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Nieuwe klimaatwet; new law for climate

5% CO2 emission in 2050
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Solar Fuel for a sustainable Future
n
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Required for applications that need fuel (plane)
Energy storage of sustainable intermittent energy

New opportunities:
Electrocatalytic processes for sustainable chemical applications
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Solar Fuel: techno-economic analysis
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Integrated device

Dam, vd Krol et al. Nat Commun 2013

Catalysts may be the same!
RENOverpotential/rate
fuels based on learning curves
for the underlying
crucial

sts (in US$(2015) per kg) until 2050 for the production of
routes presented for REN H2 production with H2O as feedstock are three electrolysis options (AE, PEM, and SOE) and one
ch (PEC). In three routes CO2 is introduced as additional feedstock for the production of carbon-based REN fuels (syngas,
rizontal dotted break-even lines represent the current costs of producing these fuels on the basis of fossil fuels.

ricity consumption is the major cost
earning rate for AE, CAPEX and O&M
mponent of the H2 production costs
cade.

realized in existing systems such as those based on solar PV.
This is also demonstrated in the cost-breakdown curves for the
base case and optimistic scenario, which reveal that the major
cost-components are CAPEX and O&M, while electricity demand
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catalyst concentration of 1.65. The broken order points at the presence of a monomer-dimer
equilibrium before the rate determining step (RDS) of the mechanistic cycle that affects the
overall rate of the catalytic oxidation of H2O. The existence of a monomer-dimer equilibrium
was previously suggested by Crabtree for the tris-aqua complex 14 after evaluation of a variety
of IrCp* water oxidation catalysts.12,26,38 It is assumed that the broken order of 1.65 found for
NHC complex 19 and pyridine complex 21 is the result of a similar monomer-dimer
equilibrium. This equilibrium is assumed to be caused due to the reversible formation of
catalytically active bis-µ-oxo bridged dimeric species in solution, displayed in figure 2.11, of
which the molecular structure resembles the dimeric species found for complex 20 when
studied under electrocatalytic conditions (bottom-right panel in figure 2.5).25

Example: Ir-NHC-WOC
Highest activity with
non-coordinating anions
in the buffer at pH 3-4
n Onset overpotential is
ca. 300 mV in ClO4-media
n

In situ MS/Raman on gold electrode

Figure 2.11 (left) Monomer-dimer equilibrium before the rate determining step (RDS) leads to a
broken order in catalyst concentration. (right) Postulated in-situ dimer formation for NHC complex 19
(L = NHC) and tris-aqua complex 14 (L = H2O).

The graphical rate equation for pyridine complex 21 and tris-aqua complex 14 show a similar
trend in the maximum TOF and the reaction order in [Ir]. The graphical rate equation for NHC
complex 19 With
is also
similar in terms of the maximum TOF and the reaction order in [Ir] but
Hetterscheid/Koper
differs in the
change ofet al.,
theJACS
Ce4+2014,
consumption
Diaz-Morales
10432-10439rate at the start of the reaction where
4+
4+
Commun
2011, Chem.Eur
J 2014
[Ce ]t/[Ce Chem
]0 equals
1 (depicted
in figure
2.12, indicated by the arrow). The similarities
Martin
Koelewijn,
ACS
Catalysis,
2016,
3418-3427
between pyridine complex 21 and tris-aqua complex
14 implies that under the experimental
conditions the pyridine ligand is readily decoordinated to be replaced with H2O, forming
essentially the same catalytic precursor as tris-aqua complex 14.‡ This has been assumed to be
the case for tetramethylethylenediamine complex 11 as well (see figure 2.2), as similar kinetic
In the event that both chloride ions dissociate as well upon dissolving complex 12 in 0.1 M HNO3.

Anchoring water oxidation
catalysts
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conductor

Electrode preparation
Catalyst
e-

Anode in Clark electrode with CAN

Electrode: glass/FTO/TiO2 coated with Ir-NHC-catalyst

Electrocatalysis
Figure 4.2
(left) chronoamperometric measurement of FTO/TiO2/2 at 2.0 V vs N
phosphate buffer at pH 2.0; (right) ATR-IR surface analysis of FTO/TiO2/2 after

1.5 V vs NHE

Molecular approach to make new catalyst materials

H2IrCl4

With dr Ning Yan
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Molecular approach to make new catalyst materials

Single Ir on MnOx

H2IrCl4

a

After 100 CV cycles

H2IrCl4

8

How to use supramolecular chemistry to
promote redox catalysis for water splitting
Overall reaction: 2H2O = O2 + 4H2
Water oxidation: 2H2O = O2 + 4e- + 4H+
Proton reduction: 4e- + 4H+ = 2H2

Ruthenium catalysts for water oxidation

L. Sun, et al., Nat. Chem. 4, 418–423 (2012).
L. Sun, et al., Angew. Chem. Int. Ed. 2013, 52, 3398–3401.
L. Sun, et al., Chem. Commun., 2014, 50, 12947-12950.
L. Sun, et al., J. Am. Chem. Soc., 10397–10399 (2009)

Dinuclear mech!
Conception et al., Chem Soc Rev., 6170 (2017)
Reek et al., Chem Eur J., 16413 (2017)
Meyer et al., Chem Soc Rev., 6148 (2017)
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Ruthenium catalysts for water oxidation

Electrochemical water oxidation
First order in catalyst;
KIE: D2O/H2O around 2
T. J. Meyer, et al., Proc. Natl. Acad. Sci.
112, 4935–4940 (2015).

Fastest catalyst with chemical oxidant
Radical coupling; second order in catalyst.
L. Sun, et al., J. Am. Chem. Soc., 10397–10399 (2009)

Ruthenium catalysts for water oxidation

?
Electrochemical water oxidation
First order in catalyst;
KIE: D2O/H2O around 2
T. J. Meyer, et al., Proc. Natl. Acad. Sci.
112, 4935–4940 (2015).

Fastest catalyst with chemical oxidant
Radical coupling; second order in catalyst.
L. Sun, et al., J. Am. Chem. Soc., 10397–10399 (2009)
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Nanoconcentrator for water oxidation ?

Fengshou Yu, submitted

Nanoconcentrator for water oxidation ?

Upto 12 ruthenium catalysts
bound in the nanosphere
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Electrochemical water oxidation: effect of local
catalyst concentration

CV measurements with the ratios of complex 1 to sphere from 1 to 12 at scan rate of 10
mV s-1. The overall catalyst concentration is 2.5 * 10-5 for all samples.

Effect of local catalyst concentration on
electrochemical water oxidation rate

CV measurements with the ratios of complex 1 to sphere from 1 to 12 at scan rate of 10
mV s-1. The overall catalyst concentration is 2.5 * 10-5 for all samples.
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Rate determining step depends on local ruthenium concentration
Relative rate

KIE

The nano-concentrator concept for proton reduction?

Molecular cages to facilitate for proton reduction

Hydrogenase:
9000 m/m/sec
No overpotential
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Examples of some hydrogenase mimics

ons: a GC working electrode, a platinum wire counter electrode and a Ag/AgNO3 (0.01 M in acetonitrile) reference electrode, in acetonitrile.
verpotential ¼ |Ep ! E# HA|. c The C.E. values are either cited from ref. 15 or calculated according to eqn (1). d IMe2 ¼ 1,3-dimethylimidazol-2IPyMe ¼ 1-methyl-3-(2-pyridyl)imidazol-2-ylidene.
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Hybride
Biochemistrysystems: importance of second coordination sphere

Article

al. proposed the nature of the bridgehead atom to be
nitrogen.19 This assignment was later experimentally supported
by the magnetic resonance studies of Silakov et al.41 and Erdem
et al.42
Full
restored!
Veryactivity
recently, Berggren
et al. demonstrated that 1a, 2a, and 4
can be bound to the native maturase HydF, which subsequently
delivers the model compound to the unmaturated form of
HydA1 that only contains the [4Fe-4S]-cluster but not the
[2Fe]-subsite.43 Since only the hybrid enzyme containing
mimic 1a showed full hydrogenase activity, this experiment
provided
unequivocal
evidence for an amine function in the
Lubitz
and Reijerse
43
dithiolate
bridging ligand.
Shortly thereafter, Esselborn et al.
Biochemistry
2015
showed that 1a can be inserted also directly into unmaturated
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genase.
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electron
paramagnetic
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Fontecave
Fourier transform infrared (FTIR) spectra of HydA1-1a
Nature
2013
showed
the same
redox states as the native Chlamydomonas
reinhardtii hydrogenase HydA1.43−45 Subsequent FTIR spectroelectrochemical experiments revealed reduction potentials
identical to those of the native enzyme.45 The FTIR spectra of
HydA1-bound 2a and 4 exhibited vibrational modes from CO,
bridging CO, and CN− ligands similar to those of the native Hcluster, but no H2 production activity was reported.43
In the current study, we investigate a series of model
compounds that can be introduced into unmaturated HydA1
(Figure 1c). The central bridgehead atom was replaced by
sulfur or the bulkier NCH3 group (5 and 3a, respectively).
Furthermore, the free volume of the protein pocket was probed
by introducing methyl groups on the adt methylene moieties
(6 ). Finally, three variants with only one CN− ligand were
synthesized in order to explore the function of the CN− ligands
(1b, 2b, and 3b). The successful insertion of these variants was
monitored by FTIR spectroscopy and the new hybrid proteins
were tested for their residual H2 production and oxidation
activity using gas chromatography and UV spectroscopy,
respectively. None of these variants showed improved hydrogenase activity. Nevertheless, very interesting insight into the
conformational and functional features of the active site could
be gained by studying the properties of these hybrid
hydrogenases.
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Mixed cageAND
assembly
logD= Preparation of 9.3
Unmaturated HydA1. The structural
gene of C. reinhardtii HydA1 was heterologously overexpressed
Figure 1. (a) Active site (H-cluster) of C. reinhardtii [FeFe]in E. coli BL21(DE3)ΔiscR46 according to a procedure
hydrogenase HydA1 in its protein surrounding. The protein backbone
previously described by Kuchenreuther et al.47 but without
is shown as well as the amino acid residues near the H-cluster. An
2Building block
31
expression of theFematurases
HydE, HydF, HydX, and HydG.
alignment of the crystal structures of C. reinhardtii HydA1 (3LX4 )
logD= -8.85
For overexpression, a pET21b expression plasmid containing an
and Clostridium pasteurianum (3C8Y32) was used for the image,
generated using the program PYMOL.33 (b) Schematic structure of
block HydA1 gene with an NE. coli codon Ammonium
optimized Building
C. reinhardtii
logD= -8.80
the H-cluster with the open coordination site shown as an ellipsoid.
terminal Strep-tag followed
by a TEV (tobacco etch virus)
(c) Series of all [2Fe]-model compounds that were synthesized
and
2D-1H DOSY NMR cleavage site (WSHPQFEKSSGRENLYFQ|G) was used. After
used in the artiﬁcial
maturation
attempts of C. reinhardtii HydA1.
Zaffaroni,
To be
published
puriﬁcation on a Strep-Tactin Superﬂow high capacity resin
(IBA GmbH), TEV protease was added to unmaturated HydA1
at a ratio of 1:30 (w/w) and incubated overnight at room
C, N, and O could not be distinguished at the available
temperature to cleave the Strep-Tag. The plasmid for
crystallographic resolution. Therefore, additional mimics
expression of the TEV protease was a gift from the Arrowsmith
[Fe2(adt)(CO)4(CN) 2]2− 1a (adt = azadithiolate) and
laboratory (University of Toronto). The His6-tagged TEV
[Fe2(odt)(CO)4(CN)2]2− 4 (odt = oxadithiolate) were
synthesized39,40 (see Figure 1c). As free complexes in solution
protease was removed by addition of Talon metal aﬃnity resin
(Clontech, 350 μL column volume Talon beads per mg TEV),
1a, 2a, and 4 have a low activity1 and can therefore be classiﬁed
incubation for 1 h, and separation of the beads from the protein
as structural rather than functional active site models. A few
solution by ﬁltration. Successful TEV-cleavage was conﬁrmed15
years later, based on arguments related to the possible catalytic
by mass spectrometry (Supporting Information Figure S1a).
mechanism and a reanalysis of the crystal structure, Nicolet et
1475
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Conclusion
Molecular approaches can be very powerful
in electrocatalysis
Supramolecular approaches: ditto!
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