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Experimental Modelling of Electrode /

Electrolyte Interfaces

Gareth S. Parkinson

Institute of Applied Physics, TU Wien,
Wiedner HauptstraBe 8-10, 1040 Vienna, Austria

gareth.parkinson@tuwien.ac.at

Electrochemical water splitting is an environmental-
ly friendly technology to store renewable energy in the
form of chemical fuels. Among the earth-abundant first-
row transition metal-based catalysts, mixed Ni-Fe oxides
have shown promising performance for effective and
low-cost catalysis of the oxygen evolution reaction (OER)
in alkaline media, but the synergistic roles of Fe and Ni
cations in the OER mechanism remain unclear. In this
talk, | will discuss how the presence of Ni changes the
reactivity of a model Fe, O, (001) single crystal using a
combination of surface science techniques in ultra-high-
vacuum (LEED, XPS, LEIS, STM), AFM in air, as well as
cyclic voltammetry in alkaline media.

A significant improvement in the OER activity is observed
when the top surface presents an Fe:Ni composition ratio

in the range 20-40%, which is in good agreement with
what has been observed for powder catalysts. A decre-
ase in the OER overpotential is observed following sur-
face aging in electrolyte for three days. At higher Ni load,
AFM shows the growth of a new phase consistent with
(oxy)-hydroxide phase which, according to CV measure-
ments, but this does not seem to correlate with the sur-
face activity towards OER. EIS suggests that the OER
precursor species observed on the clean and Ni-modified
surfaces are similar and Fe-centered, but form at lower
overpotentials when the surface Fe:Ni ratio is optimized.
As such, the well-defined Fe, O, (001) surface can serve
as a model system for understanding the OER mecha-
nism and establishing the structure-reactivity relation on
mixed Fe/Ni oxides.




10:10-10:45

Merging Multiscale Theory and Data Sciences
to Tackle Operando Energy Conversion Systems

Karsten Reuter

Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, D-14195 Berlin, Germany

reuter@fhi-berlin.mpg.de

Emerging operando spectroscopies and microscopies
reveal a highly dynamic behavior of interfaces in energy
conversion systems. Insufficient insight and the concomi-
tant inability to control or exploit the corresponding strong
structural and compositional modifications centrally limits
the development of performance catalysts, electrolyzers
or batteries required for a sustainable energy supply for
our society. Predictive-quality modeling and simulation
has become a major contributor to accelerated design all
across the materials sciences, not least through power-
ful computational screening approaches. Current first-
principles based methodology is nevertheless essentially
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unable to address the substantial, complex and continu-
ous morphological transitions at working interfaces. | will
review this context from the perspective of first-principles
based multiscale modeling [1], highlighting that the fusion
with modern machine learning approaches is likely key
to tackle the true complexity of working systems. Ap-
proaches pursued by our group thereby aim at maximum
data efficiency by exploiting physical models wherever
possible or through active learning that only queries data
on demand. lllustrative examples will be drawn from ther-
mal methanation catalysis [2] and electrocatalytic oxygen
evolution [3].
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[1] A. Bruix, J.T. Margraf, M. Andersen, and K. Reuter, Nature Catal. 2, 659 (2019).
[2] M. Deimel, K. Reuter, and M. Andersen, ACS Catal. 10, 13729 (2020).
[3] J. Timmermann, F. Kraushofer, N. Resch, Z. Mao, M. Riva, Y. Lee, C. Staacke, M. Schmid, C. Scheurer, G. Parkinson, U. Diebold,

and K. Reuter, Phys. Rev. Lett. 125, 206101 (2020).




Understanding the Effect of Surface States in Photo-
Electrochemical Water Oxidation by Multiscale Modeling

Anja Bieberle-Hiitter

Dutch Institute for Fundamental Energy Research
(DIFFER), PO Box 6336, 5600 HH Eindhoven,
The Netherlands

A.Bieberle@differ.nl

Oxygen evolution reaction (OER) has been identified as
one of the performance-limiting processes in photoelec-
trochemical (PEC) water splitting. One of the reasons for
the low OER performance is related to the existence of
different types of surface states at the semiconductor-
electrolyte interface: recombining surface states (r-SS)
and surface states due to intermediate species (i-SS). In
this study, we investigate how different types of surface
states affect PEC water oxidation and how they impact
experimental measurements. In the first part of the talk,
we present our new computational approach in which we
combine a microkinetic model of the OER on the semi-

conductor surface with the energetics at the electroche-
mical interface and the charge carrier dynamics within
the semiconductor [1,2]. In the second part of the talk, we
use the model to simulate the impact of r-SS and i-SS on
the current-voltage curves, hole flux, surface state capa-
citance, Mott-Schottky plots, and chopped light measure-
ments. We compare the impact of the different surface
states on the characteristic values of the electrochemical
interfaces, such as capacitances, onset potential, maxi-
mum current density, Fermilevel pinning. Our approach in
combination with experimental comparison allows distin-
guishing the impact of r-SS and i-SS in PEC experiments.

[1] K. George, M. van Berkel, X. Zhang, R. Sinha, A. Bieberle-Hutter, J. Phys. Chem. C 123 (15) (2019) 9981-92.
[2] K. George, T. Khachatrjan, M. van Berkel, V. Sinha, A. Bieberle-Hutter, ACS Catal. 10 (2020) 14649-14660.




11:35-12:10

Unraveling the nature and the identity of the active sites
in heterogeneous catalysis via structure-dependent

microkinetic modeling

Matteo Maestri

Laboratory of Catalysis and Catalytic Processes,
Dipartimento di Energia,
Politecnico di Milano, Italy

matteo.maestri@polimi.it

There is no doubt that the rational interpretation of the
structure-activity relation in catalysis is a crucial task in
the quest of engineering the chemical transformation at
the molecular. In this respect, multiscale analysis based
on structure-dependent microkinetic modelling is ack-
nowledged to be the essential key-tool to achieve a de-
tailed mechanistic understanding of the catalyst function-
ality. However, the effect of the structure of the catalyst on

reactivity and selectivity is at present neglected in state-
of-the-art microkinetic analysis. In this talk, | will present
the development of a methodology for the analysis of the
structure-activity relation in heterogeneous catalysis.
This includes the development of both novel experimen-
tal tools and first-principles analysis. Selected examples
in the context of CH4 activation, WGS and r-WGS and
NO oxidation will be presented [1-4].

[1] R. Cheula, A. Soon and M. Maestri, Catalysis Science & Technology, 8 (2018) 3493

[2] M. Maestri and E. Iglesia, Physical Chemistry Chemical Physics, 20 (2018) 15725

[3] R. Cheula, M. Maestri, G. Mpourmpakis, ACS Catalysis, 10 (2020) 6149

[4] A. Maghsoumi, A. Ravanelli, F. Consonni, F. Nanni, A. Lucotti, M. Tommasini, A. Donazzi, and M. Maestri, Reaction Chemistry and

Engineering, 2 (2017) 908
[6] M. Maestri, Chemical Communications, 53 (2017) 10244




13:30-14:05

Structure of electrodel/electrolyte interfaces

from first principles

Axel GroR

Institute of Theoretical Chemistry, Ulm University,
and Helmholtz Institute Ulm, 89069 Ulm/Germany

axel.gross@uni-ulm.de

In principle, it is clear how we should appropriately mo-
del electrodel/electrolyte interfaces atomistically: Relia-
ble quantum chemistry calculations of these interfaces
should be performed under potential control with an ap-
propriate number of electrolyte molecules considered
and their statistical nature taken into account through
averaging over sufficiently long ab initio molecular dyna-
mics (AIMD) simulations. However, unfortunately such an
approach is currently not possible and will probably not
be possible for a long time due to technical and numerical
obstacles. Here | will present a two-step approach to ap-

proximately address the structure of electrode/electrolyte
from first principles [1]. First, the coverage of electrode
surfaces with ions from the electrolyte will be determined
using grand-canonical approaches [2, 3, 4].

Here, the presence of electrolyte might even be neg-
lected in the adsorption of small ions such as protons or
halides. On the other hand, | will present results of exten-
sive AIMD simulations for specific electrode/electrolyte
interfaces [5, 6] which allow detailed atomistic insights
into structures and processes at these interfaces inclu-
ding the electric double layer.

[1]1 A. GroR and S. Sakong, Curr. Opin. Electrochem. 14, 1 (2019).
[2] A. GroB, Curr. Opin. Electrochem. 27, 100684 (2021),

[3] F. Gossenberger, T. Roman, and Axel Grof3, Electrochim. Acta 216, 152(2016).
[4] F. Gossenberger, F. Juarez, and Axel Grof3, Front. Chem. 8, 634 (2020).

[5] S. Sakong and A. GroR, J. Chem. Phys. 149, 084705 (2018).

[6] S.Sakong and A. GroR, Phys. Chem. Chem. Phys. 22, 10431-10437 (2020).




14:05-14:40

Photocatalytical Hydrogen Evolution by Molecular
Catalysts — Challenges Arising from Multiple Timescales
— an Experimentalist’s Perspective.

Benjamin Dietzek

Center for Energy and Environmental Chemistry Jena
(CEEC Jena)
Philosophenweg 7a, 07743 Jena, Germany

benjamin.dietzek@ipht-jena.de

Hydrogen evolution by moelcular photocatalysts requires
the light-driven accumulation of multiple electrons on the
catalytically active center to yield the metal catalyst in a
sufficiently low oxidation state. While the first photodriven
charge transfer from a photoactive center of the molecu-
lar catalysts to the catalytically active center, is typically
well studied. This electron transfer creates a molecular

intermediate, which needs to absorb light (again) to trans-
fer a second electron to the catalyst, which — only then —
can reduce protons to hydrogen. In this contribution | will
present our recent experimental advances to gain spec-
troscopicinsights into the complex electron transfer casca-
de, deciphering the elementary reaction steps on a range
of timescales underlying the photocatalytic mechanisms.




Modeling Photo and Electro Nanocatalysts
for Water Splitting in Water

Cristiana Di Valentin

Dipartimento di Scienza Dei Materiali,
Universita di Milano Bicocca,

Via R. Cozzi 55, 20125, Milano, Italy

cristiana.divalentin@unimib.it

In this talk | will present an overview on the activity of my electro-catalysis of water in water, through the combina-
group devoted to the design of 0D (TiO2) and 2D (h-BN tion of quantum mechanics with molecular mechanics or
or graphene based) nanocatalysts for the photo- and the by means of continuum models.




Predicting Gas-Particle Partitioning Coefficients of
Atmospheric Molecules with Machine Learning

Patrick Rinke

Aalto University
Department of Applied Physics, 00076 Aalto, Finland

patrick.rinke@aalto.fi

The formation, properties and lifetime of secondary or-
ganic aerosols in the atmosphere are largely determined
by gas-particle partitioning coefficients of the participa-
ting organic vapours. Since these coefficients are diffi-
cult to measure or to compute, we developed a machine
learning model to predict them given molecular structure
as input. Our data-driven approach is based on the da-
taset by Wang et al. [1], who computed the partitioning
coefficients and saturation vapour pressures of 3414 at-
mospheric oxidation products from the master chemical
mechanism using the COSMOtherm program. We train
a kernel ridge regression (KRR) machine learning model
[2] on the saturation vapour pressure (Pvap), and on two
equilibrium partitioning coefficients: between a water-in-
soluble organic matter phase and the gas phase (K,,,,,,);
and between an infinitely dilute solution with pure water
and the gas phase (K,,,). For the input representation of
the atomic structure of each organic molecule to the ma-
chine, we test different descriptors such as the Coulomb

matrix [3] and the many-body tensor [4]. Our best machi-
ne learning model predicts Pvap and Ko, to within 0.3
logarithmic units and K|, to within 0.43 logarithmic units
compared to the original COSMOTherm calculations [5].
This is equal or better than the typical accuracy of COS-
MOtherm predictions compared to experimental data
(where available). We then apply our machine learning
model to a dataset of 35,383 molecules that we gene-
rated based on a carbon 10 (C10) backbone and func-
tionalized with 0 to 6 carboxyl (-COOH), carbonyl (=O)
or hydroxyl (-OH) functional groups. Our C10 model is
representative of the Wang et al. data set and allows us to
efficiently identify organic molecules with a low saturation
vapour pressure Pvap [5].

This work was done in collaboration with Emma Lumiaro
and Milica Todorovi¢ at Aalto University and Theo Kurten
and Hanna Vehkamaki at Helsinki University.

[1] C. Wang, T. Yuan, S. A. Wood, K.-U. Goss, J. Li, Q. Ying, and F. Wania, Atmos. Chem. Phys. 17, 7529 (2017)
[2] A. Stuke, M. Todorovi¢, C. Kunkel, M. Rupp, K. Ghosh, L. Himanen, and P. Rinke, J. Chem. Phys. 150, 204121 (2019)
[3] M. Rupp, A. Tkatchenko, K.-R. Miller, and O. A. von Lilienfeld, Phys. Rev. Lett. 108, 058301 (2012)

[4] H.Huo and M. Rupp, arXiv:1704.06439

[5] E. Lumiaro, M. Todorovié, T. Kurten, H. Vehkamaki, and P. Rinke, arXiv:2010.14207
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