficiency
Good partial load range

Rapid system response
High gas purity

High cost of components

Acidic corrosive environment

Possible low durability
Commercialization with stacks

(below MW range) 28
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Reference electrode
\\orking electrode (Electrocatalyst)

Counter electrode

Characterization of each electrod:
in a “3-electrode configuration”

29
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>

0Vvs
RHE |

E vs RHE /V

Catalysts — Basic metrics

——qE(H"/H)

Current Density (mA cm®)

E(H*/H,)

| ¢

I ! I .

= = Raw data

—— After IR drop corréction;
| | k

-0.5

0.4 -0.3 -0.2 -0.1 00
Applied Potential (V vs RHE)

|
E,
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Catalysts — Basic metrics

>

0Vvs
RHE E2 -----

E vs RHE /V

metal

——qE(H"/H)

Current Density (mA cm®)

E(H*/H,)

| ¢

I ! I .

= = Raw data

—— After IR drop corréction;
| | k

-0.5

0.4 -03 -02 -01 00
Applied Potential (V vs RHE)E,

|
E 1



B\ Basic metrics and Figures of Merit for electrocatalyst activity
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E(H*/H,)
- 5 oF | T | ; :
O A 5 ;
I : ’
v
e | qE (H*/H.) = =4 Ry 1
"% ’
éc) 8 ~ Overpotential (n)
- 8l < ]
o € - = Raw data : |
o § —— After IR drop (:orre}(:tion4
W -] 1 1 £
o © 0.2 -0.1 00 ||E
H ed Potentlal (V vs RHE)E 1
E
m_eta | Evaluate ACthlty W —_——]
|
@ Overpotential needed to reach a given go0——r—m——
current density nlOmA/cmz %‘ — Data Measured {:'
@ Tafel model: . 600 |
; T .\,
=
. L |
77:A.|n_l +R-j §400 |
Jo 8 |
3 200¢.. .. 222 Tafel slope - |
A: Tafel slope (mV decade?) e
Jo: exchange current density (mA cm2) Okt
R: resistance (Q) 0.1 1 10

Current Density (mA cm’ )
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HER catalysts current state-of-the-art

n, (V)

2H*(aq) + 2e~ — H, (g)

0.8

0.6 -

0.4 -

0.2

Pt offers best catalytic
response (minimum
0.0- Tafel slope)
8 6 4 2 0

. 2
log(li (A/em)) R 10 ma/em?

Tafel slope contains information on the mechanism of
water reduction (the rate determining step —RDS-)

33
From: Chen et al., Nano Lett., 2011, 11, 4168-4175.



(@ Basic metrics and Figures of Merit for electrocatalyst activity
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2H*(aq) + 2e~ — H, (g)
Volmer-Tafel mechanism Volmer-Heyrovsky mechanism
Volmer 2x{H"(aq) + e~ — H*(ad)} Volmer H*(aq) + e~ — H*(ad)
Tafel 2H"(ads) — H;(g) Heyrovsky  H*(aq) + H*(ads) + e~ — H,(g)
Tafel slope: ~118 mV/decade (RDS VO/mer) From: Gimenez et al. Photoelectrochemical
~ 29 mV/decade (RDS TGfE/) Solar Fuel Production. Chapter 3. (Springer,
~ 44 mV/decade (RDS Heyrovsky) 206
chemical desorption electrochemical desorption

£4\£4
PR EVANE

o 6
volmer reaction

/|

34
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Why is the Pt so special?

Volcano plot

2H*(aq) + 2e~ — H, (g)

0 Sabatier Principle
[ Pd overlayers (A) Optimum catalyst binds reaction
—14 intermediate with “moderate” binding
= Pd*/PtRu .. energies (AG,,,) — not too weak not
= i : g \ too strong.
E 2 Polycrystalline Pd*/Pt A b A Single-crystal
= pure metals (e®) Re. Pd‘ - p pd*/" \ pd*/Ru pure metals (O)
& =3 [
8)
=30 PA*/AU / ?8 P¥ph NN Pd"/Re Best HER catalyst should
© | < —4- A \ \ exhibit
.l(-_U’ = 4 [, \ N\
SN / N A A
LS -5 d ,’CO ONI \\CU N go Au AGH ~ 0
S ® \ o \ o
% —6 « 7 ® / \\ \
7/ N / \ \ Au
N Mo /o \ 8
R v \ \ B
/ / A \
_8 £ T I T II 6: I I I \I gl. T \
-0.8 —0.6 0.4 —0.2 0 0.2 0.4 0.6 0.8
Strong bond metal-H  AG, (V) Weak bond metal-H

Calculated by DFTe

35

From: Greelev et al.. Nat. Mater.. 2006. 5. 909



Gl Platinum Availability for Future Technologies
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'(5 109 T T T T T T T T T T T I T T T I
Y
o Rock-forming elements ) !
® Platinum world production
E ~ 300
£ 10 s
© > 250
o -~
o
5 2 200+
3 10° s B e
I a ]
= o < 150
c
= - S 100
ko 1B
o A Mo “42 501
(s c e
(éJ Ag o 0 | T T T
o 1990 1995 2000 2005 2010 2015
® 4g° Bl Year
8 Major industrial metals in red Rh
= Precious metals in purple Y Os
k) Rare earth elements in blue Rarest’r Table 1. Comparison of Metrics of Scarcity for Metals”
% 10'6 1 | 1 | 1 | 1 | Il | 1
= 0 10 20 30 40 50 .
< price
Atomic number, metal ore grade (wt %) ($/tonne) energy (MJ/kg)
magnesium 70—95% MgCQ;, brine 3% Mg 20982 257
aluminum 35-50% Al,O, 2168 201
iron 30—65% Fe 471 12
lead 4—8% Pb 2153 21
cobalt 0.4% Co, byproduct of Cu, Ni, Ag 43105 132
silver 0.006% Ag, byproduct of gold and base 648 840 not available
metals
platinum 0.0003—0.002% PGM, sometimes a 51832053 196 000—846 000
group metals  byproduct of Ni-sulfide ores (platinum)

36

From: Alonso, F. R. Field and R. E. Kirchain, Environ. Sci. Technol., 2012, 46, 12986-12993.



I New generation of HER catalysts
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0.30 -. / ‘1'0’1 mV per dec
, HER overpotential /mV > 0-257 .
T 0204 - ’
I 1 Pure MoS
; o 0.15= 2 aeb
- ‘ = J Pure CoSe <
& Non-precious 5., i 2 0104 Mos,cosé, :
SulﬁdeS C L g ) Pucum)
{) Carb o] 0.05 = e
S i | e - PR .
i Ides 0.00
o
N 1 10
j (mA cm™)
E’q‘:’ Gao et al. Nature commun. 2015, 6:5982
A
c:,ﬁ — Tifoil
ih = PtNP
Platinum Yr 3 | = mop
- Y o
2005 2010 2015 2 el
&
<
E
i - _O_f 0% Kibsgaard et al. Angew. Chem.
-120}. ) ) E(\:") vs. RHE 1 Int. Ed. 2014, 53, 14433
-0.2 -0.1 0.0 0.1 0.2
E (V) vs. RHE

From: Gimenez et al. Photoelectrochemical Solar Fuel Production. Chapter 3. (Springer, 2016)



M@ OER catalysis state-of-the art and prospects
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2H,0 (1) — 0, (g) + 4H" (aq) + 4e~

o
o

o
—

v
PtO,

v
LaCrO,

o
)

~R 0.0 ===mmmmmmmmmmmmm s s e r;4§,0.5
E :
O o
< o4 v v .
£ 0.2 Ir0,/5rir; g Y v\ vV xg ACI\dIC
o .
= FeCoW . — ¥v Alkaline * A
[ NiCoO, NiFeO, I 0.3 v VA
= CoO-@)ag V. XCorel; = X A
L 04 37\ LaNio, : RS} ¥ Ref.119
> NiO. 7w LaCKOO3 v v e0s (M) > 0.2 o
= IrO, (100) v %aFeO; (TT) = Ref. 131
= r0, (110) LaMnO, =
! ot
9] o)
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Good performance of “cheap” multinary metal oxides as
electrocatalyst for OER

From: She et al., Science, 2017, 355, eaad4998
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Llobet et al. [ruthenium]
Thummel et al. [ruthenium] Bernhard et al. [iridium]

Hill et al. [cobalt]

Yin et al. Science 2010, 328, 342.
Tinker et al. . J. Mater. Chem. 2009, 19, 3328.
Sala et al. Angew. Chem. Int. Ed. 2009, 48, 2842.
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PV + Electrolyzer technology (examples)

Unreacted H,0 HZ
H, &0, H,O = recirculated £

products O, ~

quantified H, e | —e | -

Il
. I
]

'

Electrolysers . nsolar—to—Hz ~309%

e H caas (1.4ev)

s 1 nGaP (1.9 ev)
GalnNAs(Sb) (1.0 eV)

Photovoltaic

Photovoltaic cell
High efficiency (working under 42 suns)
Expensive PV cell

7’/solar—to—elec."’39 %

Electrolyzer
Expensive electrocatalysts based on Ir and Pt

From: Jia et al., Nature commun., 2016, 7:13237

Nsolar—to—-H, ™ 12%

$ Muer

Photovoltaic cell
Cheap processing PV cell

77solar—1:0—elec."'15 —20%

Electrolyzer

Low-cost electrocatalysts based on NiFe

From: Luo et al., Science, 2014, 345, 1593

Noer




) . . . . .
(W \etrics for defining efficiency of conversion

Faradaic efficiency: Current expected based on desired production rate
Nr =
(for the electrochemical Current measured
production of a certain
product)

Energy conversion efficiency (Solar-to-Hydrogen (STH) Conversion Efficiency)
Input: Solar irradiation AM1.5G (1000W/m?)
Output: H, AG° = +238 kJ/mol = +1.23 eV/electron (thermodynamic minimum to split water)

Power output _ (hydrogen productionrate)X(hydrogen energy density) _

st = Power input Solar flux integrated over illuminated area

_ Jpr(mA cm™2) X np x 1.23 (eV)
IsTH = 100 (mW cm=2)




('@  py + Electrolyzer technology (examples)
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PV + electrolvzer From: Rodriguez et al., EES, 2014, 7, 3828
14 1 || 1
H, cost for systems with F =1 : H, cost for systems with FQ'th
12F = -
S : -
%Ci. 10 ™ A& ® £ 1 -Cathode -
:;.: § ‘_3 1 Anode
& gl 7T 3 ! [ Membrane
v 5 I
c i o 1 -Housing
9 g ~ 1 i
© 6 =2 1
=]
o |
2 - I -
o 4 I og v ng 28 & & g§ o ¥ §§
T I 22 23 88 83 5~ 5® 34 32 ¢y
2 I ST 9% ST 5L T TL AL T 4E T
| [T N T T e F e

\\\‘OQ}’ Py \(OQ\O \\OWQ‘O'L S’)u ,&\ q‘o OO OQ\O Ok O¢Q\O¢09k
(GO A (07 &P \ ( g AR § (_,
TP TS Ly \“‘%‘Q\%“%
SN
2 MODULE SYSTEM
Complexity increases price and Electricity grid
potential losses H, grid i )

n = 90%

Fuel cell From: Ronge et al., Oil & Gas Science
and Technology -Rev. IFP Energies
Nouvelles, 2015, 70, 863

n=20% 1=90% 7 n= N =67%



-(Pﬂ! Emerging technology for solar water splitting
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Direct water splitting using
photoelectrochemistry

- Photocathode

Photoanode Bipolar Membrane
1 MODULE SYSTEM
Simpler device configuration Electricity grid
- Avoid encapsulation or metal evaporation of PV H, grid 1
cells.

- Materials in direct contact with electrolyte
- Single material act as light-absorber and
electrocatalyst.

n=90%

preeiet > BEVERREIR  From: Ronge et al., Oil & Gas Science
and Technology -Rev. IFP Energies
Nouvelles, 2015, 70, 863

n=15% n = 100% n=67%
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-M(”_ Emerging technology for solar water splitting
| 1
Direct water splitting using Direct water splitting using
photoelectrochemistry photocatalysts

sen ),

H* Step (3)
Cocatalyst _----"T N ng

nanoparticle \
o) e

./
Photocathode X
Photoanode - A
BIDOIar Membrane h\., - Eg x_ . _______,..--’ Paniculate
photocatalyst
1 MODULE SYSTEM
Simpler device configuration . ) )
-1 Avoid encapsulation or metal evaporation of PV Nanoparticle/molecules dispersed in electrolyte
cells. Simpler design
-V Materials in direct contact with electrolyte - Avoid encapsulation and support.
-| single material act as light-absorber and - Nanopartocles/molecules in direct contact with electrolyte
electrocatalyst. - Single material act as light-absorber and electrocatalyst.
- Circumvent problems of charge transport within the
material
L —

- Drawback — difficult gas separation



(P Photoelectrochemical water splitting: First demonstration
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o 10
=
4]
o
E / :
3
=0 010 70
V(SCE)
1 0.5
2
3

—1.04

Fig. 1 Current-voltage curves for TiO; n-type semiconductor.
A single crystal wafer of n-type TiO, (rutile) was used after
treatment at 700° C at 10-* ~10-3 torr for roughly 4 h to
increase the conductivity of the crystal. This wafer was approxim-
ately 1.5 mm thick and the exposed (001) surface area was
approximately 1.0 cm?. Indium was evaporated on to one side
of the surface to ensure ohmic contact and a copper lead wire
was connected on the indium layer with silver paste. All other
surfaces were sealed by epoxy resin,

o
W

AW
4

|
1 _
2 :l Ay
3
e J .

* N-type photoanode: TiO, (rutile structure)

* 3 electrode potentiostatic measurement of
current in electronic circuit

A. Fujishima, K. Honda, Nature 1972, 238, 37



(i Photo-electrochemical cell for water splitting
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Semiconductor-liquid junction is a Crucial part of the device

-4.0

-gE°(H*/H,)

-5.0- A[J

ex

11.0
6.0~ | -9E°H,0/0,)

12.0 -
-7.0

E. ..o Ene(€Y) Semiconductor Metal
Photoanode Cathode

Al > 1.23 eV + 15y + Nyeg




(i Photo-electrochemical cell for water splitting
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-1.0-
40-
0. R GEY(H*H,)

-5.0

11.0- e
604 | -eEr.00)

1 2.0
-7.0-

E ocr Enne(€V) Semiconductor Metal

Photoanode Cathode

Al > 1.23 eV + 15y + Nyeg



(i Photo-electrochemical cell for water splitting
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A A | ohmic
-1.07 contact\
404
) "——-’ ______ —_ _ e ¢ _qEO(H+/H2)
0- 0\ i nred
-5.0 |
1.23 eV
Apex

1104 | E
604 | -aEH00,) rloxI g

1 2.0 1
-7.0

E. ..o Enpe(8Y) Semiconductor Metal

Photoanode Cathode
Aﬂex > 1.23 eV + TIO.X + nred



(i Photo-electrochemical cell for water splitting
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2hv 1
H20 — HZ + 5 02 H2
A A ohmic
-1.04 contact
'4.0" T \ Q 2H+
ST ———— u?:l__.$ n _qEO(H+/H2)
{1 04 . red
-5.0- |
1.23 eV Au 2 photons must be
ex
{104 | E absorbed to produce
6.0 | e00) N g one”molecule of I’-’I2
. oX —*S2 approach
- 2.0 — 2H20
-7.0- )
E o Enpe(€V) Semiconductor Metal

Photoanode Cathode
O,+4H"



-(I)ﬂ! Limitations of the S2 approach
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Under 1 sun illumination:

ohmic Au,, =0.75 E,.
contact Hex J
__________ | e ~ n,islarge (0.2-0.4 eV) for
“ed  ca. 10 mA cm™
Au,, | U, can be up to 1.0 eV per
! E hoton
noxI : ’ i
Maximum Solar to hydrogen

conversion efficiency (STH) is
12.7 % (with E, = 2.23 eV)

Semiconductor Metal
Photoanode Cathode

Nature 1985, 316, 495-500.



M€ Limitations of the S2 approach (2)

FEDERALE DE LAUSANNE

Photon energy [eV]
40 3.0 2.0 1.1

Single absorber

Solar flux x10'® [photons m2s' nm™]

300 400 500 o600 700 800 900 1000 1100
Photon wavelength [nm]

A single absorber performing overall water splitting harvests an small portion of the solar spectrum
Typically, due to large overpotentials and inefficient charge separation within the semiconductor only
materials with large band gaps (> 3 eV) are able to carry out unassisted overall water splitting.
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M Ideal photoelectrode requirements

robust - Long-term stability (10 years or longer)

- Based on earth-abundant materials, non-
toxic, processed by solution-based routes
(roll-to-roll, easy scale up)

Efficient

E vs vaccum E vs NHE
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Lu et al. 2016, 28, 1917-1933



MW  Tandem cell Approach (1): PV Bias- PEC
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2hV1+2hV2 1
HZ 0 > H2 + E 02
ohmic
ohmic ’contact
contact\ y
hvy, L gEoHH,)
A ol
?:‘e‘-;::r:

-qE°(H,0/0,) i E

Semiconductor  Semiconductor Metal
Photoanode pn junction Cathode

4 photons must be absorbed to produce one molecule of H,
—“D4 approach”




MW  Tandem cell Approach (1): PV Bias- PEC
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Khaselev et al. Science, 1998, 280, 425 Abdi et al. Nature Commun, 2013, 4, 2195

Ohmic contact J L Interconnect

Electrolyte Ptcoil Co-Pi Gradient-doped FTO Glass ITO 2-jn a-Si Ag/Cr/Al

BiVO, contact
4——---—3)
Electrolyte | Gradient-doped
) €
HOM,
| " p H,0/0,
! .—’ f-| } Co-Pi(]
Ohmic  Transparent Semiconductor Metal %)
contact ohmic contact  electrolyte interface  anode o
{tunnel junction) Q)
Metal Semiconductor TCO Tunnel Back
+N- cathode electrolyte junction contact
Solar-to-hydrogen it

efficiency = 12.4 % Solar-to-hydrogen efficiency = 4.9 %



.(Pﬂ- Tandem cell approach (2) — Dual PEC absorber
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2hv,+2hv, 1
H2 0 > H2 + gy 02
2
ohmic
contact
~———————— € |
hv I aerem,)
IQL”( Eg2 2
L~ A
froe--—--—" ’ ==
h|
-QE°(H,0/0,) Eg1
D

Semiconductor Semiconductor
Photoanode Photocathode

4 photons must be absorbed to produce one molecule of H,
—“D4 approach”




MW Tandem cell approach (2) — Dual PEC absorber
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tho(;con energy [eV]

TE 40 3.0 1.4
c | T I | 1 | 1 | 1 |
o | Single absorber D 5 Dual absorbers
)

E 4.0

2] 4

C

O

S 3.0-

£

& -

e 0]

o 2.0

s

x -

X

3 1.0

G-

| - =

o©

O —

n

300 400 500 600 700 800 900 1000 1100
Photon wavelength [nm]



("™ Tandem cell approach (2) — Dual PEC absorber
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Using assumption of U, .. of 1.0 eV per photon

1.6 5
3 21.6 %

1.8 3

2.o—§

Do

2.4 2

2.6-2

2.8 3

3.0 4

2%

32—

Top cell band gap energy, Eg1 [ev]

3
30 28 2.6 24 22 20 18 16 14 12 1.0 08 0.6

Bottom cell band gap energy, E , [eV]
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Techno-economical considerations

hv
Photoanode
Glass frit or membra
02
; Hz Outlet
Plastic Case Outlet
Electrolyte, O, ’
TC Anode

Net production (Kg H, per day, 1000
transparent cell yearly average)
PEC cell efficiency (STH %) 10
Transparent
ohmic contact Cost of PEC cell (per m?) 153 USDS
PEC cell lifetime (years) 10

!os! o! Hz proaucea !5!5 !,Eg

Pinaud et al. EES 2013, 6, 1983

Photocathode

ne

¥

Panel
Electrode

aiD < Water Inlet




-(Pﬂ! Emerging technology for solar water splitting
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Direct water splitting using
photoelectrochemistry

Photocathode

Photoanode Bipolar Membrane

1 MODULE SYSTEM

Simpler device configuration
- Avoid encapsulation or metal evaporation of PV
cells.
- Materials in direct contact with electrolyte
- Single material act as light-absorber and
electrocatalyst.

Direct water splitting using
photocatalysts

sen ),

H* - Step (3)
Cocatalyst _---~~ \ COz

nanoparticle \
o) e

*

hy = Eg \“‘ »' Particulate
photocatalyst

Nanoparticle/molecules dispersed in electrolyte

Simpler design
Avoid encapsulation and support.
Nanopartocles/molecules in direct contact with electrolyte
Single material act as light-absorber and electrocatalyst.
Circumvent problems of charge transport within the
material
Drawback — difficult gas separation
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Photocatalysis approach

60



M Photocatalyst — Single Absorber
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hv e
L\ o ) Record STH:
Qe 9 CoO (<515 nm) STH=5%
°® GaN:Mg/InGaN:Mg (Rh/Cr,0;) (<475 nm) STH=1.8 %

o Chen et al. Nature Materials Reviews 2017, 2, 17050
2

Type 1: Single Bed

. s 4H' + e’ 2H
Particle Suspension g i

STH Efficiency  10% I @
nm - um

o 2H,0 +4h*

Particle . 0,+4H'

Slurry \ Baggies Transparent
03 / Film
-~ - Drivfway

i ]
I 1

Pinaud et al. EES 2013, 6, 1983 122m



M Photocatalyst — Single Absorber
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Type 1

)
Q . Base Case
Qe g Ix, 5 years S
e ® '
Efficiency $1.50 $2.30
15/10/5 %

hv

H*/H

? Particle Cost
Multiplier $1.60 $2.00
0.1/1/20x
Lifetime $1.60 l $1.70
10/5/1 years
$0.00 5050 $1.00 $1.50 $200 5250 $3.00
Cost Sensitivity ($ per kg H,)
Type 1: Single Bed Low cost — approaching targeted 1-2 $ Kg' H,

. s 4H' + e’ 2H
Particle Suspension g i

Disadvantage of mixed O,/H,
i 0,
STH Efficiency 10% — |

o 2H,0 +4h*

Particle . 0,+4H'

Slurry \ Baggies Transparent
03 / Film
-~ = . Drivfway

i ]
I 1

Pinaud et al. EES 2013, 6, 1983 122m



A Photocatalyst — Dual absorber
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hv - Record STH:
‘ .‘ Ru/SrTiO5:Rh (<520 nm) + BiVO, (<520 nm)
. Fe3*/Fe?* (mediator) STH=0.1 %
Qo O

° @ Chen et al. Nature Materials Reviews 2017, 2, 17050
HgH,

Low STH - Redox mediator absorbs light
H, evolution system - Still large band gaps

Redox

0O, evolution system



I Photocatalyst — Dual absorber
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hv Type 2

]
. T T . T T
. Base Case

o @ 5.0%, 1x, 5 years 23.20
® ® fficiency |
THg @s 0/2.5 % %250 s
, .0/2.
Particle Cost
Multiplier $3.10 $4.50
0.1/1/20x ]

H, evolution system Lifetime $3.20 l $3.30

10/5/1 years

$0.00 $1.00 $2.00 53.06 $400 $5.00 $6.00

Redox
0, evolution system Cost Sensitivity ($ perkg H,)
Advantage — separation of O,/H,
Type 2: Dual Bed
Particle Suspension 4hv+4H'+4A ___ » 2H,+4A 4hv+2H0+4A __ , O,+4H'+4A
STH Efficiency 5%
Perforated Porous

Pipes Bridge : Particle ' ! Transparent
\ ' “ l‘! Fi[m
Driveway \ : /




A Photocatalyst — Dual absorber
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hv Record STH:
| Ru/Cr,0,/SrTiO,:La,Rh (<520 nm) + BiVO, (<520 nm)
Au, Rh or Ni (solid mediator) STH=1.1 %

Chen et al. Nature Materials Reviews 2017, 2, 17050

electrocatalyst

Particle layer
Supported

photocatalysts
particles

Carbon tape
Glass plate

Wang et al. Nature Materials 2016, 15, 611



M€ Summary
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Efficient and reliable methods to STORE SOLAR ENERGY chemically are highly desirable

———— e — T N— - - = — = I

Natural Photosynthesis — stores solar energy by oxidizing water and fixing CO,

. . ) 'i
~ Biofuels are important to today’s economy, but cannot meet all the energy demand

= E—

e ————— —Tl

2
— . —

Artificial Photosynthesis — for HYDROGEN production is a potential route for large scale solar

energy storage and replacement of H, production by steam reforming of natural gas. (‘,
|

|

: PV + Electrolyzer are not yet economically competitive (cost of cells, durability) I

{

Photoelectrochemical tandem cells (dual absorber) with stable (> 10 years), efficient ‘
(> 10 %) and solution-based could meet target 1-2 $ Kg' H, |

Photocatalyst (dual absorber) with stable (> 5 years), efficient (> 7 %) and low-cost
could achieve the target 1-2 SKg! H,
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