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Why Solar Fuels?
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Which fuel (energy storage)?
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Which fuel (energy storage)?

Present: dirty
Future: sustainable?
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Which fuel (energy storage)?
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The generation of solar fuels: artificial photosynthesis

Inputs Process Product Uses

Sunlight and abundant

Artificial Solar fuels « Transport fuel
materials such as water - photosynthesis - - SR —
and carbon dioxide

for industry
% « Electricity generation

Hydrogen (H;)

—

Carbon-based fuels

such as methane (CHy),
carbon monoxide (CO)
and methanol (CH;0H)
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About artificial photosynthesis: H> economy

By day & night!

Solar hydrogen storage
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About an Unsustainable Carbon-Cycle
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About a Sustainable Carbon-Cycle: a Syngas Economy
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Syngas is invaluable chemical feedstock for the petrochemical industry.
* Intermediary building block to liquid fuels, e.g. hydrocarbons (CD-Lab).
» Synthesis of fertilizers, plastics, pharmaceuticals, etc.
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About a Sustainable Carbon-Cycle: a Syngas Economy
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“Sustainable carbon-based economy’
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Overview: Inspired by Nature's High Performance Enzymes

The quest for inexpensive, efficient, durable and scalable catalysts!

State-of-the-art: Noble metals; e.g. Pt:
(/) expensive/limited resources
(if) non-selective (at low potentials it is an excellent O, reduction catalyst)
(iif) poisoned by several inhibitors (e.g. CO, H,S)

Nature’s choice - enzymes
(/) can be ‘grown’ and non-toxic
(i) certain enzymes operate in the presence of inhibitors as O», H> and CO
(iii) often no or negligible over-potentials - highly efficient catalysts

BUT: large foot-print per catalytic entity & fragile (e.g., O2-sensitive)
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Hydrogenase (H,ase) Photosystem Il (PSII)
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Overview Photocatalysis: Enzyme Hybrid Systems

Chem. Commun. 2009, 550-552.
J. Am. Chem. Soc. 2009, 131, 18457—-18466.

Angew. Chem. Int. Ed., 2013, in press.

m. Chem. Soc., 2012, 134, 8332—-8335.
m. Chem. Soc., 2013, 135, 10610-10613.

‘Artificial photosynthesis through hybridisation’
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Overview PhoTocatal sus S nthetic Hybrid Systems

D* D

Chem. Commun. 2009, 550-552.
J. Am. Chem. Soc. 2009, 131, 18457—18466.

Angew. Chem. Int. Ed., 2013, in press.

J. Am. Chem. Soc., 2012, 134, 8332—-8335.
J. Am. Chem. Soc., 2013, 135, 10610-10613.

‘From enzymes to synthetic systems’
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Chem. Commun., 2011, 47, 1695—-1697.
Angew. Chem. Int. Ed., 2012, 51, 9381-9384.

Angew. Chem. Int. Ed., 2012, 51, 12749-12753.

Chem. Commun., 2013, in press.
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Overview Photocatalysis: Synthetic Hybrid Systems
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About Photocatalysis with Enzyme-modified TiO> Nanoparticles

— from ‘light to electricity’ (PV) to ‘light to fuel’ (solar fuel) conversion

/_\,. "5"4_'}':*‘;-, Concept of light-driven fuel production
| N'HN 4 OH E vs NHE with an enzyme-modified dye-sensitized
J % / e X t TiO2 nanoparticle
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donor HO-P< | yme
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visible light ¥_+10 2 -
TOF: 50 s' 0.15 s (pH 6-7; r.t.)
Dye-sensitized Solar Cell
=
electron dye electron interfacial
injection regeneration transport recombination
l l > tis—
Gratzel, Inorg. Chem. _ _ _ _ i _ _
2005, 44, 6841-6851. 10" 10™ 10° 107 10° 10° 10™ 10'
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Photocatalytic H> production with hydrogenases

H, production with Desulfomicrobium baculatum (Db) [NiFeSe]-H on dye-sensitised TiO2

TEOA’ TEOA .:Oc,sunllght H*  ZH;
974« N\ '\

M

: high TOF
O, tolerance
, no H, inhibition

fast intraprotein ET

absorptlon

\ /

stable attachment and —
efficient charge separation

vstable attachment in
electroactive configuration

hydrogenase | TOF: 50 s™ at

photosensitizer
25°C,pH7

TEOA = triethanolamine

Cartoon representation of a hybrid (enzyme-TiO2) nanoparticle system showing aspects that are
desirable for efficient and practical H2 production from sunlight.
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Photocatalytic H> production with hydrogenases

donor* donor ,4( \‘ sunlight H* H,
; R 4 Concept of light-driven fuel
/ N\ production with an enzyme-
N i \ modified dye-sensitized TiO2
,, . nanoparticle
N “ e \\ OH ) '.'t*' v part

TOF: 50 s at

/
: \ 25°C,pH7
Current/ A

Amax = 456 nm OH

visible light

E% (CB TiO,) §

E%" (Ru'/Ru"™) |E" (H*/H,) sinaee |2

Enzyme operates at =——> : °

. . 0

thermodynamic potential oWt g
Potential / V -

¢ H, production rate <

1 (proportional current) ~§

Protein film voltammogram of Db [NiFeSe]-hydrogenase dr\iving force g
at pH 6 at 25 °C (10 mV s~'and 2500 rpm). r
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Visible light driven CO2 to CO conversion with CODH.

i \ Active site
CODH = Carbon monoxide [NidFe-4S]
dehydrogenase from
Carboxydothermus TOF: 0.15 s, 20 °C, pH 6,
hydrogenoformans 98% CO-
100% selectivity!
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About Photoactivity under High O: Levels with a Hydrogenase

$ 100! ‘
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¢ 101|£ o Amount of Hz generated with the EY-
2 ol P51 Hzase system in an aqueous TEOA
o solution (150 mM, pH 7.0) during visible
H, / umol | light irradiation (tir, 100 mW cm—2, AM
0.5+ c.10%0  1.5G, A>420 nm)at 25 °C. The EY-
' Hoase system was exposed to different
d.15% 0.  O2 headspace concentrations after one
~hirradiation.
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About a Photo-Tandem Cell D> . i o A

catalyst |— | dye |/ | catalyst L.

Dred
donor* donor :‘1 suniight H* H, donor side  energy input acceptor side
.~ % p— 4
N\ N , 4 Vectorial electron transfer
/) ~ _—————»

RuP* | e o
I 2
H,0

Anodic half-reaction: PSII

We need to close
the redox cycle —

To do: Coupling of cathodic with
anodic half-reaction
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About a Photo-Tandem Cell D" . i o A
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Hybrid system for solar water splitting
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About Water Oxidation with Photosystem II

mesolTO as substrate:

- Transparent

3D structure

Hydrophilic

PSII dimer:
11%x21x11 nm3

mesolTO
NQS electrode

PSIl from Thermosynechococcus elongatus Electrochemical cell before and during irradiation. '
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About Water Oxidation with PSIT on mesoporous ITO

PSIl-mesolTO (blue trace): direct ET from PSII to ITO!
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Photocurrent responses (red light) with +0.5 V vs.
NHE in aqueous pH 6.5 buffer solution at 25°C:

PSII-mesolTO:

i=1.6+0.3 uAcm2
TOF = 0.18 + 0.04 (mol O2) (mol PSII)-' s~




About Water Oxidation with PSIT on mesoporous ITO

[Mn-depleted PSll]-mesolTO (grey trace): no interfacial ET

mesolT
! ‘5 pAcm2
A =< bo 5 " p
(-140 mV) ey (h . - ‘;) °-~L <

“¢" non-heme Fe *, Qg (~-60 mV)
(+430 mV) -
P -~ L_?_

0 50 100 150
t/'s

Photocurrent responses (red light) with +0.5 V vs.
NHE in aqueous pH 6.5 buffer solution at 25°C:

[Mn-depleted PSII]-mesol TO:

i=n.d.
TOF =n.d.

n.b.: no photocurrent with intact PSIl on TiO>
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About Water Oxidation with PSIT on mesoporous ITO

PSII-mesolTO + NQS (red trace): enhanced, mediated ET oJi3 ON Kl ON KeJdl ON |

mes?lTovj:iS ‘5M \ \ \

Q ‘“' [ s% “‘« X2
A - _—

(140'mv) “Ge €T T> e (-60 mV)
“¢ non-heme Fe* " Q; (~-60 mV)

—
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. R
A R e 0 50 100 150
P8O * % e
. YN Photocurrent responses (red light) with +0.5 V vs.
Tyr, { P e Tyrg NHE in aqueous pH 6.5 buffer solution at 25°C:
% ‘n, ‘L -
HO : PSIl-mesolTO + NQS:
2 )39 i=12+1 uAcm=2.
o 0 o® Mn,Ca TOF = 1.4 £ 0.1 (mol O2) (mol PSIl)~"'s"
2
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About Water Oxidation with PSIT on mesoporous ITO

PSIl-mesolTO + DCMU (green trace): direct ET from Qa! 33l ON 3d ON Kid ON |
S .
mesolT( \ \ \
F ! X Qs inhibited |3 WAeM™
‘ » » by DCMU
(140mV) >°L-
“¢" non-heme Fe* QB (~-60 mV)
1 (+430 mV) :,7_» \ & Feth
T WalPo a2 - I BR
\ i e
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s S P o1 tls
b g Sreres AR
680 ° %, [ L&
. I Photocurrent responses (red light) with +0.5 V vs.
TyrZ “:" . L_;“"“ Iy TyrD NHE in aqueous pH 6.5 buffer solution at 25°C:
‘L“A, ‘L
HO ’ w | PSll-mesolTO + DCMU:

2 ) o CI\\']—J{::::}JXN.\HWN\ i=05%£0.1 yAcm=2

o ‘o e® Mn ,Ca o~ ° TOF =0.05 £ 0.02 (mol O2) (mol PSII)~" s
2 DCMU
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About Water Oxidation with PSIT on mesoporous ITO

Direct ET from Qa to mesolTO!

mesolT
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Q, (~-60 mV)

Qa approximately 9A from stromal protein surface

surface exposed Glu

Q
9\; & o
10A Tyr =g et Tyr
% b 4
,&ﬁf pe
o b0 < 4 lﬁd » o
g o I Q
Q, \ z ¢ B
é ® s

¥
non-heme Fe" \

Acceleration of PSIl TOF by direct ET from Qa?
Diffusion of quinone QB from protein pocket to
electron acceptor rate limiting in PSIl and 10-
fold slower than the slowest catalytic step.

Can we accelerate water oxidation in PSIl in an

" artificial environment by hijacking electrons

upstream at Qa level?



“ Chemical

Conclusion Biology

"Developing the chemical toolbox for
advanced photochemical systems”

Fuel generation: from enzymes to bio-inspired catalysis.

» Solar Hz production and with enzyme-nanoparticle system

» Solar water oxidation with enzyme-modified metal oxide electrodes
 Solar Hz production with Co catalyst-nanoparticle system

 Solar water oxidation hybrid materials from molecular precursors
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