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Theoretical Methods and Heterogeneous Catalysis

Electrocatalysis:
ORR on Pt nanoparticles,
nanoparticle catalyst systems
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The MPI for Chemical Energy Conversion
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Griindung der Selbstandigen Abteilung fiir Strahlenchemie des
MPI fir Kohlenforschung.
Grindung des MPI fiir Strahlenchemie
Aus dem MPI fur Strahlenchemie wird
das MPI fiir Bioanorganische Chemie
Frank Neese wird als Direktor berufen
Robert Schlogl wird Leiter des MPI fiir bioanorganische Chemie
Neugriindung des Instituts Max-Planck-Institut fiir chemische
Energiekonversion mit Robert Schlogl als geschaftsfiihrender Direktor
Erteilung des Zuschlags fir die bauliche Erweiterung des Instituts
Serena DeBeer und Walter Leitner werden neue
Direktoren am MPI CEC
Spatenstich fir die Erweiterung des Instituts
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The MPI for Chemical Energy Conversion

Prof. Wolfgang Lubitz " Prof. Walter Leitner

Heterogeneous CataIyS|s

Prof. Robert Schlogl Green Chemistry
Biocatalysis, . _

Bioinorganic Chemistry

Prof. Serena DBer

Prof. Frank Neese —

W= | Heterogeneous Catalysis,
~ Materials Science

o1 Chemi |
Theoretical Chemistry, Spectroscopy X-Ray Spectroscopy, Catalysis HER
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Spirit of the Max Planck Society

,DEM ANWENDEN
MUSS DAS ERKENNEN VORAUSGEHEN.*
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Energy problem - or storage problem ?
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Sonntag, 17. August 2014 —
Erneuerbare Energien decken 75% des
deutschen Strombedarfs

Sonntag, 8. Mai 2016 — Erneuerbare
Energien decken 87% des deutschen
Strombedarfs

Mittwoch, 22. Februar 2017 —
Einspeiserektord Windkraft, 817 Gwh
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Energy problem - or storage problem ?

Einspeisung EE ca. 2035
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Scientific focus: Water splitting

Prof. Dr. Robert Schlogl
Wissenschaftlicher Leiter der Kopenikus-Projekte

Fritz-Haber-Institut der
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Scientific focus: Water splitting

dNA IONZET CXPOSUTE PCIIOUS (I SOHIE CASES, 44U NOUTS).

Electrotopograph-7K
An apparatus on Mir used to measure surface distortions of advanced plastics and
high-temperature superconductors exposed to space in the scientific airlock for
various times.

Elektron
This produced oxygen by electrolysing a 30 per cent potassium hydroxide (KOH)
solution, to maintain the required composition of the gascous environment within
the Mir complex without requiring so much liquefied air to be delivered by
Progress ferries. It was connected by flexible tubes which were to be distributed
throughout the complex. There were twelve electrolysis cells in the unit, which
were cooled by the base block’s primary coolant loop. It consumed about 4
kilogram of water per day: whenever possible water recycled from urine was
employed. The hydrogen released was vented.

Eleutheroccus
A drug taken over a prolonged period (a daily dose of 4 ml) towards the end of a
long spaceflight to act as a tonic, to stimulate the body to work harder, and thereby
increase long-term stamina to help cosmonauts prepare to adapt to gravity.

ELITE

A Euranann Qnaona A aoncu aviarimont that vead fanre infrarad talovicinn noy

The Story of Space Station

Progress-M Basismodul Priroda

Harland

First prototype electralysis unit,
aboard Mir-Kvant, 1987

Sojus-TM

MIR space station, 1986-2001

Kristall

Andockmodul A

MA X
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Scientific focus: Water splitting
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Scientific focus: Water splitting

Storing 10% of germany's
renewables (60 TWh for 2015)
would require electrolysis of
roughly 1-2 mio t of H,0. Today in
germany, every year more than 5
mio t of Cl, are produced ...

Termodynamics of hydrogen / oxygen to water system:
Calorimetry yields H, + %20, - H O

Reaction enthalpy 571,6 kJ/mol,
Maximum potential possible: 1,23V (4 )

Fuel cell: typical cell voltages 0.5- 1.0V
Electrolysers : typical cell voltages 2.0-2.5V

- ohmic losses

- membrane ion conductivity

- diffusion limitation (flow field)
- material degradation

- side reactions

- catalyst performace

“Membrane electrolysis - History, current status and perspective”, M. Paidara , V.

)\ wms

Fateevb, K. Bouzeka, Electrochimica Acta 209, 737 (2016) MAX
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The MPG MAXNET Energy Reserach Initiative
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The MPG MAXNET Energy Reserach Initiative

MAXNET Energy timeline

MAXNET Enerchem
2004-2011 >

1t MAXNET workshop

“Catalyst Degradation”

Nov 2015
2"" MAXNET workshop
Oct 2016

- i
!

Feb 2016 May 2016
Nov 2014 Apr 2015 (Cardiff)

" Jun 2015

§g92014 " Jan 2018

1" quartemary MAXNET Energy
meeting Apr. 2014

Kick-off meeting Dec. 2013 April 2016
Memorandum of Understanding
UVA - MPG

MORE
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The MPG MAXNET Energy Reserach Initiative

MPI CEC Mulheim

MPIE Disseldorf [

MPIP -
Mainz @ J_l)ﬂ J
: N| EIT|

MPI DKTS 1

Magdeburg

MPIKG ' "\ University of Virginia,
Potsdam-Golm CARDIFF \aam Charlottesville

Cardiff Catalysis Institute

MAX
/.DI NET

\CGC MAXNET Energy - MPI for Chemical Energy Conversion 14 Elnielrlely




The MPG MAXNET Energy Reserach Initiative

Precious metals, X-Ray techniques
nanoparticles
P Catalyst
Binder
Membrane
Electrode

Organiometallic
compounds,
functionalized carbons

Electrolyzer

characterization
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The MPG MAXNET Energy Reserach Initiative

) e
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The MPG MAXNET Energy Reserach Initiative

1) pyrolysis with
silica template 3) Acid etching
e — ———

2) NaOH etching

e Nitrogen

CoNPs/CoN,/C
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The MPG MAXNET Energy Reserach Initiative
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“MAXNET Energy — Focusing Research in Chemical Energy Conversion
on the Electrocatalytic Oxygen Evolution”, Green 5 (1-6), 7-21, (2016)

06 08

10 12 14

MAXNET Energy - MPI for Chemical Energy Conversion 18 EEEH



Precious metal corrosion

N. de Zoubov J. Van Muylde, M. J. N. Pourbaix, Platinum Metals Rev. 3, (3), 100 (1959) Ma
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Precious metal corrosion
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Precious metal corrosion
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The MPG MAXNET Energy Reserach Initiative

Precious metals, X-Ray techniques
nanoparticles
P Catalyst
Binder
Membrane
Electrode

Organiometallic
compounds,
functionalized carbons

Electrolyzer

characterization
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Evaluating OER catalysts

Central test setup

- scalable: larger sample size

- on-line analysis: oxygen and catalyst traces
- versatile: alkaline and acidic

- simple: easy to reproduce

- service: marker analysis for all samples

B)
Anna Mechler — Electrocatalysis Group
Dept. Schldgl, MPI CEC
loannis Spanos — design and operation of
the central test facility
(Tem ]
MAX
/ e | NET
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Evaluating OER catalysts

Static and dynamic OER evaluation

RE
B Outlet g

k Flow Cell

|:> Faradaic efficiency

Spanos, |.; Auer, A. A.; Neugebauer, S;;
Deng, X.; Tuysuz, H.; Schlogl, R. ACS Catal.
2017, 7 (6), 3768-3778. MA X

J
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Evaluating OER catalysts

Static and dynamic OER evaluation

|:> Faradaic efficiency

k Flow Cell /

Spanos, |.; Auer, A. A.; Neugebauer, S;;
Deng, X.; Tuysuz, H.; Schlogl, R. ACS Catal.
2017, 7 (6), 3768-3778. MA X
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Evaluating OER catalysts

Y e Acidic or alkaline conditions, room | |
et g
. temperature, various catalyst L Pre- analvsis 3
LSV from OCP to start potential, 5mV/s y

S ' loadings MANGAN
Conditioning B
OCP, Impedance iR-drop .

LSV from OCP t0 1.2 Vgye, 5 mV/s

LSV: 1.2-1.7Vpy¢ 1.2 - 1.7 Vg, iR-corrected, 5 mV/s

Faradaic Efficiency:
(oI E N eE st LA (@ ReI@ O2 evolution at 1 Coulomb of charge

Chronopotentiometry (CP)

L Catalyst evaluation
Galvanodynamic from 0 mA to 10 mA/cm?

LSV from OCP to 1.7Vgye, 5mV/s

Stabilty: - CA or CP 2 hat10 mA/cm?or 2h at 1.7Vrue
- Potentialsteps  ERYa X TRIAY

L i 2
ICP-OES analySIS EJ=1tlmAt:m ’ A‘ILSV%I r‘Faradaicl EOER, onsetr nCP,Zh%I

Activity/stability markers

Acorcp,

VOCP, Impedance iR-drop

LSV from OCP to 1.2 Vgyg, 5 mV/s

LSV: 1. 2.]__7VRHE 1.2 - 1.7 Vg, iR-corrected, 5 mV/s — Post- analysis

Faradaic Efficiency:
L ICNE s el A (SR 02 evolution at 1 Coulomb of charge
Chronopotentiometry (CA)

_ MAX
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Evaluating OER catalysts

Activity
markers
E, .omvem: | The potential at a current density value of 10mA/cm?, taken from the LSV.
Eoer, onset OER onset potential, taken from the LSV.
Stability
markers
AJ %: The relative difference of the maximum current density during an LSV before
and after the stress test.
Nepyy%: The relative difference of the oxygen evolution overpotential at Oh and 2h of the
CP stress test at 10mA/cm?.
N, padaic Faradaic efficiency before the stress test.
Acor,, Total metal corrosion, calculated by integrating the area under the corrosion
peaks taken by ICP-OES analysis during the stress test between the 300* and
1200t sec.
MAX
) MoK NET
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Evaluating OER catalysts

Faradaic
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IrO2-0.1TM HCIO4 100pg/cm?

ICP-OES profiles during CP 1T0mA/cm?
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IrO2-0.1TM HCIO4 100pg/cm?

|ICP-OES profiles during CP 10mA/cm?
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Co,0, - TM KOH 100pg/cm?

e
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E/VRHE

ICP-OES profiles during CP 10mA/cm?
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Co,0, - TM KOH 100pg/cm?

ICP-OES profiles during CP 10mA/cm?

~8 1 <
E —
S .l Co,0, % ”
=
1k I
, , , 0 o (@)
06 08 10 1.2 o Aoy % b 100 120 Q g
E/VRHE Q—)— E
‘5, ()
—t
’0 ammetry ~ |
itial O 1T
Lal 0 er CP 10mA cm;Eo O E
’ “”| '!m! \;‘\100 g E"
N 16} Faradaic (7p]
& M 1,5 -
1.2+ EOER, onset / <_
ol ol - '
0 20 40 60 80 100 120 12 1.3 14 15 1.6 1.7
time/min EN RHE
Different deactivation mechanism
MAX
M[OR NET

\,CGC MAXNET Energy - MPI for Chemical Energy Conversion 32 Elnlelrizly



NiC0,0 - 1M KOH 100ug/cm?

ICP-OES profiles during CP 10mA/cm?
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NiCo,0 - TM KOH 100pg/cm?

ICP-OES profiles during CP 10mA/cm?
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Reserach on different lengthscales

MAXNET Energy Electrolysis Cell

- MPI-DKTS / Dept. Sundmacher

- full electrolysis cell, 10 cm?

- two setups: acidic and new alkaline

- scale up platform

- pre- and post-analysis

- common ground for material scientists, electrochemists,
analytical chemistry and chemical engineers

Presentation in November 2017 — “scientific” alkaline electrolysis cell:

- Cell design and operation MPI DKTS

- Hydrogen evolution catalyst Pt@C from MPI CEC

- Oxygen evolution catalyst Fe/Co/Ni catalysts from CEC, FHI, MPI KoFo
- Binder and membranes: MPI KG Golm

MAX
/@I NET
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MA X . ACknowledgements:
NET ‘ , ‘ o
Elnlelrle]y] el o :

MAXNET Energy, MPI CEC
Prof. M. Stratmann

Prof. R. Schlogl

Prof. F. Neese

Prof. K. Mayrhofer

Dr. I. Spanos, Dr. M. Tiedtke

MPI CEC Miilheim

[MON]
MPIE Diisseldorf _j :

4

. ) wax o
i N|EIT|

. MPI KoFo
5/ Milheim

MPI DKTS > NN 2| MPICPFS
Magdeburg w W7 /] Dresden
n_n'b )| University of Virginia,

MPIKG
Potsdam-Golm J

Cardiff Catalysis Institute

MAX
/lé]l NET

\,CGC MAXNET Energy - MPI for Chemical Energy Conversion 36 Elnielrlely

Charlottesville

http://maxnetenergy.cec.mpg.de
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