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Joint Lab Model and Data Driven Materials Characterization ﬂ(IT

Karlsruhe Institute of Technology

Developments Applications
Correlative Characterization Quantum Materials
« 2D/3D correlative characterization from mm toN / & Computation

HELMHOLTZ

New Instrumentation
& Methods

Cross-sector technology transfer M D M C
High-dimensional data driven microscopy

Integrated multi-modal platform :
\ Electrochemical
Energy Storage

Meta-Data Management

Catalysis

Common descriptions

Meta data exchange ... and more ...
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Advanced Electron Microscopy to Understand Processes in Batteries g!(IT

Microstructure and Interfaces in Batteries

Karlsruhe Institute of Technology
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Methodology

Advanced (S)TEM Techniques — 4D-STEM ﬂ(".
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Methodology

Advanced (S)TEM Techniques — 4D-STEM
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Cation Synergy in a CCO Electrode for LIBs

2 T

B. Breitung  A. Sarkar Karlsruhe Institute of Technology

Understanding the Principle Processes in CCO Lithium lon Batteries
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A. Sarkar et al., Nat Commun 9 (2018) 3400

5 element CCO exhibits significantly improved
battery performance of any 4 element MEO.
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High entropy effect?

e CCO is metastable at RT

« Cycling should be irreversible %
Zn0

Cocktail effect

 Understand interaction of
elements

» Clarify individual elemental
contribution

.
) High-temperature phase Entropy-
Fast cooling stabilized
e —: phase
Cu0
Annealing
T>1150K below
— 1150K
Slow cooling Mixtpre
059 04 of oxides
[2= 2= 1 20]
¥ ITY T< 1150K
o2 90¢g
MgO.Ni0.Co0 _/ @0 @Cu ©Zn @eMg @N @Co

N. Dragoe et al., Science 366 (2019) 573-574

HEO formation at high temperatures,
but mixed oxides at low synthesis temperatures.
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Cation Synergy in a (Mg, ,Co,,Cu, ,Ni, ,Zn, ,)O Electrode for LIBs -
In-situ XRD and XAS L aR\{]]

W. Hua K. Wang Karlsruhe Institute of Technology
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Cation Synergy in a (Mg, ,Co,,Cu, ,Ni, ,Zn, ,)O Electrode for LIBs

In-situ XRD and SAED/TEM Analysis
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Cation Synergy in a (Mgo_ZCoo_ZCl.Jo_zNio_ZZno_z)O Electro.de for LIBs _ ﬂ (IT
Complex Metal/Oxide Composite Formation

K. Wang Karlsruhe Institute of Technology
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« MgO —> stabilization of microstructure (semicoherence)

CuNi(Co) -> electrical conductivity (GB + nanoparticles)
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crystal orientation map phase map ( , oxide)

» semicoherent interface of CuNi(Co)
and MgO matrix
-> structural stability
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Microstructure and Interfaces in Solid State Batteries ﬂ(".
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Dendrite Formation in Solid State Batteries
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Influence of Microstructure on lon Transport and Filament Formation in Na-f”’-Alumina

Anisotropic Na* lon Transport

* Role of orientation distribution in polycrystals?

 Role of GBs?

anisotropic transport
within grains
(Na-B"-Al,05)

Na ’j
. . Al ™
/ o -
Na conductive layer
ACS Appl. Mater. Interfaces 2016, 8, 28216-28224
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Yixuan Wang et. al. 2021 Mater. Res. Express 8 025508
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Influence of Microstructure on lon Transport and Filament Formation in Na-B”’-Alumina m ﬂ(IT
STM based in-situ TEM Measurement Setup

Z.Ding Karlsruhe Institute of Technology

FIB prepared metal coated TEM lamella on
Cu half-grid for in-situ contacting with W tip.

Na ions migrate :
towards Au/Pt layer |

ADF-STEM image
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Influence of Microstructure on lon Transport and Filament Formation in Na-B”-Alumina ﬂ A(IT
4D-STEM based Crystal Orientation Mapping Pl W H B
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Influence of Microstructure on lon Transport and Filament Formation in Na-B”-Alumina Q A(IT
Na Filament Formation during in-situ Biasing < W H B

== Na filament
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ADF-STEM image simplified snapshots from in-situ series
microstructure model
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Influence of Microstructure on lon Transport and Filament Formation in Na-B”-Alumina m ﬂ(IT
Simplified Transport Model at Grain Boundaries
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* Preferential sodium filament formation at blocking boundaries
« Filament formation (mostly) follows GBs with electrical contact to electrode
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Influence of Microstructure on lon Transport and Filament Formation in Na-B”-Alumina l ﬂ(IT
GB cracking and Na filament growth
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Na filaments grow along the
whole GB gradually over time.
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Summary AT
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Advanced Electron Microscopy
to Understand Processes in Batteries

e Strength of combining imaging, spectroscopy and diffraction in
hyperspectral analysis for ex-situ and in-situ TEM analysis

* Critical role of microstructure for electrochemical performance

Compositionally Complex Oxide Electrode

* Cocktail effect in CCO electrode unraveled with defined role of
all cations.

Solid State Battery _
a Nametal & p Nametal

* lon transport strongly affected by crystal orientation variations . R — .TT
* Filament formation at blocking boundaries in solid electrolyte ™., __-\NT . M Nafilament . \ \

1 H process AR " 7 network )
with electrical contact to electrode. e o Na ilament \
Cathode Cathode
- GB engineering of SEs?
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