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The shiniest gold (111) surface — Weronica Linpe1, Jonas
Evertsson1, Giuseppe Abbondanza1, Alfred Larsson1, Gary
Harlow1, Johan Zetterberg2, Lisa Rämisch2, Sebastian
Pfaff2, and ∙Edvin Lundgren1 — 1Division of Synchrotron Ra-
diation Research, Lund University, Box 118, S-221 00, Sweden —
2Division of Combustion Physics, Lund University, SE-22100 Lund,
Sweden
We have studied in situ the development of the Au(111) surface dur-
ing electrochemical Cyclic Voltammetry (CV) measurements using 2D
Surface Optical Reflectance (SOR) and High Energy Surface X-Ray
Diffraction (HESXRD) with high temporal resolution. We demon-
strate that the famous Herring Bone (HB) reconstruction of Au(111)
appears in HESXRD at voltages close to the hydrogen evolution re-
action signature in the CV and is lifted close to the oxide formation
signature. The 2D maximum SOR intensity is shown to coincide with
the maximum of the HB intensity, demonstrating that the shiniest gold
(111) surface is due to the presence of the HB. On the contrary, the
crystal truncation rods exhibit a strong decrease in intensity in con-
junction with the appearance of the HB reconstruction. The decrease
in intensity of the CTRs can be attributed to the mixed fcc and hcp
sites at the Au(111) surface in the HB structure.

O 67.2 Wed 11:00 WIL C107
ORR and OER on Ni-modified Co3O4(111) - a combined
surface science and electrochemical model study for Zn-Air
batteries — ∙Florian Buchner1, Markus Eckardt1,2, Timo
Böhler1, Jihyun Kim1, Johannes Schnaidt2, and R. Jürgen
Behm1,2 — 1Institute of Surface Chemistry and Catalysis, Ulm Uni-
versity, D-89069 Ulm, Germany — 2Helmholtz-Institute Ulm (HIU)
Electrochemical Energy Storage, Helmholtzstr. 11, D-89081 Ulm, Ger-
many
We report results of a combined surface science and electrochemistry
study on the oxygen reduction and oxygen evolution reactions (ORR
and OER) on structurally well-defined Ni-free and Ni-modified single
crystalline Co3O4(111) thin films. These films, which serve as model
for the air cathode in Zn-air batteries, were grown on a Ir(100)-(2x1)O
surface under ultrahigh vacuum (UHV) conditions. Co3O4(111) and
their Ni-modified derivatives were first characterized by X-ray pho-
toelectron spectroscopy (XPS) and scanning tunneling microscopy
(STM) under UHV conditions. Post-deposition of Ni on a Co3O4(111)
reveals a Ni0 state in XPS, while simultaneous vapor deposition of
Ni, Co and O2 results in mixed metal oxides such as Ni𝑥Co1−𝑥O or
Ni𝑥Co3−𝑥O4) (Ni2+ and Ni3+ states). STM images show extended
flat island structures both for Co3O4(111) and mixed metal oxides,
while post-deposited Ni forms clusters. The thin films revealed an
up-shifted ORR onset for Co3O4 compared to pure Ni and Ir. Nickel
doping improves the ORR current densities, while hardly influencing
the ORR and OER onsets.

O 67.3 Wed 11:15 WIL C107
Ni-doped fe3o4(001) surface as simple model to under-
stand oxygen evolution reaction — ∙Francesca Mirabella,
Matthias Müllner, Florian Kraushofer, Michael Schmid,
Gareth Parkinson, and Ulrike Diebold — Technische Universität
Wien, Vienna, Austria
Electrochemical water splitting is an environmentally friendly tech-
nology to convert renewable energy into h2-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. However,
the synergistic role of fe and ni cations on the OER mechanism is yet
unclear. The goal of this study is to develop a well-defined model
system for understanding the OER and establishing the structure-
reactivity relation on mixed fe/ni oxides. Reconstructed fe3o4(001)
provides well-defined sites for the adsorption or incorporation of vari-
ous metal atoms including ni. We combine UHV surface science tech-
niques (LEED, XPS, ISS, STM) with exposure to ultrapure liquid wa-
ter as well as cyclic voltammetry (CV) on UHV-prepared surfaces in
alkaline media. When adding ni, we observed a significant improve-
ment in the OER activity compared to the clean fe3o4 (001). An
optimum fe:ni ratio of 1:9 is found, in good agreement with what was

observed in powder catalysts. This observation makes our model sys-
tem well suited to study the OER in alkaline media and gain further
insight based on the high level of control of the surface and near-surface
region, robustness and simplicity.

O 67.4 Wed 11:30 WIL C107
Stable and cost-efficient core-shell catalysts for the elec-
trochemical oxygen evolution reaction–a first-principles ap-
proach — ∙Yonghyuk Lee, Christoph Scheurer, and Karsten
Reuter — Technical University Munich, Germany
Most commercial oxygen evolution reaction (OER) catalysts in pro-
ton exchange membrane electrolyzers contain expensive IrO2 due to
its high catalytic activity and favorable stability in acidic electrolytes.
Layer-coated IrO2 on rutile TiO2 has typically been utilized in order
to reduce the price without sacrificing activity. However, thin IrO2

films are not thermally stable on titania and a gradual dewetting of
the film takes place.

In the present work, we use density-functional theory (DFT) cal-
culations to explore alternative core-shell systems. We assess IrO2 or
RuO2 thin films on lattice-matched rutile oxides as potentially highly
active, relatively inexpensive, and long-term stable catalyst materials
for water electrolysis. We calculate interface energy, interface forma-
tion energy, and the work of adhesion to quantify the stability of the
oxide interfaces and compare to the dewetting behavior of IrO2(110)
films on TiO2(110). Ab initio thermodynamics and the computational
hydrogen electrode model are employed to determine relative stabil-
ities of the core-shell systems compared to pure rutile catalysts at
OER operating conditions [1]. Finally, we present thermodynamic re-
action barriers for potential anodic OER pathways at surfaces of these
core-shell materials and discuss design strategies for next-generation
electrocatalysts. [1] D. Opalka et al., ACS Catal. 9, 4944 (2019).

O 67.5 Wed 11:45 WIL C107
Effect of electric field on oxygen reduction kinetics at
the Pt(111), Au(111) and Au(100) electrodes — ∙Sara
Kelly1, Charlotte Kirk1, Karen Chan2, and Jens Nørskov2 —
1SUNCAT Center for Interface Science and Catalysis, Department of
Chemical Engineering, Stanford University, Stanford, California 94305,
United States — 2Department of Physics, Technical University of Den-
mark, Building 311, DK-2800 Lyngby, Denmark
Microkinetic modeling of the oxygen reduction reaction (ORR) has
thus far failed to predict dependence of this reaction on pH on several
important catalysts. In this work, we create a new microkinetic model
for the ORR which incorporates field effects into the established com-
putational hydrogen electrode (CHE) model. We find that field can
significantly alter the binding energy of the *𝑂2, *𝑂𝑂𝐻, and *𝐻2𝑂2

adsorbates. By considering these effects, we find that we can accu-
rately reproduce experimental polarization curves and rotating ring
disk electrode (RRDE) currents on Pt(111), Au(111), and Au(100)
electrodes, allowing us to predict both overall ORR activity and se-
lectivity toward hydrogen peroxide. We then use these predictions to
better understand activity and selectivity of ORR catalysts and how
each of these depends on pH. We show that hydrogen peroxide selectiv-
ity depends mainly on the binding energy of *𝐻2𝑂2 relative to that of
*𝑂𝑂𝐻. Finally, we argue that considering field effects can expand the
search for improved ORR catalysts by allowing us to deconvolute the
activity dependence of catalysts on the standard hydrogen electrode
(SHE) and the reversible hydrogen electrode (RHE).

O 67.6 Wed 12:00 WIL C107
DFT+𝑈 investigation of the OER activity at LaCoO3(001)
and (110) surfaces — ∙Achim Füngerlings, Hamidreza Ha-
jiyani, and Rossitza Pentcheva — Department of Physics and
Center for Nanointegration Duisburg-Essen (CENIDE), University of
Duisburg-Essen, 47057 Duisburg
Using density functional theory calculations including an on-site Hub-
bard term we explore the oxygen evolution reaction at LaCoO3 surfaces
with different crystallographic orientations. For Co- and La-rich syn-
thesis conditions respectively, the surface phase diagram is dominated
by the (001) CoO2- and LaO- termination over a wide range of oxygen
partial pressures. The OER overpotential calculated from the binding
energies of the adsorbed intermediates for a Co-reaction site at the

1



Dresden 2020 – O Wednesday

CoO2-terminated (001) surface is 0.70V. To gain more insight, we an-
alyze the changes of electronic structure during the reaction. Thereby,
the cobalt’s oxidation state, which is 3+ in the bulk structure and 2+
at the clean surface, becomes 3+ for an adsorbed OH-group and 4+
for the O intermediate. We furthermore explore the effect of A- and
B-site substitution on the catalytic activity.

Support by the DFG within the CRC TRR 247, project B4, and
a computational grant at the Leibniz-Rechenzentrum are gratefully
acknowledged.

O 67.7 Wed 12:15 WIL C107
Improvement of OER performance by Fe and Ni doping at
the Co3O4(001) surface — ∙Yuman Peng, Hamidreza Hajiyani,
and Rossitza Pentcheva — Department of Physics and Center for
Nanointegration Duisburg-Essen (CENIDE), University of Duisburg-
Essen, 47057 Duisburg
Using density functional theory (DFT)+U method, we study the oxy-
gen evolution reaction (OER) at the Co3O4(001) surface. The stability
of different surface terminations as a function of oxygen partial pres-
sure, as well as of pH and applied voltage (Pourbaix diagram) were
investigated. The termination with octahedral Co and O ions is found
to have the lowest overpotential of 0.46 V for an octahedral Co reaction
site. Furthermore, we systematically investigated the effect of Fe and
Ni doping on the overpotential. Our results indicate that Ni doping
at octahedral site in the surface layer reduces the overpotential from
0.46 to 0.36 V and Fe doping at octahedral site at the tetrahedral Co
termination reduces the overpotential from 0.63 to 0.37 V, with the
octahedral Co site being the active site. The scaling relationship of
ΔG*OOH and ΔG*OH binding energies is overall reproduced, the Ni-
doped system lying close to the top of the volcano of the overpotentials
versus (ΔG*O-ΔG*OH). Further insight was gained into the oxidation
states of surface ions and in particular the Co active site during OER,
by analyzing the magnetic and electronic properties. Support by the
DFG, CRC TRR247, IMPRS-Surmat and a computational grant at
the magnitUDE of the Center of Computer Science and Simulation
are gratefully acknowledged.

O 67.8 Wed 12:30 WIL C107
Oxygen reduction by doped graphene in Li-air batteries
— ∙Elmar Kataev1, Daniil Itkis2, Alina Belova2, Carlos
Escudero3, Virginia Pérez-Dieste3, Axel Knop-Gericke4, and
Lada Yashina2 — 1Lehrstuhl für Physikalische Chemie II, Uni-
versität Erlangen-Nürnberg, Erlangen, Germany — 2Department of
Chemistry, Moscow State University, Moscow, Russia — 3ALBA Syn-
chrotron Light Source , Barcelona, Spain — 4Fritz-Haber Institute of
the Max Planck Society, Berlin, Germany
Oxygen reduction reaction (ORR) plays a key role in lithium-air bat-
teries (LABs) that attract great attention thanks to their high theo-
retical specific energy. Because of high surface area and electric con-
ductivity, various carbons are often materials of choice for applications
as the LAB cathode. Unfortunately, the practical applications of LAB
batteries are impeded by poor rechargeability, associated with ORR
side reactions. Recently it was shown that doping of carbon materi-
als could change its catalytic activity and potentially reduce reactivity
towards ORR products. However, the mechanisms of doped-carbon
reactivity in LAB are still unclear. Here we report a direct photoemis-
sion study of ORR pathway on pure, nitrogen-, boron- and oxygen-
doped graphene. We designed the electrochemical cell with two-layer
graphene transferred on glass-ceramics electrolyte to avoid side reac-
tions of ORR products with liquid electrolyte. Combining operando
photoemission data with in situ observation of superoxide anion at-
tack on graphene in model chemical systems, we reveal the impact of
impurities in carbon on its reactivity in ORR.

O 67.9 Wed 12:45 WIL C107
Electroreduction of water on Mo2C film electrodes affected
by the presence of CO2 — ∙Eva-Maria Wernig, Christoph
Griesser, Daniel Winkler, Niusha Shakibi Nia, and Julia
Kunze-Liebhäuser — Institute of Physical Chemistry, University of
Innsbruck, 6020 Innsbruck, Austria
The materials class of transition metal carbides (TMCs) has gained

importance among electrocatalysts for reduction processes such as the
hydrogen evolution reaction (HER) and the CO2 reduction reaction
(CO2RR). For a comprehensive understanding of the electrocatalytic
properties of Mo2C towards the HER under CO2RR conditions in
aqueous electrolytes, the present study merges materials science and
interface analytics with electrochemistry. We report on the synthesis of
Mo2C films using direct carburization of polycrystalline Mo substrates
through carbothermal conversion. Cyclic voltammetry, complemented
by rotating ring disc electrode (RRDE) measurements, was used to in-
vestigate the electrocatalytic activity of Mo2C films towards the HER
in the absence and presence of CO2, while changes of the chemical
composition at the surface were analyzed with ex-situ emersion X-
ray photoelectron spectroscopy (XPS). In-situ infrared spectroscopy
(SNIFTIRS) enabled the determination of reaction intermediates at
the solid/liquid interface. Product analysis was accomplished with
differential electrochemical mass spectrometry (DEMS) to monitor the
formation of gaseous products such as hydrogen. The activity of Mo2C
film electrodes towards the HER was found to be significantly enhanced
in the presence of CO2.

O 67.10 Wed 13:00 WIL C107
In Operando Spectroscopy of CO2 Reduction Reactions
at Pt/Ionic Liquid Interfaces — ∙Andre Kemna, Björn
Ratschmeier, and Björn Braunschweig — Institute of Physical
Chemistry, WWU Münster, 48149 Münster, Germany
CO2 reduction reactions (CO2RR) at Pt(poly)/[BMIM][BF4] inter-
faces were studied with cyclic voltammetry and in operando with IR
absorption (IRAS) as well as sum frequency generation (SFG) spec-
troscopy to get mechanistic insights into CO2RR. IRAS revealed a
vibrational band centered at 1670 cm-1 at an onset potential of -0.65V
vs SHE. We attribute the latter to the carbonyl stretching mode of
an imidazolium carboxylic acid, which is generated via a carbene in-
termediate, for which we also present spectroscopic evidence. Via
SFG spectroscopy we demonstrates that CO is formed in addition to
[BMIM]-COOH on the Pt catalyst surface, at an onset potentials of
-1.05 V. We therefore assume that the [BMIM]-COOH species is one
reactive intermediate that results in low overpotentials for CO2RRs.
The [BMIM]-COOH species can be further catalyzed to formic acid
during an anodic potential sweep. At an electrode potential of 1.6 V,
a vibrational band at 1750 cm-1 arises in the IR spectra and is ac-
companied by a decrease of the imidazolium carboxylate band. We
tentatively assign the former vibrational modes to C=O vibrations of
formic acid. This indicates that electrocatalysis of CO2 to formic acid
may be possible in a two-step reaction process.
A. Kemna, N. García Rey, B. Braunschweig, ACS Catal. 2019, 9, 7,
6284-6292.

O 67.11 Wed 13:15 WIL C107
A refined view on broken scaling relations for electrochemical
CO2 reduction on transition metal carbides — ∙Haobo Li and
Karsten Reuter — Chair for Theoretical Chemistry, TU Munich,
Germany
The electrochemical reduction of CO2 (CO2RR) is a promising ap-
proach to generate chemical energy carriers from renewable electricity.
Transition metal carbides (TMCs) are a promising non-noble mate-
rial class to catalyze this reaction, with e.g. Mo2C recently reported
to convert CO2 into CH4 at low overpotentials [1]. Here, we further
assess the proposition that this performance results from a break of
scaling relations known to limit CO2RR on transition metals (TMs)
and their alloys [2]. Using density-functional theory, we systemati-
cally compute the adsorption energies of key reaction intermediates at
multiple adsorption sites offered at low-index surfaces of molybdenum
carbides of varying stoichiometry. The obtained data base provides
a refined view, with certain scaling relations indeed broken, but oth-
ers maintained. We can rationalize these findings by the simultaneous
presence of metal and carbon active sites at the surface of TMC cat-
alysts and the concomitant stabilization of varying adsorption modes.
With this understanding we revisit mechanistic CO2RR models estab-
lished for TMs and explore routes to optimize CO2RR for TMCs.

[1] S.K. Kim et al., ACS Catal. 6, 2003 (2016).
[2] R. Michalsky et al., J. Phys. Chem. C 118, 13026 (2014).
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