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What
Natural photosynthesis…

storage

…Storing energy in chemical bonds

1

What
Artificial photosynthesis…
Fuel + O2

XCO2 + H2O plus energy

…Storing energy in chemical bonds
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XCO2 + H2O plus energyEnergy & Environmental Science

…Storing energy in chemical bonds
Fig. 1 About 81% of our current energy supply is derived from fossil fuels (left side). It took millions of years to build up these fossil resources, formed by
natural photosynthesis. Today, burning these carbon-based fuels rapidly increases the concentration of CO2 in our atmosphere, leading to unwarranted
global climate change. We envisage a system that circumvents the use of fossil resources (right side). The conversion of H2O and CO2 in processes driven
by renewable energy allows for the production of renewable fuels in a rapid circular system that precludes the slow fossilisation route.

mainly reduced carbon material, with either a low (coal),
average (oil), or high (natural gas) hydrogen content. The energy
is stored in their chemical C–C and C–H bonds. The chemical
reaction with oxygen (O2) burns these fuels to form CO2 and
H2O. This exothermic reaction releases the stored energy,

probably continue to rely on liquid fuels for a long time to
come. Simple synthetic building blocks are also required in the
chemical industry for the preparation of, for instance, plastics,
coatings, pharmaceuticals, and a broad range of materials.
An attractive prospect would be the establishment of a fast
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Why
2018: New law for climate (Klimaatwet)

5% CO2 emission in 2050

Why
2018: New law for climate (Klimaatwet)

5% CO2 emission in 2050
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Why
CO2-neutral energy

Why
Issue 1: CO2-neutral energy= intermittent
Cope with
day/night fluctuation
Summer/winter

1 may 2018
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Storage of energy is important

Energy density per Kg
Compressed air (300 atm)
battery
Liquid fuels
H2 (700 atm)

~ 0.5 MJ kg-1
~ 0.1-0.5 MJ kg-1
~ 50 MJ kg-1
~ 140 MJ kg-1

Why
Issue 2: We still need fuel for heavy applications

Current use

140 x1012 Tesla batteries
1% per dag: 4x109
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Future
Wind, solar……

Why

Wind, solar……chemistry
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Wind, solar……chemistry
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Most simple

2H2O

How
O2 + 2H2

PV + electrolysis
(two system approach)
• PV + electrolysis
(integrated system)
• Photoelectrochemical
cell (integrated system)

Solar Fuel
n

PV-Electrolysis

Around 10-15% efficiency
Scalable!
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Triple junction PV + Electrolysis
n

PV-Electrolysis
¢
¢
¢
¢

22% STH efficiency
Expensive triple junction PV
Concentrated light
Cheap Ni-catalysts

Spiccia et al. 2015

Around 22% efficiency

Inorganic devices

PV/electrolysis Integrated devices

Dam, vd Krol et al. Nat Commun 2013
¢
¢
¢

¢

2-4% STH efficiency
Platinum free!
3jn-a-Si needs protection,
not stable in water
Efficiency too low

Around 5-10% efficiency

Nocera et al. Science 2011
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Natural photosynthesis

Published on 10 November 2008. Downloaded on 27/03/2015 16:10:52.

View Article Online

have common principles for capturing solar energy across the
whole of the visible spectrum and facilitating eﬃcient energy
transfer to the associated reaction centres with minimum
losses of energy. Again detailed spectroscopic and structural
studies have revealed the molecular basis of these systems,
details which could also be adopted for designing light concentrating systems for a new generation of solar energy
converting technologies.29 However it is the water splitting
reaction of PSII which holds the greatest promise for developing new technologies for converting solar radiation into
usable energy, particularly in generating hydrogen or ‘‘high
energy electrons’’ for reducing carbon dioxide. In this way
PSII is unique when compared with all other types of photosystems which are far more limited in the redox chemistry they
catalyse.

Photosystem II
The photosynthetic water splitting reaction appeared on our
planet about 2.5 billion years ago and was the ‘big bang of
evolution’ since for the first time living organisms had available an inexhaustible supply of ‘hydrogen’ (in the form of
reducing equivalents) to convert carbon dioxide into organic

molecules. From that moment, living organisms on Earth
could prosper and diversify on an enormous scale; biology
had solved its energy problem and PSII established itself as the
‘‘engine of life’’.30
Clearly, using solar energy to split water to produce hydrogen or ‘‘high energy’’ electrons is also the perfect solution for
humankind. In principle, the technology exists today to do
this. Electricity can be generated by photovoltaic solar cells
and used to carry out the electrolysis of water. With a solar cell
eﬃciency of 10% and 65% eﬃciency for the electrolytic
system, the overall eﬃciency would be 6.5%. Electrolysis relies
on platinum or other catalysts for gas evolution, which are in
limited supply and therefore expensive. At present very little
hydrogen is generated by electrolysis because of the lower
price of electricity generated by conventional means. Similarly,
the cost of photovoltaic solar cells marginalises this route for
using solar energy to produce hydrogen directly from water.
But perhaps a bio-inspired water splitting catalyst can be
devised which works along similar chemical principles employed by the OEC of PSII.
Because of the importance of understanding the chemistry
of the water splitting reaction of PSII there has been a wide
range of techniques employed to probe the molecular

Natural photosynthesis

Fig. 4 Side view of the structure of Photosystem II, the water splitting enzyme of photosynthesis. This structure was determined by X-ray
crystallography.39 The complex is embedded in the thylakoid membrane spanning between their lumenal and stromal surfaces. It is composed of
two monomers related to each other by a two-fold axis. Each monomer contains 19 diﬀerent protein subunits with 16 being located within the
membrane matrix and having s-helices (depicted by cylinders). In total there are 35 transmembrane helices. The D1- and D2-proteins that
compose the reaction centre are shown in yellow and orange, respectively. 57 cofactors were assigned to the structure, including 36 chlorophyll a
molecules. Of particular importance was characterisation of the water splitting site consisting of a cubane-like organisation of a Mn3CaO4-cluster
with a fourth Mn linked to the cubane by mono-m-oxo bridges (see insert where Mn ions are shown in magenta, calcium in turquoise and oxygen
atoms in red). This catalytic centre is located on the lumenal side of the complex and is stabilised and shielded by three extrinsic proteins, PsbO,
PsbU and PsbV. Also shown in the insert are the amino acids which provide ligands to the metal cluster. Figure modified from ref. 39.

190 | Chem. Soc. Rev., 2009, 38, 185–196
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The Royal Society of Chemistry 2009

10

Why artificial photosynthesis for energy ….
……..and not photosynthesis

We need efficiency!!
Inspiration from Nature: molecular based devices

Solar
fuel
device
based
on molecular
components
Solartoto
fuel
device
based
on molecular
components

Ir, Ru, Ni, Fe

Co, Ni, Fe

Artificial Photosynthesis
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Dye-sensitized solar cells (DSSC)

Michael Grätzel
O'Regan, Grätzel, Nature 1991, 353, 737-739

N-type DSSC

View Article Online

Chem Soc Rev

Dye-sensitized solar cells (DSSC)

O'Regan, Grätzel, Nature 1991, 353, 737-739

N-type DSSC
Fig. 1

Structure and operating principle of a typical DSSC.

and an iodide/triiodide redox mediator.12 A schematic of the
generic design of a DSSC can be seen in Fig. 1. The key principles of
the cell are light absorption and initial charge separation by the dye
molecule (eqn (13)), followed by charge stabilisation through rapid
electron injection into the TiO2 conduction band (eqn (14)) and dye
regeneration by the iodide (eqn (15)). Finally, reduction of triiodide
at the counter electrode completes the cycle (eqn (16)).
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Dye-sensitized solar cells (DSSC)

O'Regan, Grätzel, Nature 1991, 353, 737-739

n-type DSSC

Michael Grätzel
Dye Cell

n-type photo electrochemical DSSC

26

DSSC assembly
NiO working
electrode

Pt electrode
Pre-drilled hole

Dye absorbing

Sealing and filling
Polymer spacer
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ence

Tandem cell

Proof of principle, Efficiency low

Charge recombination
Better catalysts
Optimize light absorption

Sun et al. JACS 2015, 137, 9153

When
Solar Fuel: techno-economic analysis

View Article Online

Analysis

Economic competitive 2025-2040

Detz, van der Zwaan, Reek Energy Environ Sci. 2018 ECN/TNO
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Conclusion
Photosynthesis for food
Artificial photosynthesis for energy
Start implementing now, optimization for efficiency
for later
Can we make chemical compounds instead of
Oxygen?

30

DSPEC
benzaldehyde H2
Pt

DSPEC cell as big DSSC
~300 microA
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Discussion points
n
n
n
n
n

How important is efficiency?
What is the economic value of efficiency?
Do we need always need high efficiency
How to create a realistic holistic view?
What technology is lacking from other
perspectives? (economic, social,
implementation)
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