Supramolecular approaches in electrocatalytic water splitting
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Solar Fuel for a sustainable Future

m Required for applications that need fuel (plane)
m Energy storage of sustainable intermittent energy

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

Economic competitive 2025-2040
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Solar Fuel

m PV-Electrolysis m Integrated device

). ol . Electrolyte Ptcoil Co-Pi Gradient-doped FTO Glass ITO 24na-Si Ag/Cr/Al
* 2 ¥ v BiVO, contact

Hydrocarbons

and Oxygenates Dam, vd Krol et al. Nat Commun 2013

2 Catalysts may be the same!

Overpotential/rate crucial
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Solar to fuel device based on molecular components
€ € — €
e II Undesired back-reaction I]e
pet
e / 4H" + 4e n Y. o
-:. linker (w®¢+ o2 b. linker .—
9 H,0 H* -
—e —e
H* — H*
hv (shorter wavelengths) hv (longer wavelengths)
Water-oxidation Proton-exchange Proton-reduction
site membrane site
Ir, Ru, Ni, Fe Co, Ni, Fe
Artificial Photosynthesis
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Molecular components Solar to fuel devices
to make new catalyst Based on molecular
materials components

Molecular approaches

Molecular components to Molecular catalysts
make functional MOF’s for electrochemical
processes
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Example: Ir-NHC-WOC + .
m Highest activity with . s |

/Irl(lll)' — /,l(ux)—o L
non-coordinating anions > 0 oo
in the buffer at pH 3-4
= Onset overpotential is In situ MS/Raman on gold electrode

a a - - . —pHI
ca. 300 mV in ClO,-media 20y e I
2254 T 16 p
<14y . i pH3
Z - pH1I1
Z os = pH 12
! = s
N_u 0.4
202
I
I — 274 6 8 10 12 14
\ Ir o
III
N—7 \J/OH
@N = o 12 13 1.4 15 1.6 1.7 1.8
E (V vs. RHE)
With Hetterscheid/Koper Figure 3. Current—potential profile for water oxidation catalyzed by

by iridium-N-dimethylimidazolin-2-ylidene immobilized on gold,

Diaz-Morales et al., JACS 2014, 10432-10439 obtined under hydrodynamic conditions at different pH’s in

perchlorate media. v = S mV s™', @ = 1500 rpm. Insert: Current
Chem Commun 2011’ Chem.EUr J 2014 (activity) measured at 1.7 V vs RHE.

Martin Koelewijn, ACS Catalysis, 2016, 3418-3427
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Anchoring water oxidation catalysts
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Electrode preparation

Electrode surface

Catalyst
s
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E} o 0, +4H®
° C 2
§ O Sl /Ir‘CI WOCC
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::7 - g 08
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wl i e |Um\|2m\h“'7\[24h?: = o034
0 e, |
[ + - 4 - = - T - 5 0.1
o Time (5) N e e o o i an o
Anode in Clark electrode with CAN Electrocatalysis
Electrode: glass/FTO/TiO, coated with Ir-NHC-catalyst 1.5V vs NHE
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Molecular approach to make new catalyst materials

MnO,/N-C
nanorod

a’ \CI _ selective non-selective
S~ o anchoring of 2 deposition of H,IrCl, H I ‘ I
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Ir-MnO,/N-C C-Ir-MnO,/N-C Suschem UVA
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Molecular approach to make new catalyst materials

MnO,/N-C
nanorod

Single Ir on MnOx

selective non-selective
anchoring of 2 deposition of H,IrCl,

VS.

C-Ir-MnO,/N-C
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bbbbbbb Ir-MnQO,/N-C

94 —
......... C-Ir-MnO/N-C

Aftér 100 CV cycles

Current density (mA cm?)

10 11 12/13 14 18 16 1.7
Voltage (V vs. RHE)
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How to use supramolecular chemistry to
promote redox catalysis for water splitting

Water
oxidation
catalyst

Artifical Photosynthesis

Overall reaction: 2H,0 = O, + 4H,

Water oxidation: 2H,0 = O, + 4e- + 4H*
Proton reduction: 4e- + 4H* = 2H,

Ha
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Ruthenium catalysts for water oxidation

Ru"-H,0
WNA, slow .
-H*, e
| = mn
) Ru"-OH
N
== 0O, (o'
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J Ru"OOH |Ruv-OH
H* Il‘“" e’
mi Y
Ru'=0
H,0 u

12M, fast

+H,0, - H*

RuvV-0-0-Ru'v

j

Ru'=

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)

Conception et al., Chem Soc Rev., 6170 (2017)

Reek et al., Chem Eur

Meyer et al., Chem Soc Rev., 6148 (2017)

Dinuclear mech!

J., 16413 (2017)
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Ruthenium catalysts for water oxidation
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E[ectrochemlcal wate_r oxidaticn Fastest catalyst with chemical oxidant
First order in catalyst;

Radical coupling; second order in catalyst.
KIE: D,O/H,0 around 2 piing y
T. J. Meyer, et al., Proc. Natl. Acad. Sci.

112, 49354940 (2015). L. Sun, et al., J. Am. Chem. Soc., 10397—-10399 (2009
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Rutheniiim ecatalvsts for water oxidation
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T. J. Meyer, et al., Proc. Natl. Acad. Sci.
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Nanoconcentrator for water oxidation ?
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Complex 3 Fengshou Yu, submitted
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Nanoconcentrator for water oxidation ?
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I 'Electrolcl:hemical water oxidation: effect of local

catalyst concentration

0,20 4 .
Ratio of catalyst to sphere .5
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0,05 - mSOJBA
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0,2 0,4 0,6 0,8 1,0 1,2 1,4 uSOSTBA
E vs. NHE Complex 1

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

I | Effect of local catalyst concentration on

(o]

electrochemical water oxidation rate
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CV measurements with the ratios of complex 1 to sphere from 1 to 12 at scan rate of 10
mV s'. The overall catalyst concentration is 2.5 * 10 for all samples.
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Rafe deterrﬁlinihg stp depends on local ruthenium concentration

201 Relative rate
- RuH0|
— e , fast
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Molecular cages to facilitate for proton reduction

Hydrogenase:
— 9000 m/m/sec
2 No overpotential

13
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Hydrogenase mimics
(NH
FesSa
Ny Y 7 r7 cHs 7 r7
_—Fes -—°Fe S.S N S
ot~/ ./ \ ¢ S S oc. o8 L N S8 oc, S8 co
8 g O LN oc 'tfe;Fé"'co H c‘N/kFe/;\*ééco @ Fe4F€"'co
w8 8, 2 P 3C oc™ CO J
OCU/ \coL L <o OC/ \CO A ”{;I‘/N-cmco
27: Ly = PPh,CHy(2-Py), L, = CO
28: Ly = PPh,CH,(2-Py), L, = PMes 2 30
21:1'=12=CO
22:L'=CO, L2=PTA P o Pﬁ
i 23:L'=12=PTA
Organic solvents U0 e L‘(Q“ )’ﬂ g
Instable §§; I[W B Ezo = IB;;:?: e DAPTA ©
. o N-R
Overpotential 7 % S,/s( Q
Lower activity oc. P& o oo P& co oo N co o S/i B
Fe—Fé..., ~Fe—Fé., ~he—Fe, i N
..... oc/ '\ “co oc/ \"co oc'/ \'CO .. o
ocC Cco ocC Cco (o]0} cOo od %
31 32 33: R = p-MeOCgH, 34
Players in the field: Raughfuss, Darensbourg,Gloaguen, Sun, Wu, Wang,
Fontecave, Eisenberg, Nocera, Picket, Ott, Reek,Dubois .......
Recent Reviews: Coord. Chem. Rev. 2014, p127; Energy Environ Sci, 2012, 6763;
Energy Environ Sci, 2012, 6012; Chem Soc. Rev., 2012, 6763
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Rene Becker,
science adv. 2016 2:e1501014
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Hybride systems: importance of second coordination sphere

Full activity restored!

(("" I ﬂ"" o ﬂ"” Lubitz and Reijerse
oc, l/ A1 .co 0c, 1M1 co 0,11 co Biochemistry 2015
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Caged Hydrogenase mimic

= = — .
N = ° =N > |J =N 12 Pd?*
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Zaffaroni, To be published 2D-'H DOSY NME
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Caged Hydrogenase mimic
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Catalysis at lower overpotential
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Blue: mixed cage
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1E-5
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-2E-5
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Current (A)

Red: Fe,BB
Black: Fe,BB + 10eq acid
Blue: mixed cage

-5E-5
-6E-5
-7E-5
-8E-5
-9E-5

\Proton reduction

-1.8 -16 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2
Potential (V vs Ag/Ag+)

Caged Hydrogenase mimic

Black: Fe,BB + 10eq acid
Blue: mixed cage

-5E-5

6E-S Green: mixed cage + 15eq acid Pink:
TES | mixed cage + 30eq acid
-8E-5

-1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 O
Potential (V vs Ag/Ag+)
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Conclusion

Molecular approaches can be very powerful
in electrocatalysis

Supramolecular approaches: ditto!
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