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Welcome to RWTH Aachen University

Solid State lonics is the field devoted to the study of ion transport and
reactivity, as well as structure—property relationships, in the solid state.
It has a long and illustrious history, which started with the studies of
Michael Faraday and which was set on a firm foundation by the funda-
mental work of Nernst, Frenkel, Schottky and Wagner. Since those begin-
nings, interest in the subject has increased continuously, with a focus on
materials for solid oxide fuel cells, lithium batteries and sensors. In the
last twenty years or so, there have been several surprising developments
in the field, not only in terms of the materials systems that are attrac-
ting attention, and in terms of possible applications, but also in terms
of new and improved methods of investigation, both experimental and
computational. This Bunsen colloquium will provide a forum to discuss
the latest developments in the field of Solid State lonics and to examine
the prospects for the future. In addition, the convergence of solid state
ionics and solid state electronics will be discussed.

This Bunsen Colloquium is being held on the occasion of Prof. Manfred
Martin’s 68™ birthday. For the three of us, hosting this Colloquium is a
special honour, since Prof. Martin has been our mentor and colleague for
a cumulative 60 years (30 + 20 + 10). It has been a pleasure to work with
him, and we hope that our discussions and collaborations will continue
in the years to come.

We hope you enjoy this Bunsen Colloquium, and we are looking forward
to many interesting discussions on New Horizons in Solid State lonics.

Roger A. De Souza

Al

Michael Schroeder

7 =<

Andreas Falkenstein
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Program

Thursday, 28" July 2022

8:00 Registration & Mounting of Posters
9:00 — 9:25 Opening Ceremony
Ulrich Riidiger (Rector of RWTH Aachen University)
Roger A. De Souza (RWTH Aachen University)

9:25-10:00 Plenary Speaker: Joachim Maier (Max-Planck-Institut fiir Festkdrperforschung)
» Solid State lonics: Mission Uncompleted?
10:00 — 10:20 (offee Break
10:20 - 12:05 Session | (Chair: Susanne Hoffmann-Eifert)
10:20 Invited: Neil Allan (University of Bristol)
» Local Structure and lon Migration — Insights and Surprises from Simulation
10:45 Oral: Andreas Klein (TU Darmstadt)

» The Fermi energy as a common descriptor for charge compensation in ionic solids and its relation to the conductivity limits of donor
doped In0; thin films

11:05 Invited: David Miiller (Forschungszentrum Jiilich)
» What can X-Rays tell us about point defects (and what not)?
11:30 Plenary Speaker: Truls Norby (University of Oslo)
» The p-n-junction has nothing to do with ionics. Does it?
12:05 - 13:35 Lunch
13:35 - 15:05 Session Il (Chair: Steffen Neitzel-Grieshammer and Annalena Genreith-Schriever)
13:35 Invited: Klaus-Dieter Becker (TU Braunschweig)
» Spectroscopic Studies of Defects and Diffusion in Oxides
14:00 Invited: Paul Heitjans (Leibniz University Hannover)
» About the Role of NMR in Solid State lonics
14:25 Oral: Juliusz Dabrowa (AGH University of Science and Technology)
» Defects and transport in high-entropy oxides
14:45 Oral: George F. Harrington (RWTH Aachen University)
» Modifying transport in rare-earth substituted ceria films: the impact of strain, interfaces, and above-bandgap radiation
15:05 - 15:25 (offee Break
15:25-17:05
15:25 Oral: Rotraut Merkle (Max-Planck-Institut fiir Festkdrperforschung)
» The fascinating complexity of oxides with three mobile carriers
15:45 Oral: Matthew J. Wolf (RWTH Aachen University)
» 3D-to-2D Transition of Anion Vacancy Mobility in CsPbBr; under Hydrostatic Pressure
16:05 Invited: Peter C. Schmidt (TU Darmstadt)
» Thermomigration of oxygen vacancies in SrTi0;
16:30 Plenary Speaker: Han-lll Yoo (Seoul National University)
» Complete documentation of all the mass/charge transport properties of La,Ni04.s and puzzling thermomigration behavior
17:05 - 18:30 Poster Session with Beer & Pretzels

We gratefully acknowledge financial support by:

FCI

FONDS DER
CHEMISCHEN
INDUSTRIE
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Program

Friday, 29" July 2022

9:00 - 10:15 Session |1l (Chair: Paul Heitjans and Yoshitaka Aoki)
9:00 Plenary Speaker: Rainer Waser (RWTH Aachen University)
» Redox-Based Memristive Switching in Metal Oxides - Variants and Prospects in Neuromorphic Computing
9:35 Oral: Ho Won Jang (Seoul National University)
» Halide Perovskites for Memristive Data Storage and Artificial Synapses
9:55 Oral: Susanne Hoffmann-Eifert (Forschungszentrum Jiilich)

» Analysis of short-range order in amorphous Hf0, thin layers grown by atomic layer deposition

10:15-10:35

(offee Break

10:35-12:40

10:35 Invited: Steffen Neitzel-Grieshammer (RWTH Aachen University)
» Kinetic Monte Carlo simulations for solid state electrolytes
11:00 Invited: Masanobu Nakayama (Nagoya Institute of Technology)
» Computational and informatics studies on NASICON-type Li ion conductor
11:25 Oral: Julian Eigen (RWTH Aachen University)
» Rechargeable Oxide Batteries: Storage Capacities and Kinetics
11:45 Oral: Annalena R. Genreith-Schriever (University of Cambridge)
» Ni—0-redox, oxygen loss and singlet oxygen formation in LiNiO, cathodes for Li-ion batteries
12:05 Plenary Speaker: Jiirgen Janek (Justus Liebig University GieBen)
» Solid State Batteries — A Showcase for Solid State lonics
12:40 - 14:10 Lunch
14:10 - 15:20 Session IV (Chair: Rotraut Merkle and Michael Schroeder)
14:10 Invited: Jong-Ho Lee (Korea Institute of Science and Technology)
» A Mechanistic Study on the Multi-step Phase Dismantling Process of Single-phase Cey75Zry250,: Complete Separation into Ceria and
Zirconia
14:35 Invited: Yoshitaka Aoki (Hokkaido University)
» Topotactic transformation of barium indate zirconate perovskite in H, atmosphere
15:00 Oral: Adrian L. Usler (RWTH Aachen University)

» Why we should not trust (but still might use) the Mott—Schottky model for grain-boundary impedance

15:20 - 15:40

(offee Break

15:40-17:20
15:40

16:00

16:20

16:45

Oral: Tomés Duchon (Forschungszentrum Jilich)

» Beyond stoichiometry in photoemission spectroscopy: c—f hybridization in cerium compounds
Oral: John P. Arnold (RWTH Aachen University)

» Theoretical and Computational Description of the Polaron Migration in Ceria

Invited: Steve P. Harvey (National Renewable Energy Laboratory)

» Renewable Energy from a Big Picture Perspective to Nanoscale Insights via TOF-SIMS
Plenary Speaker: Manfred Martin (RWTH Aachen University)

» Defects and transport — still plenty to be done

17:20-17:30

Poster Award Ceremony
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Program

Poster Presentations

P01: P. Odenwald (Forschungszentrum Jiilich)
» Enhanced Sintering and lonic Conductivity in Zr-Deficient NaSICON Solid Electrolytes

P02: A. Yang (Forschungszentrum liilich)
» Enhanced ionic conductivity in Nay ;[ Jo.08Y0.9Zr0.085101

P03: C. Ader (RWTH Aachen University)
» Numerical Simulation of the Kinetic Unmixing and Decomposition in Barium Titanate

P04: N. Ahr (RWTH Aachen University)
» Numerical simulations of the Hebb-Wagner polarization method of perovskite-type oxides

P05: S. Ambaum (RWTH Aachen University)
» Anti-Frenkel defect formation and oxygen diffusion in brownmillerite Sr,Fe;05

P06: A. Bielefeld (Justus-Liebig-University GieBen)
» The Link between Solid-State lonics and Microstructure Effects in Solid-State Batteries

P07: A. Bonkowski (RWTH Aachen University)
» A molecular-dynamics study of oxygen diffusion in polycrystalline (La,Sr)Fe0;

P08: J. Eigen (Forschungszentrum Jiilich)
» Rechargeable Oxide Batteries: Concepts and Materials

P09: J. Eigen (Forschungszentrum Jiilich)
» Rechargeable Oxide Batteries: Storage Capacities and Kinetics

P10: M.T. Elm (Justus-Liebig-University GieBen)
» Charge transport in mesoporous oxides with high surface area

P11: H. Fukuda (Nagoya Institute of Technology)
» Optimization of NASICON-type solid electrolyte composition using both experiments and Bayesian optimization

P12:S. He (Forschungszentrum Jiilich)
» Evolution of structural, magnetic and electrical properties of oxygen-deficient LagSrp4C00;5 thin films under deoxygenation

P13: L. Heymann (Forschungszentrum Jiilich)
» Separating the effects of band bending and covalency in hybrid perovskite oxide electrocatalyst bilayers for water electrolysis

P14: A. Kaus (Forschungszentrum Jiilich)
» Hybrid oxide superlattices as electrocatalysts for the oxygen evolution reaction in alkaline electrolyte

P15: D. Kemp (RWTH Aachen University)
» Recipes for superior ionic conductivities in thin-film ceria-based electrolytes
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Program

Poster Presentations

P16:S. ). Kim (Seoul National University)
» Vertically aligned two-dimensional halide perovskites for reliably operable artificial synapses

P17: C. Korte (Forschungszentrum Jiilich)
» Reaction kinetics in the system Y,0/A1,0; — Control of the product phase formation in a system forming multiple product phases by applying an external electric field

P18:S. Lansab (TU Dortmund)
» Dynamics study of nitrile-based electrolytes for lithium-ion batteries

P19: D. Mroz (RWTH Aachen University)
» Interaction between the surfaces of LiCo0, and NMC811 and electrolytes

P20: T. Ohlerth (RWTH Aachen University)
» Arresting the cubic metastable phase in Hf0, nanoparticles as a model compound for 3-dimensionally confined resistive switching

P21: C. Rodenbiicher (Forschungszentrum Jiilich)
» Investigation of Localized Reduction Phenomena in Yttria Stabilized Zirconia Electrolytes

P22: D. Réhrens (RWTH Aachen University)
» A-and B-site doping of perovskite oxides enables microwave-assisted catalysis: A case study on CO oxidation

P23: A. RoBbach (Forschungszentrum Jilich)
» Preparation, characterization and conductivity of NASICON-type Liy.,M"™,Ti.,(PO4); (M™ = Al, Cr, Fe; 0.5 < x < 2.0) materials via modern, scalable synthesis routes

P24: ). Schiitt (Forschungszentrum Jiilich)
» Multi-Scale Investigation of Na* Migration in doped NaZr,(P0,); NASICONs

P25: G. Winterhoff (RWTH Aachen University)
» Proton migration and interactions in doped barium zirconate: review of DFT data and simulating of conductivity

P26: C. Xiao (Max-Planck-Institut fiir Festkdrperforschung)
» Unification of Bulk Storage and Supercapacitive Storage

P27:Y. Yamaguchi (Nagoya Institute of Technology)
» Drawing a materials map with an autoencoder for all-solid-state Li-ion batteries

P28: J. W. Yang (Seoul National University)
» Tailored Indium Oxide Nanostructures for Efficient Charge Separation in Water Splitting Photoanodes

P29: C. Perkampus (RWTH Aachen University)
» Computational study of oxygen diffusion in the perovskites CaTir.Fe,0s.5
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Solid State lonics: Mission Uncompleted?

Joachim Maier
Max Planck Institute for Solid State Research, Physical Chemistry of Solids, Stuttgart, 70569, Germany
@: office-maier@fkf.mpg.de

Roughly one hundred years ago the thermodynamic and kinetic foundation of Solid State lonics have
been laid and thus the solid state opened for a proper treatment of charge carrier chemistry. The ap-
plication to functional materials especially in the field of high-temperature chemistry has been enor-
mously successful and high-temperature sensors (A-probe) or high-temperature fuel cells (SOFC) have
emerged from such considerations.

It was clear right from the beginning that the significance of Solid State lonics is much more general.
It appeared to be just a matter of time until its importance would have recognized in solid state che-
mistry or solid state physics. However, by now, one has to state that the “mission is far from completed”.

In that spirit the contribution is not only concerned with novel developments in the proper field of
Solid State lonics, but describes the potential for solid state science in general. As far as more recent
solid stats ionic developments are concerned, the size and complexity coordinates are highlighted.
As far as the more general significance is concerned, examples from solid state physics, photovoltaics,
battery research and catalysis are referred too in which the combination of ionic and electronic effects
is crucial but not adequately appreciated.

BThu 9:25 am
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Local Structure and lon Migration - Insights and Surprises from Simulation

Neil L. Allan" and Chris E. Mohn?

'School of Chemistry, University of Bristol, Bristol,BS8 1TS, UK

2Centre for Earth Evolution and Dynamics, University of Oslo, N-0315 Oslo, Norway
@: neil.allan@bristol.ac.uk

Ab initio simulation techniques are increasingly able to provide often general new insights into diffu-
sion processes in condensed phases. In this presentation:

(i) Links between local structure and ionic migration are explored by examining the energy landscapes,
calculated ab initio, of fast-ion conductors. Examples include: (a) fast-ion oxygen-deficient perovskites
where oxygen transport involves transitions between basins in the energy landscape corresponding
to different local minima; (b) the high-temperature disordered phase of §-Bi,O, where a very different
picture from the conventional emerges. Only the mean structure is cubic - transitions between ener-
getically accessible minima, with structures similar to low symmetry motifs in the low temperature
ordered phases are responsible for the high oxide mobility. We compare 6-Bi,O, and BIMEVOX [1].

(i) We discuss recent ab initio molecular dynamics simulations for fluoride ion transport in PbF, [2]
and hydride ion conduction in Ba_ScHO,, a recently synthesized oxyhydride with an unusual anion
ordering [3].

(iii) We discuss the interstitial diffusion of noble gases in MgO, which as periclase is an important com-
ponent of the Earth’s mantle, at both ambient and high pressures [4].

[1
[2
3
(4

H.J. Stroud, C.E. Mohn, N.L. Allan, Phil. Trans. Roy. Soc. A, 2021, 20200430

C.E. Mohn, M. Krynski; W. Kob, N.L. Allan, Phil. Trans. Roy. Soc. A, 2021, 20190455
H.W.T. Morgan, H.J. Stroud, N.L. Allan, Chem. Mater. 2021, 133, 177-185

C.E. Mohn and N.L. Allan (to be published)

_ e —

BThu 10:20 am
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The Fermi energy as a common descriptor for charge compensation in ionic solids and
its relation to the conductivity limits of donor doped In,O; thin films

Andreas Klein
Institute of Materials Science, Technical University of Darmstadt, Germany
@: aklein@esm.tu-darmstadt.de

The determination of defect concentrations requires the assumption of charge neutrality, which me-
ans that any positive or negative charge in the system must be compensated by an opposite charge.
Which charges are present, depends on the active compensation mechanism. Addition of dopants,
which are charged defects, may result in the generation of electronic charge carriers, lead to the for-
mation of ionic defects such as vacancies or interstitials, or change the valence of a lattice atom (trap-
ped electronic charges, e.g. Ce*" in CeO,). Moreover, dopants added to a material may also trap char-
ges and thereby change their valence and eventually become neutral (e.g. Fe*" in SrTiO,). While these
compensation mechanisms are described by their respective defect reactions, a relation between the
different reaction constants is not evident from this description. This is different, if the defect concent-
rations are derived in a different way. In ab-initio calculations of defect formation enthalpies by means
of density functional theory, defect concentrations are typically calculated for a reference state of che-
mical potentials and given by their dependence on chemical potentials and the Fermi energy. In this
description, the formation enthalpy of a defect with charge state q is given by [1]:

AH , = que_’fect —H o +q(E; _EVB)"'Z,-Ani.ui (1)

Equilibrium defect concentrations are then determined by finding the Fermi energy, at which the sum
of all defect concentrations vanishes. While this seems to invert the common understanding that de-
fect concentrations determine the Fermi energy, the two approaches are fully equivalent as the equi-
librium Fermi energy is the same in both descriptions. As all potential charge compensation mecha-
nisms can be described by the characteristic dependence of the formation enthalpy of the involved
defects on the Fermi energy, it becomes possible to gain insights into the origin of the prevailing com-
pensation mechanism. Interestingly, this may even include the solubility of dopants, as their formation
enthalpies are also a function of the Fermi energy as that of any charged defect.

As example for the analysis of the charge compensation mechanisms, results for undoped and do-
nor-doped In,0, thin films will be presented. X-ray photoelectron spectroscopy, also in combination
with in-situ analysis of electrochemical cells, will be combined with conductivity and Hall effect relaxa-
tion measurements. Conductivity limits will be shown to be determined by valence changes of oxygen
vacancies or Sn donors. Moreover, dopant segregation and the effect of combined oxygen and dopant
diffusion will be addressed.

[1]S.B. Zhang, J. E. Northrup, Phys. Rev. Lett.1991, 67, 2339.

BThu 10:45 am
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What can X-Rays tell us about point defects (and what not)?

D. N. Mueller
Peter Gruenberg Institute, Forschungszentrum Jilich, Germany
@: dav.mueller@fz-juelich.de

Charged point defects are responsible for many of a material’s properties that are harnessed in electro-
chemical applications. Naturally, the observation and quantification of ionic charge and its evolution
during (electro)chemical reactions is desired in order to identify reaction mechanisms, driving forces
and form a predictive understanding of such materials. Electrochemical methods from two centuries
ago provide the tools to unambiguously identify and quantify ionic and electronic charge carriers and
their movement through the solid and its interfaces, albeit in an indirect way[1]. With the advent of
X-ray spectroscopic methods made possible in atmospheres approaching ambient pressure and at
elevated temperatures in the recent past, supposedly there is now a more direct way of observing the
evolution of charged species during reactions by probing the electrons of the material’s constituents
in operando. In a nutshell, these experiments are carried out to determine the oxidation state of a spe-
cificion.

To the experimenter’s (and even more so the theoretician’s!) dismay, the results obtained from X-ray
photoelectron and absorption spectroscopy (XPS and XAS, respectively) can show severe discrepan-
cies to those obtained from electrochemical methods and calculations [2], which can be understood
quickly when taking a step back and reassessing what XPS and XAS actually probe. One of the most
important aspects is that, even though element specific, those techniques cannot probe an isolated
atom or ion in a material but rather how it is present in its immediate surrounding. This leads to the
realization that those spectroscopic tools can be used to identify properties and processes that are far
beyond the simplistic concept of an oxidation state.

In this contribution | will first show how the seemingly straightforward use of XPS and XAS to deter-
mine ionic charge or oxidation states can lead to dangerous misconceptions, but then expand on
how the origin of these misconceptions provides insights into peculiar properties of perovskite ma-
terials used in electrochemical devices. Showcasing prototypical materials, and (Pr,Ba)CoO, ,, we will
explore how X-Ray spectroscopic techniques could identify the active species in the cathode material
(La,Sr)(Fe,Co)O, ,, elucidate a percolation conduction mechanism in the oxygen separation membrane
compound Sr(Ti,Co)O, ,, and how the (alleged) electronic performance descriptor of the water split-
ting catalyst (Pr,Ba)CoQ, , is influence by ordering and decomposition phenomena.

[11R. A. De Souza, D. N. Mueller, Nat. Mater. 2020, 20, 443-446.
[2] A.Walsh, A. A. Sokol., J. Buckeridge, D. O. Scanlon, C. R. Catlow, Nat. Mater. 2018, 17, 958-964.

GSThu 11:05 am
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The p-n-junction has nothing to do with ionics. Does it?

T. Norby?, R. Karsthof®, S. Saeed?, A. Kuznetsov®, L. Vines®
aDepartment of Chemistry, University of Oslo, Oslo, Norway
bDepartment of Physics, University of Oslo, Oslo, Norway

@: truls.norby@kjemi.uio.no

The semiconductor p-n-junctions of computer processors and storage, photovoltaic cells, and LEDs
are generally doped homojunctions and hence kinetically stable only as long as temperatures are low
enough to prevent dopant interdiffusion. As an alternative, heterojunctions can be thermodynamical-
ly stable (coexistent) across solid solubility gaps. This allows infinite thermal stability as well as bot-
tom-up fabrication routes and novel geometries. This has not been explored for p-block elemental or
compound semiconductors, but there are known cases among oxides, such as p-type NiO and n-type
ZnO.

During fabrication and use of stable oxide heterojunctions, the establishment of solid solubility equi-
libria, mutual doping, and distribution of foreign dopants take place by (inter)diffusion of cations. To
achieve the desired properties — whether ohmic behaviour for thermoelectric junctions or rectificati-
on for electronics or optoelectronics — therefore requires interactive understanding of semiconductor
physics, thermodynamic driving forces, diffusion kinetics, and fabrication processes.

Once the principles of thermodynamically stable p-n-heterojunctions junctions are established, they
open up not only infinite stability and bottom-up fabrication and, in turn, novel nano- and microscale
geometries, but also novel applications. The p-n-junction can self-assemble in a percolating network
in a volume and transform 2D devices like photovoltaic cells or LEDs to 3D. Moreover, if the 3D LED has
percolating porosity as a 3" phase, we may use the embedded light for photocatalytic reactions inclu-
ding purification of air and water. Finally, water may adsorb and provide surface protonic conduction
over the p-n-junction, forming a “zero-thickness” or “electrolyte-free” electrochemical cell, like a single
chamber fuel cell provided that the right electrocatalysts can be applied.

The talk will take us from the thermochemical principles that allow design and fabrication of novel
coexistent semiconductor p-n heterojunctions, to how they may function in novel photochemical and
electrochemical applications.

Acknowledgement: The work is in part financed by the Research Council of Norway (ENERGIX, 320805,
“RADICON").

GSThu 11:30 am
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Spectroscopic Studies of Defects and Diffusion in Oxides

K.-D. Becker

Institute of Physical and Theoretical Chemistry, Technische Universitdt Braunschweig, Braunschweig, Germany
@: kd.becker@tu-braunschweig.de

Local probe spectroscopies like optical spectroscopy, EPR, and M&ssbauer spectroscopy can provide
insight not only into the crystallographic structure of materials but also into their defect structure as
well as into diffusion-related kinetic processes. In the present contribution, examples will be reported
for the latter spectroscopies applied to important functional materials at thermodynamically defined
high-temperature conditions.

Mixed ionic-electronic conducting oxides of the perovskite structure are of interest, e.g., for ceramic
membranes for energy-efficient separation of oxygen from air as well as for electrode materials in solid
oxide fuel cells. (Ba . Sr,.)(Co Fe ,)O, , (BSCF5582) is a mixed conducting material which is characte-
rized by highest oxygen permeation and by an extremely large oxygen deficit. We report on an *’Fe
Mossbauer in-situ study of BSCF5582 conducted between room temperature and 1000 °C. The study
provides insight into oxygen vacancy disorder and into the distribution of oxygen vacancies on diffe-
rent sites in the structure. In the paramagnetic high-temperature phase (T = 315 °C), a_,-dependent
changes in spectra reveal stoichiometry-related changes in the valence and the local coordination of
the nuclear iron probes [1,2].

Oxidation and reduction of oxides represents an important class of solid state reactions associated
with changes in crystal stoichiometry and many crucial materials properties. In the case of LiNbO,,
optical spectroscopy can be used to monitor such redox processes at high temperatures [3,4]. Ab-
sorption induced by small electron polarons provides information on the a_,-dependence of polaron
concentration. The kinetics of redox processes has been studied by means of a__-jump experiments.

[1,2] P. Gaczynski, A. Harpf, J. Boer, R. Kircheisen, R. Kriegel, K.-D. Becker, Solid State lonics, 316 (2018)
59/369 (2021) 115659.

[3] J. Shi, H. Fritze, G. Borchardt, K.-D. Becker, Phys.Chem.Chem.Phys, 13 (2011) 6925.

[4] D. Sugak, O. Buryy, Yu. Suhak, Ya. Zhydachevskii, K.-D. Becker, N.V. Martynyuk, U. Yakhnevych, S.
Ubizskii, Optical Materials 99 (2020) 109543.

G Thu 1:35 pm
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About the Role of NMR in Solid State lonics

Paul Heitjans
Institute of Physical Chemistry and Electrochemistry, Leibniz University Hannover, Hannover, Germany
@: heitjans@pci.uni-hannover.de

Corresponding to the key topics of Solid State lonics which are also reflected by the subtitle ‘Diffusi-
on and Reactions’ of the homonymous interdisciplinary journal, the specific role of Nuclear Magnetic
Resonance (NMR) in Solid State lonics is associated with the study of ion dynamics rather than with
structure elucidation.

Fortunately, small ions being mobile in solids, e.g. H*, Li*, Na*, F,, often bear nuclei which are well sui-
ted for NMR motional studies. There are numerous examples in the literature since the early days of
Solid State lonics in the late 1970s. One of the first corresponding NMR reviews was given in [1]. In the
following decades, the number of studies in particular on Li* as mobile ions steadily increased due to
the growing interest in solid Li ion conductors as potential electrolytes or electrodes in Li ion batteries.

This has been favoured by the fact that besides the excellent probe nucleus ’Li, as a second stable
isotope °Li with complementary properties is available. Furthermore, it was early shown on several
examples [2] and recently independently confirmed [3] that spin-lattice relaxation of the short-lived
beta-emitter 8Li is another useful tool to study diffusional processes.

Nowadays extensive material on the role of NMR in Solid State lonics is available [4,5].

Several own examples will be presented illustrating the large dynamic range of the different NMR
techniques and the detailed information on ion dynamics which can be gained.

[1]1 D. Brinkmann, Solid State lonics 1981, 5, 53-58.

[2] P. Heitjans, Solid State lonics 1986, 18-19, 50-64.

[3]1W. A. MacFarlane, Z. Phys. Chem. 2022; 236, 757-798.

[4] C. V. Chandran, P. Heitjans, Ann. Rep. NMR Spectrosc. 2016, 89, 1-102.
[5] C. V. Chandran, P. Heitjans, Ann. Rep. NMR Spectrosc. 2022, 106, 1-51.

®Thu 2:00 pm
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Defects and transport in high-entropy oxides

J. Dagbrowa?, C. Schwab®, A. Falkenstein®, M. Zajusz?®, K. Zielinska®, M. Szymczak?, M. Nowakowska?, K.

Bar?, J. Adamczyk?, M. Mozdzierz:, A. Stepiens, K. Swierczeks, M. Martin®

2AGH University of Science and Technology, Faculty of Materials Science and Ceramics, al. Mickiewicza 30, 30-059 Krakow,
Poland

bInstitute of Physical Chemistry, RWTH Aachen University, Landoltweg 2, 52074 Aachen, Germany

¢AGH University of Science and Technology, Faculty of Energy and Fuels, al. Mickiewicza 30, 30-059 Krakow, Poland

@: dabrowa@agh.edu.pl

Over the last decade, high-entropy materials have become one of the most prominent topics in ma-
terials science. Among them, the high-entropy oxides (HEOXx), are gaining special attention, proving
themselves a viable replacement for the state-of-the-art materials in numerous energy-conversion
technologies, including Solid Oxide Fuel Cells (SOFCs), Li-ion, and Na-ion batteries. Similarly, as in the
case of their conventional counterparts, it can be postulated that their often exceptional performance
is to a large degree a direct consequence of their transport properties, which can be further correlated
with the defect chemistry of these materials. In the presented study, these interrelations are discussed
based on the experimental examples, covering a wide range of HEOx structures (Rock salt-structured
oxides, fluorites, perovskites, double perovskites, Ruddlesden-Popper phases), transport mechanis-
ms (solid electrolytes, mixed oxygen-electronic conductors, mixed lithium ion-electronic conductors),
and potential applications (Li-ion, SOFC, oxygen separation membranes). The results indicate that in
multiple cases the high-entropy approach leads to obtaining otherwise inaccessible features in terms
of both properties and defect chemistry, proving that it may potentially provide a unique design tool
for obtaining new functional materials. On the other hand, it is also shown that the effects emerging
as a consequence of the high-entropy approach utilization might not always be considered benefi-
cial, in some cases compromising the materials’ properties. Lastly, it is presented that in some cases
despite the high-entropy configuration of the composing ions, the systems might directly follow the
rule-of-mixtures predictions. The results indicate that similar to the case of most design strategies,
the high-entropy approach comes with both advantages and disadvantages, requiring an in-depth
understanding of the studied systems in order to fully exploit its potential benefits.

This research was supported by the Polish National Science Center (NCN) under project No. UMO-
2021/41/B/ST8/04365
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Modifying transport in rare-earth substituted ceria films:
the impact of strain, interfaces, and above-bandgap radiation

G. F. Harrington?*<, S. Grieshammer?, R. De Souza? and H. L. Tuller

3nstitute of Physical Chemistry, RWTH Aachen University, Aachen, Germany

PNext-Generation Fuel Cell Research Centre, Kyushu University, Fukuoka, Japan

‘Department of Materials Science and Engineering, Massachusetts Institute of Technology, Cambridge, U.S.A
@: harrington@pc.rwth-aachen.de

In recent decades there has been a de-emphasis in compositionally tuning oxides for enhanced fun-
ctional properties, as focus has shifted to alternative methods to tailor desirable properties such as
lattice strain, electric-field modified mobility, interfacial effects, and above-bandgap radiation. Thin
film structures provide an experimental platform where strain, microstructure, interfacial density, and
geometry down to the nanoscale can be engineered.

Rare-earth substituted ceria (RE:CeQ,) is, as well as one of the best commercially available O-ion elect-
rolytes, an excellent model material to study transport phenomena in ionic and mixed ionic-electronic
conducting systems. In this contribution, we discuss three approaches to engineer the transport in
RE:CeO,: (1) the effect of strain on the mobility of oxygen vacancies, (2) how the concentration of char-
ge carriers can be modified at interfaces in Pr:CeO,, (3) the impact of above-bandgap radiation on the
transport across grain boundaries in Gd:CeO,,.

First, we discuss the modification of the migration energies for O-vacancy hoping in RE:CeO, (RE=La,
Gd, La). Through a combination of experiments and computational simulations, we have been able to
deconvolute the effects of strain on the migration barriers, defect-association, and migration direction.

Second, in mixed conducting Pr:CeO, we discuss the changes in the defect concentration in the vicini-
ty of interfaces and grain boundaries. Using a combination of impedance spectroscopy in conjunction
with in-situ optical transmission measurements we explore the deviations from bulk behaviour in ma-
terials dominated by a high density of interfaces or grain boundaries.

Third, we explore how an enhancement in the specific grain-boundary conductivity of Gd:CeO, in-
duced by above-bandgap radiation can be attributed to a decrease in the blocking space-charge ef-
fect. By fabricating films with a variety of well-defined grain boundary types and by employing im-
pedance spectroscopy and 80 tracer diffusion under UV radiation in a custom-built exchange rig the
effect of above-bandgap radiation on the diffusion of oxygen across grain boundaries of different
character can be unambiguously assessed.
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The fascinating complexity of oxides with three mobile carriers

R. Merkle, G. Raimondi, M. F. Hoed|, J. Maier
Max Planck Institute for Solid State Research, Stuttgart, Germany
@: r.merkle@fkf.mpg.de

Oxides with three mobile carriers exhibit interesting properties regarding defect concentrations
as well as transport properties. This will be discussed on the example of perovskites which contain
mobile oxygen vacancies, protons, and electron holes. This materials class ranges from materials
that are mainly of fundamental interest (Fe-doped SrTiO,) to triple-conducting Ba(Fe,Co,Zr,Y,Zn)O, ,
perovskites that may serve as positrode in protonic ceramic fuel and electrolysis cells.

The proton uptake for triple-conducting perovskites may occur either by the dissociative hydration
HO+V, ~+0 = 20H, (1)

or by a redox reaction at expense of holes
H,0+2h = 20H,+0.50, (2)

depending on and concentrations. Further complexity arises from strong deviations from ideally
dilute behavior. Already a small hole concentration strongly decreases the proton uptake, even if the
sample is still in the regime dominated by the hydration reaction (1).[1,2] This is attributed to a partial
transfer of holes from Fe to O, decreasing the negative charge density and thus basicity of the oxide
ions. DFT calculations support this picture.[3]

Triple-conducting perovskites with a high concentration of redox-active B-site cations typically show
much lower degrees of hydration than Ba(Ce,Zr,Y)O, , electrolyte materials. Interestingly, oversized
redox-inactive B-site dopants such as Zn?*, Y3* strongly increase the proton uptake.[1] X-ray absorption
measurements (EXAFS, XANES, O-XRS) elucidate how these dopants introduce local lattice distortions
which decrease the Fe-O covalency and thus help to preserve a high oxide ion basicity.[4]

A complex behavior may be encountered in the kinetics of stoichiometry changes (2-fold relaxation
with strongly differing time constants, nonmonotonic changes).[5] This is rooted in the fact that the
electroneutrality condition holds only for all three carriers together, i.e. the simple coupling of carrier
fluxes valid in systems with only two carriers does not apply any more. As a consequence, non-mo-
notonic changes of optical absorption, conductivity, or electromotive force may occur after a pH,0
change applied to a proton/oxygen vacancy conductor with minor electronic defect concentration
because the net water uptake is decoupled into hydrogen and oxygen incorporation. Vice versa, a pO,
step may lead to complex stoichiometry relaxation kinetics changing the sample’s proton conductivi-
ty as the oxygen uptake is split into dehydrogenation and hydration steps.[6]

These examples demonstrate that a detailed defect-chemical understanding of triple-conducting oxi-
des is indispensable for further optimizing such oxides for electrochemical or catalytic applications, as
the desired properties are often in conflict with each other.

1R. Zohourian, R. Merkle, G. Raimondi, J. Maier, Adv.Funct.Mater. 2018, 28, 1801241

1 R. Merkle, M.F. Hoedl, G. Raimondi, R. Zohourian, J. Maier, Ann.Rev.Mater.Res. 2021, 51, 461-493

1 M.F. Hoedl, D. Gryaznov, R. Merkle, E.A. Kotomin, J. Maier, J.Phys.Chem.C 2020,124,11780-11789

] G. Raimondi, F. Giannici, A. Longo, R. Merkle, A. Chiara, M.F. HoedI, A. Martorana, J. Maier, Chem.Mater. 2020, 32, 8502-
8511

[5]J.H.Yu, J.-S. Lee, J. Maier, Angew. Chemie Int. Ed. 2007, 46, 8992-8994; H.-I. Yoo, J.-Y. Yoon, J.-S. Ha, C.-E. Lee, Phys. Chem.
Chem. Phys. 2008, 10, 974-982

[6] D. Poetzsch, R. Merkle, J. Maier, Adv.Funct.Mater. 2015, 25, 1542-1557; R. Merkle, W. Sitte, J. Maier, Solid State lonics 2020,

347,115174
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3D-to-2D Transition of Anion Vacancy Mobility in CsPbBr, under Hydrostatic Pressure

T.J. A.M Smolders?, A. B. Walker?, M. J. Wolf>®

aDepartment of Physics, University of Bath, Bath, United Kingdom.

BInstitute of Physical Chemistry, RWTH Aachen University, Aachen, Germany.
@: wolf@pc.rwth-aachen.de

Unlike typical inorganic semiconductors, lead-halide perovskites (LHPs) exhibit significant ionic con-
ductivity, which is believed to affect their performance and stability. Motivated by a recent experi-
mental study that suggested pressure as a means to control ionic conductivity in CsPbBr, [1], we pre-
sent a detailed theoretical study of the atomic scale effects of pressure on anion migration in the low
temperature orthorhombic Pnma phase of CsPbBr, [2]. Using nudged elastic band calculations based
on density functional theory, we compute all symmetrically inequivalent activation barriers for anion
migration to their closest neighbours, as a function of hydrostatic pressure in the range 0.0-2.0 GPa.
We then use those values as parameters in a kinetic model which allows us to connect the atomic scale
calculations to the macroscopic anion mobility tensor as a function of applied pressure.

We find that the mobility is enhanced by pressure in the plane spanned by the [100] and [001] lattice
directions, while along the [010] direction it is diminished, leading to an effective 3D-to-2D transition
of the mobility at elevated pressures. This can be explained by the fact that a network of only a few
symmetrically inequivalent paths dominates the mobility at elevated pressures. Our results demons-
trate the significant influence of pressure on both the rate and direction of anion migration in CsPbBr,,
which we consider likely to hold for other LHPs.

[1]T.Ou et al.,, Appl. Phys. Lett. 2019, 114, 062105.
[2]T.J. A. M Smolders, A. B. Walker, M. J. Wolf, J. Phys. Chem. Lett., 2021, 12, 5169-5177.
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Thermomigration of oxygen vacancies in SrTiO,

T. Bucko?, P.C. Schmidt®

aDepartment of Physical and Theoretical Chemistry, University in Bratislave, Bratislava, Slovakia.
bEduard-Zintl-Institut, TU Darmstadt, Darmstadt, Germany

@: p.c.schmidt@theo.chemie.tu-darmstadt.de

We studied the migration of oxygen vacancies in a temperature gradient theoretically by molecular
dynamic simulations using both a semi-empirical and a quantum mechanical approach with periodic
boundary conditions. The temperature gradient is generated by non-equilibrium molecular dynamics
(NEMD [1]). For the semi-empirical studies we used LAMMPS [2], whereas VASP [3] is used for the den-
sity functional calculations. The LAMMPS investigations have been performed using unit cells with up
to 1600 atoms, while distinctly smaller cells were used for VASP because of computer time limitations.
Both methods show the same trend in the thermomigration of oxygen vacancies.

[1]1 F. Mller-Plathe: J. Chem. Phys. 106, 1997, 6082-6085
[2] https://www.lammps.org/
[3] https://www.vasp.at/
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Complete documentation of all the mass/charge transport properties of La,NiO, , and
its puzzling thermomigration behavior

Han-Ill Yoo
Department of Materials Science & Engineering, Seoul National University, Seoul, Korea
@: hiyoo@snu.ac.kr

Layered-structured La,NiO,  persist hyperstoichiometric (6>0) across in its entire stability range with
the majority disorder type {O,"h} which unusually exhibit a strong positive deviation from the ideal
behavior. Its isothermal mass/charge transport properties (L ; L =L ;L ) have earlier been well docu-
mented across the entire stability range at elevated temperatures. [1] However, its non-isothermal
transport properties (L ; L, ) are yet to be measured and understood.

In this work, we have measured the mass/charge transport properties (L, L) under temperature gra-
dients (VT) on the system of La,NiO, , against oxygen activity, or composition §, across its entire sta-
bility range at 800, 900, and 1000 °C, respectively.

We will review the non-isothermal measurement principle based on the ionic/electronic thermopow-
er, [2] and complete the documentation of all the mass/charge transport properties of La,NiO, , once
and for all in the form of the coupling coefficient matrix L such that

-Vn.

Ji Lii Lih LiT l
= —v Tlh
Jh Lhi th LhT

-vVTr

where J, and n, denote the flux and electrochemical potential of the k-type charged component
(i=0%; h=h"), respectively. We will then evaluate the thermomigration flux of chemical component O
and chemical equivalent of VT, and discuss the puzzling thermomigration behavior (L), the mobile
component O being rendered from thermophilic (J«VT) to thermophobic (J x-VT) with increasing
Tand .

[1] H.-S. Kim, H.-I. Yoo, Phys. Chem. Chem. Phys., 2011, 13, 4651-4658.
[2] J. Janek, C. Korte, Solid State lonics, 1996, 92, 193-204
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Redox-Based Memristive Switching in Metal Oxides -
Variants and Prospects in Neuromorphic Computing

R. Waser*®, S. Menzel®<, R. Dittmann?

2JARA-FIT & PGI-7, Forschungszentrum Jilich, 52425 Jilich, Germany
BIWE2, RWTH Aachen University, 52056 Aachen, Germany

¢on leave to: IBM Research - Zurich, Riischlikon 8803, Switzerland.
@: waser@iwe.rwth-aachen.de

Redox-Based Resistive Switching Memories (ReRAM), also called nanoionic memories or memristive
elements, are widely considered to provide a potential improvement beyond the limits of current me-
mory technology with respect to write speed, write energies, and scalability as well as an energy-effi-
cient approach to neuromorphic computing concepts.

In this talk, fundamental aspects of the physics and chemistry (lattice disorder, ionic and electronic
transport processes, and phase formation) of these elements will be presented[1]. In particular, the
polarity of the switching (eightwise or counter-eightwise) and the geometry (conducting filament
vs. area dependent switching) will be discussed. Furthermore, the ultra-high non-linearity of the swit-
ching kinetics of redox-based resistive switching devices will be outlined with an emphasis on the
so-called valence change mechanism (VCM) typically encountered as a bipolar switching in metal oxi-
des, but also mentioning the electrochemical metallization (ECM) cells. The involved electrochemical
and physical processes can be either electric field/voltage enhanced or accelerated by a local increase
in temperature due to Joule heating.

The major strands of neuromorphic computing, namely the computational neuroscience for decoding
the human brain, the computing-in-memory and the artificial neural networks for pattern recognition,
will be worked out. And the different requirements on memristive elements to be applied in these
strands will be discussed.

[1] R. Dittmann, S. Menzel, R. Waser, Adv. Phys. 2022 (in print).
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Halide Perovskites for Memristive Data Storage and Artificial Synapses

Ho Won Jang®®

aDepartment of Materials Science and Engineering, Research Institute of Advanced Materials, Seoul National University,
Seoul 08826, Republic of Korea

bAdvanced Institute of Convergence Technology, Seoul National University, Suwon 16229, Republic of Korea

@: hwjang@snu.ac.kr

Halide perovskites have been noted for their exotic properties such as fast ion migration, tunable com-
position, facile synthetic routes, and flexibility in addition to large light absorption coefficients, long
carrier diffusion lengths, and high defect tolerance. These properties have made halide perovskites
promising materials for memristors. Applications in the field of resistive switching memory devices
and artificial synapses for neuromorphic computing are especially noteworthy. This perspective co-
vers state-of-the-art perovskite-based memristive devices. Moreover, the fundamental mechanisms
and characteristics of perovskite-based memristors are elucidated. Interesting opportunities to impro-
ve the performance of perovskite-based memristors for commercialization are provided, including im-
proving film uniformity and air stability, controlling the stoichiometry, finding new all-inorganic and
lead-free halide perovskites, and making perovskites into single crystals or quantum dots. We expect
our perspective to be the foundation of realizing next-generation halide perovskite-based memristors.
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Analysis of short-range order in amorphous HfO, thin layers grown by
atomic layer deposition

S. Hoffmann-Eifert?, M. H. Sultani?, F. Clppers? S. Aussen?, A.-C. Dippel®, Olof Gutowski®

3Peter Griinberg Institute (PGl 7 & 10) and Julich Aachen Research Alliance for Future Information Technology (JARA-FIT),
Forschungszentrum Jilich GmbH, 52425 Julich, Germany.

bDeutsches Elektronen-Synchrotron DESY, Notkestra3e 85, 22607 Hamburg, Germany.

@: su.hoffmann@fz-juelich.de

Thin layers of HfO, with thickness of about three to five nanometer are intensively investigated for up-
to-date electronic devices. This success is due to various key properties: (1) monoclinic HfO, is a wide
band gap insulator which forms a stable interface in contact with silicon paving the way to high-k gate
oxide/metal gate field effect transistors (FET), (2) the recently discovered orthorhombic phase is ferro-
electric enabling FeFETs, (3) amorphous HfO, thin films grown reproducibly by atomic layer deposition
at temperatures below 400 °C enable filamentary-type resistive switching suitable for high-density
back-end-of-line (BEOL) integrated redox-based resistive random access memory (ReRAM) devices.
Understanding special features of amorphous HfO, thin layers is of utmost importance for the under-
standing of the resistive switching performance, its stability and reliability.

This contribution addresses the analysis of short range order in amorphous HfO, thin films studied
by means of grazing incidence total X-ray scattering and pair distribution function (PDF) analysis.
The thin films were grown by plasma-enhanced atomic layer deposition at temperatures between
200 °C and 300 °C from tetramethylethylamino-hafnium and oxygen plasma.[1] The X-ray total scat-
tering measurements were carried out in EH2 of beamline P07 at the storage ring PETRA Ill, DESY,
Germany. Additionally to the structural studies of the short-range order in the amorphous films, the
influence of additional layers [2] and the evolution of long range ordering during in-situ annealing ex-
periments will be discussed. The measurement results will be compared with recent simulation results
of the migration of ions in amorphous HfO_obtained from large-scale, classical molecular-dynamics
simulations.[3] The results provide a deeper understanding of the local structure in amorphous HfO,,
and with this, of the migration of oxygen ions in amorphous HfO,, which might help optimization and
downscaling of HfO_-based ReRAM devices.

[1] A. Hardtdegen, C. La Torre, F. Clippers, S. Menzel, R. Waser, S. Hoffmann-Eifert, IEEE Trans. Electron.
Devices 2018, 65, 3229.

[2] A. C. Dippel, O. Gutowski, L. Klemeyer, U. Boettger, F. Berg, T. Schneller, A. Hardtdegen, S. Aussen, S.
Hoffmann-Eifert, M. V. Zimmermann, Nanoscale 2020, 12, 13103.

[3] M. Schie, M. P. Mueller, M. Salinga, R. Waser, R. A. De Souza, J. Chem. Phys. 2017, 146, 94508/1.
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Kinetic Monte Carlo simulations for solid state electrolytes

S. Neitzel-Grieshammer
Institute of Physical Chemistry, RWTH Aachen University, Aachen, Germany
@: grieshammer@pc.rwth-aachen.de

Solid electrolytes, as found in solid state batteries or fuel cells, represent complex solid solutions with
high concentrations of defects. In these materials, the interactions between the charge carriers and
interactions with other defects can no longer be neglected when estimating the ionic mobility and
conductivity. In fact, the transport properties result from the ionic trajectories through various local
environments with individual migration barriers. Hence, an analytical solution is generally not availa-
ble and atomistic simulations are required.

An efficient approach is the Kinetic Monte Carlo method where the individual vibrations of the ions are
neglected and the transport of charge carriers is represented by a chain of state-to-state transitions
with varying probabilities. This approach is especially powerful for the simulation of ionic transport
in strongly doped materials with interacting defects allowing fast simulation of ionic conductivity for
varying temperatures and compositions.

We designed the software MOCASSIN to provide easily accessible Monte Carlo simulations in crystal-
line electrolytes and simulate a wide range of systems.[1] Parameterized with energies from density
functional theory calculations, a better understanding of transport behavior as well as prediction of
ionic conductivity is possible.

In this talk, | present our recent applications of Kinetic Monte Carlo simulations to solid electrolytes
including cationic and anionic conductors for batteries and fuel cells.[2] Combining first principles
calculations with the KMC simulations, the link between the microscopic energy landscape and the
macroscopic transport is established. Here, | demonstrate the strength of this method and discuss
possible limitations.

[1]1S. Eisele, S. Grieshammer, J. Comput. Chem. 2020, 41, 2663-2677.
[2] S. Grieshammer, S. Eisele, Diff. Foundation, 2021, 29, 117-142.
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Computational and informatics studies on a NASICON-type Li ion conductor

M. Nakayama
Dept. Advanced Ceramics, Nagoya Institute of Technology, Nagoya, Japan
@: masanobu@nitech.ac.jp

All-solid-state Li-ion batteries are of considerable interest as safer alternatives to Li-ion batteries that
contain flammable organic electrolytes. However, at room temperature, achieving sufficient charging
and discharging rates and capacity using all-solid-state batteries has been challenging. To overco-
me these issues, material simulations and informatics investigations of a relatively new Na superionic
conductor (NASICON)-type LiZr (PO,), (LZP) electrolyte were conducted to elucidate its characteristics
and material functions. The thermodynamic and kinetic properties of NASICON-type Li-ion conductive
oxides were investigated in terms of the crystal structure using mainly materials simulation and infor-
matics approaches, such as 1) the electrochemical stabilities of LZP materials with respect to Li metal
[1] and 2) Li-ion conductivities in the bulk and at the grain boundaries [1,2]. In addition, an efficient
materials informatics search was employed to optimize the material functions of the LZP electrolyte
via Bayesian optimization (Figure 1) [3]. This study should promote the application of LZP in all-so-
lid-state batteries for use in technologies like mobile devices and electric vehicles and enable more
complex composition and process control.
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Figure 1 (a) lonic conductivity of Li as a function of composition. (b) Discovery rate of the best compo-
sition as a function of sampling number for the Bayesian and random search methods. [3] (reproduced
with permission from the publisher: ©The Royal Society of Chemistry)

[11Y. Noda et al., Computational and Experimental Investigations of the Electrochemical Stability and
Li-lon Conduction Mechanism of LiZr_(PO,),, Chem. Mater. 29, 8983-8991 (2017)

[2] K. Nakano et al., Molecular Dynamics Simulation of Li-lon Conduction at Grain Boundaries in NASI-
CON-Type LiZr (PO,), Solid Electrolytes, J. Phys. Chem. C. 125, 23604-23612 (2021)

[3] M. Harada et al. Bayesian-optimization-guided experimental search of NASICON-type solid elect-
rolytes for all-solid-state Li-ion batteries, J. Mater. Chem. A. 8, 15103-15109 (2020)
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Rechargeable Oxide Batteries: Storage Capacities and Kinetics

J. Eigen?®*<, D. Goertz**<, M. Schroeder?

3nstitut fur Physikalische Chemie, RWTH Aachen, Aachen, Germany
PHelmholtz Institute Minster, Miinster, Germany

lEK-12, Forschungszentrum Jilich GmbH, Jilich, Germany

@: eigen@pc.rwth-aachen.de

For rechargeable oxide batteries (ROB) to be viable, stable long term cycling needs to be achieved.
Additionally, a high energy density is desired for the storage material.[1] The conversion between the
chemical energy, in which the energy is stored, to electrical energy available to the consumer needs
to be fast enough to keep up with demand. For this purpose, the kinetics of redox reaction of the sto-
rage material during charge and discharge is of interest. To characterize the kinetics, the rate of mass
change in thermogravimetric measurements were analyzed and fitted for reduction and oxidations by
means of Johnson-Mehl-Avrami-Kolmogorow (JMAK) equations. Reaction parameters were chosen to
simulate the working conditions expected in a ROB.

The iron in the Fe NiO,/YSZ composites undergo two reaction steps (subsequent iron oxidation from
Fe to FeO and FeO to Fe,0,) during the discharge process under ROB operating conditions, requi-
res two JMAK equations for the characterization. The resulting parameters received from these JMAK
equations are consistent with microstructural developments seen in SEM images, enabling an accura-
te description of the reaction process throughout the redox cycling process.[2]

02728
bed by combining the JMAK equation with the Prout-Tompkins or Jander model. As was the case befo-

re, further complementary microstructural investigations by means of SEM and XRD were completed.
This provides a combined picture of the redox processes taking place during the charge and discharge
processes during redox cycling.

The reaction kinetics for the (Fe1_anX)yOz/Ceo.SGd O_ .-composites on the other hand can be descri-
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[1]1 C. Zhang et al., Adv. Energy Mater., 2021, 2000630, 11.
[2] J. Eigen et al., J. Energy Storage, 2021, 103161, 43.
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Ni—O-redox, oxygen loss and singlet oxygen formation in LiNiO, cathodes for
Li-ion batteries

A. R. Genreith-Schriever?, H. Banerjee®®, A. J. Morris®, C. P. Grey?

?Yusuf Hamied Department of Chemistry, University of Cambridge, Cambridge, United Kingdom.
bSchool of Metallurgy and Materials, University of Birmingham, Birmingham, United Kingdom.
@: ars5T@cam.ac.uk

Ni-rich cathode materials such as LiNiO, achieve high voltages in Li-ion batteries but are prone to
structural instabilities and oxygen loss. Mitigating this degradation requires a comprehensive under-
standing of the cause and mechanism of oxygen loss, also accounting for the formation of singlet oxy-
gen. Using ab initio molecular dynamics simulations, we observe spontaneous O, loss from the (100)
surface of delithiated LiNiO,, singlet oxygen forming in the process. We find that the origin of the in-
stability lies in the pronounced oxidation of O during delithiation, i.e., a central role of O in Ni-O redox
in LiNiO,. For LiNiO,, NiO,, and the prototype rock salt NiO, a range of computational tools including
density-functional theory and dynamical mean-field theory calculations based on maximally localised
Wannier functions yield a Ni charge state of ca. +2, with O varying between -2 (NiO), -1.5 (LiNiO,) and
-1(NiO,). The O, loss route observed here consists of 2 surface O~ radicals combining to form a peroxi-
de ion, which is then oxidised to O,. In leaving the surface, O, leaves behind 2 O vacancies and 2 elec-
trons, reducing the 2 nearest surface O~ radicals to O* ions: effectively 4 O radicals disproportionate
to O, and 2 O* ions, forming 2 O vacancies. The reaction liberates ca. 3 eV. Singlet oxygen formation
is caused by the singlet ground state of the peroxide ion, with spin conservation dictating the prefe-
rential release of '0.. The strongly exergonic reaction easily provides the free energy required for the
formation of 'O, in its excited state.

[1] A.R. Genreith-Schriever, H. Banerjee, A. J. Morris, C. P. Grey, in press.
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Solid State Batteries — A Showcase for Solid State lonics

J. Janek
Institute of Physical Chemistry & Center for Materials Research, Justus-Liebig University, 35392 Giessen, Germany.
BELLA, Institute of Nanotechnology, Karlsruhe Institute of Technology, 76344 Eggenstein-Leopoldshafen, Germany

From the very beginning of Solid State lonics as an internationally visible interdisciplinary research
field in the 1980s, solid state battery (SSB) cells played an important role in the field, and early cell
concepts date back even to the 1960s. The rise of the lithium ion battery with a liquid electrolyte from
the 1990s was a major “game changer”, and research into solid state batteries with inorganic solid elec-
trolytes (SE) was more or less stopped, while the development of polymer-based batteries continued.

Within the recent period of electrification of transportation and the related ever-growing demand for
resource-efficient and low-cost batteries with superior storage properties, solid-state batteries gain
again great interest. In fact, expectations are high, and world-wide investments and research activities
mark a very fast development.

While this technological trend suggests that all fundamental issues are solved and mainly engineering
of cells and battery packs remains to be tackled, there are still a number of critical issues that relate to
“classical”thermodynamic and kinetic problems in solid state ionics — and which will be highlighted in
this presentation:

a) Defects: The reversible, high-rate and long-time stable parent metal anode of the type Me/SE is
considered as a key ingredient to future high-energy SSBs. Interestingly, the inherent problems of va-
cancy injection, pore formation and dendrite growth (essentially morphological instabilities) are still
not solved.

b) Nonstoichiometry:The volume change of active storage materials upon charging/discharging poses
a challenge for the stability of electrodes and full cells, thus, the “chemo-mechanics” of non-stoichio-
metric storage phases and resulting strain in electrode composites remains to be solved.

¢) Mixed conduction and partial conductivities: On the way to high-capacity solid state electrode com-
posites, the ion- and electron-conducting percolation networks have to be optimized, and the analysis

of impedance data in terms of individual transport processes is important to support this task.

d) Solid state reactions at interfaces: Strong driving forces cause degradation of solid electrolytes and
electrode materials at interfaces, and the control of reactivity plays a major in the stabilization of SSBs.

Ultimately, solid state batteries provide exciting scientific challenges but also are an excellent example
for the role of solid state ionics at the crossing of solid state chemistry, physics and electrochemistry.
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A Mechanistic Study on the Multi-step Phase Dismantling Process of Single-phase
Ce,,.Zr,,.0, : Complete Separation into Ceria and Zirconia

Seol Hee Oh?, Hyun-Kyu KimP, Yeong-Cheol Kim®, Jong-Ho Lee®

*Energy Materials Research Center, Korea Institute of Science and Technology, Seoul, Korea.

bSchool of Energy Materials and Chemical Engineering, Korea University of Technology and Education, Cheonan, Korea.
@: jongho@kist.re.kr

CeO,-Zr0O, solid solution has been widely used as a catalysts or catalysts support in various catalytic
devices such as three-way catalyst, membrane reactor and fuel cells, because of its superior oxygen
releasing/storing capability and relevant electrocatalytic properties. However, the phase stability of
CeO,-ZrO, solid solution has been controversial for a long time. There have been many conflicting re-
ports on structural or compositional changes due to the instability of CeO_-ZrO, solid solutions. Hence,
in order to properly utilize the CeO,-ZrO, as a promising electrocatalyst, thorough understanding and
exact clarification of the cause, mechanism and effect of phase separation are essential. Here, we per-
formed well-defined model experiment by using the epitaxial Ce . Zr .0, (CZO) thin films of which
crystal orientation and the initial stress level are systematically controlled. The origin and a sequence
of phase separation in CZO thin film was analyzed by means of surface morphology characterization
by scanning electron microscopy, crystallographic data by X-ray diffraction, and element distribution
mapping by crystal transmission electron microscopy equipped with energy dispersive spectroscopy.

GFri 2:170 pm

28 | Bunsen Colloquium - New Horizons in Solid State lonics



Topotactic transformation of barium indate zirconate perovskite in H, atmosphere

Y. Aoki?, H. Toriumi?, G. Kobayashi®, and T Saito®
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bDepartment of Materials Molecular Science, Institute for Molecular Science, Okazaki, Japan.
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Metal oxyhydrides, including the hydride anion (H"), are rare but have recently become appealing
hydrogenation catalysts for ammonia synthesis[1-3] and CO, conversion[4, 5]. H is simply the counter
form of H*, but the electrochemical activity of the former could clearly be distinguished from that of
the latter because the high redox potential of H,/H-, at —2.3 V versus a normal hydrogen electrode, may
facilitate electron donation to adsorbed molecules.[2, 6] The oxyhydrides must be important H- ion
conductors because the large polarizability and extraordinary ion-size flexibility of H- anion is advan-
tageous for the long-range diffusion. On account of the transferability and redox activity of the H- ani-
on, therefore, materials with significant H-ion conductivity are promising options not only for catalytic
substances but also for ceramic electrochemical devices,[7, 8] such as co-electrolysis cells[9-11] and
membrane reactors,[12] Cubic perovskite type barium zirconate, BaZr,_In O, ; (0<x<0.7), have been
intensively studied for their excellent proton conductivity and tolerance to high p,.,  atmosphere. Des-
pite the fact that In(lll) oxides are readily reduced at elevated temperature under reduced atmosphere,
the thermochemical behavior of BaZr, In O, , under reduced conditions is still unclear. Herein, we
demonstrated that BaZr .In .0, . (BZI55) is converted to highly-oxygen-deficient perovskite phase
with metallic conductivity by reduction in H2 gas at elevated temperature. BZI55 was synthesized by
solid state reaction method. Pale white BZI55 was changed to black-colored phase by heating at 800
Cfor 24hin dry H,. Hereafter, the black phase after the H, reduction was denoted as H-BZI55. The XRD
measurements confirmed that H-BZI55 still retained cubic perovskite structure and the change of lat-
tice constants by the H, reduction was only -0.07%. TG measurements revealed that BZI55 loose the
weight by about 2% by H, reduction at 800 °C, and thus the stoichiometry of H-BZI55 was estimated
to BaZr,.In .0, . by assuming that mass loss was caused only by the loss of lattice oxygen. The neut-
ron powder diffraction structure refinement precisely determined the nominal composition of H-BZI
equaling BaZr . In(ll) .0, H, ., in which H atoms occupy O anion sites and fcc interstitial sites. Com-
bined with XAFS measurements confirmed that BaZr_In(lll) O, ., as the parent phase, was topotacti-
cally hydrogenated via simple H, gas annealing at 800 °C under ambient pressure with the reduction
of In atoms and insertion of vacancies and H-ions into O sites bridging two In atoms (O, '"). Membrane
devices comprising dense BaZr .In .0, .. H . films on porous Ni-cermet supports were fabricated by
conventional sintering and post-reduction, because low lattice contraction (-0.07%) following hydro-
genation allowed for the bulk hydrogenation of BaZr .In O, . sinters without structural collapse. The
resultant devices exhibited higher hydrogen permeability than protonic ceramic ones at 500 °C becau-
se H-ion hopping through the percolation of O, ""-type site vacancies gave rise to H™ ion conductivity
of 103 S cm™. Given their superior H™ ion conductivity and ease of manufacturing, the synthesized ma-
terials have great potential for applications in mixed conducting electrodes and hydrogen permeable

membrane supports of ceramic electrochemical cells.

[11 H. Toriumi et al, Chem. Mater. Under revision.
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Why we should not trust (but still might use) the Mott-Schottky model for
grain-boundary impedance
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Identifying the excess resistivity of grain boundaries with the presence of space-charge layers has
become widely accepted in the context of high-purity oxide-ion conducting polycrystals: the con-
sidered space-charge models usually involve a positively charged grain-boundary core, surrounded
and compensated for by negatively charged space-charge layers. A mathematical description with
closed-form expressions can be provided if it is assumed that the acceptor cations take a uniform con-
centration profile throughout the sample (Mott-Schottky case). This approximation may be justified
with the typical range of measurement temperatures, in which the cation mobility is negligible, such
that non-equilibrium configurations may be retained.

Nevertheless, the analysis of impedance data with the Mott-Schottky model is problematic in two
aspects: first, this dilute-solution model is often applied to heavily substituted electrolyte materials,
the electrical conductivities of which are known to be largely determined by point-defect interactions.
Second, ion-conducting ceramics prepared by conventional sintering have necessarily been subject to
temperatures that were high enough to render the cations mobile, so the acceptor-cation concentra-
tion profile should approach the electrochemical equilibrium before the cation transport is frozen-in
upon cooling.

In this work, we have calculated impedance spectra from continuum-level simulations of a bicrystal
geometry, with space-charge layers at the grain boundary. Different space-charge models for dilute
and concentrated solid solutions are considered. Specifically, space-charge layers are simulated in the
scope of the restricted-equilibrium model [1, 2] and the Poisson—-Cahn model [3, 4] to account for the
thermal history and for point-defect interactions, respectively. Based on the simulation results, the
common practice of analysing grain-boundary impedance with the standard closed-form expressions
is assessed. Special attention is paid to the electrical grain-boundary width as a measure of the extent
of a space-charge layer in the dilute and the concentrated cases.

Our results indicate that, given a restricted-equilibrium scenario, the Mott-Schottky expressions may
substantially underestimate the true space-charge potential, even though the results display a general
qualitative agreement with the Mott-Schottky case. Furthermore, it is demonstrated that, in concen-
trated solutions, grain-boundary impedance must be considered as being virtually decoupled from
the space-charge potential, owing to variations of ion mobility within the space-charge layer. Different
consistency checks [5, 6] are discussed that require only the impedance-spectroscopic experimental
setup and that can reveal cases not adequately described by the Mott-Schottky model.

[1
[2
3
(4
(5
(6

J.-S. Lee, D.-Y. Kim, J. Mater. Res. 2001, 16.9, 2739-2751.

A.Tschope, C. Bauerle, R. Birringer, J. Appl. Phys. 2004, 95.3, 1203-1210.
D.S. Mebane, Comput. Mater. Sci. 2015, 103, 231-236.

D.S. Mebane, R. A. De Souza, Energy Environ. Sci. 2015, 8.10, 2935-2940.
S. Kim, Phys. Chem. Chem. Phys. 2016, 18.29, 19787-19791.

A. L. Usler,R. A. De Souza, J. Electrochem. Soc. 2021, 168.5, 056504.
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Beyond stoichiometry in photoemission spectroscopy:
c—f hybridization in cerium compounds

T. Duchon
Peter Griinberg Institute 6, Forschungszentrum Jilich GmbH, Jllich, Germany.
@: duchon@micronano.net

Photoemission spectroscopy offers insights that go beyond the routine inquiries into composition and
stoichiometry. While accessing many of these asks for intricate geometries and experimental conside-
rations, even the simplest spectrum hints at electronic configurations that break the assumptions the
oversimplifying picture of the nominal oxidation state brings in [1]. In this contribution, | will showcase
how c-f hybridization manifests itself in the core level and valence band spectra of cerium compounds
[2,3]. In doing so, | will expose the difficulties faced by the community in establishing univocal gui-
delines for stoichiometry determination from the Ce 3d core level spectra and the 4d—4f resonant
enhancement ratio, concepts which extend beyond the special case of the cerium compounds.

While the added complexity emerging from the step outside of the picture of the nominal oxidation
state makes analysis challenging, it also offers new opportunities. Here, the ability to gauge the c-f
hybridization represents both a window into elementary phenomena, such as closed shell screening,
and a new aspect of rational design in chemical conversion, providing a guide for bond-length modi-
fication in valence band engineering towards charge transfer-limited reactions.
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Figure 1: c-f hybridization in the valence band of cerium compounds revealed by resonant photoemission spectroscopy
and density functional theory.

[1]1 R.A. De Souza, D.N. Mueller, Nat. Mater. 2021, 20, 443-446.

[2] PS. Bagus, C.J. Neling, D.A. Hrovat, E.S. llton, J. Chem. Phys. 2017, 146, 134706.

[3]1 T. Duchon, M. Aulicka, E.F. Schwier, H. lwasawa, C. Yhao, Y. Xu, K. Veltruska, K. Shimada, V. Matolin,
Phys. Rev. B 2017, 95, 165124.
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Theoretical and Computational Description of the Polaron Migration in Ceria

J.P. Arnold, M. Martin
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Polarons have been the subject of increasing interest due to their presence in a great variety of materi-
als. [1] Within ceramics, polarons up to the size of unit cells (called small polarons) may form and beco-
me the predominant charge carriers of electronic conduction. Prominent examples are reduced ceria,
yttrium-doped barium zirconate or BCFN. [2,3,4] A small polaron is created by an excess electron or
hole that is strongly localized by a self-created potential well due to the displacement of surrounding
atoms. In addition, it can migrate via a thermically activated jump mechanism, for which a theoretical
description is given by Markus-Emin-Holstein-Austin-Mott (MVEHAM) theory. [5] Here the energy of a
system containing a polaron is expressed by harmonic oscillators describing the local structure distor-
tion, and a charge stabilization contribution proportional to the distortion. Fitting MEHAM theory to
the polaron migration energy profiles obtained from density functional theory (DFT) simulations may
yield additional information such as the characteristic frequency associated with and the adiabaticity
of the migration.

To our knowledge, no study has tried to fit MEHAM theory to the whole migration energy profile. Ins-
tead, only the part around the ground states is considered. [6] However, with this approach it is up to
the author to select the data points which are included or excluded from the fit. In addition, linearly
interpolated structures of the initial and final state of transition are often used to describe the migra-
tion path. This enables a simple definition of the reaction coordinate based on the proportion used
of both states. However, nudged elastic band (NEB) calculations have shown that the migration path
from this linearized approach may be unfavorable. [3] If instead the path produced by NEB is used, the
previous definition of the reaction coordinate is no longer valid, as the images produced by NEB may
not be simple interpolations.

Here we present a way to solve both issues. We show how the migration coordinate can be defined for
the polaron transition when structures produced from NEB are used and how MEHAM theory can be
quantitively fitted to the whole migration path. As an example, we use the polaron migration in ceria.

[1
[2

C. Franchini, M. Reticcioli, M. Setvin, U. Diebold, Nat Rev Mater 2021, 6, 560 - 586.

H. L. Tuller, A. S. Nowick, J. Phys. Chem. Solids 1977, 38, 859 — 867.

[3] A. Lindman, P. Erhart, G. Wahnstrom, Phys. Rev. B 2016, 94 (7), 075204.

[4] ). Zhang, H. Zhao, Y. Li, N. Xu, W. Ding, X. Lu, F. Li, Int. J. Hydrogen Energy 2010, 35 (2), 814 - 820.

[5] H. Bottger, V. V. Bryksin, Hopping Conduction in Solids, VCH-Verlagsgesellschaft, Weinheim, Deer-
field Beach-Florida 1985.

[6] C. W. M. Castleton, A. Lee, J. Kullgren, J. Phys. Chem. C 2019, 123 (9), 5164 - 5175.
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Renewable Energy from a Big Picture Perspective to Nanoscale Insights via TOF-SIMS

S.P. Harvey
National Renewable Energy Laboratory, Golden, Colorado, USA.
@: steve.harvey@nrel.gov

The world is rapidly changing the way that gets energy due to rapid price declines in renewable ener-
gy sources and storage within the last ten years making wind and solar the cheapest energy source for
new power plant installations in many parts of the world. We will briefly discuss solar energy trends
as a whole, before diving into our recent contributions to the field using time-of-flight secondary-ion
mass spectrometry (TOF-SIMS) at the National Renewable Energy Laboratory to improve the perfor-
mance and reliability of solar cell and battery materials, and we will present some recent work that
highlights the versatility of TOF-SIMS. This work includes: 1) Multi-scale, multi-technique investiga-
tions of photovoltaic module failure including TOF-SIMS to enable insights into the root-cause mecha-
nisms of module degradation at the nanoscale that are observed at the length scale of meters [1]; 2)
Investigations into the performance and stability of hybrid perovskite solar cell devices and our work
to understand measurement artifacts in this materials class when profiling [2]; 3) Using TOF-SIMS to
investigate the fundamentals of solid electrolyte interface in 100% silicone lithium battery anodes to
enable next generation lithium ion batteries [3].

[1] Harvey, S.P, J. Moseley, A. Norman, A. Stokes, B. Gorman, P. Hacke, S. Johnston, and M. Al-Jassim,
Progress in Photovoltaics: Research and Applications. 2018. 26(6): p. 377-384.

[2] Harvey, S.P, J. Messinger, K. Zhu, J.M. Luther, and J.J. Berry, Advanced Energy Materials.2020 10(26)
p. 1903674.

[31Ha, Y., C. Stetson, S.P. Harvey, G. Teeter, B.J. Tremolet De Villers, C.S. Jiang, M. Schnabel, P. Stradins, A.
Burrell, and S.D. Han, ACS Applied Materials and Interfaces, 2020. 12(44): p. 49563-49573.
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Defects and transport - still plenty to be done

M. Martin
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The field of Solid State lonics is concerned with the understanding and tailoring of defects, diffusion
and reactions in solids. It has nowadays wide technological applications in energy conversion and sto-
rage, data storage, sensors etc. Thus, Solid State lonics and its technological implications are inevitable
for a future sustainable development of our world.

In this contribution | will, however, focus on some fundamental questions and still unresolved prob-
lems in the science of Solid State lonics. | will discuss two major topics: The first is concerned with the
role of defect interactions. This topic is of particular importance in materials with high defect concen-
trations where defect interactions are unavoidable. Interestingly, nearly all materials with technologi-
cal importance belong to this class of materials. In contrast, the theoretical treatment of interactions
is mostly limited to diluted systems. | will show a possible route to solve this problem by combining
ab initio calculations with Monte Carlo simulations. In this way, not only the problem of defect inter-
actions can be solved, but also the link between the microscopic energetics and dynamics and the
macroscopic thermodynamics and kinetics can be made. As examples, | will discuss our results for
oxygen ion conductors and proton conductors.

The second topic is concerned with the number of components in a material. Nowadays, most mate-
rials in Solid State lonics are multicomponent materials containing, e.g., three or more chemical ele-
ments. Thermodynamically, this is a challenge as the phase diagrams become rather complicated and
are mostly unknown. On the other hand, there is another subtle problem which is concerned with the
number of mobile species. Historically, most often only two mobile species were considered, e.g., two
mobile cations during interdiffusion or one mobile anion and electrons in mixed conductors. The si-
tuation becomes, however, more complicated if there are three mobile species, e.g., two ionic defects
and one electronic defect. | will discuss corresponding examples and the thermodynamic and kinetic
implications.
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Enhanced Sintering and lonic Conductivity in Zr-Deficient NaSICON Solid Electrolytes
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Sodium All-Solid State Batteries (ASSBs) have the potential to achieve high capacities, with increased
safety and long term durability, while also maintaining low material cost due to abundant sodium
resources. ASSBs rely on solid-state electrolytes with high ionic conductivity, which can be achieved
in polycrystalline materials with Sodium (Na) Super-lonic CONductors (NaSICON) with kosnarite struc-
ture [1,2].

Several parameters need to be considered for NaSICON materials with high ionic conductivity, namely:
a. relative density (fully sintered samples with optimized sintering conditions), b. sodium concentrati-
on (3 - 3.5 mol Na per formula unit), and c. crystallographic structure (monoclinic polymorph).

In our group, ionic conductivities in the range of 1 — 5 mS/cm at room temperature have been ob-
tained for NaSICON materials [3,4], which is among the highest values reported in literature. To gain a
deeper understanding of phase formation and associated properties, the effects of glassy phases are
investigated in two series of NaSICONs with Zr deficiency and hypothetical O* vacancies.

The Series Wlth the formUIaS Na3.4zr2 3X/4S|24X/4P06+x/4o12 11x/8 and Na Zr2 3X/4S 24+X/4P06+1 5X/4 12-x/16 (bOth
with 0 < x < 0.8) were prepared and used for sintering experlments The series have constant Si+P
content and additional Si+P atoms, respectively, and O* vacancies to compensate for Zr deficiency. To
better understand the phase formation of this NaSICON system, the samples are characterized using
X-ray diffraction (XRD) with by Rietveld refinement and scanning electron microscopy (SEM). XRD can
identify predominantly monoclinic or rhombohedral NaSICON phase. The ionic conductivity improves
with the formation of the monoclinic lattice. NaSICON grains and glassy components were identified
in the microstructure. The latter lead to a significant decrease in sintering temperatures. The compo-
sition of the NaSICON grains suggested by the stoichiometry of the material differs from the XRD and
SEM results. The crystalline phase is close to compositions without Zr deficiency and O* vacancies, and
the additional amounts of Na, Si and P form glass phases. The stoichiometric composition of the grains
and the glassy components was specified by energy dispersive X-ray spectroscopy (EDX) and, together
with the refined lattice parameters, provides information about the Na concentration in the NaSICON
phase. The ionic conductivities were measured as a function of and composition and can also give
insight into the phase formation of the NaSICON structure [5] and the influence of the glassy phases.

[1]1 H.Y.-P. Hong, MRS Bulletin 1976, 11, 173-182

[2] M. E. Brownfield, E. E. Foord, S. J. Sutley, T. Bottinelly, Am. Mineralogist 1993, 78, 653-656
[3]1S. Nagash, Q. Ma, F. Tietz, O. Guillon, Solid State lonics 2017, 302, 83-91

[4] Q. Ma, C.-L. Tsai, X.-K. Wei, M. Heggen, F. Tietz, J. Irvine, J. Mater. Chem. A 2019, 7, 7766-7776
[5] B. Davaasuren, F. Tietz, Solid State lonics 2019, 338, 144-152
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Enhanced ionic conductivity in Na, [l .Y .Zr .Si,O
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The development of cost-effective and reliable solid-state sodium metal batteries (SS-NMBs) with
good performance is of great significance for stationary energy storage. Herein, the solid-state elec-
trolyte with high conductivity and stability is a vital constituent to facilitate the application. In this
work, the strategy of heterovalent cation substitution has been used to enhance the ionic conductivity
while preserving the crystal structure (see figure below). Partial substitution of Y**in Na,YSi,O., (NYS)
with Zr** introduces Na* ion vacancies and shortens the distances between neighboring Na* ions, gi-
ving rise to the high bulk and total conductivity up to 6.5 and 3.3 mS cm™ at room temperature with
the composition of Na, .Y, ..Zr, .Si, 0., (NYZS). NYZS shows excellent electrochemical stability (up to
10 V vs. Na*/Na) and good critical current density of 2.4 mA cm™ against Na metal. Due to the inhe-
rently good chemical stability of silicates, composition of NYZS remained unchanged and still offered
a high conductivity of 2.1 mS cm™ after two months of exposure in air. The transport pathway of Na*
ions in NYZS is further elucidated by combining solid-state nuclear-magnetic-resonance techniques
and theoretical simulations. NYZS extends the list of applicable solid-state electrolytes [1,2] and paves
the way for facile synthesis of stable, low-cost Na* ion silicate electrolyte materials.
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[1]1 Q. Ma, F. Tietz, ChemElectroChem 2020, 7, 2693-2713.

[2] Q. Lu, A. Yang, A. Omar, Q. Ma, F. Tietz, Olivier Guillon, D. Mikhailova Energy Technol. 2022, 10,
2200149.

[3] A.Yang, R. Ye, X. Li, Q. Lu, H. Song, D. Griiner, Q. Ma, F. Tietz, D. Fattakhova-Rohlfing, Olivier Guillon
Chem. Eng. J. 2022, 435, 134774.
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Numerical Simulation of the Kinetic Unmixing and Decomposition in Barium Titanate

C. Ader, M. Martin
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Perovskite oxides are important materials for solid oxide fuel cells, light emitting diodes or lithium
bat-teries.[1] Accordingly their behaviour under the influence of an electric field is of great importan-
ce. Since normally the mobilities of the two cations in the perovskite oxide are different, they move in
an electric field with different velocities and thus unmix. The faster cations accumulate at the cathode
while the slower ones remain behind at the anode. As long as the material stays in its stability range,
this behaviour is called kinetic unmixing, else the material decomposed and the behaviour it is then
referred to as kinetic decomposition.[2]

While there are already experimental studies of the kinetic unmixing in barium titanate and perovski-
tes in general,[3-4] this work focuses on a theoretical approach. We developed a model that does not
only take the three main ions (Ba*, Ti**, 0%) and their vacancies into account, but also considers accep-
tor doping on the B-site and electrons and electron holes as minority defects. Since the model uses
several variables, we focused on the material properties of barium titanate, but of cause the model is
easily adaptable to other perovskites.

By solving the partial differential equations from this model numerically, we are able to simulate the
kinetic unmixing. With this model we investigated not only the profiles along the gradient of the elec-
tric field, but also various relations between input parameters, such as applied voltage or thickness of
the sample, and output values such as the degree of unmixing or the time it takes to reach a steady
state. When the stability range is taken into account, the decomposition voltage at which the material
decom-poses or the time it takes to reach the decomposition can be studied. Moving away from the
material properties of barium titanate, we also investigated theoretical materials where the ratios of
the mobilities show extreme cases like the A and B cations being equally fast or one much faster than
the other.

[
[2
3
(4

P. Goel et al., Nano Energy 2021, 80, 105552.

H. Schmalzried, W. Laqua, Oxidation of Metals 1981, 15, 339.

H-1. Yoo, C.-E. Lee, R. A. De Souza, M. Martin, Appl. Phys. Lett. 2008, 92, 252103.
J. Chun, M. Martin, H-1. Yoo, Phys. Chem. Chem. Phys. 2018, 20, 2396.
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Numerical simulations of the Hebb-Wagner polarization method of perovskite-type
oxides
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Ternary oxides ABO, are known for their mixed ionic and electronic conductivity, which is well inves-
tigated depending on temperature, oxygen partial pressure, and composition. A famous technique
that enables the determination of the partial conductivities is the Hebb-Wagner polarization method
introduced by Hebb and Wagner in the 1950s [1,2]. Depending on the type of electrodes used for the
polarization, it is possible to measure the ionic or electronic conductivity of the material depending
on the oxygen partial pressure. The kinetics of the polarization process and the corresponding relaxa-
tion time were not studied in detail in literature, although both are of utmost importance for a better
understanding of electrochemical polarization processes. A prominent example is resistive switching
of oxides, where the prevailing conductivity is modulated by slow ionic motion caused by an applied
AC voltage. The observed hysteresis in the -V curve depends critically on the ratio of the relaxation
time and the switching rate [3,4]. In this contribution, the kinetics of the relaxation process during
the Hebb-Wagner polarization of a nominally undoped perovskite-type oxide ABO,, is simulated by
means of numerical methods and using SrTiO, as a model system. The advantages of the theoretical
approach are the prediction of the expected relaxation time for experiments and the exact reproduc-
tion of the fluxes of all involved mobile species simultaneously. Thus, it is possible to investigate the
dependence of the relaxation time on different experimental variables, such as the applied voltage,
acceptor concentration, temperature, and external oxygen partial pressure. In addition, the influence
of parameters such as sample length L, equilibrium constants for defect equilibria and diffusion coeffi-
cients of the mobile species can be studied to identify the relaxation times of different parameter sets
for practical experimental application of the Hebb-Wagner polarization method.

[1] Wagner, C. Zeitschrift flr Elektrochemie 1956, 4-7.

[2] Hebb, M. H. The Journal of Chemical Physics 1952, 20, 185-190.

[3] Kwon, D.-H,; Lee, S.; Kang, C. S.; Choi, Y.S,; Kang, S. J,; Cho, H. L.; Sohn, W,; Jo, J.; Lee, S.-Y.; Oh,
K.H.; et al. Adv. Mater. 2019, 31, 1901322.

(4] Waser, R.; Dittmann, R.; Staikov, G.; Szot, K. Adv. Mater. 2009, 21, 2632-2663.
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The brownmillerite oxides have the general composition A_B,O.. At sufficiently high temperatures
they undergo a phase transition to an oxygen-deficient perovskite ABO, , phase. Oxygen diffusion in
the high-temperature perovskite phases have attracted attention, due to their high degree of oxygen
deficiency and the general high mobility of oxygen vacancies in the perovskite structure. Very recent-
ly, oxygen diffusion in the brownmillerite phase has attracted attention because of the possibility of
using the phase transition in a resistive switching memory device.

In this study, we investigated oxygen diffusion in the system Sr.Fe O, using molecular dynamics
(MD) simulations with empirical pair potentials (EPP). Specifically, we obtained oxygen tracer diffusion
coefficients as a function of temperature for both brownmillerite and perovskite phases, and subse-
qguently, the activation enthalpies of oxygen tracer diffusion. We also examined the simulations to
extract information on the two possible mechanisms of oxygen diffusion in the brownmillerite phase
(by interstitials or by vacancies). Furthermore, with the aid of MD simulations we quantified the for-
mation of oxygen vacancies and oxygen interstitials (anti-Frenkel disorder) in stoichiometric Sr.Fe O,
and determined the enthalpy and entropy of defect formation. Moreover, simulations on Sr,Fe,O, with
oxygen deficiency or oxygen excess revealed preferential oxygen diffusion by means of oxygen va-
cancies instead of diffusion by means of oxygen interstitials in the stoichiometric compound. But in
both cases, the diffusion showed a highly anisotropic behaviour and took place almost exclusively
two-dimensional in the respective planes (SrFe,0, :FeO -plane; Sr,Fe O, :FeO,-plane) of the layered
structure of Sr Fe O..
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Composite electrodes in solid-state batteries can be regarded as interwoven electronic and ionic con-
duction networks. In contrast to liquid electrolytes, the solid electrolyte (except for polymer-based
solid electrolytes) does not infiltrate (micro-)porosities and possesses its proper morphology. This im-
plies that even ductile solid electrolytes go along with residual voids in the composite. Thus, the elec-
trode microstructure can be decisive for the performance, even though it may not be straightforward
to be accessed experimentally. Especially the role of voids in the composite is barely understood.

We approach the electrode microstructure from the perspective of modeling and simulation and stu-
dy the conduction networks [1], the efficacy of ion conduction [2] and the charge behavior [3] in syn-
thetic microstructures that are reconstructed based on scanning electron microscopy images. These
feature cathode active material, solid electrolyte, void space and partly also binder.

To develop a broad understanding of microstructural influences we study a variety of electrode de-
sign parameters such as particle sizes and their distributions, the electrode composition or the binder
content and identify trade-offs, both between energy and power electrode layouts and electronic and
ionic conduction. An example thereof is the active material particle size: Small active material par-
ticles favor highly interconnected electronic conduction clusters that may redundantize conductive
carbons in the composite [1]. They also offer short ion diffusion paths inside the particles [3]. On the
other side, high surface area goes along with enhanced degradation and may impede ionic conducti-
on leading to more tortuous ion pathways [2, 4].

In order to assess the impact that the microstructure has on the cell performance we estimate achie-
vable current densities through ASSB cathodes and find that the microstructure issues that go along
with solid electrolytes are a strong argument for highly conductive solid electrolyte materials [2].

[1] A. Bielefeld, D. A. Weber, J. Janek, J. Phys. Chem. C 2019, 123, 1626-1634.

[2] A. Bielefeld, D. A. Weber, J. Janek, ACS Appl. Mater. & Interfaces 2020, 12, 12821-12833.

[3]1 A. Bielefeld, D. A. Weber, R. Ruel3, V. Glavas, J. Janek, J. Electrochem. Soc. 2022, 169, 020539.

[4] L. Froboese, J.F. van der Sichel, T. Loellhoeffel, L. Helmers, A. Kwade, J. Electrochem. Soc. 2019, 166,
A318-A328.
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A molecular-dynamics study of oxygen diffusion in polycrystalline (La,Sr)FeO,
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(La,Sr)Fe0, is a well-known mixed ionic and electronic conducting perovskite oxide [1-5], with applica-
tion in Solid Oxide Fuel Cells (SOFCs) and Solid Oxide Electrolysis Cells (SOECs).

In this study we employed molecular-dynamics (MD) simulations based on empirical force fields [6,7]
to investigate oxygen transport in the solid solution La, Sr FeO, ~(x=0.1,0.25and 0.4). Simulations
were performed at temperatures 1000 < T/ K < 3000. Oxygen tracer diffusion coefficients obtained for
both orthorhombic and cubic structures are compared with experimental data [1-5], and are found to
give a satisfactory description of the oxygen transport behaviour as a function of Tand x. Subsequent-
ly, we examined oxygen tracer diffusion in polycrystalline cells of La, Sr FeO, . with differing numbers
of grain boundaries. In all cases, we find that oxygen tracer diffusion in the polycrystalline systems is
lower than in the single-crystal systems. Our results thus indicate that in perovskite-oxide ceramics
with homogeneous cation distributions there is no faster diffusion of oxygen along grain boundaries.
A detailed analysis of diffusion data for polycrystalline simulation cells is demonstrated with a new in-
house analysis tool [8].

[1]T. Ishigaki, S. Yamauchi, K. Kishio, J. Mizusaki, K. Fueki, J. Solid State Chem. 1988, 73, 179-187.

[2] J. E. ten Elshof, M. H. R. Lankhorst, H. J. M. Bouwmeester, J. Electrochem. Soc. 1997, 144, 1060-1067.
[3] M. V. Patrakeey, J. A. Bahteeva, E. B. Mitberg, I. A. Leonidov, V. L. Kozhevnikov, K. R. Poeppelmeier, J.
Solid State Chem. 2003, 172, 219-231.

[4] M. Segaard, P. Vang Hendriksen, M. Mogensen, J. Solid State Chem. 2007, 180, 1489-1503.
[5]1.Weaernhus, T. Grande, K. Wiik, Top Catal 2011, 54, 1009-1015.

[6] M. Cherry, M. S. Islam, C. R. A. Catlow, J. Solid State Chem. 1995, 118, 125-132.

[71 M. S. Islam, M. Cherry, C. R. A. Catlow, J. Solid State Chem. 1996, 124, 230-237.

[8] https://github.com/ab5424/aqility.
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The increasing demand for sustainable and renewable carbon free energies sources requires the
development of energy storage systems to balance supply and demand throughout the day. The
rechargeable oxide battery (ROB) provides the means to store electrical energy as chemical energy
and functions along the principles of a solid state metal-air battery.[1] The ROB can be viewed as the
combination of an electrochemical cell with an external storage system which is coupled through a
gaseous H_/H,O redox shuttle (Fig. 1). The operation temperature hereby depends electrolyte material
in the electrochemical cell (650-800 °C depending on the electrolyte material) to ensure sufficient oxy-
gen-ion transport through the solid electrolyte.

One major advantage of the ROBs is that it allows for a decoupling of power and capacity of the ROB.
Furthermore, a wide range of potential storage materials can be considered, however, the most com-
mon approach found in literature is focused on iron-based materials. A major issue with these iron
based storage materials has been a capacity fading throughout the cycling lifetime due to densifica-
tion of iron at the sample surfaces. The addition of scaffolding materials has shown to help limit these
densification effects, but not fully prevent them.[2]

Work done in our group has mainly focused on two different systems, an iron-manganese compound
((Fe1_XMnX)yOZ with 0.2 <x < 0.8) utilizing a (Ce ,Gd 0, ) scaffold, and Fe,NiO, combined with an 8YSZ
scaffold. The advantage of adding manganese to the iron is a lower oxygen pressure required for oxi-
dation leading to higher open cell voltages (OCVs).[3] Addition of nickel on the other hand leads to
slightly lower OCVs, however, also inhibits the iron mobility during redox cycling. This prevents the
agglomeration of iron at the storage material surfaces leading to sustainable long term cycling. These
properties were investigated by means of DC-conductivity and thermogravimetric measurements fol-

lowed by an analysis by XRD, SEM and EDX.[4]
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[1] C. Zhang et al., Adv. Energy Mater., 2021, 2000630, 11.
[2] Menzler et al., ECS Transactions, 2013 (1) 255-267, 57 (1).
[3]1Y.-B. Kang et al,, J. Phys. Chem. Solids, 2016, 98, 237.

[4] Eigen et al., Energy Storage Mater. 2020, 112-121, 28. POS
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For rechargeable oxide batteries (ROB) to be viable, stable long term cycling needs to be achieved.
Additionally, a high energy density is desired for the storage material.[1] The conversion between the
chemical energy, in which the energy is stored, to electrical energy available to the consumer needs
to be fast enough to keep up with demand. For this purpose, the kinetics of redox reaction of the sto-
rage material during charge and discharge is of interest. To characterize the kinetics, the rate of mass
change in thermogravimetric measurements were analyzed and fitted for reduction and oxidations by
means of Johnson-Mehl-Avrami-Kolmogorow (JMAK) equations. Reaction parameters were chosen to
simulate the working conditions expected in a ROB.

The iron in the Fe NiO,/YSZ composites undergo two reaction steps (subsequent iron oxidation from
Fe to FeO and FeO to Fe,0,) during the discharge process under ROB operating conditions, requi-
res two JMAK equations for the characterization. The resulting parameters received from these JMAK
equations are consistent with microstructural developments seen in SEM images, enabling an accura-
te description of the reaction process throughout the redox cycling process.[2]

02728
bed by combining the JMAK equation with the Prout-Tompkins or Jander model. As was the case befo-

re, further complementary microstructural investigations by means of SEM and XRD were completed.
This provides a combined picture of the redox processes taking place during the charge and discharge
processes during redox cycling.

The reaction kinetics for the (Fe1_anX)yOz/Ceo.SGd O_ .-composites on the other hand can be descri-
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[1]1 C. Zhang et al., Adv. Energy Mater., 2021, 2000630, 11.
[2] J. Eigen et al., J. Energy Storage, 2021, 103161, 43.
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lon-conducting ceramic oxides are widely used for various applications in the field of electrochemical
energy storage. While ceria and zirconia-based materials are used as electrolyte or electrode material
for oxygen storage devices or solid oxide fuel cells, LiCoO,-based ceramics are still the state-of-the art
electrode material for lithium-ion batteries. In both cases, the electrode material exhibits a complex,
porous architecture with a high surface area to ensure on the one hand the transport of the electronic
and ionic charge carriers within the porous framework and on the other hand the exchange of oxygen
with the surrounding atmosphere or the exchange of lithium ions with the electrolyte, respectively.
However, due to the high grain boundary density and surface area, the material may exhibit different
electronic an ionic transport properties compared to the bulk. In particular, surface effects can domi-
nate the overall behavior and, thus, significantly alter the electrochemical properties of nanostructu-
red porous oxides. As the working principle of all electrochemical devices is based on the transport
of charged carriers, a fundamental understanding of the defect-chemistry at surfaces is needed to
further optimize the device performance.

In order to elucidate the impact of surface effects on charge transport in ceramic oxides suitable mo-
del systems are needed. Usually, surface effects are often investigated by studying thin films, where
the surface contribution to the overall properties increases with decreasing thickness. However, if the
thin films thickness decreases below a critical value, the substrate may offer a second current path if
its resistance is too low resulting in defective conductivity measurements. To prevent such problems,
the transport properties of yttria-stabilized zirconia (YSZ) thin films (of thickness > 100 nm) with a
mesoporous structure and highly crystalline walls are investigated in this work. The mesoporous thin
films exhibiting a high surface-to-volume ratio and are either prepared using a sol-gel approach or
were deposited by pulsed laser deposition resulting in a highly regular or random pore arrangement,
respectively. Electrochemical impedance measurements show deviations in the electrical conductivi-
ty of the mesoporous YSZ thin films compared to their bulk counterparts revealing the impact of the
high surface area on the transport properties. In addition, we will present recent results on the elec-
trical properties of mixed conducting composites, which were prepared from mesoporous oxides by
conformal surface coating using atomic layer deposition.
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Replacing the liquid electrolyte in conventional Li-ion batteries with solid electrolytes has the ad-
vantages of reducing flammability and increasing energy density. Recently, the NASICON-type solid
electrolyte, LiZr,(PO,), (LZP), has attracted attention as an oxide-based solid electrolyte with high Li
ionic conductivity.[1] Reportedly, Li ionic conductivity can be improved by doping stoichiometric LZP
with other elements. [2] In this study, we focused on Ca-and Si-doped Li-rich NASICON-type LZP so-
lid electrolytes. We evaluated the Li-ionic conductivity for 49 compositions of Li1+x+2yCaer2_ySixP3_XO12
(0 £x<0.3,0<y<0.3) and demonstrated a Bayesian optimization (BO) approach to efficiently search

for an optimal composition with high Li ionic conductivity.

Fig. 1 (a) displays a heatmap of the measured Li ionic conductivities at 30 °C, where
Li, .Ca .Zr, .Si P, O,, shows the highest ionic conductivity (2.56 X 10° S cm™). This suggests that the
double doping strategy is effective for improving the ionic conductivity in comparison with single
doping of Ca or Si. Fig. 1(b) compares the random vs. the Bates search performance to determine the
highest ionic conductivity among 47 compounds. Bayes optimization improved the search perfor-
mance, where 23 experiments lead to >99% prediction. This was approximately 60% of the number of

experiments required compared with the random search method.
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Fig. 1(a) Heatmap of measured ionic conductivities at 30 °C. (b) Comparison of Bayesian optimization
and random search performance using the conductivity data of 47 Li-ion compounds.

[1]1Li,Y. & Zhou, W. Proc. Natl. Acad. Sci. U.S.A. 133, 13313-13317 (2016).
[2] Xie, H. & Goodenough, J. J. Power Sources 196, 7760-7762 (2011).
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Oxygen defects play a crucial role in the understanding the physical properties of complex oxides. [1]
[2] In the limit of large oxygen vacancy concentration, a layered vacancy-ordered brownmillerite (BM)
structure can be realized from an initial perovskite (PV) framework by removing significant amount of
oxygen from the lattice. The special feature of oxygen vacancy distributions and dynamics are intrin-
sically coupled with magnetic, electronic and transport properties. However, the specific influence of
the vacancy ordering on the structural, magnetic and electronic properties is still under debate.

In the present study, we employ La  Sr, ,CoO, , (LSCO) thin films fabricated by pulsed laser deposition
(PLD) as model systems for a systematic study of the phase transition from perovskite to brownmilleri-
te. In situ x-ray diffraction under reducing conditions reveals the structural evolution of the LSCO thin
film, which can be attributed to the release of oxygen during the annealing at elevated temperatures,
and ultimately the structural transition into a coherently ordered brownmillerite phase. By comparing
the magnetic and electronic properties of the sample in different oxygen deficient states, however, we
demonstrate that the structural transition is not taking place at the same time scale as a magnetic and
electronic transition.

Using in situ polarized neutron reflectometry (PNR), we explore the nuclear scattering density (nSLD)
and quantify the change in oxygen stoichiometry of the LSCO film during annealing. The PNR fit shows
a significant decrease of nSLD for the annealed film indicating a reduction in oxygen concentration.
The oxygen stoichiometry is found to vary from La  Sr, ,CoO, before annealing to about La_ Sr,,CoO, .
for annealed films. The magnetic depth profile extracted from PNR describes in greater detail the in-
fluence of oxygen on magnetic transitions in the film during annealing. It demonstrates that disorde-
red oxygen vacancies forming in the initial phase reduction phase govern the magnetic properties of
LSCO film and immediately lift the ferromagnetic ordering of the as-grown perovskite thin films. Our
work provides crucial information regarding the dynamics and coincidence of structural, magnetic
and electronic phase transitions in complex oxide thin films.

[1] Cao L, Petracic O, Zakalek P, et al. Advanced Materials, 2019, 31(7): 1806183.
[2] Gunkel, Felix, et al. Applied physics letters 116.12 (2020): 120505.
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The Co-O covalency in perovskite oxide cobaltites like La, Sr CoO, is believed to impact the electroca-
talytic activity during electrochemical water splitting at the anode where the oxygen evolution reac-
tion (OER) takes place. Additionally, space charge layers through band bending at the interface to the
electrolyte may affect the electron transfer into the electrode, complicating the analysis and identifi-
cation of true OER activity descriptors.

Here we separate the influence of covalency and band bending in hybrid epitaxial bilayer structures
of highly OER active La Sr ,CoO, and undoped and less active LaCoO,. Ultra-thin LaCoO, capping
layers of 2-8 unit cells on La Sr ,CoO, show intermediate OER activity between La  Sr ,CoO, and
LaCoO, that is evidently caused by the increased surface Co-O covalency compared to single LaCoO,
as detected by x-ray photoelectron spectroscopy. A Mott Schottky analysis revealed low flat band po-
tentials for the different LaCoQ, thicknesses, indicating that no limiting extended space charge layer
exists under OER conditions as all catalyst bilayer films exhibited hole accumulation at the surface. The
combined x-ray photoelectron spectroscopy and Mott Schottky analysis thus enables to differentiate
between the influence of the covalency and intrinsic space charge layers, which are indistinguishable
in a single physical or electrochemical characterization. Our results emphasize the prominent role of
transition metal oxygen covalency in perovskite electrocatalysts and introduces a bilayer approach to
fine-tune the surface electronic structure [1].

[1] L. Heymann, M. L. Weber, M. Wohlgemuth, M. Risch, R. Dittmann, C. Baeumer, F. Gunkel ACS Appl.
Mater. Interfaces 2022, 14, 14129-14136.
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Due to their tunability concerning the individual A- and B-site cations perovskites are an interesting
material for the oxygen evolution reaction. Stable materials are mostly less active and active materials
are not stable. This inverse relationship between activity and stability was tried to overcome in this
study by unit cell precise superlattices.

The active but considerably unstable perovskite La  Sr  ,CoO, was used as a benchmark thin film ca-
talyst and tried to be optimized using an artificially designed superlattice structure. Therefore, SrTiO,
as a stable but inactive perovskite was introduced and combined with La_ Sr ,CoO, via superlattice
structure. Two types of superlattices were synthesized, which can be distinguished by their top layer:
(1) SITiO,-terminated, and (2) La, Sr,,CoO, -terminated surface.

The measured lifetime of the SrTiO-terminated superlattices exceeded the reference lifetime of bare
La,Sr,,CoO, by multiple hours. It was found that 17 internal interfaces gave the highest recorded
lifetime of 27 h under static load of 5 mA/cm?, which is an improvement by 17 h (170% increase) com-
pared to the single layer La  Sr  ,CoO, catalyst (10 h). The higher stability led to a decreased activity,
which is observed by the increased overpotential of 100 mV.

The post-mortem superlattices showed degradation on the surface but maintained the superlattice
like features in the bulk, visible through x-ray diffraction analysis. These results suggest that the intro-
duction of superlattice structure in catalysts can lead to an improved structural and electrochemical
stability and is an exciting approach to make water electrolysis more efficient and therefore economi-
cally feasible in the future.

P14

48 | Bunsen Colloquium - New Horizons in Solid State lonics



Recipes for superior ionic conductivities in thin-film ceria-based electrolytes

D. Kemp?, A. Tarancon®<, R. A. De Souza®

3nstitute of Physical Chemistry, RWTH Aachen University, Aachen, Germany.
bCatalonia Institute for Energy Research (IREC), Barcelona, Spain.

ICREA, Barcelona, Spain.

@: kemp@pc.rwth-aachen.de

Improving the overall performance of a solid oxide fuel cell (SOFC) involves, in many cases, increases
in the rates of oxide-ion transport displayed by the electrolyte and electrode materials. This aim be-
comes particularly critical in the case of the Intermediate Temperature Solid Oxide Fuel Cell (IT-SOFC):
improved performance at ever lower operating temperatures is required, but lower temperatures
mean lower rates of (thermally activated) oxide-ion transport. This can be offset partly by reducing its
thickness, since its resistance is the important factor. New possibilities to offset the lower operating
temperatures would, therefore, be extremely welcome.

In this study [1], we utilised a powerful combination of two well-established simulation methods —
molecular dynamics (MD) and Metropolis Monte Carlo (MMC) — and applied them to one of the best
electrolyte materials for IT-SOFC — CeLdeyOZ_y/z. The MMC simulations were used to generate equi-
librium distributions of the substituted Gd cations that were compared with random distributions of
Gd. The former are similar to those found in sintered ceramics (a point often neglected in many com-
putational studies). MD simulations allowed us to extract the ion mobilities as a function of electric
field and temperature directly, a task that is non-trivial for highly concentrated solid solutions.

Two important findings emerged from our results: In all cases studied, the random distribution dis-
played a higher conductivity than the equilibrium distribution, with the difference being up to an
order of magnitude. Second, the reduction of the film thickness to a few nanometres and the use of
an operating voltage of only 1V can lead to an additional increase in the conductivity by an order of
magnitude due to nonlinear field effects. Additionally, we established an analytical model that descri-
bes all the conductivity data. On this basis, we can predict the conductivity at different concentrations,
field strengths and temperatures.

Thus, with our study, we provide two new recipes for the development of superior ceria-based thin-
film electrolytes for use in IT-SOFC. We showed that field-enhanced ion transport is possible in these
electrolytes at physically realistic voltages and film thicknesses, and, in combination with maintaining
a random Gd substituent distribution, can lead to tremendous increases in ionic conductivity.

[1] D. Kemp, A.Tarancén, R. A. De Souza, Phys. Chem. Chem. Phys. 2022, DOI: 10.1039/D2CP01335E
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Vertically aligned two-dimensional halide perovskites for reliably operable artificial sy-
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Halide perovskites, fascinating memristive materials owing to mixed ionic-electronic conductivity,
have been attracting great attention as artificial synapses recently.[1,2] However, polycrystalline na-
ture in thin film form and instability under ambient air hamper them to be implemented in demons-
trating reliable neuromorphic devices.[3] Here, we successfully fabricated vertically aligned 2D halide
perovskite films (V-HPs) for active layers of artificial synapses, showing moisture stability for several
months. Unlike random-oriented HPs, which exhibit negligible current hysteresis, the V-HPs possess
multilevel analog memristive characteristics, programmable potentiation and depression with distin-
guished multi-states, long-short-term plasticity, paired-pulse facilitation, and even spike-timing-de-
pendent plasticity. Furthermore, high classification accuracy is obtained with implementation in deep
neural networks. These remarkable improvements are attributed to the vertically well-aligned lead
iodide octahedra acting as the ion transport channel, confirmed by first-principles calculations. This
study paves the way for understanding HPs nanophysics and demonstrating their potential utility in
neuromorphic computing systems.[4]

[1] [. H.Im, S. J. Kim, H. W. Jang, Adv. Intell. Syst. 2020, 2000105, 2000105.

[2] S.J.Kim, S. B. Kim, H.W. Jang, iScience 2021, 24, 1018809.

[3] K. J. Kwak, D. E. Leg, S. J. Kim, H. W. Jang, J. Phys. Chem. Lett. 2021, 12, 8999.

(4] S.J.Kim, T. H. Lee, J. M. Yang, J. W.Yang, Y. J. Lee, M. J. Choi, S. A. Lee, J. M. Suh, K. J. Kwak, J. H.
Baek, I. H. Im, D. E. Lee, J. Y. Kim, J. Kim, J. S. Han, S. Y. Kim, D. Lee, N. G. Park, H. W. Jang, Mater. Today
2022,52,19.
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Reaction kinetics in the system Y,0,/AL O, - Control of the product phase formationin a
system forming multiple product phases by applying an external electric field
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Ceramic material are used in many technologically important applications in the fields of electronics,
sensors technology, energy conversion and storage. Solid state reactions as degradation process play
an important role at elevated temperatures, especially in the case of short distances for diffusion or if
an extended lifetime is required. This includes redox reactions and reactions only due to the transport
of ions, resulting in the (heterogeneous) formation of product phases. Under working conditions, de-
vices are not only subjected to elevated temperatures but also to electric fields, acting as a second dri-
ving force on the mobile charge carriers in addition to the chemical potential gradients. Beyond, the
importance for degradation processes, the influence of external electric fields on solid state reactions
gains also more importance for the preparation of ceramics. In the last years the field-assisted (flash)
sintering (FAST) and the spark plasma sintering (SPS) technique were developed to a mature state and
are used for ceramic synthesis.

Linear transport theory predicts a time independent growth rate (linear law) for the product layer(s),
depending on magnitude and direction of the electric field induced ionic current. The rate constant de-
pends on difference of the cationic transference numbers in the product phase instead on the Nernst-
Planck coupled conductivities. This is different to an only thermally activated reaction, i.e. decreasing
growth rate with increasing product layer thickness (parabolic law). In a preceding study, it is demons-
trated for the model system MgO/In,O, that forms Mgin,O, as single product phase [1] When analy-
sing the kinetics of a solid state reaction forming multiple product phases, it can be concluded, that
the different dependencies on the cation conductivities should allow a control of the product phase
formation to kinetically enhance or to suppress the growth of a distinct phase by the electric field.

In this experimental study the influence of an electric field on the kinetics of the solid state reaction
between AlLLO, and Y,0, is investigated. [2] Three product phases are formed, Y ALO., (YAG), YAIO,
(YAP) and Y ,ALO, (YAM). The reaction couples were prepared by means of pulsed laser deposition
(PLD) by growing Y, 0O, films on single crystalline alumina substrates with an (0001) orientation. The so-
lid state reaction was performed at a temperature of 1400 °C (up to 72 h reaction time). An electric field
of 350 V/mm was applied by using attached platinum electrodes. An ionic current is drawn due to the
decomposition/formation of the starting oxides at the (porous) electrodes. The cross-sections of the
reacted samples were characterised by means of SEM and XRD. The electric field driven ionic current
through the reacting sample modifies partially the growth kinetics of the three product phases/layers.
Depending on the direction of the ionic current, the kinetics of the YAP phase formation in particular
was strongly influenced. [3] The effect on the YAG and YAM phase is less significant.

[1] C. Korte, B. Franz, D. Hesse, Phys. Chem. Chem. Phys. 2005, 7(2), 413-420

[2] B. Franz, C. Korte, Solid State lonics 2021, 368, 115699
[3] C. Korte, B. Franz, Solid State lonics (accepted) 2022
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Dynamics study of nitrile-based electrolytes for lithium-ion batteries

S. Lansab, R. Béhmer
Fakultat Physik, Technische Universitat Dortmund, 44221 Dortmund, Germany
@: sofiane.lansab@tu-dortmund.de

Nitrile-based plastic crystals N=C-(CH,) -C=N such as succinonitrile (n = 2) or adiponitrile (n = 4), doped
for example with lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) or lithium hexafluorophosphate
(LiPF,) have proven to be suitable electrolytes for Li-ion batteries [1-4]. This is due to their high ionic
conductivity (o = 103 S/cm at room temperature) [5], their large electrochemical stability window (up
to 6 V vs. Li*/Li) [3], as well as their low inflammability. Succinonitrile, in particular, makes a perfect
candidate for pliable or stretchable cells due to its plastic phase [6], where its molecular constituents
exhibit partial alignment arising from the orientational degree of freedom that are located on well-de-
fined lattice sites. Furthermore, the temperature window in which this plastic phase exists, happens
to be easily extendable by the addition of sufficient quantities of glutaronitrile (n = 3) [7]. In this work,
mixtures of 60% SN (succinonitrile) and 40% GN (glutaronitrile) [8] doped with LiTFSI or LiPF, at diffe-
rent concentrations have been investigated with dielectric spectroscopy. Additionally, the dynamics
of the methylene (CD,) groups of SN and that of the Li* ions within the mixture, were both studied in
a large temperature range, with the use of 2H NMR and ’Li NMR, respectively. Static-field-gradient pro-
ton NMR was used to probe the molecular diffusion within the matrix. Our findings are relevant for the
understanding of the ionic transport mechanism involved in dinitriles.

[1] P-J. Alarco, Y. Abu-Lebdeh, A. Abouimrane, M. Armand, Nat. Mater. 2004, 3, 476-481.

[2] A. Abouimrane, P. S. Whitfield, S. Niketic, I. J. Davidson, J. Power Sources 2007, 174, 883-888.

[31Y. Abu-Lebdeh, I. Davidson, J. Electrochem. Soc. 2009, A60, 156-xxXx.

[4] D. Farhat, J. Maibach, H. Eriksson, K. Edstrom, D. Lemordant, F. Ghamouss, Electrochim. Acta 2018,
281,299-311.

[5] P.Hu, J. Chai, Y. Duan, Z. Liu, G. Cui, L. Chen, RSC 2016, 4, 10070-10083.

[6] P. Derollez, J. Lefebvre, M. Descamps, W. Press, H. Fontaine, J. Phys.: Condens. Matter. 1990, 2, 6893—
6903.

[7]1 Th. Bauer, M. Kéhler, P. Lunkenheimer, A. Loidl, C. A. Angell, J. Chem. Phys. 2010, 133, 144509.

[8] S. Lansab, P. Miinzner, H. Zimmermann, R. Béhmer, J. Non-Cryst. Solids: X 2022, 100097.
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Interaction between the surfaces of LiCoO, and NMC811 and electrolytes

D. Mroz, S. Neitzel-Grieshammer, J. Wipperfiirth
Institute of Physical Chemistry, RWTH Aachen University, Landoltweg 2, 52074 Aachen, Germany
@: mroz@pc.rwth-aachen.de

The interactions between organic electrolyte molecules and the surfaces of cathode materials are of
great interest for the current state of the lithium-ion battery research and the commercial utilization in
various fields. More in-depth insides about the interactions between electrolytes and the surfaces of
cathode materials, as well as studies of decomposition products are very helpful to improve stability
and lifetime of these materials. A theoretical approach can provide new insides by utilizing DFT me-
thods to investigate these systems.

Here, two systems have been investigated, namely LiCoO, and NMC811. For LiCoO,, three different
commonly used electrolytes have been chosen (VC, EC and FEC). By utilizing two different starting
configurations and various distances between electrolyte and the surface for all test systems, the ef-
fect of initial structure on the final relaxation result could be studied. Overall, smaller distances bet-
ween molecule and surface resulted in the increase of stabilizing interaction effects, which could be
expected due to interplays between the partial charges of the atoms in the molecules and the ions on
the LiCoO2 surface. Furthermore, the starting configuration did not show a significant effect on the
final result and the various initial distances also resulted in very similar final distances, except for the
cases in which molecule and surface were far apart.

Additionally, the surface of the NMC811 material was investigated with regard to favorable spin sta-
tes. In general, low spin states for the metal cations were favored in contrast to high spin configura-
tions. This is also not too surprising, since the spectrochemical series predicts a rather high ligand field
splitting. On top of that, the EC molecule was chosen as a test system to investigate the interactions
between surface and the electrolyte. Three distinct initial configurations were chosen, while using an
initial distance of 2 A, because this separation was found to be favorable. These test cases resulted in
rather planar final orientations towards the surface. However, it could not be decided with high cer-
tainty, which configuration was the most stable one. Due to self-interaction effects, such as hydrogen
bonds in one test case, the data are insufficient to show which configuration can be regarded as the
most probable. The highly planar configuration resulted in hydrogen bonds in contrast to the other
test cases due to the geometrical orientation. Therefore, the results are qualitative in nature.
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The development of new nanomaterials is driven by everchanging demands in the IT sector. Just in
the year 2007, HfO, was introduced as gate material in complementary metal oxide semiconductors
(CMOS) and still is one of the state-of-the-art materials as of today. More recently, HfO, was also intro-
duced as a promising material for novel non-volatile memory devices based on resistive switching, so
called Resistive Random Access Memories (ReRAM:s). [1]

We report a facile one-pot hydrothermal microwave synthesis that allows us to tune the crystal phase
of HfO, sub-10 nm nanoparticles without the necessity to introduce dopant elements. In doing so, we
can adjust synthesis parameters that either yields the monoclinic (space group P2 /c, 14), cubic (space
group Fm3m, 225) or mixture of these crystal phases. Our recent experiments give strong evidence
that HfO, in the cubic phase indeed facilitates the migration of O* ions, which is considered of eminent
importance concerning resistive switching processes. [2]

We try to rationalize the phase formation in our wet-chemical approach using various methods. In
order to determine the particle size distribution and crystallinity of the samples, transmission electron
microscopical analyses are predominantly used, while the crystal phase ambiguities itself were ana-
lyzed via in -situ X-ray diffraction and neutron diffraction methods, solid-state 7O NMR and Raman
spectroscopy.

With these findings we strive for the integration of nanoparticles into nanoelectronics circuitry in or-

der to address scalability and concomitant limitations with respect to switching capability, stability
and speed.

[1] R. Waser, R. Dittmann, G. Staikov, K. Szot, Adv. Mat., 2009, 21, 25-26, 2632-2663.
[2] M. Schie, R. De Souza, et al, J. Chem. Phys., 2017, 146, 094508.
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Investigation of Localized Reduction Phenomena in Yttria Stabilized Zifconia
Electrolytes

C. Rodenbiicher, C. Korte PZ /]
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Solid oxide cells (SOCs) are key components of a future hydrogen-based, emission-free energy system.
In electrolyser mode, they can be used to convert the electrical energy generated, e.g., by wind tur-
bines or solar cells into chemical energy via electrochemical water splitting. The resulting hydrogen
can then be stored and converted back into electrical energy in fuel cell mode, thus overcoming the
intermittency problem of renewable power sources. In order to design and optimize SOCs and avoid
premature degradation, a fundamental understanding of the processes taking place in an electrical
potential gradient is needed.

Here, we investigate the stability of yttria-stabilized zirconia, which is one of the most common SOC
electrolyte materials. We perform Hebb-Wagner polarization experiments under vacuum conditions
inducing electro-reduction thus emulating the conditions of long-term electrolyser operation. By per-
forming optical and thermal microscopy on single crystals during the application of an electric field,
the blackening effect, which is a consequence of the local reduction of the material, is analyzed. We
follow the propagation of the reduction by optical microscopy revealing that the electro-reduction
has an inhomogeneous nature related to the formation of dendrite-like finger structures and the evo-
lution of several reduction fronts subsequently travelling from cathode to anode.

The progression of the blackening fingers follows preferentially the electric field lines and thus is
in-fluenced by the electrode geometry and distortions in the electric field, e.g., by the presence of
metal particles in the oxide. While the first stage of the reduction process is only related to an enhan-
ced concentration of oxygen vacancies in the electrolyte, we show by XPS that after prolonged elec-
tro-reduction, phase transformations towards highly oxygen-deficient ZrO_phases occur leading to a
change of the valence of the Zr ions from 4+ to 0 indicating the presence of metallic zirconium. This
phase transformation results in the formation of dislocation-rich zones and characteristic checkered
topography patterns at the microscale level, which might indicate the built-up of strong strain fields.
Our results demonstrate that local structural and chemical inhomogeneities are of significant relevan-
ce for electro-reduction processes and may therefore help to understand and prevent degradation
and decomposition of oxide devices operating at high temperatures.

2 mm
b

Left: Progression of the blackening from cathode to anode; right: surface after heavy electro-reduction.

[1]J.Janek and C. Korte, Solid State lon. 1999, 116, 181-195.
[2] C. Rodenbiicher et al., J. Phys. Energy 2020, 2, 034008.
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A- and B-site doping of perovskite oxides enables microwave-assisted catalysis:
A case study on CO oxidation
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We explored microwave-assisted catalysis as a method for direct CO oxidation employing multiple
doped ABO, perovskite-oxides. This reaction serves as model for the evaluation of individual catalyst
materials as potential candidates for engine exhaust gas aftertreatment. The materials were partially
substituted on the A- and B-site during synthesis and have been tested for both, their activity towards
microwave-induced heating and catalytic activity. It was shown that the powdered catalyst could be
rapidly and selectively heated to conversion temperature in a matter of seconds to minutes. It was
found that the materials could be tuned to specifically increase their microwave susceptibility, which
in turn was also found to increase their catalytic performance. Additionally, some of the compositions
under examination showed step-change behavior in MW-susceptibility and catalytic activity when
certain experimental conditions were met, after which their catalytic activity dramatically increased.
The results from this study may contribute to the deeper understanding of direct microwave-activa-
tion of solid materials and promote the development of chemical processes utilizing this quick and
efficient source of heating.

[1] Horikoshi, S.; Serpone, N., Catalysis Science & Technology 2014, 4, 1197-1210
[2] Pena, M.A; Fierro, J.L.G., Chemical Reviews 2001, 101, 1981-2018

[3]1Yang, Ji, et al. ACS Catalysis 2019, 9 (11), 9751-9763
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Preparation, characterization and conductivity of NASICON-type Li, M"™ Ti, (PO,),
(M = Al, Cr, Fe; 0.5 < x < 2.0) materials via modern, scalable synthesis routes
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NASICON structured materials are a promising class of solid-state ion conductors for application in
electrochemical storage devices. The NASICON structure consists of a skeleton of vertex-sharing PO,
tetrahedra and MO, octahedra, which provides a network of three-dimensional pathways for the alkali
metal ions. This skeleton allows for the high degree of stability and flexibility of NASICON materials
and a multitude of compositions. The highest ionic conductivities are found for M cation substituted
LiTi,(PO,), derivates. While aluminum substituted compositions are mostly researched as electroly-
te-materials the chromium and iron containing compounds are reported to be mixed conductors and
thus suitable materials for cathodes.

Conventional synthesis routes of these materials include the highly energy consuming solid-state
reaction and the sol-gel method in organic solvents. Unfortunately, the literature the conductivity
trends in substitution series is rather scattered as one must include data from widely varying synthesis
and preparation techniques and conditions. In addition, only a very small part of the sources includes
information on porosity or verification of the intended stoichiometry.[1]

Samplesof Li. M™ Ti, (PO,), (M" = Al, Cr, Fe; 0.5 < x < 2.0) were created by two recent synthetic routes
with less environmental impact and high scalability.[2][3] The Samples were characterized regarding
stoichiometry, crystal- and microstructure, density. And the conductive properties were investigated
via electrochemical impedance spectroscopy.

The preparation yielded dense samples of the known NASICON- and secondary phases with no signi-
ficant deviation from the intended stoichiometry. And the ionic conductivities of the resulting NASI-
CON-materials are mostly within the upper range of comparative literature.

[1]1 A. Rossbach, F. Tietz, S. Grieshammer, J. Power Sources 2018, 391, 1-9.

[2]1 Q. Ma, Q. Xu, C.-L.Tsai et al., J. Am. Ceram. Soc. 2016, 99, 410-414.
[3]1 Q. Ma, M. Guin, S. Nagash et al., Chem. Mater. 2016, 28, 4821-4828.
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Derivates of NASICON structure NaZr,(PO,), are promising candidates as solid electrolyte in electro-
chemical devices due to their 3D structural framework of corner-sharing ZrO, octahedra and PO,
tetrahedra with multiple sodium sites which provides high mobility of the sodium ion charge carrier.
The flexible framework allows great compositional diversity that leads to many possible applications.
Si-doping on P-sitesin Na, Zr.Si P, O, introduces additional sodium ions resulting in high ionic con-
ductivity in the range of some mS/cm at room temperature for compositions with x =2 - 2.5.

On the atomistic scale the conductivity is determined by the local site energies and migration energies
of the mobile sodium ions. The knowledge of the atomic scale energy landscape enables the under-
standing of migration processes. In order to elucidate the conductivity maximum, we investigate the
influence of the cation environment on the sodium site energies as well as the migration mechanism
of the sodium ions in Na,_ Zr.Si P, O.. using density functional theory (DFT). The results reveal that
the site energies strongly depend on electrostatic effects. Furthermore, it is shown that a correlated
migration of mobile sodium ions on regular lattice sites is favorable. Three different migration pa-
thways are considered defined by their angles. The migration energy decreases with increasing angles
and doping fraction because of increasing coulombic repulsion and opening of the bottleneck along
the migration pathway.

Based on the results, we generate an energy model to predict configurational and migration energy
in Kinetic Monte Carlo (KMC) simulations with 10000 steps per particle (MCSP) between 300 - 598 K
of composition Na,, Zr.Si P, O, with x = 0.2 - 2.8. Four different models are applied to differentiate
the effect of different energy contributions and to reveal the origin of the conductivity maximum at
high sodium content that was observed in previous studies. We show that sodium ions are trapped
due to introduced silicon ions but percolate in the system for x > 2.0, which greatly increases the ionic
conductivity.

Furthermore, we study the ionic conductivity by force-field molecular dynamic (FFMD) simulations
to support the previous findings. Force-field parameter are generated using structural reference data
obtained by high-precision first-principal MD (FPMD) simulations based on DFT. An implementation of
the metaheuristic cuckoo search (CS) optimization is applied for Na,Zr_Si. P,O., to fit the set of parame-
ters. Subsequent FFMD simulations of 1 ns are performed of supercells with around 4000 - 5000 atoms
for the entire compositional range between 298 — 798 K. The diffusivity of the ions is investigated
based on the mean squared displacements (MSDs) of the ions showing that only Na ions are mobile
in the structure. Obtained ionic conductivities and activation energies of sodium ion migration are in
good agreement with previous results of KMC simulations as well as literature values.
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Proton migration and interactions in doped barium zirconate:
review of DFT data and simulating of conductivity
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Barium zirconate is a promising material for application as solid electrolyte in ceramic fuel cells due to
its high protonic conductivity when doped with trivalent oxides such as yttria. On the atomic level, the
transport behaviour can be elucidated using density functional theory and energy parameters cont-
rolling the mobility have been calculated by several researchers in the last years. In this work, we give
a summarizing overview of the available literature data. We consider the interaction energies between
protons and dopant ions and the migration barriers of proton motion for individual jumps in bulk
BaZrO, with the focus on Y-doping. Generally, there is a large spread of energy values, which is related
to the variations in the calculation parameters and variable distortions in the ionic lattice introduced
by defects. Especially the cell size has a paramount influence on the results. In comparison to other
dopants, yttrium exhibits a similar trapping of protons in both nearest and second nearest neighbour
positions. This seems to be beneficial for conductivity as it leads to overlapping trapping zones and
probably moderate barriers for the detrapping jump to a third nearest neighbour position.

Based on the collected data, we estimated the protonic conductivity using kinetic Monte Carlo simula-
tions. We varied the energy parameters from a low to a high limit reflecting the range of the literature
values. Additionally, different models were applied varying the radius of interactions considered for
the calculation of the migration barriers. The simulations show that the variation of the energy values
within the range of the literature data has a larger impact than the choice of the specific model.
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Unification of Bulk Storage and Supercapacitive Storage
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Bulk storage of Lithium or Sodium in electrodes is comparatively well investigated and understood
though the principles of defect-chemistry for treating mixed conductors are not fully acknowledged.
On the other hand, supercapacitive storage is equally well experimentally addressed. However here
defect-chemistry is even more poorly brought into the game (unlike in our concept of job-sharing
storage [1]). As a result, the two fields appear to be unnecessarily separated. We show at the example
of TiO, as electrode how storage can be described and understood as a function of position [2] (mea-
sured as distance to the interface to the current collector). In this way a generalization of bulk and
boundary storage - in more loose terms of electrochemical and supercapacitive storage - is achieved.
For this purpose we carefully measure the storage capacity of titania films as a function of thickness
allowing us to separate bulk and boundary contributions. Using various techniques electric field and
charge distributions from bulk to the interface region are investigated. In the same context we study
the space charge behavior in a discretized manner rather than by using the analytical Poisson-Boltz-
mann function [3]. In this way a more precise definition and demarcation of electrode and double
layer capacity is achieved. In terms of application this work is expected to lead to a better way of de-
scribing and utilizing energy density - power density relations.

[1]. C.-C. Chen, J. Maier, Nature Energy 2018, 3 (2), 102-108, Decoupling electron and ion storage and
the path from interfacial storage to artificial electrodes.

[2]. C. Xiao, R. Usiskin, J. Maier, to be published.

[3]. C. Xiao, C.-C. Chen, J. Maier, Phys. Chem. Chem. Phys., 2022, 24, 11945-11957, Discrete modeling of
ionic space charge zones in solids
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Drawing a materials map with an autoencoder for all-solid-state Li-ion batteries
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Machine learning techniques have garnered considerable attention as effective means of discovering
new materials with desired properties. According to previous research [1], there is excellent potential
to discover new materials that are not registered in the current databases. In this study, compositional
and structural descriptors, which are multidimensional vectors, were compressed into one-dimensio-
nal vectors using an autoencoder. Encoded compositional and structural descriptors were used as ho-
rizontal and vertical axes, respectively, to visualize the two-dimensional distribution of known materi-
als, obtaining a“materials map”. To demonstrate this method, structural datasets of 1635 Li-containing
fluorides were extracted from the Materials Project [2] database and the Li-ion conduction properties
of these fluorides were computed using the high-throughput force-field technique [3]. By feeding
composition/structure/property data to the autoencoder (Fig. 1), a materials map for Li-F materials
was constructed (Fig. 2). The regions corresponding to well-investigated or unexplored compositions/
structures are visible at a glance, and the map may provide hints for the exploration of fast Li-ion
conductors. Consequently, this technique may be beneficial for materials researchers by providing an
intuitive understanding and enabling the rational design of materials.
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The model was trained by minimizing the sum of root Compositional and structural descriptors encoded by au-
mean absolute error (RMSE) of the descriptor and Li-ion toencoder are shown on the horizontal and vertical axes,
conduction property. respectively; the map is colored based on migration energy.
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Tailored Indium Oxide Nanostructures for Efficient Charge Separation in Water Splitting
Photoanodes
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Exploring new nanostructured heterojunctions with high photoactivity is an eternal pursuit of so-
lar-driven water splitting. Here, we first introduce indium oxide (In,O,) nanorods (NRs) as a novel
electron transport layer for bismuth vanadate (BiVO,) with a short charge diffusion length. In,O, NRs
reinforce the electron transport and hole blocking of BiVO,, surpassing the state-of-the-art photoelec-
trochemical performances of BiVO,-based photoanodes. Also, a tannin-nickel-iron complex (TANF) is
used as an oxygen evolution catalyst to quicken the reaction kinetics. The final TANF/BiVO,/In,O, NRs
photoanode generates photocurrent densities of 7.1 mA cm™ in sulfite oxidation and 4.2 mA cm™ in
water oxidation at 1.23V versus the reversible hydrogen electrode. Furthermore, the “artificial leaf,”
which is a tandem cell with a perovskite/silicon solar cell, exhibits a solar-to-hydrogen conversion ef-
ficiency of 6.2% for unbiased solar water splitting. We reveal significant advances in photoactivity of
TANF/BiVO,/In,0, NRs came from the tailored nanostructure and band structure for charge dynamics.
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Computational study of oxygen diffusion in the perovskites CaTi,_Fe O,
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bJARA-FIT, 52056 Aachen, Germany.
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Perovskite-type oxides have the ability to stabilize high concentrations of defects, which is why they
are utilized in a broad range of electrochemical applications. [1,2] While cubic calcium titanate exhi-
bits a low conductivity, [3] higher ionic and electronic conductivities are found in the iron-substituted
perovskite. [4]

Oxygen diffusion was examined in the mixed ionic-electronic conducting perovskite-oxides
CaTi,_Fe O, , (with x=0.1, 0.2 and 0.3) by atomistic simulations. We carried out molecular dynamics
and Metropolis Monte-Carlo simulations using one potential of Buckingham-type [5-12] and one po-
tential based on a Morse-function [13].

With increasing iron content, a higher activation enthalpy for oxygen diffusion was derived. We em-
ployed coordination analysis to elucidate the role of interactions between iron and oxygen vacancies.
Qualitatively, results from both types of potentials agree.
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